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An investigation on fire effects within xeric sage 
grouse brood habitat 

RICEIARD A. FISCHER, KERRY P. REESE, AND JOFIN W. CONNELLY 

Authors are former research assistant and associate professor, Department of Fish and Wildlife Resources, University of 
Idaho, Moscow, Ida., 83844; and Principal Wildlife Biologist, Idaho Depamnent of Fish and Game, 1345 Barton Rd., 
Pocatello, Ida., 83205 

Abstract 

We investigated the short-term iniluence of tire on xeric sage 
grouse (Centrocercus urophasianus) brood habitat in southeast- 
ern Idaho from 1990-92. A prescribed fire in 1989 removed 
Wyoming big sagebrush (Artemisia tridentata wyomingensis 
Nutt.)/threetip sagebrush (A. trijlartzb Rydb.) canopy cover from 
approximately 57% of a 5,800-ha area, potentially intluencing 
brood-rearing habitat. Although the fire created a mosaic of 
sagebrush areas interspersed with open areas having abundant 
grasses and forbs, the relative abundance of males, females, and 
broods on survey routes in burned and unburned habitat were 
similar. Cover of forbs important in sage grouse summer diets 
was similar in burned and unburned habitat. However, the abun- 
dan;e of Hymenoptera, an insect Order important in sage grouse 
diets, was significantly lower in burned habitat the second and 
third years postburn. Our research did not support the con- 
tention that fue may enhance sage grouse brood-rearing habitat. 

Key Words: big sagebrush, Centrocercus urophasiunus, insects. 

Knowledge of the relationship between bid species and their 
food resources is a critical component of avian ecology (Raley 
and Anderson 1990). Invertebrates, mainly insects, are consumed 
in large quantities and provide essential protein in the diets of 
most young birds, such as waterfowl (Swanson et al. 1985), 
passerines (Lack 1954), and galliformes (Kobriger 1965, 
Klebenow and Gray 1968, King 1969). Wyoming big sagebrush 
(Artemisia tridentata wyomingensis Nutt.) communities have a 
diverse insect fauna (Horning and Barr 1970, Stafford 1983) that 
provides an important food source for many vertebrates (Gleason 
1978, Halford 1981). High protein foods such as forbs and insects 
in these communities are important in sage grouse chick diets 
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through the University of Idaho. Logistical support was provided by the U.S. 
Bureau of Land hlanagment. This is 3 contribution from Idaho Federal Aid in 
Wildlife Restoration Project W-160-R and Contribution 763 of the University of 
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Newton, R.K. Stehthorst, and C. Williams provided statistical advice. 

Present address of senior author: U.S. Army Corps of Engineer Waterways 
Experiment Station, Attrc CEWES-EN-S, 3909 Halls Ferry Rd., Vicksburg, Miss. 
39180. 
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(Klebenow and Gray 1968, Peterson 1970), especially during the 
first 3 weeks after hatching (Johnson and Boyce 1990). 

Sagebrush removal on western rangelands is a common prac- 
tice for increasing forage availability for livestock. Currently, 
prescribed fire is a popular and cost-effective method of sage- 
brush removal (Frandsen 1985, Bunting et al. 1987). However, 
little is known about how various methods of habitat manipula- 
tion affect important foods of sage grouse chicks. Sagebrush 
treatment projects (e.g., herbicide application) that reduce the 
abundance and diversity of forbs are detrimental to sage grouse 
brood habitat (Klebenow 1970). Xeric sagebrush habitats (I 25 
cm of annual precipitation), usually dominated by Wyoming big 
sagebrush, typically have relatively low forb abundance com- 
pared to other sagebrush habitats (Wright et al. 1979, Clifton 
1981, Bunting et al. 1987). Thus, insects as a source of protein in 
sage grouse chick diets may have greater importance in xeric 
sagebrush habitats than in more mesic habitats. Reduced insect 
abundance through pesticide application has been implicated in 
lowered chick survival in several gallinaceous bird species 
(Godfrey 1975, Warner et al. 1984, Potts 1986). Johnson and 
Boyce (1990) evaluated the influence of insect reductions on sur- 
vival of captive sage grouse chicks, and quantity of insects in the 
diets was positively correlated with growth and survival. 

Klebenow (1972) and Gates (1983) suggested that fire may 
benefit sage grouse brood habitat if the burn produces a mosaic of 
sagebrush cover interspersed with open areas having increased 
forb production. However, the impacts of fire on sage grouse 
foods, especially insects, have not been addressed. Objectives of 
this study were to (1) examine relative use of burned ungrazed 
habitat and unburned grazed habitat by sage grouse following a 
prescribed fire, and (2) measure summer forb and insect abun- 
dance in burned and unburned sage grouse habitat as an index to 
food abundance. 

Methods 

Study Location and Burning Treatments 
From 1990 to 1992, we conducted research on a 20,000-ha por- 

tion of the 240,867-ha Big Desert, in Blaine and Butte counties 
on the Upper Snake River Plain, southeastern Idaho (43” 24’ N, 
113” 07’ W). The topography consisted of flat to gently undulat- 
ing terrain with an interspersion of exposed silicic and basaltic 
volcanic outcrops and craters. Median precipitation on the Big 
Desert during the study (16.5 cm; 1990-92), measured 25 km 
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northwest of the study area in similar habitat, was below the 
long-term median (24.0 cm; 1956-i-86 [data from Agricultural 
Engineering Dept., Univ. Idaho]). Peak precipitation typically 
occurred from April through June, although there was consider- 
able seasonal and annual variation. Elevations ranged from 1,536 
m to 2,304 m. Hironaka et al. (1983) classified the Big Desert as 
a Wyoming big sagebrushibluebunch wheatgrass (Agropyron spi- 
cuturn Scribn. & Smith) habitat type; threetip sagebrush (A. fri- 
pa&z Rydb.), rabbitbrush (Chrysofhmnus spp Nutt.), Sandberg 
bluegrass (Poa sandbergii Vasey), and bottlebrush squirreltail 
(Situnion hysrtir Nutt.) were abundant. The Big Desert sagebrush 
ecosystem provides important sage grouse breeding, nesting, 
brood-rearing, and wintering habitat (Connelly et al. 1988, 
Wakkinen 1990, Robertson 1991). Sage grouse on the study area 
used contiguous areas for wintering and breeding, but migrated as 
far as 85 km to summering areas (Wakkinen 1990, Fischer 1994). 

During late-summer 1989, the Bureau of Land Management 
burned approximately 5,800 ha of the northern portion of the 
study area. Vegetation was removed from 57% of this total area, 
resulting in a mosaic of burned and unburned vegetation (J. W. 
Connelly, Idaho Dept. of Fish and Game, unpubl. data). Another 
site of approximately equal size was 6 km south of the burned 
area, and was not altered during the study. Mean prebum sage- 
brush canopy cover was 19.8% and grass cover was 6.4% (J. W. 
Connelly, Idaho Dept. Fish and Game, unpubl. data). There was a 
potentially confounding influence of differential grazing history 
on these 2 areas. All portions of the study area were grazed by 
cattle throughout the study except for the burned area, which was 
ungrazed from fall 1988 to fall 1991. Livestock exclusion for at 
least 2 years following prescribed bums is a suggested practice in 
big sagebrush communities (Wright et al. 1979). Wakkinen 
(1990) and Robertson (1991) provided detailed descriptions of 
the Big Desert study area. 

Bird Censuses 
We counted adult sage grouse and broods weekly on two, 20 to 

25 km routes through unburned habitat and 1, 21-km route 
through burned habitat, from mid-May through mid-August, 1990 
to 1992. The census route through burned habitat included both 
burned and unburned areas within the vegetation mosaic. Routes 
were conducted during the evening with either a truck or all-ter- 
rain vehicle. All adult sage grouse on census routes were record- 
ed by sex, and brood sizes were noted. We converted observa- 
tions for each route to relative abundance (number per km) of 
males, females, and broods, to standardize for different route dis- 
tances. Data were available from identical preburn census routes 
conducted during each July, 1987 to 1989 (J. W. Connelly, Idaho 
Dept. of Fish and Game, unpubl. data). Relatively few grouse 
were observed on July postburn census, producing many “zero” 
observations. Also, the proportion of grouse remaining in the 
study area during summer varied with precipitation and plant 
moisture content (Fischer 1994). These 2 factors precluded a sta- 
tistical comparison of pre- and postburn July brood data. 
However, means for each variable during July, 1987 to 1992, 
were plotted for a visual comparison. 

Food Abundance 
Insects 

Concurrent with brood censuses, we sampled arthropods using 
3 methods. We used a 0.38-m diameter sweep net (for grass and 
forb-dwelling arthropods) and 0.71- x 0.71-m beating sheet (for 

shrub-dwelling arthropods) to sample arthropods at brood loca- 
tions along 1990 census routes. When a brood was observed 
along a census route, we marked the activity center, and returned 
to the location at approximately the same time the next day to 
collect arthropods. We placed the beating sheet under the closest 
sagebrush shrub in each cardinal direction, and beat all branches 
within 0.5 m of the ground to remove any arthropods. We then 
used the sweep net to make 10 sweeps through grasses and forbs 
in each cardinal direction from the activity center. Samples from 
each transect (arthropods, shrub detritus, and vegetation) were 
sealed in separate, air-tight bags. To determine potential differ- 
ences in insect abundance between brood and non-brood loca- 
tions, we sampled 6 random sites (3 burned, 3 unburned) each 
week (May through July) within the study area, using identical 
sampling methods. Only 7 broods were observed during all 1991 
and 1992 census routes, which precluded sufficient arthropod 
sampling at brood locations during these years. 

We also employed a weekly pitfall trapping method at 8 ran- 
dom locations (4 burned, 4 unburned) within the study area, May 
through July, 1990 to 1992, to assess differences in ground- 
dwelling insect abundance between burned and unburned sage 
grouse habitat. However, to reduce the possibility of bias associ- 
ated with reduced arthropod populations by repeated sampling at 
the same sites, we chose 2 additional sub-sites near each of the 8 
initial random sites by walking in a randomly generated direction 
and distance (s 100 m) from the initial site. We then established a 
4 x 4 test tube pitfall grid with line intersections at 2-m intervals 
at each of the 24 sites, and sampled each site every third week (8 
sub-sites per week). Test tubes were filled with a 1:l solution of 
ethylene glycol and water, then buried flush with the ground. We 
opened traps in the morning, and closed and removed them the 
evening of the following day. Samples from all tubes at each grid 
were combined and stored in closed vials filled with a 70% 
ethanol solution for 1 to 3 months before analysis. Arthropod 
sampling techniques follow Cooper and Whitmore (1990). 

In the laboratory, insects (Class Insecta) were separated from 
shrub detritus, vegetation, and other arthropods with the aid of 
magnifying glasses. Because we were specifically interested in 
the effects of fire on sage grouse foods, we separated insects into 
the 3 major Orders [Hymenoptera (ants), Coleoptera (beetles), 
and Orthoptera (grasshoppers)] known to be important in juvenile 
sage grouse diets (Klebenow and Gray 1968, Peterson 1970). 
Numbers of individuals in each sample were then counted. 

Forbs 
Twenty-two 50-m permanent transects were established 2 

months before the 1989 fire at random locations in (n = 12) and 
adjacent to (n = 10) the area to be burned. Vegetation characteris- 
tics were measured on all transects in late June/early July, 1989 
to 1993 (K. P. Reese, unpubl. data). Thus, there was 1 year of 
prebum and 4 years of postbum vegetation data on the burned 
and unburned habitat. Along each transect, forb cover was sam- 
pled using 0.2 x 0.5-m plots (Daubenmire 1959) spaced at I-m 
intervals. Forbs were categorized as major forbs, those species 
known to be important in sage grouse diets (common dandelion 
[Taraxacum oficinale Weber], milkvetch [Astragulus spp.], com- 
mon salsify [Tragupogon spp.], sego lily [Culochortus spp.], 
common yarrow [Achillea spp.], prickly lettuce [Lacruca spp.], 
lupine [Lupinus spp.], hawksbeard [Crepis spp.]) (Klebenow and 
Gray 1968, Peterson 1970, Wallestad et al. 1975), and minor 
forbs, those species not known to be important food components. 

JOURNAL OF RANGE MANAGEMENT 49(3), May 1996 195 



Statistical Analysis 
We used either SAS (SAS Inst., Inc. 1988) or STATISTIX 

(Analytical Software, Inc., St. Paul, MN) to analyze data, and 
considered differences significant if P 5 0.05. All variables were 
also tested for normality using a Kolmogorov-Smimov D-statistic 
(Stephens 1974), and appropriate transformations were used to 
approximate the normal distribution before statistical tests (Zar 
1984). To assess differences between burned and unburned habi- 
tat, we used a repeated measures analysis of variance (ANOVA, 
PROC GLM) with orthogonal contrasts to compare potential dif- 
ferences in relative abundance of males, females, and broods 
between areas after the fire, and potential differences in major 
and minor forb cover before and after fire. We used a mixed- 
model ANOVA to compare insect abundance between brood and 
non-brood locations (sweep net/beating sheet), and between 
burned and unburned locations (pitfalls). Because few Orthoptera 
were captured with any collection method, we used a binomial 
test on frequency of nonzero data to determine if Orthoptera were 
captured more or less frequently in either area, and a t-test or 
Mm-Whitney-U test (depending on normality) on nonzero data 
to detect differences in abundance among samples in which 
Orthoptera were captured. We tested all main effects and interac- 
tions using appropriate error terms. 

than non-brood sites with a sweep net, but there were no differ- 
ences in abundance between burned and unburned areas at sites 
where Orthoptera were captured (Mann-Whitney-U test; P = 
0.805). No difference in Coleoptera abundance between brood 
and non-brood locations was detected, however these 2 tech- 
niques are not effective in capturing ground-dwelling arthropods 
such as most beetle species. Relative abundance of Hymenoptera 
and Coleoptera captured in pitfall traps was similar between 
burned and unburned areas in 1990, the first year following the 
fire (F1,gl = 0.01, P = 0.920; F, 89 = 0.58, P = 0.450, respective- 
ly). However, there were signkicantly fewer Hymenoptera in 
burned habitat the second (F = 9.20, P = 0.003) and third (F = 
17.11, P = 0.0001) years postburn (Table 2). There were no dif- 
ferences in Orthoptera capture frequency or abundance in 1991 or 
1992 pitfall traps (Table 2). Coleoptera abundance was similar 
between burned and unburned areas during all 3 postbum years. 
Hymenoptera abundance was similar among months in burned 
(ANOVA; F2,139 = 0.83, P = 0.437) and unburned areas (Fz,136 = 
0.13, P = 0.875), as was frequency of Orthoptera captures. 

Forbs 

ReSlllt.9 

There was variation in annual major and minor forb cover, 
however, there were no significant differences in either variable 
(Ft,g = 1.55, P = 0.216; Fig = 0.37, P = 0.544, respectively) 
before or after the fire (Fig. 1). 

Bird Censuses Discussion 
From 1987 to 1992, the relative abundance of broods declined 

in burned and unburned habitat, except for 1990. Visual compar- 
isons of July pre- and postbum data revealed no large differences 
in relative abundance of males, females, and broods between 
areas. After the fire, the relative abundance of males (F = 2.91, P 
= 0.20), females 0; = 3.49, P = 0.15), and broods (F = 1.26, P = 
0.25) observed on routes was also similar between burned and 
unburned habitat (Table 1). 

Food Abundance 
Insects 

The abundance of Hymenoptera at 1990 brood activity areas (n 
= 33) was higher than at non-brood locations (n = 74) using both 
the sweep net (x = 7.03 vs. x= 3.51, P = 0.019) and beating sheet 
(x = 12.90 vs. x= 2.93, P = 0.022). Orthoptera were captured 
more frequently (binomial test; P = 0.024) at brood activity areas 

Prescribed fire created a patchy mosaic of sagebrush inter- 
spersed with open areas containing forbs and grasses (K.P. Reese, 
Univ. of Idaho, unpub. data). Bunting et al. (1987) found that 
forb cover in Wyoming big sagebrush habitats is typically low, 
and these xeric habitats have little potential for forb increase fol- 
lowing fue, relative to the more mesic sagebrush habitats. Our 
forb cover data before and after fire were consistent with these 
findings. Martin (1990) found a significant increase in forbs the 
first 2 years following fire in Eastern Idaho, but his study was 
conducted in a more mesic area (i.e., 30-50 cm annual precipita- 
tion) dominated by threetip sagebrush and mountain big sage- 
brush (A. f. vuseyuna Nutt.). Hymenopteran abundance was lower 
within the burned portion of our study area, suggesting that fire 
negatively influenced insects important in sage grouse diets. 

Table 1. Number of sage grouse broods; distance travelled; and relative abundance of broods, females, and males on survey routes in burned and 
unburned habitat, Big Desert, southeastern Idaho (1987 to 1992). 

Number of Broods 
Unburned Bumed 

Distance travelled1 
Unburned Bumed 

Broods 
Unburned Bumed 

Relative Abundance 
Females Males 

Unburned Bumed Unburned Bumed 

Prebum (July) ------(km) ---- - ------___________ (nm&perhx 10-3) __________________ 
1987 43 13 688 614 63 21 58 125 18 44 

1988 10 3 494 329 20 91 57 27 2 3 

1989 6 2 317 209 19 100 181 96 17 38 

postbum (May through July) 
1990 22 6 666 449 33 13 14 5 14 11 
1991 4 1 880 579 5 2 28 4 10 0 
1992 2 0 777 516 3 0 0 0 0 0 

1 Total dlstmce travelled each year 
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Table 2. Comparison of insect abundance from pi&ii trap samples at 
burned versus unburned locations, Big Desert, southeastern Idaho 
(May to July, l990 to 1992). 

YW 
1990 cn 9% 1991 In= 851 1992 In = 101) 

Order Raw dafar Logb Raw data Log Rawdata Log 
Hymenoptera 
BUtTled 241.0 2.24a 191.7 2.20a 86.1 l.Sa 
Unburned 261.7 2.23a 289.8 2.3Sb 151.7 2.lb 

Coleoptera 
Burned 3.8 0.56a 2.7 0.47a 2.9 OSa 
Unburned 3.9 OSOa 2.4 0.44a 2.0 0.4a 

ortbopteraC 
BtKIled -d - 1.sa - 1.3” - 
Unburned - - 1.5” - 1.7a - 

3 Numbers indicate mean number of insects captured in pi&II grids per week. 
b Statistid comparisoas were conducted on log-traasformed dataA pair of means ia a 
column followed by a different letter is significaatly different (P < 0.05). 
c Few Orthopten were captured in pitfall tmps.A binomial test on frequency of nonzero 

L 
‘13 was not significant in 1991or 1992.hIeaas are reported for a t-test on noazero data 
Data not collected 

Drought probably also influenced both forb and insect popula- 
tions on our study area, given the low precipitation (31.3% below 
long-term median) during the study. Because there was no posi- 
tive response (i.e., increase in relative abundance) of sage grouse 
to burned habitat following the fire, our results from a xeric envi- 
ronment did not support Klebenow’s (1972) and Gates’ (1983) 
speculation that fire may benefit sage grouse brood habitat. 
However, our data were collected under a pseudoreplicated 
design (1 control, 1 treatment); true replication in this study was 
not possible. We investigated a migratory population that collec- 
tively ranges over several thousand square miles during the year. 
Additional prescribed fries, regardless of their size, within the 
range of this population would not have been true replicates, but 
rather sub-samples. Additional bums at the scale used in this 
study also would have occurred in different precipitation zones, 
sagebrush habitat types, or sage grouse populations. Thus, addi- 
tional research is needed to fully understand the influence of fire 
on sage grouse brood-rearing habitat, especially in other sage- 
brush habitat types and under conditions not encountered in the 
present study. 

Relatively few Orthoptera were captured in our study area 
(brood or non-brood sites) using any of the collection methods, 
suggesting low availability for Big Desert sage grouse. Bock and 
Bock (1991) found reduced Orthoptera abundance 1 year follow- 
ing fire in an Arizona grassland, but no difference 3 years post- 
bum. Coleoptera abundance in our study area was also low in 
burned and unburned habitat and appeared unaffected by fire. 
However, Rickard (1970) investigated Coleoptera abundance in 
burned and unburned sagebrush habitat and found more beetles in 
unburned habitat. Lower abundance and biomass of Hymenoptem 
in the burn the second and third years postbum suggested that fire 
negatively influenced insects important in juvenile sage grouse 
diets for several years following fire. We did not sample insect 
abundance prior to the fire, thus we cannot attribute differences in 
abundance between areas to fire. However, because insect abun- 
dance was similar between areas the first year following the fire, 
and Hymenoptera abundance significantly decreased with time, a 
difference between burned and unburned habitat was indicated. 

Timing of breeding activities may correspond to temporal 
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abundance of food resources so that chicks hatch when insects 
are most abundant (Lack 1954, Poulin et al. 1992). Timing of 
sage grouse hatching may also coincide with peak insect abun- 
dance during the spring. We found that Coleoptera abundance 
was highest in late May/early June and declined steadily over the 
summer. Hymenoptera and Orthoptera abundance remained fairly 
stable over this same period. In Idaho, Stafford (1983) sampled 
summer Coleoptera abundance and found highest numbers occur- 
ring during the first 2 weeks of June, followed by a decline in late 
summer. Peak hatching of sage grouse nests in our study was late 
May/early June (Wakkinen 1990), which would correspond with 
peak abundance of important insects. Dalke et al. (1960) also 
found peak hatch during late May/early June in eastern Idaho. 
Other important factors that probably influenced timing of sage 
grouse nesting in xeric environments include renesting opporhmi- 
ties (Connelly et al. 1993), snowmelt, and plant-phenology. 

Conchsions 

The results of our research indicated that the short-term effects 
of prescribed fire in a xeric environment did not enhance brood- 
rearing habitat, and may have been detrimental to Hymenoptera 
which are important in sage grouse diets. Prescribed fire can vari- 
ably affect sagebrush-grass habitats depending on the intensity, 
duration, location, shape, and extent of the fire (Bendell 1974, 

Minor Forb Burned 

. 
. .** .e.... l.. .- 

3 
iMajor Forb Unburned 

t 
Major Forb Burned 

1990 1991 1992 1993 

Fig. 1. Abundance of major forbs and minor forbs, expressed in 
Daubenmire classes (1 = 05% cover; 2 = 525% cover; 3 = 25 
50% cover), measured on permanent transects in burned and 
unburned sage grouse habitat on the Big Desert, southeastern 
Idaho, 1990 to 1993. The burn occurred after the 1989 data were 
collected. 
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Sapsis and Kauttmann 1991), and environmental conditions, 
species composition, and available fuel (Winward 1985). Caution 
is needed when using tire in xeric sagebrush habitats (i.e., I 25 
cm ammal precipitation) as a management tool for sage grouse 
brood habitat because forb cover and abundance may not be 
enhanced by burning. Because the response of sagebrush/grass 
vegetation to fire is highly dependent on geographic area and 
sagebrush subspecies (Bunting et al. 1987), forbs and insect pop- 
ulations in more mesic sage grouse habitats may respond differ- 
ently to tire. 
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Abstract 

Between 1989-1991, I studied the effects of livestock grazing on 
vegetation and small mammals in semiarid shrub-grassland 
habitats of south-central Utah. Responses were measured at 2 
spatial habitat scales; patches and macrohabitats. Patch-scale 
data were obtained from 4 small (cl ha) livestock exclosures and 
nearby grazed areas. Macrohabitat-scale data were collected at 4 
actively grazed sites and 4 comparable, excellent condition sites, 
ungrazed for 30+ years. Ungrazed patch and macrohabitat sites 
had more surface litter, greater perennial grass cover, and taller 
perennial grass plants, but treatment response varied among 
sites. Small mammal responses were apparent only at the macro- 
habitat scale, where ungrazed sites had 50 % greater species rich- 
ness and 80% higher abundance. Small mammal reproductive 
activity and biomass were not affected by rest from grazing at 
either scale. Small mammal community composition varied 
greatly among sites and within treatments. This variability has 
important implications for ecological monitoring efforts involv- 
ing these species. 

Key Words: small mammals, grazing effects, scale, Colorado 
Plateau 

Livestock grazing has been a pervasive influence on shrub- 
grassland communities of the Intermountain United States (West 
1988). Previous studies have shown that livestock grazing can 
significautly affect the floristic composition and vegetative struc- 
ture of these habitats (Kleiner and Harper 1972, Tuhy and 
MacMahon 1988). Recently, considerable attention has been 
focused on the effects of livestock grazing on faunal abundance 
and diversity in arid rangelands (Fleischner 1994). 

Because small mammal communities can be sampled relatively 
easily, they have been used as indicators to monitor ecosystem 
responses to management (Douglass 1984, Olson et al. 1994). 
Small mammals may also be useful ecological units with which 
to examine the effects of grazing on biodiversity in arid environ- 
ments. Small mammals select habitat at multiple spatial scales; 
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microhabitats, patches, and macrohabitats (Price 1978, Brown 
1987), and are strongly influenced by habitat structure 
(Rosenzweig and Winakur 1969, Bowers and Flanagan 1988). 
Selection is typically for habitat components providing favorable 
microclimates, food, cover, and avoidance of competitors (Brown 
1989, Brown et al. 1988); many of which can be directly or indi- 
rectly affected by grazing. 

Small mammal responses to grazing in shrub-grasslands of the 
Colorado Plateau have not been previously described. To address 
this information gap, I examined changes in shrub-grassland veg- 
etation and small mammal communities, following rest from 
grazing. I measured small mammal community and demographic 
parameters at 2 spatial habitat scales, patches and macrohabitats. 
These scales reflected distinct changes to which small mammals 
might respond. Patches were defined as isolated ungrazed sites 
>l ha, smaller than the home ranges of resident small mammal 
species. If ungrazed patches provided more resources (food or 
cover) than available in the surrounding grazed area, they should 
receive greater small mammal use. Animals using these patches 
could also have a higher level of reproductive activity during the 
breeding season. I also hypothesized that similar responses would 
occur at a macrohabitat scale. I defined macrohabitats as exten- 
sive tracts (>lOO ha) of the same shrub-grassland habitat, large 
enough to contain the home ranges of numerous small mammals. 

Methods 

Study Areas 
Study sites were located in Capitol Reef National Park (38” 15” 

N 111” 15’ W), Canyonlands National Park (38” 15” N 109” 55” 
W), and adjacent lands administered by the Bureau of Land 
Management (BLM), in Wayne and Grand Counties, south-cen- 
tral Utah, the northwest portion of the Colorado Plateau. The cli- 
mate of this area is semiarid, temperate continental, with average 
annual precipitation of 17 cm per year (U.S. Weather Bureau, 
Climate and Precipitation Summaries, Utah). Study sites were 
located on Semidesert Sandy Loam range sites (USDA Soil 
Conservation Service, Unpublished data), and were dominated by 
cool-season bunchgrasses (primarily Stipa hymenoides and S. 
comata), warm-season sod-forming grasses (primarily Hilaria 
jamesii and Bouteluoa gracilis), and low-medium stature shrubs 
of several genera (primarily Gutierrizia, Ceratoides and 
Atriplex). Detailed descriptions of these plant communities can be 
found in Rormne et al. (1993). 
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Patch-scale data were collected at 4 livestock exclosures previ- 
ously established in Capitol Reef. Three were relatively recent 
(approximately 6 years old) and therefore reflected short-term 
rest from grazing pressure. The fourth exclosure was established 
in 1951. Exclosures were 0.1-0.8 ha in size and located within 
large (2100 ha), contiguous tracts of shrub-grassland. All were in 
active grazing allotments, managed under a deferred system. The 
allotments comprised 35,499 ha within Capitol Reef and support- 
ed approximately 1,500 permitted AUM’s of fall-spring 
(October-May) grazing by cattle each year. These allotments 
were classified in “fair” (mid-seral) range condition (USDA Soil 
Conservation Service, Unpublished 1990 data). 

Macrohabitat-scale data were collected at 8 sites, 4 grazed sites 
in Capitol Reef, 2 ungrazcd sites in Canyonlands, and 2 ungrazed 
sites on adjacent BLM lands. Study sites were selected to match 
geologic and edaphic factors as closely as possible. All represent- 
ed large (2100 ha) contiguous tracts of shrub-grassland. 
Ungrazed sites were historically heavily used by cattle, but had 
been ungrazed for 30+ years, and were rated in excellent (late- 
seral) range condition (Anonymous 1980; Tim Graham, 
Canyonlands Nat. Park, pers. comm.). Grazed macrohabitat sites 
in Capitol Reef were located within the same allotments as the 
exclosures. 

Habitat Measurements 
Habitat characteristics were measured at all study areas in 

1990. Under-story vegetation was sampled on 5 randomly located 
line intercept transects within each trap grid. Because I was inter- 
ested primarily in gross habitat composition and structure, under- 
story components were grouped into 5 categories (annual forbs, 
perennial forbs, annual grasses, perennial grasses, and litter). 
Canopy cover was estimated within two 0.1-m* quadrats placed 
every 5 m on either side of the transect. Within each quadrat, I 
also measured the maximum height of standing perennial grasses. 
Shrub cover and density were sampled on 4 separate line inter- 
cept transects randomly located within each grid. Under-story and 
shrub transects were 25 m in length at exclosures, and 50 m long 
at macrohabitat sites. 

Small Mammal Sampling 
Small mammals were trapped using grids of live traps (type 

LFV, dimensions = 7.6 cm x 7.6 cm x 22.9 cm, H.B. Sherman 
Traps, Inc., Tallahassee, Fla.). Exclosure grids were square or 
rectangular, with traps spaced 5 m apart. Grid size was propor- 
tional to exclosure size, and ranged from 25-64 traps. Two trap 
grids were established at each exclosure. One was located inside, 
with a 5-m buffer from the fence. An identical grid was randomly 
placed >500 m away in the grazed area, to ensure sampling inde- 
pendence. One square, 8 by 8 grid, with 10-m trap spacing was 
randomly located at each macrohabitat site. 

Each grid was trapped once per year, for 4 consecutive days, 
between 1 May and 31 June. Exclosures were sampled 1989-91, 
3 for all 3 years and 1 for the last 2 years. Exclosure and adjacent 
grazed grids were sampled simultaneously. Macrohabitat sites 
were sampled in 1990 only. Traps were baited with a mixture of 
rolled oats, peanut butter, and birdseed. A ball of raw wool, 
approximately 7 cm in diameter was placed in each trap for bed- 
ding material and protective insulation. Traps were checked 
shortly after sunrise, at noon, and before sunset. 

Captured small mammals were identified to species, sexed, and 
weighed to the nearest gram using a Pesolan’ hand-held scale. 
Breeding condition was determined from external characteristics, 
with individuals having scrotal testes or swollen mammae classi- 
fied as reproductively active. Each animal was fitted with a num- 
bered metal ear tag (Style 1005-1, National Band and Tag Co., 
Newport, KY.) to facilitate subsequent identification. Trapped 
animals were released at the point of capture. 

Data Analysis 
I tested the effects of rest from grazing on 8 habitat variables: 

the percent cover of litter, annual forbs, perennial forbs, annual 
grasses, perennial grasses, and shrubs; grass height; and shrub 
density. Patch-scale data were analyzed using factorial Analysis 
of Variance (Zar 1984), with treatment and site as main effects. 
Habitat data from macrohabitat sites were analyzed with t-tests. 

I calculated 3 small mammal response variables from trapping 
data obtained on each grid 1) species richness (total number of 
species), 2) an abundance index (number of individuals captured 
per 100 trap days of sampling effort), and 3) a reproductive activ- 
ity index (proportion of captured individuals in reproductive con- 
dition). Capture sample sizes were too small to test individual 
species’ response to grazing. Therefore, abundance and reproduc- 
tion were assessed for the entire small mammal community, by 
pooling values for all species trapped on a grid. At patch scale, 
abundance index values were interpreted as a relative measure of 
the number of individuals using the sampled area, rather than an 
estimate of actual abundance. For macrohabitat sites, I also calcu- 
lated total small mammal biomass/grid, by summing the weights 
of all trapped individuals. The effective sampling radius of trap 
grids likely extended beyond the outer line of traps. However, 
because this distance was unknown, I used the area of the grid 
itself to calculate a relative measure of biomass/ha. 

A paired t-test (Zar 1984) was used to compare small mammal 
response variables between ungrazed exclosures and grazed com- 
parison grids across all sites and years. Differences between 
grazed and ungrazed macrohabitat sites were analyzed with a ran- 
domization test (Manly 1991). Results of all statistical tests were 
considered significant at PI 0.05. 

I calculated Jaccard’s Index (Ji) (Ludwig and Reynolds 1988) 
from species presence/absence, as a measure of small mammal 
community similarity between grids. This index yields values 
ranging from 0 (total dissimilarity in species composition) to 1 
(complete overlap). Index values were averaged to obtain a mean 
similarity for each combination of plot scale and grazing treat- 
ment. 

Results 

Habitat Characteristics 
Grazing affected understory habitat characteristics at both 

scales of measurement (Table 1). Ungrazed patches had more 
perennial grass and litter cover, and taller perennial grass plants 
than the adjacent grazed area (P 5 0.001). However, site x treat- 
ment interactions were significant (P IO.001) for the latter 2 vari- 
ables. Ungrazed macrohabitat sites also had greater litter and 
perennial grass cover, and taller perennial grass plants than 
grazed sites (P<O.OOl). Grazed macrohabitat sites also had 
greater cover of annual forbs (PI 0.05), primarily Russian thistle 
(Salsola kali). Shrub cover and density were unaffected by graz- 
ing treatment at either scale. 
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Table 1. Habitat characteristics (mean+ SE) of ungrazed and grazed patch and macrohabitat shrub-grassland study plots. Significant treat- 
ment effects within a plot type are indicated as: * = PsO.05, ** = PsO.01, *** = PsO.001. 

Patch Plots Macrohabitat Plots 
Variable Ungrazed GlXi?Xl Ungrazed Grazed 

litter cover (55) 10.07 * 0.03*** 3.45 f 1.10 3.57 + 0.2s*** 1.21 + 0.08 
annual forb cover (‘%) 0.11 + 0.03 0.16 + 0.04 0.37 f 0.10* 0.95 + 0.20 
perennial forb cover (So) 0.44+0.19 0.22 f 0.06 0.30 + 0.08 0.12+0.05 
annual pass cover (%) 0.24 + 0.12 0.08 + 0.04 tr ’ tr’ 
perennial grass cover (95) 9.35 + 0.68*** 1.45 + 0.23 11.93 + 0.6S*** 4.66 2 0.65 
grass height (cm) 23.48 + 1.78*** 13.98& 1.19 35.86 + 1.34*** 14.59 + 1.31 
shrub cover (9%) 8.06 + 1.59 6.89 + 1.03 6.78 + 0.75 7.09 &- 0.90 
shrub density (#/m*) 0.22 i 0.04 0.26 + 0.04 0.14+0.02 0.19 * 0.03 
lPresent in trace amounts only (45%) 

Small Mammals Small mammal species richness was not affected by grazing 
A total of 6,848 trap-days of sampling (4,800 at patch plots, treatment at patch scale, but was slightly higher (P<O.Ol) on 

2,048 at exclosures) yielded 113 individuals, representing 6 small 
mammal species: white-tailed antelope squirrel (Ammosper- 

ungrazed versus ungrazed macrohabitat sites (Table 3). Overall 

mophilus leucurus), Ord’s kangaroo rat (Dipodomys ordii), north- 
small mammal abundance (all species combined) was not affect- 

em grasshopper mouse (Onychomys leucogasfer), deer mouse 
ed by grazing at patch scale, but was higher (PsO.05) on 

(Peromyscus maniculatus), pinyon mouse (P. truei), and Great ungrazed versus grazed macrohabitat sites (Table 3). Rest from 

Basin pocket mouse (Perognathus paws). grazing had no effect on small mammal reproductive condition at 
Small mammal species composition varied between and within either scale, or on total small mammal biomass at macrohabitat 

scales and treatments (Table 2). Except for ungrazed macrohabi- sites (Table 3). 

Table 2. Small mammal similarity between ungrazed and grazed shrub-grassland patch and macrohabitat study plots. Values are means + SE of pair- 
wise Jaccard Index values. 

Patch 

Macrohabitat 

Ungrazed 
GlZd 

Ungrazed 
Gl-iGXd 

Patch Macrohabitat 
Ungrazed Grazed Ungrazed GlXXd 

0.50 * 0.08 0.48 f 0.06 0.51& 0.06 0.27 + 0.05 
0.3 1 + 0.08 0.38 2 0.05 0.16+0&l 

0.67-tO.11 0.3S+O.l1 
0.25 $I.17 

tats, species composition of plots within a scale and treatment 
was highly variable (diagonal elements of Table 2) Grazed and 
ungrazed plots at both scales also had low similarity. Between 
scales, ungrazed patches and macrohabitats had the highest simi- 
larity (Jt$L51), while grazed patches and microhabitats had the 
lowest similarity. 

Table 3. Small mammal species richness, overall abundance, reproduc- 
tive condition and biomass (means f. SE) on ungrazed and grazed, 
patch and macrohabitat shrub-grassland study plots. Asterisks indi- 
cate significant (PrO.05) treatment effects within a plot type. 

Species’ abundance in grazed versus ungrazed plots varied 
between scales (Table 4). The dominant species (Great Basin 
pocket mice and deer mice) were more abundant on grazed ver- 
sus ungrazed patch plots, a pattern was which was reversed at 
macrohabitat scale. Similarly, Ord’s kangaroo rats were caught 
most frequently on ungrazed patch plots, but were absent from 
ungrazed macrohabitat plots. 

Discussion 

Proportion 
Plot Type Species Reproductively 
treatment Richness Abundance Active Biomass 

(no./100 trap-days) b”W 
Patch 
ungrazed 1.45 f0.16 1.85kO.47 0.50 F 0.14 

1.63 + 0.20 2.26 f 0.37 0.59+0.11 

hiacrohabitat 
ungrazed 1.50 + 0.29* 1.76 + 0.47* 0.79 of: 0.12 125.34 + 34.75 
Fnzed 1.00+0.25 0.98 * 0.12 0.79 F 0.13 125.49 +40.16 

Herbaceous vegetation showed a strong response to rest from 
grazing, paralleling results of other studies of Colorado Plateau 
shrub-grasslands (Kleiner 1983, West 1983). The ungrazed 
macrohabitat sites sampled in my study resembled nearby relict 
areas described as having “lush bunchgrass physiognomy” (Tuhy 
and MacMahon 1988:289). Vegetation responses to rest from 
grazing varied among sites, likely in response to unmeasured dif- 
ferences in livestock utilization, soils, or other site characteristics. 

The variation in small mammal community composition at both 
scales was likely attributable to local biogeographic influences 
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Table 4. Small mammal abundance (range, mean +SE) on ungrazed and grazed patch and macrohabitat shrub-grassland study plots. 

Plot Type 

Patch 

Species 

white-tailed antelope squirrel 
Ord’s kangaroo rat 
deer mouse 
Great Basin pocket mouse 
pinyon mouse 

unglazed Grazed 
_ _ _ _ _ _ _ _ _ _ _ _ _ ~,$.,idu&/l@) mp&ys _ _ _ _ _ _ _ _ _ _ _ _ _ 
O-3.00,0.53 9.28 O-2.40.0.22 a.18 
O-3.00,0.48 9.29 0-1.00.0.09 $I.09 
o-1.25.0.25 9.15 O-2.31,0.50 9.23 
O-2.09,0.65 9.21 O-5.00.1.38 9.45 

- o-0.42.0.07 g.05 

Macrohabitat Ord’s kangaroo rat O-1.17,0.39 9.28 
northern grasshopper mouse - o-0.39,O.lO g.01 
deer mouse O-1.95,0.98 9.56 - 
Great Basin pocket mouse 0.39-1.17,0.78 9.16 O-1.17.0.49 9.29 

and population processes. Desert rodent communities are charac- 
terized by high spatial and temporal variability (Brown and 
Kurzius 1989). Small mammal populations also exhibit large- 
magnitude, geographically asynchronous fluctuations, including 
temporary local extinctions (Brown and Zeng 1989). 

The lack of grazing effects at patch scale probably reflected the 
small size and isolation of ungrazed patches, which may not have 
provided enough suitable habitat to facilitate a detectable differ- 
ence in overall small mammal use or reproductive activity 
(Brown 1987). There was however, evidence to suggest that both 
grazed and ungrazed patches were more heavily used by some 
small mammal species. Studies conducted in other arid western 
rangelands have reported that deer mice are generally more abun- 
dant on grazed sites (Larrison and Johnson 1973, Hanley and 
Page 1982), while Great Basin pocket mice and Ord’s kangaroo 
rats show variable responses to grazing (Black and Frischknecht 
1971, O’Connell 1979, Whitford et al. 1978, Hanley and Page 
1982). 

The slightly higher small mammal species richness and abun- 
dance on ungrazed macrohabitat sites could be a response to the 
increased perennial grass cover and aboveground biomass, which 
would provide more food and cover. Conversely, on grazed sites, 
livestock use could directly impact small mammal populations, 
by trampling burrows and compacting the soil (Heske and 
Campbell 1991). Because my sample sizes were small and 
reflected a narrow time frame, these results should be viewed as 
hypotheses in need of further testing. 

grazing. Additional research is needed to more rigorously test 
these effects and evaluate species-specific responses to grazing- 
induced habitat changes. 

The spatial and temporal variability of these small mammal 
communities suggests extreme caution in their use as indicators 
of ecosystem change. Response data would be highly site-specif- 
ic, and could only be interpreted against a long-term baseline, 
likely beyond the scope of most monitoring efforts. In addition, 
one would need to control for, or at least have a solid understand- 
ing of the many factors affecting small mammal distribution, 
habitat use, abundance, and demographics. 
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Abstract 

We conducted a study in southern New Mexico to determine 
seasonal variation in botanical diet composition of cattle and to 
compare cow and steer diets. The climate and vegetation is typi- 
cal of semidesert grassland Fecal samples were obtained from a 
group of cows and steers during spring, summer, fall, 1989; win- 
ter and summer, 1990. Results showed that cattle diets were 
highest in grass content during spring (57%), summer (78%), 
and winter @I%), while forbs comprised the bigbest proportion 
of cattle diets during the fall (47%). Shrubs were moderately 
important during winter (18%). Dropseeds (Sporobolus spp.), 
black grama (Bouteloua eriopoda ~OIT.] Ton=), tbreeawn species 
(Aristidu spp.), and leatherweed croton (Croton poftsii [Iuotxcb] 
Muell. Arg.) were key forage species for cattle. The importance 
of these species varied with season, availability, physiological 
stage, and presence of other species. Differences between cow 
and steer diets varied with season. The relative similarity ranged 
from 70% (fall) to 90 46 (summer). The lower fall similarity com- 
pared to that in the summer might be related to physiological 
variation or past ditferences in grazing experience between cows 
and steers. For practical purposes, steer diets might generally be 
used to represent cow diets, but caution should be exercised dur- 
ing periods of low forage quality. 

Key Words: Diet composition, Semidesert rangeland 

Considerable effort has been devoted to studies of herbivore 
grazing habits so that animal needs and forage available can be 
matched to maximize efficiency in converting forage to animal 
products. Botanical diet composition and animal selectivity are 
affected by many factors, including season (Obioha et al. 1970, 
Steger 1971), time spent on pasture (Samuel and Howard 1982), 
plant species available (Launchbaugb et al. 1990), animal breeds 
(Walker et al. 1981), kind of animal (Warren et al. 1984), and sex 
of animal (Miller and Gaud 1990). 

Galt et al. (1969) found diet botanical composition of steers on 
desert grassland changed greatly with time of year and was not 
the same as available forage. Steers selected plains bristlegrass 
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University, Las Cmces, N.hf. 88001. 

hianuscript accepted 27 June 95. 

204 

(Setaria leucopila Scheum.) as long as it was available, and its 
contribution to the diet increased as it was utilized heavily. Shrub 
and cactus species became a part of the diet in the late fall and 
early winter. In southern New Mexico, Hakkila et al. (19S7) 
found that grasses comprised more than 70% of cattle diets dur- 
ing the summer and winter, with mesa dropseed (SporoboZusf2ex- 
uosus [Thurb.] Rydb.) the most important species. They also 
found forbs and shrubs comprised more than 60% of the spring 
and fall diets. These shifts in diet composition were attributed to 
changes in plant phenology and availability. Similar results were 
obtained earlier by Rosiere et al. (1975a, 1975b) who indicated 
cattle diets on desert grassland are dynamic and no fixed seasonal 
trend can be established to fit all years. 

Using steer diets to represent cow diets, or vice versa, is com- 
mon in botanical diet composition studies. But a clear under- 
standing of the similarities between cow and steer diets is still 
lacking, and results of the few studies available are unclear. In 
sheep, Ferrell et al. (1979) found that metabolizable energy and 
daily dry matter intake was greater for rams than for ewes. 
Differences in maintenance energy and dry matter intake between 
the 2 sexes may suggest differences in diet composition and in 
selectivity by the animals. Miller and Gaud (1990) found that 
similarity between diets of male and female desert bighorn sheep 
varied from 47 to SO%. On the other hand, Langlands (1969) 
found that nitrogen content of ram and ewe diets were similar. 

The objective of this study was to assess and compare diet 
composition of cows and steers during different seasons under 
semidesert grassland conditions. 

Study Area and Methods 

This research was part of a project evaluating various aspects 
of beef cattle production under semidesert conditions, using ani- 
mals involved in a larger study. Therefore, the procedures fol- 
lowed in this research were adopted considering the total project. 

We conducted this study at the New Mexico State University 
Ranch, 38 km north of Las Cmces. The study pasture covered 
1,400 ha, ranging in elevation from 1,200 to 1,350 m above sea 
level, with the topography varying from nearly level to slightly 
rolling. Several soil associations ranging from fine sandy loams 
to clay loam soils (Bulloch and Neher 19SO), occur on the area. 
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Climate is typical of a semiarid grassland: average annual precip- 
itation for a 30-year period was 228 mm, with 56% occurring 
from 1 July to 30 September (Dept. of Comm. 1988, 1990). 
Growing season (June, July, August, and September) rainfall was 
23% above long-term average in 1989 and 7% above in 1990. 
The average annual temperature is 16”C, with June being the 
hottest month (average maximum temperature 36°C) and January 
is the coldest (average maximum temperature 13°C). Principal 
dominant plants are black grama (Bouteloua e&p&z [Tom] 
Ton.), mesa dropseed, spike dropseed (Sporobolus contractus 
A.S. Hitchc.), red threeawn (Aristida longisera Steud.), tobosa 
(Hilaria mutica [Buckl.] Benth.), burrograss (Meropogon brevi- 

folius Phil.), mesquite (Prosopis glandulosa Torr.), soaptree 
yucca (Yucca elata Engelm.), and broom snakeweed (Gutierrezia 
sarothrae [Pursh.] Britt. & Rusby) (Ferrando 1990). 

To determine forage availability in each period, we selected 
four grazing areas according to the concentration of animals graz- 
ing. In each grazing area, twenty 0.5 x 1 m quadrats were allocat- 
ed randomly on a transect and all current herbaceous growth was 
clipped at ground level. In each quadrat, we separated old growth 
from current growth and discarded it, separated plants by species, 
and determined dry weight. We used dimension analysis to esti- 
mate browse production as described by Ludwig et al. (1975). In 
each major grazing area, three 2 x 100 m belt transects were ran- 
domly allocated. We calculated volume of each mesquite, soap- 
tree yucca, and mormon tea (Ephedra trifurca Torr.) rooted in the 
belt using long and short diameters and height (Ludwig et al., 
1975). Finally, we used regression equations to calculate plant 
biomass. 

Sample collections from animals were made 28 May-7 June (20 
cows and 6 steers), 19 July 19-8 August (20 cows and 6 steers), 
1-17 October (15 cows and 6 steers), 1989; 8-28 January (16 
cows and 6 steers), and 23 July-5 August (16 cows and 4 steers), 
1990. These dates represented spring, summer, fall and winter, 
with summer sampling repeated in 1989 and 1990. There were 4 
sampling dates in each period. The cows, ranging from 6 to 9 
years of age, represented 6 genetic groups composed of Hereford, 
Brangus, Charolais, and Simmental cross-breeding. The steers 
were two-year old crossbred Red Angus x Hereford x Angus. 
Calves were born in March or April and weaned in October. 

AlI animals grazed together during the entire study period. The 
cattle were gathered from the study pasture at 0800 hours and 
moved to a corral, where rectal grab samples of feces were col- 
lected and placed in plastic bags. These samples were oven dried 
at 50” C for 48 hours. 

Dried samples were ground to 1 mm in a Wiley mill and mixed 
for each animal in each period. One composite sample was pre- 
pared across days using equal weights of daily samples. Botanical 
composition of cow and steer diets was determined using the 
microhistological technique described by Sparks and Malechek 
(1968). Training for slide reading and plant identification was 
carried out according to procedures described by Holechek and 
Gross (1982). To obtain more accurate results, hairs, trichomes, 
and small particles were disregarded (Holechek and Gross, 1982) 
and magnification levels of 100 X were used. A 200 X magnifi- 
cation was used when particle characters were unclear (Holechek 
and Valdez 1985). 

Diet overlap between cows and steers were obtained using 
Kulcyznski’s similarity index. The formula 

S 
2XW(lOO) 

s,i=li 

k(a+b) 
i=l ii 

was described by Oosting (1956), where al is the mean amount of 
species i in diet a, bl is the mean amount of species i in diet b, 
and W, represents a, if a, c b, and b, if b, c a,. 

Analysis of variance for cows and steers by period for each diet 
component (%) used a completely randomized design (Steel and 
Tonie 1980) and the Statistical Analysis System (SAS) procedure 
(SAS Institute 1985). 

Diet composition of cows and steers across period was ana- 
lyzed using a split-plot design. Animal category (cow vs. steer) 
was the whole-plot factor in a completely randomized design 
with period and the category by period as split plot factors (Steel 
and Torrie 1980). Only animals (8 cows and 3 steers) present 
across all periods were used. Where analysis of variance for indi- 
vidual plant component (%) or forage group detected a significant 
F value (P ~0.05) between periods, mean separations were con- 
ducted using the least significant difference (LSD). 

Results and Discussion 

Seasonal Variability 
The proportions of total grasses, forbs, and shrubs in cattle 

diets varied (P ~0.05) among seasons (Table 1). Cattle grazed 
more grasses (PcO.05) during summer 1989 and 1990 than dur- 
ing other seasons. Similar results have been reported by Galt et 
al. (1969), Reppert (1969). Rosiere et al. (1975a), and Hakkila et 
al. (1987). During summer, grasses are succulent and growing 
and therefore preferable to cattle. Dropseeds (Sporobolus spp.), 
black grama, and threeawn species were major grass species con- 
tributing to cattle diets. The importance of each species differed 
among seasons. Dropseeds showed a gradual decrease (P ~0.05) 
in the contribution to cattle diets as seasons advanced from spring 
to summer, fall, and winter (41%, 28%, 12%, and 3%, respective- 
ly). Black grama made the largest contribution during both sum- 
mer 1989 and 1990 and winter. Threeawn was the major species 
during fall and summer 1990 and contributed less to cattle diets 
during spring 1989 and winter 1990. 

In fall, when grasses are senescent, their consumption 
decreased (PcO.05) compared with other seasons, and cattle shift- 
ed their diets more to forbs (Table 1). Similar results were report- 
ed by Steger (1971). On the other hand, Rosiere et al. (1975a) 
found forb contribution to cattle diets was highest during winter; 
this difference from the current study could be due to variation in 
annual precipitation and its effect on available forage. Forb 
species also showed dramatic shifts in their contributions to cattle 
diets among seasons. Leatherweed croton (Croton potrsii 
[Klotzch.] Muell.) was consistently important through all sea- 
sons, with the highest contribution to cattle diets in the spring. 
Spurge (Euphorbia spp.) ranged from 0 to 12% in cattle diets 
during spring and fall, respectively. During fall and winter, cattle 
consumption of minor forb species increased, apparently due to 
decreased availability of green grasses. Other important forb 
species in some seasons included two-leaf senna (Cassia bauhi- 
noides Gray), Russian thistle (Salsola australis R. Brown), asters 
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Table 1. Botanical composition (46) of cattle diets (D) and available forage (Al?) at different seasons on desert grassland range” 

Plant species 
Surine1989 Summer 1989 1989 Fall Winter 1990 Summer 1990 

D AF D AF D AF D AF D AF 

Grasses 
Sporobolus spp. 
Bouteloua eriopodn 
Arktick spp. 
Scleropogon brevifolius 
Erioneuron pulchelhon 
Hilaria muiica 
Muhlenbergia arenacia 
Total grasses 

Forbs 
Croton ponsii 
Solanum elaeagnifolium 
Lesquerella fendleri 
Sphaeralcea spp. 
Psilostrophe tagetinae 
Cassia bauhinoidts 
Dalea nana 
Dhhyrea wislizenii 
Euphorbia spp. 
Salsola australis 
hiachaeranthera spp. 
Eriogonum r&hopes 
Zinnia spp. 
Other? 
Total forbs 

Shrubs’ 
Yucca elara’ 
Ephedra tr@rca5 
Prosopis glandulosd 

17 
28 

5 
3 
4 
T 
0 

58 

4 
T 
2 
T 
1 
1 
T 
T 
T 
0 

T 
1 

2s 

12 
1 

2 
Total shrubs’ IO0 14 

_____-___--_________------------ (“/o) _____-_-_-__________------------- 

41" 
6' 
7b 
3b 
T' 
Ob 
0" 
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lSd 
2" 
lb 
2b 
4" 
2b 
lb 
2b 
Od 
0" 
Ob 
Ob 
Ob 
4" 

33b 

2sa 
3ga 

2' 
lC 
OC 
6" 
lk 
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7b 

s 
lbc 
v 

T 
0’ 
lC 
5& 
.Ib 
la 
2" 
2b 

2od 

lC 
0” 
lb 

2' 

11 
40 

5 
2 
1 
1 
T 

60 

3 
1 
T 
1 
T 
1 
T 
0 
T 
T 

T 
1 

21 

15 
1 
3 

19 

12c 24 3d 7 
2d 31 32b 44 

21" 6 gb 2 
lC 2 2bC T 
4b 6 4b 3 
lb 0 Ob 0 
2b 0 4" 0 

41d 69 54= 72 

gb 
lb 
Ob 
lbc 
2b 
7a 
2" 
lbc 

12d 
4& 
5" 
la 
Ob 
5" 

47= 

7 
0 
1 
T 
T 
T 
1 
0 
0 
0 

0 
0 

23 

4b 
2" 

B 

; 
0' 
0" 
Ob 
5= 
2" 

s 
Ob 
3a 
5a 

2sc 

4b 
6" 
2b 

IZb 8 

8" 
6" 
4" 

IS8 

3 
0 
1 
0 
0 
0 
0 
T 
0 
0 

0 
T 
7 

11 

17 

13 
35 

6 

54 

22 
2 

2 

25 

21 

abcdhleans within rows with different letter differed sigaificaatly (P c 0.05). 
T= species identiftcd ia trace (< 1%) amounts. 
h-he sample size was 8 cows aad 3 steers. 

*Include uoidentitied fragments at gems level, aad those species show &ace mooat in some period in cattle diets. 

(Machaerenthera spp.), wooly paper flower (Psilostrophe tageti- sumption. Similar trends have been described by Launchbaugh et 
na [Nutt.] Rydb), globemallow (Sphaeralcea spp.), and zinnia al. (1990) in mixed-brush savanna on the Texas Rio Grande 
(Zinnia spp.) species. plains. 

Dietary shrub fractions in cattle diets shifted (F<O.O5) among 
seasons (Table 1). Shrub consumption decreased from 10% dur- 
ing spring to 2% in summer, then increased to 12% and to 18% in 
fall and winter, respectively Cattle increased their shrub con- 
sumption in the absence of herbaceous growth. Galt et al. (1969) 
and Reppert et al. (1969) reported similar results. Dietary content 
of soaptree yucca, mormon tea, and mesquite was higher (PC 
0.05) during winter than other seasons. During other seasons 
these species provided minor contributions to cattle diets, except 
for mormon tea during fall. 

sex of Animal 

These results suggest cattle selectivity might be related to ani- 
mal physiologic status and to plant species availability, phenolo- 
gy, morphology, palatability, and presence of other species. 
Cattle first focused on green succulent grasses during summer, 
then shifted to forbs when grasses matured in fall. In winter, 
herbaceous forage became limited and cattle increased shrub con- 

No differences were found between cow and steer diets across 
seasons in terms of total grasses, forbs, and shrubs (Fig. 1). 
Among plant groups, cows and steers selected more grass than 
forbs or shrubs. Grasses were also reported to be the largest plant 
group in cattle diets on range by Cook et al. (1963); Van Dyne 
and Heady, (1965), Rosiere et al., (1975b); Walker et al., (1981); 
Galt et al. (1982); and Launchbaugh et al. (1990). Cows and 
steers selected different quantities of total grass, forbs, and shrubs 
among seasons (Table 2), but in some cases these differences 
were small. During spring (1989) and winter (1990), grasses con- 
tributed more (P ~0.05) to the cow diets than to steer diets; and 
forbs contributed less (PcO.05) to cow diets than steer diets. 
Shrubs contributed small amounts to both cow and steer diets 
during the summers of 1989 and 1990. 
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Table 2. I’hans and standard errors (SE) of diet composition (%) of cows and steers on semidesert rangeland’. 

Plant 1X Mav - 7 June 19 Julv - 8 Aw lOct-17oct 8 Jan - 28 Jax 23 Jul - 4 Aue 
species Cows Steers SE cows steers SE Cows Steers SE Cows Steers SE Cows Steers SE 

Grasses 
Sporobolus spp? 
Bouteloua eriopoda 
Aristida spp. 
Scleropogon brevifolius 
Erioneuron pulchellum2 
Hilaria mutica 
hiuhlenbergia arenacia 
Total grasses 

Forbs 
Croton pot&ii 
Solarium elaeagnijolium 
Lesquerella fendleri 
Sphaeralcea spp. 
Psilostrophe tagetinae 
Cassia bauhinoides’ 
Dalea nana’ 
Dithyrea wislizenii 
Euphorbia spp2 
Salsola austrad 
hfachaeranthera spp2 
Eriogonum trichopes’ 
Zinnia spp.2 
Otbet-9 
Total forbs 

Shrubs 
Yucca elata3 
Ephedra trifirca’ 
Prosopis glandulosa’ 
Total shrubs5 

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

43 
5 
8 
2 
1 
0 
0 

59= 

16 
2 
1 
2 
4 
lb 
1 

T 
0 
0 
0 
0 
0 
4 

31b 

4 
3 
4 

10 

41 2.0 
4 1.7 

8 3 ti 
T 0.4 
0 0.0 
0 0.0 

57b 1.0 

18 1.4 
1 0.8 
1 0.4 
1 0.6 
4 0.8 
4” 0.5 
0 0.6 
3 0.4 
0 0.0 

z 00 0:o 

0 0 ii:8 
3 0.6 

35” 1.5 

3 1.0 
4 1.0 
2 1.1 
8 1.3 

27 30 2.6 20’ 
39 36 2.3 lb 

2 3 0.7 
1 1 0.5 ‘& 
0 0 0.0 lb 
6 7 1.0 1 
1 1 0.4 2 

77 7s 1.3 43 

8 
0 
T 
1 
T 
1 
1 
0 
lb 
5 

3 
3a 

20 

3 
0 
1 
4” 

7 
0 
0 
1 
0 
T 
1 
0 
2” 
4 

% 
4” 
lb 

20 

1 
0 

1.4 7 
0.0 1 
0.1 0 
0.5 1 
0.1 2 
0.6 7 
0.4 5” 
0.0 1 
0.4 sb 
0.9 6 
0.3 7 
0.2 T 

T 
:2 2b 
1.5 47 

0.8 3 
0.0 4 
0.4 2 
0.7 10 

5b 2.0 
3a 0.6 

22 2.1 
1s 0.3 

4” 0.7 
1 0.3 

06 
3; 2:3 

6 1.3 
1 0.4 

0 0.0 
2 0.6 

05 
fil 1’0 
lb 1’3 
1 6.3 

173 1.0 
2 1.6 
4 1.8 
T 0.2 
T 0.2 
7” 0.8 

49 2.5 

4 0.7 
7 1.1 
2 0.4 

12 1.3 

3 
37” 

S 
2 
4 
0 
3 

57” 

5 
2 

Ab 
0 
0 
0 
3 

$ 

T 
0 
3 

2zb 

9 
5 
4b 

1s 

3 
29b 

8 
1 
5 
0 
3 

495 

5 
3 
2 
1’ 
0 
0 
0 
3 
2’ 
7’ 
T 
0 
2 
5 

38 

9 
8 
5’ 

21 

0.79 1 1 0.38 
1.97 35 34 1.18 

0.91 19 17 1.54 
0.37 7 6 
0.62 4b 

1.35 
7” 0.98 

0.00 1 0 0.36 
0.99 T T 0.26 
2.11 68 65 1.97 

0.79 8” 

0.44 0.50 3 
0.10 zb 
0.00 Tb 
0.00 6 
0.00 T 
1.01 1 

0.43 7 
0.88 5 
0.10 T 
0.00 T 
0.85 T 
0.60 T 
1.69 30 

Sb 

% 

z 
S 
0 
T 
7 
3 
T 
0 
0 
T 

31 

1.05 
0.36 
0.06 
0.45 
0.08 
1.03 
0.28 
0.41 
1.01 
0.83 
0.07 
0.04 
0.09 
0.14 
2.00 

1 0.33 
1= 0.09 
2” 0.33 
4” 0.36 

a&ezms of cows and steers within period and row with different letter differed significantly (p < 0.05). 
*Data represent a comparison of cow and steer diets using a completely randomized design by period for each plant species, number of cows and steers different at different periods. 
*Intemctions behwn animals and period am significant f,P < 0.05). 
31ndude unidentitied @men& at genus level, and those species show trace amount in some period. 
T = species identified in trace (c 1%) amounts. 

Coefficients of variation between sexes were similar for grass 
content of the diet and slightly higher for forb and shrub content 
of steer diets than for cow diets. Variation among animals 
appeared to be greater for steers than cows during the summer 
period when additional forage species were available. 

The relative similarity between cow and steer diets varied with 
season (Table 3). Dietary overlap between cows and steers was 
lowest during fall and highest during spring 1989 and summer 
1990. During fall 1989 and winter 1990, contributions of some 
important species to cow and steer diets diiered (Table 2). In 
both seasons (fall and winter), cows tended (pcO.05) to consume 
more grasses and fewer forbs than steers. During fall, diet com- 
position of cows revealed more dropseeds (PcO.05) and less 
spurges (p <0.05) than steers. In winter, cows consumed more 
black grama (P ~0.05) and less Russian thistle (P ~0.05) than 
steers. Other less-important species exhibiting differences 
between cow and steer diets included two-leaf senna during 
spring 1989; buckwheat (Eriogonum trichopes Tom) and zinnia 
during summer 1989; fluffgrass (Erioneuron pulchellum [H. B. 
K.]) and dwarf dalea (Dalea nana Torr.) during fall 1989; 
mesquite during winter 1990; and fluffgrass, leatherweed croton, 
globemallow, and mesquite during summer 1990. 

These data show that diet composition of steers and cows were 
diierent during spring 1989 and winter 1990. King (1991) found 

dietary total nitrogen content and digestibility were lowest com- 
pared with other seasons during these periods (spring 1989 and 
winter 1990). These differences might be due to the steers’ lack 

60: COWS 

IiEzzi 
Steers 

Grasses ’ Forbs ’ Shrubs ’ 

Fig. 1 Average percentage of total grasses, forbs, and shrub content 
of cow and steer diets across periods. 
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Table 3. Dietary overlap (40) between cows and steers grazing on semi- 
desert rangeland using Kukyznski’s index. 

Period Diet overlap 

0% 
18 May 18 -7 June 1989 90 
19 Jul 19 -8 Aug 1989 89 
1 Ott 1 - 17 Ott 1989 70 
SJanS-2SJm1990 87 

23 Ju123 - 4 Aug 1990 90 

of grazing experience or differences in inherent energy demands 
between the 2 groups. These results suggest that precautions 
should be t&en when steer diet compositions are used to repre- 
sent cow diet compositions particularly during periods of low for- 
age quality. 

Conclusion and Implications 

Cattle selected heavily for grass through all seasons except in 
fall, when forb consumption was greater than grass consumption. 
Shrubs become a moderately important dietary component during 
winter when other herbaceous growth was low. Dropseeds, black 
grama, and threeawn species were the major grasses consumed 
by cattle; relative importance of these species varied with season. 
The most important forb species was leatherweed croton. 
Mesquite, mormon tea, and soaptree yucca were moderately 
important during winter. 

There were no differences in diet composition between cows 
and steers among seasons. Within seasons, cows consumed more 
grasses and fewer forbs than steers during spring and winter. In 
fall, dietary overlap (%) was lowest between cow and steer diets. 
For practical purposes, steer diet botanical composition may be 
used to represent cow diets, but differences between the 2 sexes 
in diet composition may be greater during periods of unfavorable 
forage conditions. 
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Abstract 

Fecal microhistology was used to estimate botanical composi- 
tion of samples taken from Hereford (N = ll), Angus (N = 11) 
and Brangus (N = 37) 3 to 5 year-old cows in 3 seasons (October, 
1991 and January and July, 1992) and from Hereford (N = lo), 
Angus (N = 9) and Brangus (N = 34) calves in October. Breed dif- 
ferences in botanical composition of diets and relationships 
between dam and offspring botanical composition of diets were 
examined. Breed diierences were observed for cows in all 3 sea- 
sons and for calves in October. Brangus cows showed greater 
preference (P < 0.05) for Sporobolus than Hereford cows in 
October, January, and July. Brangus cows also showed greater 
preference for Sporobolus than Angus cows in January and July. 
Brangus and Angus calves showed greater preference for 
Sporobolus than Hereford calves in October (P < 0.05). Brangus 
cows had a stronger preference for Yucca and total shrubs in 
January than either Hereford or Angus cows. Hereford cows and 
calves had stronger preference for Aristkia than either Angus or 
Brangus in October (P -z 0.05). Regression of October calf botaui- 
Cal components on dam botanical components indicated signifi- 
cant relationships for only 2 genera, Aristida (2’ ~0.01) and 
Sporobolus (P<OLK). These data suggest that genetic composition 
of the animal is an important factor determining utilization of 
key plant species on Chihuahuan desert ranges. 

Key Words: cattle, breeds, diets, range 

In the Chihuahuan desert, stocking rates range from 25 to 65 ha 
per animal unit year long. The large land area per cow dictates 
low capital investment per unit of land. Thus, methods of control- 
ling grazing cattle distribution may not be economically feasible. 
However, these range ecosystems are very susceptible to damage 
due to spot over-grazing and(or) species selectivity by grazing 
beef cattle. Because these ranges possess numerous palatable 
grasses, forbs, and shrubs, cattle diets tend to be complex, vary- 
ing from season to season (Herbel and Nelson 1966b, Rosierre et 
al. 1975a; Rosierre et al. 1975b). If differences among cattle in 
dietary preference are partially genetically controlled, breed 
selection may be a mechanism for the more efficient utilization of 
Chihuahuan desert ranges and other similar sites. Little research 
has been conducted relative to potential genetic differences in 
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diet selectivity among breeds. In eastern Colorado, Walker et al. 
(1981) observed no important differences among diets of 
Hereford, Hereford x Charolais, and Hereford x Angus cattle. 
However, Herbel and Nelson (1966b) observed some important 
differences between diets selected by Hereford and Santa 
Gertrudis cows in the Chihuahuan Desert. Breed differences have 
also been noted in diets selected by small ruminants (Warren et 
al. 1984). 

Today, more than 85 breeds of cattle are known to exist in the 
U.S. (Taylor 1994). This represents a tremendous reservoir of 
germplasm and potential genetic variation. If large differences in 
diet selection exist among breeds of cattle, selection of breed may 
represent a cost effective, low input mechanism for altering range 
utilization. 

The objectives of this study were 1) to evaluate the effect of 
breed on the botanical composition of diets selected by cows dur- 
ing three seasons, 2) to evaluate the effect of breed on botanical 
composition of diets selected by suckling calves, and 3) to evalu- 
ate the relationship between the botanical composition of cow 
and calf diets before weaning. 

Materials and Methods 

Study Area 
This study was conducted during October 1991, January 1992, 

and July 1992 at the New Mexico State University College Ranch 
located 40 km north of Las Crnces. A single 1,400 ha pasture was 
used for this experiment. The location is a typical Chihuahuan 
desert site with long term average annual precipitation of 234 
mm. Annual precipitation was 444 and 411 mm in 1991 and 
1992, respectively. Mean annual temperature was 16” C. June 
was the hottest month with an average temperature of 36.8” C, 
whereas January was the coldest month with an average tempera- 
ture of 13” C. Principle forage species in the study area were 
mesa dropseed (Sporobolus frexuosus [Thurb.] Rydb.), black 
grama (Bouteloua eripoda [Torr.] Torr.), tobosa (Pleurophis 
mutica Buckl.), and leatherweed croton (Crotonpottsii [Klotzsch] 
Muell.-Arg.). Other common plant species in the study area were 
broom snakeweed (Gutierrezia sarothrae [Pursh] Britt. and 
Rusby), honey mesquite (Prusopis glandzdosa Torr.), and soap 
tree yucca (Yucca elata Eugelm.). 

Standing crop was estimated for grasses and forbs within 5 
days of animal sampling. Four clippings were taken at each of 13 
reference points in the study pasture. Reference points were 500 
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m apart in east-west direction and 1000 m apart in north-south 
direction. At each reference point, a random direction and a ran- 
dom number of steps between sampling frames was determined. 
Plants were clipped at ground level within a 0.6 X 0.3 m frame at 
each sampling point (4 per reference point). Samples were sepa- 
rated by species. Samples were dried in a forced air oven at 50” C 
for 96 hours. Total standing crop was calculated by weighing 
each sample and adding species together. 

Experimental AniiaLs 
Cattle used in this experiment were 3 to 5 year-old purebred 

cows and their calves including 37 Brangus cows (only 34 calves 
were available), 11 Angus cows, and 11 Hereford cows. All cows 
were reared on the ranch. Replacement heifer development was 
consistent within age groups across breed, and cows had grazed 
the ranch for at least 2 years prior to initiation of this study. Cows 
calved between 1 January and 24 April, 1991 and calves were 
weaned on 15 October 1991. Cows and calves were placed into a 
common pasture 2 weeks before initiation of sampling. 
Previously grazed pastures were similar to the study pasture. 
Cows received no supplemental feed before or during the sam- 
pling periods. On 8 October 1991,7 January 1992, and 15 July 
1992 all cattle were gathered by 0900 hours. Weight, height, 
body condition score, and fecal grab sample were taken from 
each cow in each period. Fecal grab samples were only taken 
from the calves on 8 October 1991. 

Laboratory Methods 

Fecal samples were dried in a forced air oven at 50” C for 7 
days then ground in a Wiley mill to pass a l-mm screen. 
Percentage of fecal organic matter nitrogen was determined by 
the Kjeldahl method (AOAC 1984), and organic matter phospho- 
rus was determined by spectrophotometric calorimetric method 
(AOAC 1984). Botanical composition of feces was determined 
by microhistology (Sparks and Malechek 1968; Holechek 1982; 
Holechek and Gross 1982; Dabo et al. 1986). Dried samples were 
ground in a Wiley mill to pass a l-mm screen and then were ana- 
lyzed by the AAFAB Composition Laboratory in Fort Collins, 
Colo. Samples were soaked in hot water and household bleach 
and rinsed through a 200 mesh Tyler standard screen to remove 
solubles and extremely small nondiagnostic particles (Holechek 
1982). Each sample was transferred to 2 microscope slides. Equal 
amounts of sample were allocated to each slide by use of a tem- 
plate with a small hole. Hoyer’s solution (Baker and Warten 
1952) was applied to the slide and thoroughly mixed with the 
sample. Cover slides were then mounted. Twenty fields per slide 
of composite sample were examined at 100 X magnification. 
Frequency addition procedures described by Holechek and Gross 
(1982) were used to calculate the percentage composition of 
undigested dietary components in the feces. Plant composition 
was categorized by species when possible. In some cases, howev- 
er, only genera were determined. 

Statistical Analyses 

In all analyses, the dependent variables were percentages of a 
specific plant genera or species in fecal samples. Species or gen- 

era with low incidence (< 5%) exhibited bimodal or skewed dis- 
tributions and were omitted from statistical analysis. Species uti- 
lized in analyses exhibited distributions which appeared normal. 

Two statistical analyses were conducted by analysis of variance 
and covariance using the General Linear Models (GLM) proce- 
dures of SAS (1988). The first was used to investigate the effect 
of breed of cow or breed of calf on botanical composition of fecal 
samples. Data on cows and calves collected in October were ana- 
lyzed separately. The experimental model for cow data in all 3 
periods included the main effects of breed, age of cow and the 
interaction of age and breed. The experimental model for calf 
data included breed, sex of calf and the interaction of breed and 
sex of calf. Age of calf was included in preliminary analyses but 
was not an important source of variation and was therefore omit- 
ted from final analysis. Dependent variables included fecal nitro- 
gen and phosphorus percentages as well as percentages of various 
plant gerera or species in fecal samples based on microhistology. 
Mean separation was conducted by the PDIFF option of the 
General Linear Models procedures (SAS 1988). 

The second analysis was conducted to investigate the linear 
relationship between calf diets and the diets of their dams during 
the October sampling. A total of 53 cow-calf pairs were used (9 
Angus, 34 Brangus, and 10 Hereford). The linear regression 
model included the discrete effect of calf sex and the continuous 
measurements taken on the dam (percentage fecal nitrogen and 
phosphorus and percentages of various species in the feces). 
Dependent variables were calf fecal nitrogen and phosphorus per- 
centages as well as percentages of each plant genera or species in 
fecal samples based on fecal microhistology. 

Results 

Pasture forage composition is expressed as estimated standing 
crop biomass in Table 1. Total grass and forb standing crops were 
783 kg/ha (76.2% grasses, 23.8% forbs), 552 kg/ha (95.0% grass- 
es, 5.0% forbs), and 704 kg/ha (62.4% grasses, 37.6% forbs) dur- 
ing October 1991, January 1992, and July 1992, respectively. 
Shrub species were present but were not included in the estimates 
due to difficulty in accurately assessing shmb standing crop. 

Breed X age of cow and breed X sex of calf interactions were 
not significant for any variable examined. Age and sex main 
effects were also non-significant for most variables. 

Effects of Breed on Diet Selection 

Fall Measurements (October 1991). 
Least squares means for breed effects on botanical and chemi- 

cal composition of fecal samples taken in October, 1991 are pro- 
vided in Table 2. Aristida and Sporobolus were the most common 
grass genera identified by microhistology. Breed differences were 
found for the percentages of both grasses (PcO.01) in feces of 
cows and suckling calves. Hereford cows exhibited a greater 
preference for Aristida than Angus and Brangus cows. Similarly, 
Hereford calves showed greater preference for Aristida than 
either Angus or Brangus calves. Conversely, Hereford cows 
showed less preference for Sporobolus than Brangus cows, while 
Hereford calves showed less preference for Sporobolus than 
Brangus and Angus calves. Although no other breed effects were 
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Table 1. Raw mesas and plant species standing cmp composition in study pasture in Oct., 1991 and Jan. and Jul., 1992. 

Plant component 

Aristida adscensionis 
Aristi& divaricata 
Aristiak longiseta 
Bouteloua barbata 
Bouteloua eriopoda 

Erioneuron pulchellum 
Enneapogon desvawii 
hiuhlenbergiaporteti 
Panicum spp. 
Scleropogon brevifolius 
Sporobolusjlewosus 
Sporobolus contractus 
Total grasses 

Allionia incamata 
Astragalus spp. 
Baileya multiradiata 
Cassia bauhinoides 
Croton pottsii 
Euphorbia spp. 
Gutierrezia sarothrae 
Hoffinnnseggia jamesii 
Lesquerella fendlen’ 
Pectis papposa 

Perezia nana 
Solanum elaeagnifolium 
Sphaeralcea coccinea 
Total forbs 

Total and forbs grass 

October Januarv Julv 
Mean Mean MfZ3l-l 

(kg/ha) % (kglha) % @g/ha) % 
43.5 5.6 39.9 7.2 0.0 0.0 

0.0 0.0 0.0 0.0 50.2 7.1 
35.1 4.5 7.1 1.3 22.5 3.2 
2.0 0.2 15.9 2.9 0.0 0.0 

329.3 42.1 272.3 49.3 239.8 34.1 
19.9 2.51 0.3 1.9 7.0 1.0 
2.6 0.3 0.0 0.0 0.0 0.0 
0.0 0.0 17.1 3.1 0.0 0.0 
0.9 0.1 0.0 0.0 0.0 0.0 
6.8 0.9 2.8 0.5 0.0 0.0 

134.5 17.2 158.9 28.9 119.6 17.0 
22.8 2.9 0.0 0.0 0.0 0.0 

597.4 76.3 524.3 95.0 439.1 62.4 

0.0 0.0 2.8 0.5 0.0 0.0 
4.7 0.6 0.0 0.0 6.8 1.0 
3.7 0.5 0.0 0.0 16.2 2.3 
2.4 0.3 0.0 0.0 0.0 0.0 

40.6 5.2 4.6 1.0 68.5 9.7 
8.9 1.1 0.0 0.0 6.8 1.0 

74.8 9.6 13.9 2.5 132.3 18.8 
24.2 3.1 0.4 0.1 34.2 4.8 

0.0 0.0 3.1 0.6 0.0 0.0 
9.1 1.2 0.0 0.0 0.0 0.0 
5.4 0.7 2.6 0.5 0.0 0.0 
3.7 0.5 0.0 0.0 0.0 0.0 
7.7 1.0 0.0 0.0 0.0 0.0 

185.4 23.8 27.4 5.0 264.8 37.6 

782.8 100.0 551.7 100.0 703.9 100.0 

noted for this period, breed differences in preference for these 
major genera as well as similarities between breed effects on both 
cow and calf diets indicate that important genetic differences may 
exist during the fall season. Partial coefficients of determination 
for proportion of diets made up by Aristida and Sporobolus 
ranged from 0.17 to 0.28. Herbel and Nelson (1966b) observed 
greater utilization of Aristida by Herefords than Santa Gertrudis 
during the fall season at a nearby location. They also indicated a 
slight preference by Santa Gertrudis for Sporoboh during the 
same period. The similarities between these findings suggests that 
Brahman influence (Brangus and Santa Gertrudis were developed 
with 5/S Brahman influence) may be affecting the utilization of 
these desert grasses. 

because calf fecal chemistry may be affected by milk intake. 

Winter Measurements (January 1992). 

Fecal nitrogen and phosphorus have been used as indicators of 
diet quality (Holechek et al. 1982). Breed of cow was an impor- 
tant source of variation for fecal phosphorus (P ~0.02). Feces 
from Hereford cows possessed more phosphorus than feces from 
Angus and Brangus cows. This suggests that either Hereford 
cows were consuming a higher quality diet than either Angus or 
Brangus cows or that they diier in their ability to utilize dietary 
phosphorus. These differences in fecal phosphorus were not cor- 
roborated by fecal nitrogen levels (P = 0.59). Thus, it is diffkult 
to conclude that differences in diet quality existed among the 3 
breeds during October. Differences were observed in nitrogen 
content of calf fecal samples. However, this could be misleading 

Cow breed differences were also found in January, 1992 (Table 
3.). All three breeds were very dependent upon Bouteloua (pri- 
marily Bouteloua eriopoda) during this period. This is consistent 
with other results reported from this station (Rosierre et al. 
1975a; Rosierre et al. 1975b; Mohammad 1992). Hereford and 
Angus cows consumed a greater proportion of their diets as 
Bouteloua than did Brangus cows (P ~0.05). As in October, 
Brangus cows showed a greater preference for Sporobolus than 
Angus and Hereford cows. Angus cows exhibited greater prefer- 
ence for grasses than Brangus and Hereford cows. Brangus cows 
consumed substantial quantities of Yucca leaves during this peri- 
od. Thus, the shrub component of Brangus diets appears to be 
important during the dormant winter months. Breed accounted for 
12 to 31% of total variation in cow dietary composition in 
January. Fecal nitrogen and phosphorus were similar among the 
breeds. 

Summer Measurements (July 1992). 
Breed differences were also evident in July 1992 (Table 4.). 

Again Brangus cows showed a strong preference for Sporobolus. 
Diets of Brangus cows contained more total grasses than Angus 
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Table 2. Breed least squares means for dietary components (based on fecal microhistology) and percentages of fecal organic matter composed of phos- 
phorus and nitrogen for cows and suckling calves during Oct. 1991. 

Variable 

Aristida 
cows 
Calves 

Sporoboh 
cows 
Calves 

Total Grass 
cows 
Calves 

Croton 
cows 
calves 

Total Forbs 
cows 
Calves 

Fecal Phosphorus 
cows 
Calves 

Fecal Nitrogen 
cows 
Calves 

a N = 9 cow+xdf paia. 
b N = 3.1 cow-au paiis. 
c N = 10 cow-calf pairs. 
dLerc;t squares means. 
e Standard error of least squares meaa. 

Breed 
Angusa Brangusb HerefordC -. 

LShld) SEe LSMd SEe LSMd SEe OSLf R*s 

WI @I (W 

5.3y 2.2 4.5Y 1.1 11.6x 2.1 0.00s 0.17 
2.0 1.2 2.5Y 0.7 7.6x 1.1 0.001 0.26 

25.6xY 6.3 3s.w 3.0 16.W 5.5 0.004 0.22 
30.1” 4.2 28.2X 2.4 10.6Y 3.8 0.001 0.28 

36.2 7.7 48.6 3.7 44.9 6.8 0.35 0.04 
36.6 5.5 34.6 3.0 39.2 4.9 0.73 0.01 

61.5 8.0 47.4 3.8 54.4 7.0 0.25 0.05 
57.5 5.5 60.2 3.0 60.0 4.9 0.91 0.00 

63.7 7.7 51.3 3.7 54.8 6.8 0.36 0.04 
63.1 5.4 65.3 3.0 60.4 4.9 0.70 0.02 

0.29 0.01 0.27y 0.01 0.30x 0.01 0.02 0.14 
0.51 0.05 0.39 0.03 0.41 0.05 0.11 0.10 

1.94 0.06 1.98 0.03 1.92 0.05 0.59 0.02 
2.2SXY 0.10 2.43x 0.06 2.03y 0.10 0.00 0.27 

f Observed sigaificaace level of main effect (breed). 
gPartial coefficient of determioation associated with the main effect @reed). 

cows. Higher percentages of Croton was found in Angus feces 
than Hereford or Brangus with Hereford cows having greater 
preference for Croton than Brangus. Breed accounted for 41% of 
the total variation in the Croton percentages in diets during the 
summer sampling. Angus cows also consumed a greater propor- 
tion of their diets as forbs than Brangus and Hereford cows. 
Hereftirds had higher fecal nitrogen percentages than Brangus 
cows. No differences, however, were found in fecal phosphorus. 

Relationship Between Cow and Calf Diets 

Linear relationships among the botanical and chemical compo- 
sition of dam and offspring diets are shown in Table 5. 
Relationships were found bkveen percentages of Aristida (PC 
0.01) and Sporobolus (P = 0.06) in cow and calf samples. Calf 
preference for Aristida increased by an average of 0.23% for each 
1% increase in Aristida in dams’ preferences. Similarly, calf pref- 

Table 3. Breed least squares means for dietary components (based on fecal microhistology) and percentages of fecal organic matter composed ofphos- 
phoros and nitrogen for cows in Jan. 1992. 

Breed 
Angusa Brangusb Herefordc 

Variable LShld) SEe LSMd SEe LSMd SEe OSLf R2s 

@a) m (W 
Bouteloua 84.5” 5.3 6O.W 2.9 7S.2x 5.1 O.OQO4 0.31 

Sporobolus 1.7Y 3.2 8.7X 1.7 1.3y 3.1 0.05 0.12 
Total Grass 95.7s 3.2 S4.OY 1.7 ss.9y 3.0 0.004 0.22 

Yucca ON 2.6 11.5x 1.4 4.3Y 2.5 0.001 0.29 
Total Shrubs 2.SY 2.7 12.8X 1.5 6.4 2.6 0.005 0.23 
Fecal Phosphorus 0.15 0.007 0.15 0.003 0.14 0.006 0.49 0.03 

Fecal Nitrogen 1.11 0.06 1.07 0.03 1.07 0.05 0.78 0.01 

$I = 11 cows. 
,N = 31 cows. 
p= 11 cows. 
past sqaares means. 
fStandard error of least squares mean. 
Observed significance level of main effect (breed). 

%rtial coefficient of determination associated with the main effect (breed). 
x’zAfwns within row with different superscripts are different (P < 0.05). 
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Table 4. Breed least squares means for dietary components @ased on fecal microhistology) and percentages of fecal organic matter composed of phos- 
phorus and nitrogen for 4-6 year-old cows in JnL 1992. 

Breed 
Angusa Braaattsb Herefordc 

Varinble LSM*) SF LSMd SEe LSMd SE OSLf Rzs 

@) m (%I 
Bouleloua 5.8 2.8 11.6 1.6 10.2 2.6 0.22 0.09 
Sporobolus 36.0 5.6 54.2x 3.1 44.7x 5.0 0.02 0.18 
Total Grass 55.7y 4.8 75.6x 2.7 69.gx 3.0 0.005 0.25 
Croton 39.7x 4.4 13.6z 2.4 24.9y 4.0 0.0001 0.41 
Total Forbs 43.8X 4.9 23.Q 2.7 29.9 4.4 0.004 0.25 
Fecal Phosphorus 0.75 0.07 0.72 0.04 0.76 0.06 0.85 0.01 
Fecal Nitrogen 2.23”Y 0.10 2.w 0.06 2.44x 0.09 0.02 0.21 
aN = 11 cows. 
bN = 31 cows 
cN=11c0ws: 
*Lwt %uarcs means (s). 
eSur&rd error of least squares mean. 
f0bserved significence level of main effect (breed). 
Partial coefticient of determination associated with the main effect @reed). 
W h&us within row with different superscripts are different (P c 0.05). 

erence for Sporoboh increased by 0.22% for each 1% increase 
in dams’ preferences. However, partial coefficients of determina- 
tion indicate that maternal diet composition was a minor factor 
affecting calf diet selection. No other linear relationships were 
observed between calf and cow botanical or chemical composi- 
tion. 

Discussion and Conclusions 

Diet selection by free grazing cattle is a very complex, dynamic 
activity. It is complex in that diets may be composed of numerous 
plant species in varying quantities, and dynamic due to the 
changes in species composition and palatability over time. 
Differences in diet selectivity have been attributed to numerous 
factors including maternal training (Provenza and Balph 1987; 
Key and MacIver 1980), hunger (June and Koong 1985), past 
experience, age, smell, and social interaction with other individu- 

Table 5. Linear regression of percentages of calf dietary components on 
simii measurements of their dams. 

Variablea Reg. Coef.b Staadard ErrorC OSLd R” 

_-__---_--------_- (%) _-------__------ 
AliStXl 0.23 0.07 0.01 0.13 
Sprorobolus 0.22 0.06 0.06 0.07 
Total Gtass 0.07 0.12 0.55 0.01 

Croron 0.04 0.12 0.71 0.00 
Total Forbs 0.07 0.12 0.55 0.01 

Fecal Phos 0.65 0.40 0.11 0.07 
Fecal N&o 0.45 0.30 0.14 0.07 
ePercentqe of each species in fecal samples based on microhistological examination or 

r 
nentcge of fecal dry m3tter composed of nitrogen of phosphorus, N = 53 pcirs. 

Partinl regression coefficient for the regression of cnlf meemrements on simikmea- 
suremerits on their dams. 
cStcnderd error of regression coefficient. 
Qbsened sigttitkutce level for the regression of calf meewements on meamrements 
on their dams. 
ePtiti coefficient of determination associated with the regression of celfmeasumments 
on measurements of dams. 
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als [Lynch et al. 1992). Some have suggested that breed is also an 
important factor determining dietary composition of small rumi- 
nants (Arnold et al. 1981; Warren et al. 1984) and cattle (Herbel 
and Nelson 1966b). 

Our results indicate that breed is an important factor determin- 
ing species composition of cattle diets in the Chihuahuan Desert. 
We feel that these differences could be due to 2 possible behav- 
ioral responses. 

First, we observed differences which we feel can be attributed 
to distances traveled from water during grazing activities. Our 
experimental pasture was large (1,400 ha) and contained numer- 
ous plant species. Forage availability and species composition 
change with distance from water (Holechek et al. 1995). Highly 
palatable plants would be expected to occur at greater distances 
from water. Thus, cattle which travel greater distances should 
encounter these more palatable species with greater frequency. 
Plants which may fit into this scenario are of the genus 
Sporobolus. These species are often preferred to other major 
grass species at this location in summer and fall (Rosiere et al. 
1975a; Ferrando 1990). In this study, Brangus cattle tended to 
consume a greater proportion of their diets as Sporobolus than 
Hereford or Angus cattle. Breeds with Brahman influence have 
been shown to graze further from water than British breeds 
(Herbel and Nelson 1966a). If Brangus cattle (a Brahman influ- 
enced breed) travel greater distances from water while grazing, 
they would be expected to consume greater quantities of such 
species. 

The second cause of dietary variation among breeds may be 
that, given equal access, breeds simply prefer different plant 
species. This may explain why breed differences were also noted 
for species such as Yucca which was more uniformly distributed 
across the pasture. In this case, cattle would actively seek out the 
species of preference regardless of distance from water. 

Precipitation during the study period was much above normal. 
This certainly affected forage availability and possibly forage 
species composition. Greater availability should result in less 
effort exerted by the grazing animal. If breeds differed due to dif- 
ferences in grazing aggressiveness, greater variation among 
breeds would be expected as forage availability declines. In this 
case, competition among animals would be expected to increase, 
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and aggressive breeds (those which graze greater distances from 
water) would be expected to consume more palatable species in 
greater quantities. However, if dietary differences are a function 
of preference for specific plants, then greater breed differences 
would be expected in high versus low precipitation years. This 
would be due to enhanced variation of forage species allowing 
cattle to be more selective. 

Though breed differences in diet selection observed among 
cows were consistent with differences observed among their 
suckling calves, we were unable to establish a strong direct link 
between the diet selection of dam and offspring during October. 
Calves were often observed grazing substantial distances from 
their dams, increasing dietary variation and reducing the relation- 
ship between the diets of cows and their calves. 

We conclude that dietary differences exist among these breeds 
of cattle. However, more information is needed to assess the 
impact of breed of cattle on the utilization of range resources. 

Implications 

Stocking rates are usually established without consideration of 
the genetic makeup of the herd. These data suggest that important 
differences exist between breeds for diet botanical composition. 
Thus, the degree of utilization of certain plant communities may 
be affected by the breed composition of the herd. Variation in 
diet composition may be due to variation in actual preference for 
specific plants or due to differences in distance traveled from 
water while grazing. In either case, the type of cattle selected to 
graze a particular range site may affect the degree of utilization of 
major plant species or locations within the pastures. We believe 
an opportunity may exist to improve the utilization of large pas- 
tures if more can be learned about genetic control over grazing 
behavior and diet selection. 
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Abstract 

Few studies have evaluated fecal indices for monitoring diet 
quality and intake of North American deer. We conducted 11 
digestion trials with black-tailed (Odocoileus hemionus 
columbianus Richardson) and mule deer (0. h. hemionus 
Rafmesque) to examine relationships between several chemical 
constituents of deer feces (i.e., fecal nitrogen, fecal 2,6- 
diaminopimelic acid (DAPA), fecal neutral detergent fiber 
(NDF), fecal acid detergent fiber, and fecal acid detergent lignin) 
and dry matter intake, digestible energy, digestible energy 
intake, diet crude protein content, crude protein digestibility, 
and digestible crude protein intake. We developed regression 
equations to predict diet quality and intake and also evaluated 2 
alternative methods (organic matter basis and neutral detergent 
fiber (ndt) basis) for quantifying fecal indices. Concentrations of 
DAPA, fecal NDF, and fecal N were the most precise for estimat- 
ing diet quality and intake. Extracts from 5 of 11 diets precipitat- 
ed only small amounts of protein and influence of tannins on pro- 
tein digestion probably was slight. Quantifying fecal indices per 
unit organic matter and neutral detergent fiber in the feces was 
comparable to the standard dry matter basis and under some 
field conditions should improve their predictive ability. We 
believe our best equations are suitable for management purposes 
where diets are similar and intake and quality are believed to be 
within the ranges we documented. 

Key Words: 2,Cdiaminopimelic acid, DAPA, fecal nitrogen, 
fiber, predictive equations, Odocoileus hemionus, tannins 

Monitoring the nutritional well-being of free-ranging deer has 
become an essential part of big game management. Several fecal 
indices have shown promise for providing information about diet 
quality of free-ranging deer (Kie and Burton 1984, Leslie and 
Starkey 1985, Hodgman and Bowyer 1986, Beier 1987, Leslie et 
al. 1989). One index, fecal 2,6-diaminopimelic acid (DAPA), 
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developed by Nelson et al. (1982), is highly correlated with 
dietary digestible energy in sheep and cattle (J.R. Nelson and 
B.B. Davitt, unpubl. data), but has not been tested with mule deer 
(Odocoileus hemionus hemionus Rafinesque) under controlled 
conditions. 

To date, research with fecal indices has focused on domestic 
livestock (Holloway et al. 1981, Holechek et al. 1982, Wofford et 
ai. 1985, Leite and Stuth 1990, Lyons and Stuth 1992, Nunez- 
Hemandez et al. 1992). A few studies have been conducted with 
North American deer under controlled conditions (Short and 
Remmenga 1965, Mubanga et al. 1985, Howery and Pfister 
1990). But, because of differences in diet selection, anatomy, and 
perhaps physiology, we cannot assume relationships for domestic 
ruminants will be the same for small cervids. Furthermore, our 
present knowledge of fecal index/diet quality relationships is 
based primarily on diets composed of only 1 to 4 species per diet, 
unlike the diverse diets selected by free-ranging ruminants. In 
this study, we examine relationships between fecal indices and 
diet quality using diverse mixtures of wild-grown forages. 

Alternatives to the conventional dry matter basis of quantifying 
fecal indices also are examined. When wild ruminants consume 
soil at mineral licks (Weeks and Kirkpatrick 1976, Seip and 
Bunnell 1985), efficacy of dry matter-based fecal indices may be 
compromised. Ashing fecal samples and presenting data per unit 
organic matter appear to alleviate this problem (B.B. Davitt, pers. 
observ.). Also, Jenks et al. (1990) found fecal N, fecal neutral 
detergent fiber (NDF) and fecal acid detergent fiber (ADP) con- 
centrations were not different after exposure for <24 days in 
Oklahoma. However, we believe weathering effects may exhibit 
regional and seasonal variability. Therefore, fecal index/diet qual- 
ity relationships need to be examined for indices which might tol- 
erate various pacific northwest conditions. 

We investigated predictive relationships between diet 
quality/intake and corresponding fecal chemical constituents of 
black-tailed (0. h. columbiuma Richardson) and mule deer fed 1 
single- and 10 mixed-species diets. We also examined the effect 
of quantifying fecal indices based on dry matter, organic matter, 
and neutral detergent fiber in feces on these relationships. 

Methods 

Diets were prepared from diverse mixtures of primarily wild- 
grown forages (Table 1); components were partially dried, 
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Table 1. Percent composition of 10’ mixed diets fed to black-tailed and mule deer for evaluating fecal indices, Washington State University, 1985-1987. 

Item SPl SP2 

Diet’ 

Sl s2 s3 Fl F2 Wl w2 w3 

hfedicago sativa 
Tarawcum oficinale 
Meadow A’ 
hleadow B” 
Meadow @ 

Total Forbs 

Phleum prarense 
Dactylis glomerata 
Festuca arundinacea 
F. ovina 
Poa spp. 
Bromus inermis 
Agropyon intermedium 
A. dasystachyum 
A. elongatum 
Elymus cinereus 
Meadow A’ 
hleadow Bg 
Meadow C 

Total Gmminoids 

10.5 1s 40 20 7 5 0 0 0 
2 0 0 0 0 0 0 0 0 

20.5 32 0 0 0 0 0 0 0 
0 0 0 6 0 0 0 0 0 
0 0 0 0 7.6 4.8 4.8 0 0 

33 50 40 26 14.6 9.8 4.8 0 0 

17.5 10 0 25.5 28.5 35 20 0 0 
10.5 10 10 0 0 0 0 0 0 
10.5 10 17 0 0 0 0 0 0 

0 0 0 0 0 0 15 0 0 
10.5 3.3 23 6 6 0 0 0 0 

0 10 10 20 7 5 0 0 0 
0 0 0 0 10 0 10 0 0 
0 0 0 10 0 0 0 0 0 
0 0 0 0 0 10 0 0 0 
0 0 0 0 0 0 0 0 0 
4 6.7 0 0 0 0 0 0 0 
0 0 0 10 0 0 0 0 0 
0 0 0 0 23.9 15.2 15.2 0 0 

53 50 60 71.5 75.4 65.2 60.2 0 0 

Salk spp. 
lC%IVCS 
stems 

Comus stolonifera 
leaves 
stems 

Ceanothus sanguineus 
lemes 
stems 

Amelanchier alnifolia 

leaves 

StlXl?. 

Acer glabrum 
leaves 
stems 

Crataegus spp. 
leaves 
stems 

Rosa Spp. 
leaves 
stems 

Vaccinium scoparium 
leaves 

stems 
Holodiscus discolor 

leaves 
stems 

Physocarpus malsaceus 
leaves 
StiXll?. 

Symphoricarpos albus 
leaves 
stems 

Alnus rubra 
leaves 
stems 

Prunus spp. stems 
Ribes spp. stems 
Lonicera spp. stems 
Sambucus cerulea stems 

12.5 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 
0 
0 
0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 
0 
0 
0 
0 

0 
0 

0 
0 

2.5 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 
0 
0 
0 
0 

4.7 
0 

0 
3 

0 
0 

0 
0 

0 
5 

1.5 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 
0 
0 
0 
0 

0 
0 

2.9 
2.1 

0 
0 

0 
18 

0 
0 

1.4 0 0 0 0 
0 7.5 0 27 2 

2.3 0 0 
0 3.5 0 

0 
0 

0 
0 

0 
0 

1 
1.5 

0 
0 

1.6 0 0 
0 0 1.5 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 
0 
0 
0 
0 

2.6 0 
1.4 0 

0 
0 

1 
1 

0 
0 

0 
0 

0 
0 

0 
0 
0 
0 
0 
0 

0 
0 

0 
0 

3 
10 

0 
16 

2.6 
4.9 

2.3 
3.2 

2.7 
2.3 
0 
0 
0 
0 

0 
11 

0 
13 

0 
0 

0 
0 

0 
0 

0 
7 

0 
0 

0 
4 

0 
0 

13 
0 
0 
7 

0 
39.5 

0 
18.5 

0 
0 
0 
4.5 
5 
0 

0 
0 
0 
0 
0 
0 

0 
0 
0 

20 
0 
0 
5 
0 
0 

10 
0 
0 
0 

35 

0 
11.5 

0 
10.5 

0 
0 

0 
1.5 

0 
0 

0 
0 

0 
5 

0 
0 

0 
0 

0 
4 

0 
0 

0 
0 
7.5 
0 
0 
0 
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Table 1. Continued. 

Dietb 

Item SPl SP2 Sl s2 s3 Fl F2 WI w2 w3 

----------------------------------------- (%) __---_--__---_-_-_--------------------------- 
Pinus panderosa 0 0 0 0 0 0 0 0 4.25 7 
Pseudorsuga mentiesii 0 0 0 0 0 0 0 0 5.25 7 
Khuja plicata 0 0 0 0 0 0 0 0 0 6 

Total D&d. Leaves 14 0 0 2.5 10 6.5 11.6 0 0 0 
Total D&d. Stems 0 0 0 0 0 18.5 23.4 100 90.5 40 
Total Decid. Browse 14 0 0 2.5 10 25 35 100 90.5 40 
Total Conif. Browse 0 0 0 0 0 0 0 0 9.5 20 
Total Brow& 14 0 0 2.5 10 25 35 100 100 60 

Total Arboreal Lich& 0 0 0 0 0 0 0 0 0 5 
LA0 eleventh diet (AU) comprised of 100% alfalfa hay also was fed 

Sesonal diets (Sp = Spring, S = Summer, F = Fall. W = Winter). 
c~lltited 21 May 1986; includes >I3 forh species; Potentilla spp., S&winchium angustifolium, Achilles millefolium, Cnmassia quamash, and Sarifroga spp. comprised ~-70%. many 
pen in bloom. 

Collected 26 Au@3 1985; includes 26 species of forbs, mostly Aster spp.. Trifohm spp., Cirsium spp., and Achilles millefolium. 
FColle~ted 4 October 1985; includes ~5 species of forbs, mostly Aster spp., Trifolium spp., and Achilleu mi/lefolium. 
Cokctcd 21 May 1986; approximately 75% Pon spp. and 25% Curex spp. 

fiCollccted 26 August 1985; includes Phleum pratense, Dactylis glomerato, Poa spp.. Bromus spp., and Carex spp. 
Collcctcd 4 October 1985; includes 60% Phleum pratense, Poo spp., and Bromus spp., and 40% Corer spp. 

!All browse was collected during fall and wintcrexccpt for Mix spp. sod Comusstolonifera in diet Spl which were collected on 1 June 19S6. 
lichen was mostly Alectoriaftii, approximately 20% of diet by volume. 

chopped, and thoroughly blended. Three black-tailed and 3 mule 
deer were used during the first 7 digestion trials; 5 mule deer 
were used in addition to the original 6 deer in various combina- 
tions during the final 4 trials. Each trial started with 6 animals 
(except diets Alf, WI, W2, and W3 which started with 7 deer), 
but on some diets (Table 2) we removed individual deer from 
trial conditions when their intake dropped precipitously. We 
housed deer within standard metabolism crates, and offered fresh 
feed and water ad libitum twice daily (0730 and 1700 hours); a 
mineral salt block also was provided. All deer received the same 
diet at the same time. Digestion trials consisted of a preliminary 
adjustment period (>I3 days) followed by a collection period 
(5-6 days). Length of collection periods was shortened for all 
individuals when any deer failed to maintain constant intake after 
5 days. We collected orts (refused feed) and feces once per day 

(1600 hours). Until chemical analyses could be performed, we 
stored subsamples of feed and orts at room temperature (24” C) 
and feces at -4” C. Storage of feces indoors at room temperature 
in paper bags or quickly frozen or refrigerated in plastic bags 
stops bacterial growth. However, storage at room temperature in 
plastic bags for >3 days can elevate DAPA levels through contin- 
ued microbial activity (B.B. Davitt, unpubl. data). 

Samples of diet, orts, and feces were oven-dried at 55” C, 
ground in a Wiley Mill to pass a 1.0 mm screen, and analyzed for 
crude protein and gross energy, using standard macro-Kjeldahl 
and bomb calorimetry (Parr adiabatic calorimeter) procedures, 
respectively (AOAC 1984). We determined fecal NDF and fecal 
ADF following methods of Mould and Robbins (1981a). We 
quantified fecal acid detergent lignin (ADL) according to 
Goering and Van Soest (1970) on the residual fecal ADF, but 

Table 2. Body weights of deer and intake, crude protein content, and digestibility’ of 11 diets from in vivo digestion trials with black-tailed and mule 
deer, Washington State University, 1985-1987. 

Diet* 

Meall DV 
body matter 

weight3 intake 

Digestible 
crude 

protein 
intake 

Digestible 
energy 
intake 

Crude 
protein 

Crude 
protein 

digestibility 
Energy 

digestibility 

- (kg)- - - -(g/kg body weight/day) - - - @k/kg bwlday) ------------------ (%) ------------------ 

SPl 52.65(S) 27.84 f 1.08 3.50+0.19 84.49 * 3.74 18.52 * 0.08 67.79 + 1.69 68.32 + 1.06 
SP2 54.34(5) 27.67 f 1.53 3.53 * 0.20 82.44 f 3.94 18.66 f 0.20 67.86 + 0.83 67.30 + 0.77 
Alf 61.97(7) 18.49 4 0.54 2.33 + 0.10 48.62+ 1.81 17.44 + 0.37 72.79 * 0.95 58.53 + 0.86 
Sl 74.59(6) 19.03 + 1.48 1.89 + 0.23 50.11 k3.99 14.4s * 0.55 67.15 + 1.17 59.88 0.78 + 
s2 66.38(6) 11.76+ 1.32 0.81 + 0.10 26.86 + 2.87 12.70 + 0.35 53.29 + 1.58 51.63 + 0.69 
s3 65.03(6) 12.31+ 1.07 0.55 + 0.06 27.51 f 2.47 10.12+0.41 43.25 + 1.89 50.28 0.70 + 
Fl 63.45(6) 12.54+ 1.16 0.64 + 0.06 26.63 + 1.98 10.82 + 0.28 47.26 f 2.33 47.44 &- 0.58 
F2 61.28(6) 12.05 f 1.47 0.29 + 0.04 23.22 + 2.3 1 8.02+0.18 29.55 * 1.2s 43.40 + 1.26 
Wl 54.4515) 10.25 + 1.16 0.10+0.02 18.24+ 1.67 6.63 f 0.21 15.14-t 3.27 36.05 + 1.84 
W2 51.75(2) 9.72 +1.14 0.13 + 0.00 16.86* 1.36 5.98 + 0.02 19.60+ 1.16 36.13 + 1.36 
w3 52.09(6) 20.06 + 1.25 0.51 + 0.05 45.25 + 2.85 7.39 f 0.17 34.S4 f 2.41 47.23 a.99 
lh¶.m I standard error 
?Se3sonal diets: Sp = Spring. S = Summer, F = Fall, W = Wmtcr; Alf= Alfalfa. 
‘Post-vial: parentheses indicate numbers of deer used on that trial. 
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Table 3. Concentration (mean + standard error) of nitrogen’ and 2,6diaminopimelic acid* in the feces of black-tailed and mule deer from 11 in vivo 
digestion TV+& Washington State University, 1985-1987. 

Diet3 

SPl 
SP2 
Alf 
Sl 
s2 
s3 
Fl 
n 
Wl 
w2 
w3 

Drv Matter Basis Oreanic Matter Basis 
Nitrogen DAPA Nitrogen DAPA 

Wlwz) Owkz~ Wlwz) bglg) 
2.97 zt 0.13 1.14 Et 0.05 3.37zto.11 1.30 f 0.04 
2.95 f 0.10 1.29 f 0.05 3.25 f 0.12 1.43 + 0.06 
1.86 f 0.03 0.82 + 0.02 2.00 + 0.02 0.88 + 0.02 
1.88 f 0.03 0.69 zt 0.02 2.11 f 0.04 0.77 f 0.03 
1.90 f 0.02 0.60 i 0.03 2.00 f 0.02 0.64 f 0.03 
1.77 * 0.03 0.70 f 0.03 1.94 -F 0.04 0.76 i 0.04 
1.69 f 0.03 0.62 + 0.02 1.79 f 0.04 0.66 f 0.02 
1.59 f 0.02 0.60 zt 0.03 1.67 rt 0.03 0.62 zt 0.03 
1.40 i 0.06 0.41 f 0.02 1.35 + 0.05 0.40 f 0.18 
1.21 f 0.00 0.38 f 0.01 1.15 f 0.00 0.37 f 0.01 
1.43 f 0.02 0.55 f 0.02 1.48 * 0.03 0.56 zt 0.02 

ndf Basis 
Nitrogen DAPA 

Wl~g) (m&l 
5.56 * 0.30 2.14 iz 0.12 
5.54 f 0.27 2.43 rt 0.12 
2.84 + 0.06 1.25 f 0.02 
3.24 + 0.07 1.18*0.04 
2.83 + 0.05 0.90 + 0.04 
2.65 rt 0.07 1.04 + 0.05 
2.50 LIZ 0.06 0.92 f 0.02 
2.29 f 0.05 0.86 + 0.05 
1.65 zt 0.03 0.49 f 0.02 
1.38 + 0.01 0.44 f 0.01 
1.97 + 0.03 0.75 f 0.02 

~g/lOOg fecat dry matter. or&tic matter, or neutral detergent fiber. 
+ag/g fecal dry matter. orgardc matter. or neutral detergent fiber. 

SwoaaI diets: Sp = Spring. S = Summer, F = Fall. W = Winter. Alf= Alfalfa. 

omitted asbestos fiber. We also analyzed DAPA according to 
Davitt and Nelson (1984). We determined dry matter and organic 
matter by difference in weight before and after drying in a con- 
vection oven at 100” C overnight and after ignition in a muffle 
furnace at 500” C for 2 hours, respectively. We calculated appar- 
ent digestibility of crude protein and energy as the amount con- 
sumed less the amount excreted in feces; we presented the result 
as a percentage of amount consumed (Table 2). We quantified 
protein precipitating capacity of tannins in the 11 diets using 
blue, dye-labeled bovine semm albumin (BSA) (Hagetman and 
Robbins 1987). 

We pooled diet and fecal data separately across animals by diet 
before analysis (Tables 2, 3, and 4). This procedure simulates 
how fecal indices would be used in the field, where animal identi- 
ty is unknown and during subsequent analyses individual varia- 
tion is pooled. Furthermore, Jenks et al. (1989) reported that com- 
posited fecal samples provided improved cost effectiveness with- 
out compromising efficacy of the fecal N technique. We used 
least squares regression analyses (SAS 1982) to examine relation- 

ships between each fecal index (N, DAPA, NDF, ADF, and 
ADL) and dry matter intake, digestible energy, digestible energy 
intake, crude protein content, crude protein digestibility, and 
digestible crude protein intake. We expressed each fecal index 
per unit organic matter and per unit dry matter in feces; fecal N 
and DAPA also were quantified per unit neutral detergent fiber in 
feces. These 12 fecal indices (Tables 3 and 4) were used as inde- 
pendent variables in models to predict diet quality and intake. 

To select the best fit equation for each comparison, we first 
plotted all fecal indices against all diet quality and intake vari- 
ables. We examined plots of residuals to be sure we met statisti- 
cal assumptions. To model these relationships, each dependent 
and independent variable underwent transformations selected 
from figures given by Hoed (1954). The 6 transformations on the 
independent variable were: X, In(X), X2, (X&t(X), l/X, and 
l/in(x). The 2 transformations on the dependent variable were: Y 
and In(Y). We made comparisons between all possible combina- 
tions of each X and Y transformation. We protected against 
experiment wise Type I error using a Bonfetroni-corrected rejec- 

Table 4. Concentration’ (mean + standard error) of neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL) in the 
feces of black-tailed and mule deer resulting from 11 in vivo digestion trials, Washington State University, 1985-1987. 

Die? NDF 
Drv Matter Basis 

ADF ADL NDF 
Oreanic Matter Basis 

ADF ADL 

SPl 
SP2 
Alf 
Sl 
s2 
s3 
Fl 
F2 
WI 
w2 

_-_--_-_--- 
53.67 f 1.72 
53.47 + 0.90 
65.48 + 0.55 
58.19 + 0.52 
67.04 f 0.62 
66.99 + 0.93 
67.75 + 0.56 
69.65 + 0.58 
84.65 f 0.41 
87.60 + 0.81 

.----_----------- 
31.97 + 1.18 
30.81 + 0.75 
47.21 F 0.70 
36.45 + 0.66 
43.52 f. 0.92 
44.69 f 0.49 
42.91 f. 0.64 
47.11 f 0.20 
62.34 + 1.69 
60.40 + 1.20 

---- ----- ---- @Jlo()g)- -------_ -- 
11.56 + 0.55 61.08 + 2.09 

9.64 + 0.30 58.87 + 0.73 
15.55 + 0.21 70.73 f. 0.89 

7.84 + 0.32 65.07 k 0.66 
11.99 + 0.98 70.75 * 0.55 
12.36 + 0.32 73.21+ 0.70 
12.73 + 0.42 71.42kO.55 
13.44+0.18 72.90 f. 0.39 
25.46 + 0.47 82.06 + 0.92 
23.78 + 0.13 83.86 + 0.78 

------------*----_-_ 
36.45 f 1.79 
33.93 + 0.80 
50.99 + 0.84 
40.74 + 0.62 
45.92 5 0.84 
48.86 + 0.55 
45.24 + 0.72 
49.3 1~. 0.27 
60.42 + 1.67 
57.82 F 1.15 

.------_-- 
13.19 f 0.80 
10.63 + 0.37 
16.79 + 0.14 

8.78 + 0.39 
12.64 + 0.99 
13.52 f. 0.38 
13.43 &- 0.44 
14.07 + 0.20 
24.67 + 0.30 
22.77 + 0.13 

w3 72.66 * 0.86 51.55 + 1.04 18.46 + 0.58 75.00 + 1.05 53.22 + 1.24 19.06 + 0.65 

@oOg fecal dry matter or organic matter. 
SeasonaI diets: Sp = Spring, S = Summer. F = Fall. W = Wm~r. AK= Alfalfa 
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tion level, where alpha = 0.05 with 72 independent tests (Beal Table 6. Best fit (highest fit index and lowest standard error) of 12 fecal 
and Khamis 1991). We used a fit index (Payandeh 1981) to com- indices’ with digestible ened (DE) from digestion trIoIs with black- 

pare precision of equations, because the coefficient of determina- tailed and mule deer, Washington State University, 1985-1987. 

tion mav not be used to compare equations with diierent depen- Fa 
dent v&able transformations. Fit indices, standard errors,-and NO. Equatioa 
plots of the best models, were used to identify equations which 
best fit the data. When fecal indices accounted for >80% of the 
variation in dependent variables, as indicated by the fit index, we 
were satisfied that corresponding equations were suitable for 
management purposes (Nunez-Hemandez et al. 1992). 

Results and Discussion 

Dry Matter Intake 
Fecal diaminopimelic acid on a neutral detergent fiber basis 

exhibited the highest fit index and lowest standard error for any 
model (Table 5). All equations, except 5.9 - 5.12 using fecal ADF 
and fecal ADL, were significant (PcO.05). Past studies with cattle 
(Holloway et al. 1981, Holechek et al. 1982, Wofford et al. 1985, 
Nunez-Hemandez et al. 1992) did not identify a fecal chemical 
constituent suitable for monitoring intake. However, forage 
intake among small ruminants may be more closely related to 
fecal indices of microbial origin. Deer have smaller rumen capac- 
ity and forage more selectively than larger ruminants (Short 
1981). Nunez-Hemandez et al. (1992) found intake of goats on 
low phenolic diets was closely related to fecal N. Regardless of 
foraging strategy, forage intake may be difficult to model using 
only fecal chemistry because it is both a behavioral and biologi- 
cal phenomenon. 

Table 5. Best fit (highest fit index and lowest standard error) of 12 
fecal indices’ with dry matter intake2 @MI) from digestion t&Is 
with black-tailed and mule deer, Washington State University, 
19851987. 

No. Eauation3 
Fit 

Index ? “1 S 

5.1 Dhfl = 5.889 + 9Ml(TMFAndf) 0.804 
5.2 DhQ = exp(2.009 + 0.982(DAFAom)) 0.788 
5.3 Dhfl = exp(-0.199 + 208.74S(l/FNDFom)) 0.781 
5.4 DMI = 10.108 + I.S5l(FNndf)ln(FNndf) 0.776 
5.5 DhiI = exp(0.714 + 135696(1/FNDFdm)) 0.771 
5 6 DhII =exp(1.939 + I.l55@AFAdm)) 0.770 
5.7 DMI = 8.805 + 1.715(FNom)* 0.75s 
5.8 DMI = 7.928 + 2.243(FNdm)* 0.744 
5.9 Dhff = exp(l.445 + 57.1 lI(I/FADFdm)) 0.721 
5.10 DhII = exp(1.175 + 73.524(1/FADFom)) 0.690 
5.11 Dha = exp(3.345 - O.O37(FADLdm)) 0.258 
5.12 DhlI = 26.161- 0.626(FADL.om) 0.218 

0.782* 3.08 
0.717* 3.21 
0.706* 3.26 
0.751* 3.30 
0.692* 3.33 
0.706* 3.34 
0.731* 3.43 
0.716* 3.53 
0.610 3.68 
0.570 3.88 
0.226 6.00 
0.132 6.16 

‘Fecal 26 diaminopimelic acid (DAF’A), nitrogen (IT), neutral detergent fiber (FNDfl. 
acid detergent fiber (FADF), acid detergent lignin (FADL); organic matter basis (om). 
$ry matter bas$ (dm). neutral detergent fiber basis (ndf). 
$-kg body werghtklay 
For equations using InY, ? is based on transformed y-variable. 

fPCO.05 

Energy Digestibility and Intake 
Our best single index of digestible energy, as indicated by both 

the fit index and standard error, was fecal NDF on a dry matter 
basis (Table 6). All equations in table 6, except 6.11 and 6.12, 
described significant relationships (P ~0.05). Although Mubanga 

- __ 
Index ? S,, 

6.1 DE = exp(9.521- 1.33l(ln(FNDFdm))) 
6.2 DE = 51.667 + 20.334(ltt@APAndf)) 
6.3 DE = 60.408 + 25.314(ln@APAom)) 
6.4 DE = 27.335 + 24.349(ln(FNndf)) 
6.5 DE= exp(4.906 - 0.00019(FNDFom)*) 

0.93s 0.931* 2.92 
0.933 0.925* 3.03 
0.919 0.910* 3.32 
0.91s 0.909* 3.34 
0.916 0.909* 3.39 

6.6 DE = exp(4.516 - 0.372(l/DAPAdm)) 0.90s o.s99* 3.55 
6.7 DE = 30.759 + 32.015fJn(FNom)) 0.904 0.893* 3.63 
6.8 DE = 91.518 - 69.924(1/FNdm) 0.881 0.868* 4.03 
6.9 DE = exp(4.83 - O.O2(FADFdm)) 0.859 o.s47* 4.3s 
6.10 DE = exp(4.512 - O.O0025(FADFom)*) 0.804 0.7s4* 5.17 
6.11 DE = exp(4.404 - O.O32(FADLdm)) 0.613 0.638 7.27 
6.12 DE = 70.379 - O.441(FADLom)ln(FADLom) 0.561 0.512 7.74 
t&al 2.6 diaminopimelic acid @WA), nitrogen (FN), neutral detergent tiher (FNDFJ. 
acid detergent fiber (FADF), acid detergent lignin (FADL); organic matter basis (om). 

Y 
matter basis (dm), neutral detergent fiber basis (ndf). 

3F~~~~ations using InY, r2 is based on transformed y-variable. 
*Pco.o5 

et al. (1985) found only weak relationships between fecal NDF 
and diet digestibility, Short and Remmenga (1965) found fecal 
cellulose (not examined in our study) was a reliable index of 
digestible energy in deer. They concluded cellulose was the pri- 
mary cell wall constituent influencing the digestibility of energy. 
Furthermore, during neutral detergent analysis, microbial and 
other endogenous matter are removed rather than plant cell con- 
tents. These solubles should contain most of the microbial debris 
in feces, including fecal N and DAPA. The complementary rela- 
tionship between fecal NDF and neutral detergent solubles (i.e., 
lOO-%fecal NDF) during neutral detergent analysis probably 
contributes to the usefulness of fecal NDF. Thus, fecal NDF 
should give results similar to fecal N and DAPA. When sequen- 
tially determined, fecal ADF and ADL would be more distantly 
related to this endogenous material because of previous solubi- 
lization, resulting in their poorer predictive capabilities. 

Fecal diaminopimelic acid (ndf basis) provided the most pre- 
cise estimate of digestible energy intake (Table 7). Only equa- 
tions 7.11 and 7.12 were not significant (P~0.05). However, 
Leite and Stuth (1990) found concentration of insoluble N in the 
feces of steers was most closely correlated with digestible energy 
intake, but not with sufficient precision for predictive use. In our 
study, DAPA, fecal NDF, and fecal N were good indices of 
digestible energy intake. Fecal N is largely of microbial origin 
(770%), where microbial N in the feces closely corresponds to 
the level of energy metabolism of the ruminant host (Mason 
1969). Weller (1969) reported SO% of the ruminant’s energy is 
derived from volatile fatty acids produced by rumen bacteria. 
Diaminopimelic acid is found almost exclusively in bacterial cell 
walls (Work and Dewey 1953, Purser and Buechler 1966) except 
for in a few blue-green algae (Work and Dewey 1953). Although 
small amounts have been isolated from common foodstuffs (e.g. 
silage and hay) (Czerkawski 1974, Dufva et al. 1982), the pres- 
ence of DAPA in hay and silage has been attributed to bacterial 
contamination (Dufva et al. 1982). Therefore, DAPA should pro- 
vide a more specialized indication of microbial dynamics than 
fecal N. Further, low levels of digestible energy in the diet may 
limit microbial growth and should be detected by decreases in 
DAPA. However, degradation of DAPA by hindgut microbes has 
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Table 7. Best fit (highest fit index and lowest standard error) of 12 fecal 
indIces* with digestible energy Intake’ (DEI) from digestion trials with 
black-tailed and mule deer, Washington State University, 19854987. 

No. EqUSiOl13 
Fit 

Index ? S y.x 

7.1 DE1 = 0.584 + 35.831(DAPAndf) 0.877 
7.2 DE1 = exp(4.022 + I.l99(ln@APAom))) 0.865 
7.3 DE1 = esp(0.415 + 211.317(1/FNDFdm)) 0.863 
7.4 DE1 = 16.398 + 7.083(FNndf)ln(FNndf) 0.860 
7.5 DE1 = exp(4.153 + 1.353(ln@APAdm))) 0.854 
7.6 DE1 = exp(-0.963 + 322.086(1/FNDFom)) 0.849 
7.7 DE1 = 11.327 + 6.5S(FNom)2 0.845 
7.S DE1 = 7.935 + 8.615(FNd1n)~ 0.831 
7.9 DE1 = exp(1.564 + 88.729(1/FADFdm)) 0.811 
7.10 DE1 = exp(1.159 + 113.685(1/FADFom)) 0.766 
7.11 DEI = esp(4.598 - O.O63(FADLdm)) 0.302 
7.12 DE1 = 78.888 - 2.463(FADLom) 0.256 

O.S63* 8.90 
0.7s5* 9.29 
0.7s5* 9.36 
o.s44* 9.49 
0.7s3* 9.68 
0.7s4* 9.85 
o.s2s* 9.97 
o.s12* 10.42 
0.689* 11.01 
0.638* 12.25 
0.324 21.15 
0.174 21.84 

‘Fecal 2,6 diaminopimelic acid @MA), nitrogen (FN), nwtral detergent fiber (FNDF), 
acid detergent fiber (FADF), acid detergent lignin (FADL); organic matter basis (om). 

matter basis (dm). neutral detergent fiber basis (ndf). 
%alsfkg body weigbtfday 
‘For equations using lnY, r2 is based on transformed y-variable. 
*p<o.os 

been observed (Mason and White 1971). Extent of breakdown 
may depend at least in part on type of feed (Orskov et al. 1970) 
and perhaps on composition of the microbial community. 

Crude Protein Content, Digestibility, and Intake 
The best single predictor of crude protein in our experimental 

diets was fecal N (ndf basis) (Table 8); all 3 DAPA indices also 
were suitable predictors. Mubanga et al. (1985) also found a close 
relationship behveen diet N and fecal N for mule deer and con- 
cluded fecal N was potentially valuable for monitoring fluctua- 
tions in diet quality. Howery and Pfister (1990) found that under 
controlled conditions fecal N was useful for detecting large dif- 
ferences in diet N. 

Table 8. Best fit (highest fit index and lowest standard error) of 12 fecal 
indices’ with crude protein content’ (CP) from digestion trials with 

Table 9. Best fit (highest fit index and lowest standard error) of 12 fecal 
indices’ with digestible crude protein2 @CP) from digestion trials with 

black-tailed and mule deer, Washington State University, 1985-1987. black-tailed and mule deer, Washington State University, 19854987. 

Unlike crude protein content, the best index of crude protein 
digestibility was DAPA on a neutral detergent fiber basis (Table 
9) and DAPA on an organic matter basis was the best for 
digestible crude protein intake (Table 10). Clearly, DAPA (ndf 
basis) is the best overall estimator for all 3 crude protein vari- 
ables. Fecal indices of microbial origin again provided the great- 
est precision. Only slight differences were evident between equa- 
tions 9.1,9.2,9.3, and 9.4, in either fit index or 2. However, with 
the relatively low fit indices and high standard errors for equa- 
tions predicting crude protein digestibility, we feel these do not 
offer predictive capability. 

Tannins 
The most limiting factor in using fluctuations in fecal N to indi- 

cate changes in diet quality is the presence of protein-complexing 
tannins. Holechek et al. (1982) and Leslie and Starkey (1985), 
examining data of Mould and Robbins (19Slb), noted that high- 
tannin forages must comprise approximately 25 to 33% of the 
diet before the fecal N/diet N relationship was affected. Our pro- 
tein precipitation assays revealed only 5 of our 11 diets contained 
measurable amounts of tannins and 2 of the tannin-containing 
diets (S2 and S3) precipitated only trace amounts of BSA. 
Extracts from diets Wl, W2, and W3 precipitated 0.136, 0.031, 
and 0.300 mg BSA/mg forage, respectively. In comparison, 
McArthur et al. (1993) reported protein precipitation (mg BSA/g 
forage) from leaves of bluebeny (Vuccinium spp. L.) ranging 
from 0.08-0.17, red stem ceanothus (Ceanorhus sanguineus 
Pursh) at 0.12, mountain maple (Acer glubrum Torr.) at 0.41, red 
osier dogwood (Cornus stolonifera Michx.) at 0.51, and freweed 
(Epilobium ungustifolium L.) from 0.50 to 0.84. Tannins in our 
diets precipitated only low to moderate amounts of protein and 
likely did not reduce protein digestibility. The tannin:protein ratio 
in consumed forages may be important in determining whether 
insoluble tannin/protein complexes will form (Hagerman and 
Robbins 1987). Perhaps, our diets were either too low in tannins 
or too high in protein to affect our diet quality and intake predic- 
tions. Further, saponins in some forages (not measured during our 

Fit 
No. Equation3 Index r* S,, 

S.l CP = exp(3.360 - 2.356(1/FNnclf)) 0.848 o.s45* 1.97 
S.2 CP = 11.968 + 8.375(ln(DAPAndf)) o.s45 o.s2s* 1.99 
S.3 CP = exp(3.5 - 0.6S(l/DAPAdm)) 0.845 o.s20* 1.99 
S.4 CP = 15.587 + 10.480(ln@APAom)) 0.842 0.824* 2.01 
s.5 CP = 28.810 - 29.54S(l/Fwm) 0.840 0.823* 2.02 
S.6 CP = 3.253 + 13.346(ln(FNom)) 0.839 0.821* 2.03 
S.7 CP = -15.38 + 1809.655(1/FNDFdm) 0.807 0.786* 2.22 
S.8 CP = exp(4.194 - O.O0035(FNDFom)*) 0.796 o.s04* 2.29 
S.9 CP = -55.034 + 252.87(l/ln(FADFdm)) 0.726 0.696 2.64 
S.10 CP = exp(3.478 - O.O0045(FADFom)*) 0.680 0.680 2.86 
8.11 CP = exp(3.289 - O.O5S(FADMm)) 0.481 0.547 3.64 
S.12 CP = 19.124 - O.l69(FADLom)ln(FADLom) 0.439 0.376 3.79 

‘Fecal 2.6 diaminopimelic acid @APA), nitrogen (FIT), neutral detergent fiber (FNDF), 
acid detergent fiber 0, acid detergent ligain (FADL); organic matter basis (om), 

q 
matter basis (dm). neutral detergent fiber basis (ndf). 

ercent 
%or equations using lnY, r* is based on tmasformcd y-variable. 
*Pco.os 

No. Equation3 
Fit 

Index r* S “1 

9.1 DCP = exp(4.719 - O.S3S(l/DAPAndf)) 0.785 
9.2 DCP = 131.927 - O.O16(FNDFom)* 0.755 
9.3 DCP = 91.356 - 109.942(1/FNndf) 0.755 
9.4 DCP = 98.384 - 32.093(l/DAPAdm) 0.782 
9.5 DCP = exp(5.263 - O.O0032(FNDFdm)2) 0.773 
9.6 DCP = 104.769 - 105.105(1/FNom) 0.765 
9.7 DCP = exp(4.951 - 0.769(1/DAPAom)) 0.736 
9.8 DCP= 113.979 - 116.7S9(1/RWm) 0.722 
9.9 DCP = 97.304 - O.O22(FADFom)* 0.679 
9.10 DCP = exp(4.855 - O.OTlO5O(FADFdm)2) 0.676 
9.11 DCP = exp(4.375 - O.O024(FADLdm)2) 0.624 

0.832* 10.00 
0.761* 10.00 
0.761* 10.01 
0.75s* 10.07 
o.s3s* 10.27 
0.739* 10.45 
0.x12 11.07 
0.691 11.37 
0.644 12.21 
0.800 12.2s 
0.745 13.22 

9.12 DCP = exp(4.478 - O.O027(FADLom)2) 0.563 0.701 14.26 

‘Fecal 2.6 diaminopimelic acid @APA), nitrogen (FN). neutral detergent fiber (FNDFJ. 
acid detergent fiber f.FADFj, acid detergent lignin (FADL); organic matter basis (om), 

9 
matter basis (dm), neutral detergent fiber basis (ndf). 

ercent 
‘For equations using lnY, r2 is based on transformed y-variable. 
*P-&i5 

JOURNAL OF RANGE MANAGEMENT 49(3), May 1996 



Table 10. Best fit (highest fit Index and lowest standard error) of 12 fecal 
indices’ with digestible crude protein intake’ (DCPI) from digestion 
trials with black-tailed and mule deer, Washington State University, 
1985-1987. 

No. Equatiod 
Fit 

Index r* S,., 

10.1 DCPI = exp(2.601- 1.828(1/DAPAom)) 
10.2 DCPI = exp(2.031 - 1.964(1/DAPAodf)) 
10.3 DCPI = exp(2.587 - 6.909(1/FNndf)) 
10.4 DCPI = exp(3.058 - 2.048(1/JMPAdm)) 
10.5 DCPI = exp(30.393 - 7.279(lo(FNDFdm))) 
10.6 DCPI = exp(3.458 - 6.635(1/FNom)) 
10.7 DCPI = exp(5.195 - 0.0011(FNDFom)*) 
10.S DCPI = exp(3.777 - O.O23(FADFdm) 

UF’ADFW) 

0.907 o.s5s* 0.42 
0.902 0.852* 0.43 
0.873 0.836* 0.49 
0.866 0.862* 0.50 
0.825 o.s77* 0.57 
0.799 0.821* 0.62 
0.787 0.865* 0.63 
0.786 0.794* 0.63 

10.9 DCPI = exp(3.089 - O.O014&4DFom)*) 0.713 
10.10 DCPI = exp(4.108 - 7.445(1/FNdm)) 0.619 
10.11 DCPI = exp(1.87 - O.O46@4DLdm) 0.338 

0.737 
0.785 
0.595 

0.73 
0.85 
1.12 

10.12 DCPI = exp(1.478 - O.O056(FADLom)*) 0.285 0.548 1.16 

‘Fecal 2.6 diaminopimelic acid @APA), nitrogen (FN), neutral detergent fiber (FNDF), 
acid detergent fiber (FAL)F). acid detergent ligain (FADL.); organic matter basis (om), 
$ry matter basis (dm). neutral detergent fiber basis (ndf). 

g/kg body weight&y 
‘For equations using lnY, r* is based on transformed y-variable. 
*Pco.os 

study) also may reduce toxic effects of tannins (Freeland et al. 
1985). Presumably, free-ranging deer might consume combina- 
tions of forages which minimize noxious effects. Regardless of 
these findings, deer managers using fecal N to monitor diet quali- 
ty and intake need to know which forages are high in tannins and 
how important these forages are in the diet of deer in their area. 
Because tannin-protein complexes are excreted in feces, presum- 
ably without benefit to rumen microbes, DAPA and fecal NDF 
should be more sensitive to fluctuations in diet quality than fecal 
N, especially when diets are comprised of significant amounts of 
tannin-containing forages. 

Alternative Methods of Quantification 
In general, quantifying fecal NDF on a dry matter basis and 

DAPA and fecal N on a neutral detergent fiber basis resulted in 
the most precise equations for predicting diet quality and intake. 
Dry matter is the simplest and least labor-intensive method of 
quantifying fecal indices. Predictive equations using fecal indices 
quantified on an organic matter basis performed similarly to those 
on a dry matter basis. Differences between fiber indices when 
quantified by dry matter and organic matter may result from par- 
tial solubility of some of the total ash fraction (used to correct for 
organic matter) in neutral detergent solution. Presenting data per 
unit organic matter, however, has advantages over the dry matter 
basis because inadvertent ingestion of soil while grazing, 
although minor in wild ungulates (Beyer et al. 1994), could 
reduce the amount of fecal constituent per unit dry matter, but 
should have no affect on the amount per unit organic matter. 
Furthermore, some range ruminants intentionally consume large 
amounts of soil from mineral licks, particularly during spring and 
early summer (Weeks and Kirkpatrick 1976, Seip and Bunnell 
1985). When ruminants are using mineral licks, quantifying fecal 
indices on a dry matter basis may lead to underestimates of diet 
quality and intake. 

We speculate that deer feces collected from melting snow or 
from damp forest litter might appear fresh, yet have lost some 
soluble organic material because of exposure. Under these condi- 
tions, we believe the undigested cell wall constituents in feces are 
least likely to be solubilized and would therefore provide a more 
suitable method of quantifying fecal indices. Quantifying fecal N 
and DAPA per unit neutral detergent fiber in feces is superior to 
both the organic matter and dry matter basis under controlled 
conditions, however, exposure tests of ndf-based indices are still 
needed in a variety of climates and seasons. Furthermore, because 
we found fecal NDF to be a suitable index of deer diet quality 
and intake by itself, coupling it with fecal N and DAPA reduces 
some of the variability associated with fecal organic matter or dry 
matter output; the result is a superior single index which may 
have added potential for overcoming biases in the field. 

Limitations and Implications 
Our basic criteria for whether or not an equation should be used 

for management purposes (i.e., independent variable accounts for 
SO% of variation in dependent variable) follows Nunez- 
Hemandez et al. (1992) in a similar study. However, managers 
must exercise caution with some of our equations. Many equa- 
tions describe complex curvilinear relationships. Furthermore, 
data outside the range that was used to develop these relation- 
ships should not be used to predict diet quality and intake. 

In contrast to findings with domestic ruminants, some fecal 
indices are closely related to diet quality and intake in black- 
tailed and mule deer. Perhaps the wide variation in forage species 
and forage quality consumed by deer over the course of a year 
may make fecal indices more appropriate as deer tend to feed 
more selectively (Short 1981) than other range ruminants. Most 
of our data probably encompass the low range of diet quality for 
free-ranging deer, but because over-winter mortality is related to 
animal condition prior to winter (Mautz 1978) and not simply 
quality of winter forage, we also included high quality diets in 
our relationships. Although these markedly different diets are 
likely to be consumed by deer over a year, using such a wide 
range of diet quality may have improved the fit of our equations. 
Furthermore, in our modeling of fecal indices, we pooled individ- 
ual animal variation in an attempt to mimic field application of 
this technique and this too probably improved the fit of our equa- 
tions. We also found that curvilinear models best described the 
relationships between fecal indices and diet quality. Simple linear 
regressions rarely provided the best fit equation. 

Conclusions 

Deer managers can monitor trends in black-tailed and mule 
deer diet quality and intake using DAPA, fecal NDF, and fecal N 
using predictive equations. Of our 11 diets, only 3 contained low 
to moderate amounts of protein precipitating tannins; thus, we 
were unable to evaluate the effects of tannins on the efficacy of 
fecal indices. However, using different methods to quantify fecal 
indices affected the precision of predictive equations. Indices of 
microbial origin (fecal N and DAPA) were most precise when 
presented on a fecal ndf basis rather than organic matter or dry 
matter; fiber indices were often most precise when based on fecal 
dry matter rather than organic matter. Ingestion of soil could bias 
results of dry matter-based indices. Data on effects of weathering 
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especially in moist climates is needed to test the validity of ndf- 
based indices, but, DAPA and fecal N, when quantified on a neu- 
tral detergent fiber basis, appear to have potential outside these 
conditions given their overall performance. Fecal indices, along 
with a knowledge of herd food habits (Nunez-Hemandez et al. 
1992) shuuld allow free-ranging black-tailed and mule deer to be 
managed based on the quality of habitat available to them. 
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Abstract 

There is a dearth of knowledge on the selection and utilization 
of Columbia milkvetch (Astrugalus miser Dougl. ex Hook. var. 
serotinus) by grazing livestock on rangelands in British 
Columbia. Four grazing trials were conducted with cattle on 
Columbia milkvetch range in southern interior British 
Columbia. In the first 2 trials during 1990 and 1991 cattle grazed 
an upper grassland site in late spring. In 1992 and 1993, the ani- 
mals grazed a lodgepole pine forest site during early summer. 
The density of Columbia milkvetch and its basal area were simi- 
lar at both locations. The Columbia milkvetch was not a pre- 
ferred species on the grassland site as indicated by the bite count 
technique that determined its percentage in the diet. 
Consumption of Columbia milkvetch increased gradually as 
other forage species were preferentially selected and depleted. 
On the grasslands, consumption of Columbia milkvetch by indi- 
vidual animals did not show an addictive pattern. At the forest 
site, utilization of Columbia milkvetch was determined on a 
weekly basis during 1992 and on a biweekly basis during 1993 by 
paired plots. In contrast to the grassland site, Columbia 
milkvetch was a preferred species at the forest site where it was 
utilized to a greater extent than grasses or other forbs. 
Approximately 80 8 of the Columbia milkvetch was utilized dur- 
ing 1992 and 60% during 1993, which was significantly greater 
than the utilization of grasses or other forbs. Forage nutrient 
analysis at the forest site indicated Columbia milkvetch had 
higher crude protein and lower ADF content than other forages 
but it caused livestock poisoning in 1993. 

Key Words: poisonous plants, timber milkvetch, Astragalus miser 
var. serotinus, diet selection 

The Interior Douglas-fir (Pseurfotsuga menziesii (Mirb.) 
France) zone is the most important grazing range in British 
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Columbia (Wikeem et al. 1993) and it accommodates approxi- 
mately 0.3 million beef cows and calves (Agriculture Canada 
1989). Forest tires and recent logging have replaced Douglas-fir, 
the climax dominant, with lodgepole pine (Pinus contortu 
(Moench) Voss) over extensive areas (Tisdale and McLean 1957) 
and this trend continues. Columbia milkvetch (Astragulus miser 
Dougl. ex Hook. var. serofinus), also known as timber milkvetch, 
is found mainly in this zone and in the associated rough fescue 
(Festuca scubrellu Torr.) grassland communities of southern 
British Columbia (Taylor 1974). Columbia milkvetch and other 
species of Astragalus synthesize large quantities of miserotoxin 
(Williams 1982; Quinton et al. 1989) and other glycosides of 3- 
nitropropanol (Long et al. 1992) that cause acute and chronic poi- 
soning in ruminants (Majak and Pass 1989). 

There is a dearth of knowledge on the selection and utilization 
of Columbia milkvetch by cattleSome observers suggest that cat- 
tle are addicted to the forb. However, preliminary field observa- 
tions indicated that the plant was avoided on grasslands (Quinton 
et al. 1989). This study examines the utilization of Columbia 
milkvetch by cattle grazing 2 different range types, an upper 
grassland community in late spring and a lodgepole pine forest in 
early summer. 

Materials and Methods 

The study was located at Long Lake, a grassland site 11 km 
north of Kamloops, B.C., and at Sixtyone Creek, a forested site 
18 km north of Clinton, B.C. The soils and the latitude-longitude 
notation of these sites were similar to those described previously 
(Majak and Wikeem 1986). At the time of grazing, the Columbia 
milkvetch was in the bud to bloom stage of growth at both sites. 
The cattle used in the study were 2 to 11 year-old Hereford cows 
with calves. Water was available at all times and, except for one 
trial on the forested site in 1993, all cattle were supplemented 
with molasses blocks containing 25% crude protein. At both sites, 
pastures were grazed to approximately 50% of available forage. 

Grasslands 
The Long Lake grassland site (elevation 900 m) consisted of 2 

adjacent 10 ha pastures (north and south).The major grasses were 
rough fescue, Kentucky bluegrass (Poa prutensis L.) and 
Richardson’s needlegrass (Stipa richardsonii Link) and the major 
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forbs were strawberry (Ragaria virginiana Duch.) and yarrow 
(Achilles millefolium L.). Each pasture was grazed by ten 
Hereford cows and their calves from 3 May to 19 June 1990 and 
from 6 May to 19 June 1991. 

Columbia milkvetch density and basal area, the area of the 
crown, were determined by counting the number of plants in 400, 
50 X 20 cm plots along 4 lines (100 plots per line) and measuring 
them with a basal area ruler.The plots were 5 to 7 m apart, 
depending on the length of the transect line. 

Diet selection during the trial was estimated with direct obser- 
vation between 0700 and 2000 hours on 16 days in 1991 and on 
12 days in 1990 using the bite count technique (Reppert 1960). 
Each cow was followed by 1 of 3 observers who recorded a mini- 
mum of 250 bites per grazing time to establish the percentage of 
Columbia milkvetch in the diet. Ten to 20 individual diets were 
recorded on each sampling day. Diets were recorded on 464 occa- 
sions during 1990 to 1991. 

At the conclusion of the grazing trial, 10 composite samples of 
Columbia milkTetch, grasses, and forbs were oven-dried to a con- 
stant weight at 60°C for nutrient analyses. 

Forest 
The lodgepole pine forest site at Sixtyone Creek (elevation 

1,100 m) consisted of two, 40 ha pastures (A and B) 0.6 km apart. 
The trees were 121 to 140 years old, 10.5 to 19.4 m in height, and 
with a density of approximately 300 trees per ha. The principal 
grass was pinegrass (Calumagrostis rubescens Buckl.) and the 
major forbs were dandelion (Taraxacum ojj%nale Weber) and 
oyster plant (Trugopogon dubius Stop.). Columbia milkvetch 
density and basal area were determined by the same method used 
on the grassland site but with 8 lines and 800 plots. Direct obser- 
vations on diet selection on a daily basis were not feasible on the 
forested site due to constraints of limited manpower and the 
remoteness of the site. Therefore, selection of Columbia 
milkvetch, grasses, and forbs during the trial period was deter- 
mined as the difference in their biomass estimates on grazed and 
caged plots. A limited number of direct observations on diet 
selection were also made. 

In 1992, each pasture was divided, with electric fence, into 
quarters of 10 ha each and grazed with 10 cow-calf pairs in suc- 
cession for l-week periods from 26 May to 26 June. In 1993, 
each 40-ha pasture was divided in half and groups of 10 cow-calf 
pairs grazed each half in succession for 2 weeks from 16 June to 
19 July. Five paired, 1-m’ plots were randomly established in 
each quarter-pasture in 1992 and 10 in each half-pasture in 1993 
but their distribution was constrained by the need to include 
Columbia milkTetch. The selection of plots containing Columbia 
rnilkvetch overestimated its biomass in the pasture. However, the 
objective of the study was not to determine Columbia milkvetch 
biomass in the pastures but rather to determine the degree to 
which Columbia milkvetch was utilized. The plots were clipped 
after each successive grazing period to determine forage produc- 
tion and utilization. Indices of relative preference were calculated 
by Krueger’s second equation (Krueger 1972). The clipped mate- 
rial was oven-dried and analysed for crude protein and ADF con- 
tent by conventional procedures (AOAC 1990; Waldem 1971). 

Statistical Analysis 
For Columbia milkvetch density and basal area, the design was 

fully nested with sites, pastures within sites, and transects within 

pastures. Differences between sites and pastures within sites were 
compared by analysis of variance (ANOVA) using pastures with- 
in sites and transects within pastures as the respective error terms. 
The percentage of Columbia milkvetch in the diet derived from 
the bite counts on the grassland site was examined with the fol- 
lowing sources of variation: year, pasture, date within year, cows 
within pasture by year, the pasture X year interaction and the 
date X pasture interaction within each year. The error term for 
testing years and pastures was the year X pasture interaction; for 
date within year it was date X pasture interaction within each 
year; for cows within pasture by year and the date X pasture 
interaction within each year it was the residual error; and for pas- 
ture X year it was a composite of cows within pasture by year and 
pasture X date interaction within each year. ANOVA was con- 
structed using the procedures of the SAS Institute Inc. (1985). 
The utilization percentages of Columbia milkvetch, grasses and 
forbs, derived from clipping plot pairs were correlated repeated 
measures of forage utilization. Using repeated measures 
ANOVA, differences between pastures at each site and in each 
year were tested against the variability among plot pairs within 
pastures. Differences among the 3 plant types were tested against 
the plant type X plot interaction within each pasture. At the grass- 
land site, the 2 years were also compared and the pasture X year 
interaction tested by treating years as a split plot factor and test- 
ing them against the residual variance. A correlation coefficient 
was calculated to compare the consumption of Columbia 
milkvetch by individual animals between years. 

Results and Discussion 

Columbia milkvetch density or basal area were similar (P > 0.1) 
between grassland and forest sites (Table 1). There was no 
detectable difference in Columbia milkvetch density between 

Table 1. Columbia mikvetcb density and average basal area at 2 range- 
land sites in British Columbia. 

Site Pasture Density Basal area 

(plants m-*) (cm2 plani’) 
Long Lake (grassland) north 21.2 2.5 

SOUth 15.4 2.1 
SE 4.2 0.3 

Sixtyone Creek (forest) A 11.0 3.0 
B 12.6 2.5 

SE 3.0 0.2 

pastures at the forest site but at the grassland site, the north pas- 
ture had almost twice as many Columbia milkvetch plants as the 
south pasture (P c 0.01). The average basal area of Columbia 
milkvetch plants did not differ between sites or between pastures 
(P > 0.1). Previously, we reported that the biomass of Columbia 
milkvetch plants growing on grassland and forest range was also 
similar (Majak et al. 1988). The similarity in Columbia milkvetch 
density and basal area behveen the grassland and forest sites per- 
mits comparisons of grazing behaviour with respect to Columbia 
milkvetch. 
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GlXSS1~d.S 
When the percentage of Columbia milkvetch in the diet was 

examined as a function of time, a significant pasture X date inter- 
action (P<O.Ol) was detected in 1990 (Fig. 1). During May, the 
selection of Columbia milkvetch by cattle was similar in both 
pastures but in June, their feeding behaviour changed. As the 
consumption of Columbia milkvetch increased in the one pasture, 
it decreased in the other and vice versa (Fig. 1). The sudden 
decrease in the south pasture, which also contained 50% less 
Columbia milkvetch (Table 1), might be attributed to a depletion 
of Columbia milkvetch biomass. There was above average rain- 
fall in the spring of 1990 (Atmospheric Environment Service 
1990; 1991) and it is possible that the moisture rendered the 
Columbia milkvetch more succulent and palatable. We have 
shown previously that the toxicity and moisture content of 
Columbia milkvetch can be influenced by rainfall events (Majak 
et al. 1976). There were no pasture X date interactions in 1991 
(Fig. 1). The average percentage of Columbia milkvetch in the 
diet was 8.4 in the north pasture and 6.4 in the south pasture. In 
general, there was a gradual, linear (PcO.01) increase in the con- 
sumption of Columbia milkvetch during 1990 and 1991 (Fig. 1). 
The results indicated that on upper grasslands, Columbia 
milkvetch is not a preferred species if there is an abundance of 
other grasses and forbs, which are selected first. 

Direct observation on forage selection showed that cattle in the 
north pasture selected a higher proportion of Columbia milkvetch 
than in the south pasture in 1990 but not in 1991. In 1990, the 

10 20 30 40 

Days beginning May 1 

Fig. 1. Average daily percentage of Columbia milkvetch in the diet of 
cattle on the grassland site during 1990 and 1991 in the south 
(solid circles) and north (open circles) pastures as estimated by the 
bite count technique, SE (1990) = 1.61; SE (1991) = 1.78. 
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Table 2. Crude protein and ADF content of 3 types of forages at the 
grassland and forest sites in interior British Columbia 

Site 

Long Lake- 

Sityone Creek 

Columbia 
Date Forbs Grasses milkvetch 

_ _ _ _ _ _ _ _ _ _ C&e pmt& (%) _ _ _ _ _ _ _ _ _ _ 
June 26.1990 9.9 6.8 15.9 
June 20,199l 9.0 6.2 15.0 
SE 0.4 0,3 0.7 

---- ---------ADF(%)------------- 
June 26,199O 36.8 45.8 33.3 
June 24 1991 34.0 44.3 29.6 
SE 1.2 1.0 0.9 
_ __---__-- C~deprot&(%) --- ---- --- 
June 30,1993 10.5 8.7 19.4 
July 14,1993 10.1 8.0 17.7 
SE 0.5 0.3 0.7 

---- -__------ mF (%) _ _ _ _ _ _ _ _ _ _ _ _ _ 
June 30.1993 25.8 41.8 27.2 
July 14,1993 29.3 41.2 30.9 
SE 2.0 0.5 0.9 

average Columbia milkvetch consumption was 11.2% in the 
north pasture and 5.4% in the south pasture (SE = 2.25). The 
average Columbia milkvetch consumption was 7.2% (SE = 2.22) 
at the grassland site in 1991. The higher density of Columbia 
milkvetch in the north pasture may have influenced the higher 
percentage of Columbia milkvetch in the diet. There were no 
clinical signs of Columbia milkvetch poisoning among cattle at 
the grassland site in either year. Of the 20 cows used in 1990,17 
were again used in 1991 without showing any ill effects. 
Columbia milkvetch consumption by individual animals was not 
significantly correlated between years (r = 0.18). 

Plant nutrient data from the clipped plants showed that 
Columbia milkvetch had a greater crude protein content than 
grasses or forbs (Table 2). The grasses were mature at the time it 
was sampled and showed a lower protein content and higher 
ADF, while forbs were intermediate in protein content (Table 2). 

Forest Range 
Data from the grazed and caged paired plots at the forest site 

indicated cattle consumed forage consisting of approximately 
52% grasses, 13% forbs and 35% Columbia milkvetch. No differ- 
ences were detected in the percent utilization of grasses and forbs 
at the forest site (Fig. 2), nor were there differences between pas- 
tures (P ~0.5). The utilization of Columbia milkvetch was higher 
(P ~0.01) than the utilization of grasses and forbs in both years 
(Fig. 2). In 1993, there appeared to be a lower utilization of vetch 
than in 1992. The grazing trial started 3 weeks later in 1993 than 
in 1992 and more Columbia milkvetch biomass was probably 
available in 1993. Utilization data for the forest site, obtained on 
a weekly basis during 1992 and biweekly during 1993, showed 
that vetch was a highly preferred species being continually uti- 
lized throughout the entire grazing period (Fig. 3). The results for 
1993 were confirmatory: on 30 June 1993 after 2 weeks of graz- 
ing, 69% of the Columbia milkvetch had been utilized but only 
55% of the forbs and grasses. Two weeks later; on 14 July 1993, 
Columbia rnikvetch utilization declined to 52%, grass utilization 
had not changed, and forb utilization declined to 40%. When rel- 
ative preferences were calculated (Krueger 1972) the indices 



Fig. 2. Average percentage utilization of forage by cattle at the forest 
site during 1992 and 1993 as estimated by harvesting paired plots. 
SE (vetch) = 5.0, SE (forbs) = 8.4, and SE (grasses) = 6.1. 

ranged from 1.12 to 1.33 (mean 1.23) for Columbia milkvetch, 
0.85 to 0.94 (mean 0.89) for grasses, and 0.59 to 1.00 (mean 
0.83) for forbs. In short, our results demonstrate that Columbia 
milkretch can be a preferred species when it is growing in a stand 
of less palatable forage such as pinegrass, which accumulates 
high levels of silica (McLean et al. 1969). Periodic direct obser- 
vations on forage selection confirmed the early and continual 
consumption of Columbia milkvetch at the forest site. There was 
no field evidence of Columbia milkvetch avoidance by cattle. 

Management Implications 

Over most of the grazing period, Columbia milkvetch did not 
appear to be a preferred forage at the grassland site (Fig. 1). Our 
policy of grazing pastures to within approximately 50% of avail- 

I  

._ . -  - -  - -  ^_ 
5 10 15 20 ZJ au 

Days beglnnlng Juno 1.1992 

Fig. 3. Percentage utilization of Columbia milkvetch, forbs, and 
grass on a weekly basis at the forest site in interior British 
Columbia in June 1992 as estimated by harvesting paired plots. 

able forage clearly showed avoidance of Columbia milkvetch by 
cattle at the grassland site but not at the forest site. 

At the forest site, consumption of Columbia milkvetch by cattle 
could be conducive to poisoning. Although none of the cattle 
were poisoned in 1992, three animals showed mild to acute 
symptoms of poisoning 3 weeks after commencement of grazing 
in 1993 on pasture A (Table 1). These animals were ah 2-year- 
old first-calf heifers used for the first time in Columbia milkvetch 
studies. They were also part of a group of cattle not receiving 
protein supplements for the first time. There is a growing body of 
evidence that indicates ruminal detoxification of Columbia 
milkvetch can be enhanced with protein supplements (Majak 
1992; Anderson 1995). The absence of these supplements may 
have increased the susceptibility of these animals to Columbia 
milkvetch poisoning. There was no evidence to indicate that the 
protein supplement reduced the intake of vetch on pasture B. 

During the entire study for 1992, the protein level in Columbia 
milkvetch was approximately twice as great as the level in the 
grass (Fig. 4). The Columbia milkvetch was probably a major 
source of protein at the forest site and its digestibility was superi- 
or to the grasses, mainly pinegrass, as indicated by the ADF con- 
tent in 1992 (Fig. 4) and in 1993 (Table 2). However, Columbia 
milkvetch was probably less than 30% of the diet and other for- 
age components at the forest site were low in protein (Table 2, 
Fig. 4). When cattle were poisoned in 1993, the miserotoxin con- 
tent of the Columbia milkvetch on a dry matter basis was 
2.51% + 0.25 (SD) as determined by HPLC (Majak et al. 1988; 
Quinton et al. 1989). Although these are relatively low concentra- 
tions, it should be reiterated that more toxin per plant becomes 
available as the biomass of the plant increases (Majak et al. 
1988). 

In summary, Columbia milkvetch is a digestible and nutritious 
forage but it can be toxic. Cattle avoided Columbia milkvetch on 
the grassland site, selecting more palatable forages first and con- 
suming increasing amounts of Columbia milkvetch as other 
species became depleted. There was no evidence of addiction to 
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Fig. 4. Crude protein (CP) and ABF content in Columbia milkvetch 
and grass at the forest site during June 1992. SE(CP) = 0.55, 
SE(ADF) = 0.71. 
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Columbia milkvetch on the grassland site. In contrast, Columbia 
milkvetch was a preferred forage at the forest site, probably 
because it was associated with pinegrass which is less palatable. 
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Abstract 

Fringed sagebrush (Artemisiajiigida Wiid.), the most common 
dicotyledonous species in the Northern Mixed Prairie, often 
increases dramatically following disturbance. It was bypothe- 
sized that the increase could be due to release of established 
plants, increased recruitment of plants, or both. Experiments 
were conducted on a sandy range site lu central Saskatchewan. 
Tillage, clipping, litter removal, and a combination of 
clipping+litter removal were compared to an umlisturbed control 
to determine their effects on emergence and survival of fringed 
sagebrush seedlings and growth of established plants. In no cir- 
cumstance was seedling emergence or plant growth greater in the 
undisturbed control than in the disturbed sward. Emergence of 
fringed sagebrush seedlings increased almost SO-fold the second 
year after tillage at 1 site, but emergence was not altered relative 
to the control by clipping, litter removal, or clipping+litter 
removal Averaged across treatments, 52 to 98% of the seedlings 
emerged in May and June, and 47 to 99% of these seedlings sur- 
vived through the growing season and winter. Plants grew fastest 
iu June when precipitation was highest and temperatures were 
moderate. Growth of plants was improved 2- to 3-fold by tillage 
the second year; this stimulation in growth was due to the 
removal of competition. Activities that reduce or remove vegeta- 
tion and create bare soil surfaces promote emergence and growth 
of fringed sagebrush on the Northern Great Plains. Most 
seedlings of fringed sagebrush emerge in spring and early sum- 
mer, enabling them to temporally exploit the period for optimal 
growth. Fringed sagebrush is well adapted to persist in Northern 
Mixed Prairie in a successional continuum from early to late 
seral stages. 

Key Words: Artemisia figida Willd., Northern Mixed Prairie, 
patch dynamics, population dynamics, safe sites, seed reserves, 
seedling emergence. 

Fringed sagebrush (Artemisiafiigiaiz Willd.) is the most com- 
mon dicotyledonous species in the Northern Mixed Prairie 
(Coupland 1950), and it is naturally distributed in many grass- 

Funding for this research was provided by a Canadian International 
Development Agency grant to the Dep. of Crop Science and Plant Ecology. Univ. 
of Saskatchewan. 

Manuscript accepted 15 Sept. 95. 

228 

lands of the world (Dayton 1937). This perennial half-shrub is 
one of the first species to establish on abandoned farmland or on 
roadsides (Shantz 1917, Sarvis 1923, Whitman et al. 1943), and 
is common in overgrazed grasslands (Sarvis 1941, Coupland 
1950). Fringed sagebrush produces many small seeds that germi- 
nate over a wide range of temperatures, and it reproduces from 
rootstocks (Dayton 1937, Wilson 1982). 

Increases in fringed sagebrush observed on disturbed Northern 
Mixed Prairie sites may be due to release of established plants, 
increased rccrnitment of seedlings, or both. Changes may occur 
through disturbance of the soil, alteration of competitive relation- 
ships, or modification of the microenvironment. We hypothesized 
that relative to an undisturbed control, disturbance would 
improve growth and recruitment of fringed sagebrush. A field 
study was conducted to investigate influences of 4 disturbances 
on fringed sagebrush on Northern Mixed Prairie in 
Saskatchewan. Specific objectives were to determine the effect of 
tillage, clipping, litter removal, or a combination of clipping+lit- 
ter removal on the growth of established plants, emergence, and 
survival of fringed sagebrush seedlings and compare this to an 
undisturbed control. 

Materials and Methods 

Study Site 
Experiments were conducted at the University of Sas- 

katchewan, Biddulph Natural Area, 25 km south of Saskatoon, 
(51”58’N, 107”45’W, 505 m). The site is characteristic of the 
sandhills complex of the northern Mixed Prairie (Coupland 1950) 
with orthic regosolic soils (Ellis et al. 1968). The area had been 
protected from livestock grazing for about 40 years, and the cco- 
logical condition of this sandy range site was excellent. Needle- 
and-thread (Spa comata Trin. and Rupr.) and blue grama 
(Bouteloua gracilis (HBK.) Lag.) were dominant grasses; fringed 
sagebrush was the most common dicotyledonous species (Hulett 
et al. 1966, Pylypec 1989). The ground surface was covered by 
live or dead clubmoss (Selaginella densa Rydb.), or was bare. 
Annual precipitation at Dundum, about 15 km southeast of the 
study site, averages 380 mm with more than 40% received in 
May, June, and July. Annual temperatures average 2.4”C with 
January the coldest month averaging -17.9”C and July the 
warmest, averaging 18.8”C (Environment Canada 1993). 
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Experimental Design and Treatments 
Thirty 2 X 2-m plots were established at each of 2 sites with 1 

fringed sagebrush plant located in the center of each. 
Experimental design was a randomized-complete-block with 5 
treatments and 6 replicates. Treatments were imposed around the 
plant in late April 1990 at site 1 and mid-April 1991 at site 2. 
Treatments were applied only once to each plot. The 5 treatments 
included: 1) clipping of all species except fringed sagebrush at 
ground level and removal of all clipped materials; 2) removal of 
plant litter from the plot with a rake; 3) tillage by rototilling the 
soil to about a lo-cm depth; 4) clipping as described in treatment 
1 plus litter removal as in treatment 2, and; 5) au undisturbed 
control. 

Seedling Emergence 
After imposing treatments, a permanent 0.5 X 0.5-m observa- 

tion area was established adjacent to the fringed sagebrush plant 
in each plot and seedlings were counted and marked with colored 
wires at weekly intervals from 1 May to 30 August in the year of 
treatment and the following growing season. Survival of 
seedlings over the first 2 growing seasons and winters after dis- 
turbance was determined. At the time this study was planned the 
region was experiencing a significant drought, and it was decided 
to add supplemental water to ensure some seedling emergence in 
the event of continued low precipitation. A total of 75 mm of sup- 
plemental water was supplied in 4 aliquots at site 1 in the first 
year (1990) and 80 mm at site 2 in the first year (1991) in mid- 
May, June, July and August. 

Seedbeds were characterized by estimating cover of live club- 
moss, dead clubmoss and bare soil adjacent to the fringed sage- 
brush plant with a point frame (Coupland 1950). Estimates were 
made in each replicate and treatment at both sites in early spring 
of 1992. The percentage of the 3 surface types within treatments 
was then calculated. 

Plant Growth 
Growth of fringed sagebrush was determined by non-destruc- 

tive sampling. Five stems on the central mature plant in each plot 
were marked with colored wires after imposing treatments. 
Length of marked stems and height of plants were measured at 
weekly intervals from May through August the year of and after 
treatment. 

The relative stem elongation rate (%cm cm-’ day-‘) was deter- 
mined with equation 1. 

Relativestemelongationrate=lOO X d(SL) X 1 
d(t) SL, (1) 

where d(SL) is the change in stem length during that interval; d(t) 
is the time interval in days, and; SL, is the stem length at the 
beginning of the growing season. Relative height growth rate was 
calculated with the same equation by substituting the appropriate 
measurements. 

Environmental Conditions 
Air temperatures were recorded daily with a Campbell 

Scientific 21x Micrologger from 1 May to 31 Aug. 1992. Air 
temperatures during the same period during 1990 to 1992 were 
obtained from the Vanscoy weather station, about 20 km north- 
west of the study site. A linear regression equation using data col- 
lected at the study site and Vanscoy in 1992 was developed to 

estimate the air temperature in 1990 and 1991. Precipitation data 
for 1990,1991, and 1992 were also obtained from Vanscoy. 

In the first year temperatures averaged 11°C in May, 17°C in 
June, and 18°C in July and August at site 1, and 12, 16, 19, and 
21°C for the same months at site 2. Precipitation plus irrigation 
totalled 64,112, 138, and 38 mm in May, June, July, and August, 
respectively at site 1, and 70, 175, 51, and 35 mm in respective 
months from May through August at site 2. 

Temperatures in the second year averaged 12, 16,19, and 21°C 
at site 1, and 10, 15, 16, and 15°C at site 2 in May, June, July and 
August, respectively. Precipitation in the second year totalled 50, 
155,31, and 15 mm in May, June, July, and August at site 1, and 
52,20,108, and 49 mm in the same months at site 2. 

Soil water in the O-15 and 0-30-cm depths of each plot was 
determined gravimetrically weekly from 1 May to 31 August 
(Reynolds 1970). Soil samples from the upper O-lo-cm depth of 
the soil profile were collected in July 1992, air dried in the labo- 
ratory for 1 week, and matric potentials of soils at -0.03 and -1.5 
MPa were determined for 6 replicates with a pressure plate 
(Richards 1948). Content of soil N03-N from the O-2.5 and 
O-lo-cm depths of the profile was determined by the 
Saskatchewan Soil Testing Laboratory in July 1991 and 1992. 

Data Analysis 
Within the first and second year of study, data were subjected 

to factorial analysis of variance using sites and sward treatments 
as main effects. Data of stem elongation and height elongation 
rates, the total number of emerging seedlings and percentage val- 
ues for seedling survival, soil water and soil nitrogen were trans- 
formed with arcsin dp and subjected to analysis of variance. 
When treatment effects were significant, means were compared 
only to the control with Least Significant Difference (LSD) 
(Snedecor and Cochran 1980). To determine periodicity of 
seedling emergence, the number of seedlings in all plots was 
pooled, plotted against time, and related to precipitation, tempera- 
ture, and soil water. Similarly means of elongation rates in all 
plots were plotted against time and related to precipitation, tem- 
perature and soil water. Statistical significance was assumed at 
PcO.05. 

Results and Discussion 

Seedbed Characteristics and Seedling Emergence 
Tillage increased the area of bare soil 5- to lo-fold at site 1 and 

about 3- to 4-fold at site 2 compared to the other treatments 
(Table 1). Excluding the tilled plots, dead clubmoss covered an 
average of 38 and 45% of the soil surface at sites 1 and 2, respec- 
tively. Cover of live clubmoss averaged 46% at site 1 and 25% at 
site 2. Soil water in the 0-15-cm depth varied between sites in the 
first year (12.5% at site 1 vs. 10.8% at site 2, SE==O.3), but there 
were no differences among sites and treatments in the second 
year, averaging 8.4% (SE-=O.2). 

Seedling emergence in the first and second year after treatment 
was affected by the interaction of site and treatment. In the first 
year the fewest seedlings emerged from the tillage treatment at 
site 1 whereas at site 2 response to treatments was similar, aver- 
aging 14 seedlings mm2 (Table 2). In the second year, about SO- 
fold more seedlings emerged in the tillage treatment compared to 
the other treatments at site 1. By comparison, seedling emergence 
was similar among treatments at site 2, averaging about 5 me2. 
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Table 1. Average cover of bare soil, dead clubmoss and live clubmoss 
within plots at site 1 and site 2 in 1992. 

Treatment Bare 
soil 

Dead 
clubmoss 

Live 
clubmoss 

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

~ 
Clipping (C) 15b’ 42a 43a 
Litter Removal (L) 18b 33a 48a* 
Tillage 1OOa Ob Ob 
C+L 10b 37a 53a 
Control 22b 40a 38a 
hkan 33 30 37 
&i&g 
Clipping 32b 48a 20a 
Litter Removal 2Sb 50a 25a 
Tillage IOOa Ob Ob 
C+L 38b 37a 2Sa 
Control 28b 43a 28a 
h&n 45 36 20 
‘hfeam with a similar letter within a site aad columa are not sigrdticantly different at 
pCl.05. 

Percentage values do not always add to e.xactly 100% due to rounding error. 

Regeneration of many species is successful when gaps are pre- 
sent in resident vegetation (Milthorpe 1961, Miles 1974, Grubb 
1976), but seedlings may be predisposed to severe competition 
with established plants. Disturbances in the present study created 
openings of different sizes that persisted for varying periods of 
time. Only tillage, however, directly altered the character of 
seedbeds for an adequately prolonged period needed for emer- 
gence of fringed sagebrush. Tillage eliminated resident vegeta- 
tion and created a bare soil surface, the most favorable seedbed 
for germination and emergence of fringed sagebrush (Wilson 
1982, Bai and Romo 1995); light requirements for germination 
(Bai and Romo 1994, Bai et al. 1996) were also likely met. 
Savchenko (1973) also reported that the population structure of 
fringed sagebrush was shifted to younger plants following distur- 
bance. 

Periodicity of Seedling Emergence In the first year more seedlings survived over the summer at 
At site 1 in the first year, 86% of the seedlings emerged in May site 2 (94%) than site 1 (70%) (SH.6). Survival over the winter 

and June 1990, when soil water generally exceeded -0.03 MPa was affected by the interaction of site and treatment and was 
(Pig. la). Soil water below -1.5 MPa in early July when air tem- poorest in the clipping+litter removal treatment at site 2 (Table 

peratures were highest, and only 3% of the seedlings emerged. In 
August even though soil water remained below -1.5 MPa, 11% 
of the seedlings emerged, presumably in response to precipitation 
events in late July. Soil water at site 2 was greater than -0.03 
MPa from May through mid-July 1991 and seedling emergence 
was continuous with 52% emerging in May and June, and 38% 
emerging in July (Pig. lb). When soil water decreased below -1.5 
MPa in August when air temperatures were highest, seedling 
emergence declined to less than 3%. 

In the second year, 98% of the seedlings emerged in May at site 
1 (Pig. 2a). Soil water was lower than -0.03 MPa in late May and 
seedling emergence was limited in early June. Some seedlings 
emerged from mid-June to mid-July when soil water exceeded 
-0.03 MPa; however, no seedlings emerged after mid-July when 
precipitation was low, temperatures were high and soil water was 
generally below -1.5 MPa. More than 94% of the seedlings 
emerged from May to mid-June at site 2 when soil water was 
greater than -0.03 MPa pig. 2b). Except in mid-July when soil 
water increased to at least -0.03 MPa after several precipitation 
events, no seedlings emerged from mid-June through August. 

Seedling emergence patterns parallel the findings of Bai and 
Romo (1994) where no well-defined cycles of dormancy were 
expressed by previously buried seeds of fringed sagebrush. 
Moisture availability places strong limitations on germination of 
fringed sagebrush seed (Bai et al. 1995), and this was reflected in 
emergence with most seedlings emerging in May and June. When 
the amount of precipitation is low more seedlings emerge if pre- 
cipitation is concentrated in a few events (Bai and Romo 1995). 
If soil water and temperatures are within the physiological range 
for germination of fringed sagebrush seed, seedling emergence 
can potentially be continuous. Continuous germination and emer- 
gence may enable fringed sagebrush to occupy gaps that are cre- 
ated by disturbance at varying times. By comparison continuous 
emergence may also predispose seedlings to unfavorable environ- 
mental conditions such as water limitations or temperature 
extremes, and seedling mortality may be high. 

Seedling Survival 

Table 2. Effects of sward modifications in the fit and second years 3). 
after treatment on emergence of fringed sagebrush seedlings. Seedling survival in the second summer was the product of 

interacting effects of treatment and site. At site 1, survival in the 
Treatment Y&WI Year2 

- - - - - - - - (S&mgs m-*) -- --- - - _ - 
m 
Wping Q 15a’ Oa 
Litter Removal (L) 10a la 
Tillage 2b 740b 
C+L 6a 32a 
Control 25a la 
ISiteZ) 
Clipping 6c 7c 
Litter Removal IC IC 
Tillage 31c 6c 
C+L 18c 7c 
Control llc lc 
‘Means with a similar letter within a site and year are not significantly different from 
conIro1 at m.05. 

Table 3. Response of seedling survival of fringed sagebrush to several 
treatments during winter in the fti year and summer in the second 
year of study. 

Season Litter 
and Year Clipping (C) removal Q Tillage C+L Control 

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

winter-11 
Site 1 IOOa IOOa IOOa IOOa 98a 
Site 2 IOOa IOOa 92a 62b 96a 

[Summer-21 
Site 1 Ob’ lOOa 60b 5Ob 1OOa 
Site 2 45b Oa 9Ob lla Oa 
’ hkans followed by the same letter within a row are not significantly different from 
conlrol (FM.05). 
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1 0-30CM I I O-30 CM I I ! -0.03 MPa 

May June July August May June July August 

a 

RHER I 

Fig. la and lb. Mean daily air temperature and precipitation at weekly intervals, mean soil water in the O-15- and 03O-cm depths, seedling 
emergence, relative stem elongation rate (RSER) and relative height growth rate (RElER) of fringed sagebrush in the first year at sites 1 
and 2. Seedling number and soil water are the average across treatments. Precipitation includes 75 mm of supplemental water at site 1 and 
80 mm at site 2. 

clipping, tillage and clipping+litter removal treatments was 
reduced relative to control, but at the second site seedling sur- 
vival was greatest in the clipping and tillage treatments than in 
control Fable 3). Survival of seedlings the following winter was 
higher at site 2 (87%) than the first site (52%) (SE=5.5). 

Overall survival of fringed sagebrush seedlings was high com- 
pared to silver sagebrush (A. cuna ssp. cuna Pursh.) in which less 
than 11% of the seedlings survived (Walton 1984). Even though 
fringed sagebrush is considered drought tolerant (Coupland 1950, 
Wilson 1982), desiccation during summer drought appeared to be 
the major cause of seedling mortality. Many seedlings also per- 
ished when ants buried them with soil. Predation, diseases and 
competition may have also contributed to seedling death (Fenner 
1985), but these influences were not isolated. 

Plant Growth 
In the first year, relative stem elongation rates were similar 

among treatments, but were more than 2-fold greater at site 1 (2.7 
vs. 1.2 %cm cm-’ day-‘, SE==O.3) than site 2 despite soil water in 
the 0-30-cm depth being greater at the second site (7.3% at site 1 
vs. 8.5% at site 2, SE=0.2). Changes in height were similar 
among treatments and sites, averaging 1.75 %cm cm” day-’ 
(SlGO.2). Stem elongation and height growth rates increased 
from May through June and declined in July and August when 
soil water was below -1.5 MPa (Fig. la and lb). 

In the second year, height growth and stem elongation rates 
were different between sites and among treatments. Over the year 
stem elongation rates averaged 1.4 and 0.9 %cm cm-’ day-’ 
(SE=O.l) at sites 1 and 2, respectively. Stem elongation and 
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Fig. 2a and b. Mean daily air temperature and precipitation at weekly intervals, mean soil water in the O-15- and O-3O-cm depths, seedling 
emergence, relative stem elongation rate (RSER) and relative height growth rate @HER) of fringed sagebrush in the second year at sites 1 
and 2. Seedling number and soil water are the average across treatments. The number of seedlings emerging on the first and second dates 
in hiay at site 1 was 74 and 72 mm2 on each date, respectively. 

height growth rates in the tillage treatment were greater relative 
to the control (Table 4). From mid-June to mid-July stem elonga- 
tion and height growth rates were greatest at site 1, whereas 
growth rates peaked in July at site 2 (Fig. 2a, b). Growth of stems 
and plant height declined the remainder of the summer when soil 
water was below -1.5 MPa. Over the growing season soil water 
was similar among treatments and sites, averaging 7.1% 
(SI3.2). Concentrations of NOs-N in the upper 10 cm of the 
soil were similar among treatments, but greater at site 1 than site 
2, averaging 2.5 and 0.6 mg kg-’ (SE==O.OS), respectively. 

French (1979) concluded that reduced nutrient and water stress 
enables fringed sagebrush to increase its biomass substantially. In 
the present study, however, improved growth of fringed sage- 

brush following tillage is attributed to reduced competition 
because soil water and NOs-N were not different among treat- 
ments. 

Conclusions 

Environmental conditions during June and early July are criti- 
cal in the emergence and growth of fringed sagebrush. Most 
seedlings of fringed sagebrush emerge in spring and early sum- 
mer, enabling them to temporally exploit the period for growth 
when soil water is highest and temperatures are moderate. Menke 
and Trlica (1981) also reported that growth of fringed sagebrush 

232 JOURNAL OF RANGE MANAGEMENT 49(3), May 1996 



Table 4. Response of relative height growth rate (RHGR) and stem elon- 
gation rates (USER) of fringed sagebrush to several treatments at sites 
1 and 2 in the second year of study. 

Litter 
Response Clipping (C) removal (L) Tillage C+L Control 

RHGR 
RSER 

_ _ _ _ _ _ - - - - - _ _ _ _ (y&m cm-’ day-‘) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
0.9a’ 0.95a 2.4b 0.8a 0.6a 
1.3a 1.4a 3.0b 1.6a 0.9a 

’ ?&as followed by the same letter within a row are not significantly different from the 
control (PA.05). 

was sensitive to variation in precipitation. Furthermore, high pre- 
cipitation in the previous year may also benefit the growth of 
fringed sagebrush (Olson et al. 1985). 

Under no circumstances was seedling emergence or plant 
growth greater in the undisturbed control than in the disturbed 
sward. Emergence and growth of fringed sagebrush were 
improved by tillage, especially the following year, suggesting 
that this species is favored by severe disturbance. Generally, clip- 
ping, litter removal or the combination of the 2 treatments had no 
effect on plants. Over the long-term, however, herbage removal 
may allow fringed sagebrush to increase because production, and 
presumably vigor of perennial grasses, are reduced by litter 
removal (Willms et al. 1986). 

Reduced competition, the release of established plants, and the 
recruitment of new individuals contribute to increases in fringed 
sagebrush following disturbance. Disturbances that reduce or 
remove vegetation on many spatial scales promote the emergence 
and growth of fringed sagebrush by bringing seeds to the soil sur- 
face or creating bare soil surfaces for seeds that are being dis- 
persed. Seeds that do not reach a favorable position in the 
seedbed can contribute to a persistent seed bank (Hai and Romo 
1994), retaining their viability for prolonged periods. An abun- 
dance of robust plants of fringed sagebrush should be viewed as 
an indication of significant disturbance. Fringed sagebrush has 
diverse ecological roles, and is well adapted to persist in Northern 
Mixed Prairie in a successional continuum from early to late seral 
stages. 
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Abstract 

Mineral concentrations of range grasses are often below that 
required by grazing livestock. Limited information is available 
on forage mineral concentrations for the Northern Great Plains 
and there is little data on factors influencing concentrations of 
forage minerals throughout the year. Therefore, a study was con- 
ducted to evaluate spatial and temporal variations in mineral 
concentrations of major forage species in the Northern Great 
Plaii. Herbage was sampled from 4 replicates on each of 2 soils 
in July, August, and September 1991, April, June, July, August, 
and September 1992, and April 1993. Herbage was sorted by 
species grouping and by live and dead tissue classes. Analyses on 
herbage included Ca, P, Mg, K, Na, Zn, Cu, Mn, and MO. For 
western wheatgrass [Pascopyrum smithii (Rydb.) Love] and 
annual bromes [Promus spp.], Zn and all macrominerals except 
Na were greater in live than in dead tissue. Live tissues of all 
other species groupings contained greater amounts of P and K 
than did dead tissue. Live tissue Mg concentrations were greater 
than dead tissue concentrations for other cool-season and warm- 
season grasses. Manganese concentrations were greater in live 
than dead annual brome tissues, while Cu was greater in dead 
than live tissue. Dead sedge tissue contained greater concentra- 
tions of Ca than live tissue. Soil type affected several nutrients 
but this was partially related to soil effects upon composition of 
species groupings and live:dead ratios. Minerals most likely to be 
found in quantities less than required for animal production 
were P, Na, K, Zn, and Cu. 

Key Words: forage quality, grasslands, trace elements, nutritive 
value 

Devising effective nutritional management strategies for graz- 
ing livestock requires an understanding of the dynamics of a 
broad range of forage nutrients. Although protein and energy are 
2 nutrients commonly deficient for at least part of the year 
(Adams and Short 1988), potential mineral deficiencies are also 
often reported (Rauzi et al. 1969, Murray et al. 1978, Grings 
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1979, Hinnant and Kothmann 1982, Greene et al. 1987, Pinchak 
et al. 1989). Moreover, mineral concentrations in herbage tend to 
vary with soil fertility, plant species, stage of plant maturity, 
availability of water, and tissue age (Fleming 1973, Greene et al. 
1987). 

Limited information is available currently on concentrations of 
minerals in forages of the Northern Great Plains. Marsh et al. 
(1959) monitored P concentrations in selected forage species in 
eastern Montana and found them to be below recommended lev- 
els for beef cattle (NRC 1984). When the mineral composition of 
4 range grasses growing in Rosebud County, Montana was exam- 
ined by Munshower and Neuman (1978), Zn and Cu concentra- 
tions were found to be below recommended levels for cattle dnr- 
ing much of the year. Kam and Hofmann (1990) found Cu con- 
centrations of forage selected by grazing cattle on a North Dakota 
study site to be below recommended levels. The Cu status of cat- 
tle grazing the area, as measured by serum and liver Cu levels, 
was less than desired for optimal beef cattle production. Further 
definition of the concentrations of minerals in important forages 
in the Northern Great Plains appears warranted. Pinchak et al. 
(1989) suggested that biologically realistic bounds for mineral 
status of livestock diets could be determined through evaluation 
of live versus whole plant concentrations of minerals. Selection 
of only live tissue would provide a maximum mineral concentra- 
tion while consumption of whole plants would provide a minimal 
level of mineral. The objective of this study was to evaluate spa- 
cial and temporal variation in mineral concentrations in major 
forages growing in the Northern Great Plains. 

Materials and Methods 

Research was conducted at the Fort Keogh Livestock and 
Range Research Laboratory, Miles City, Mont. (46” 22’ N, 105” 5’ 
W). Long term annual precipitation averages 338 mm of which 
about 60% is received during a 150-day mid-April to mid- 
September growing season. Average daily temperatures range 
from a low of -10” C in January to a high of 24” C in July. 

Eight 30 X 30-m replicate plots were located in pastures grazed 
at a moderate stocking rate with mature cows during the fall and 
winter. Four replicate plots were located on each of 2 soils: Eapa 
loam (Aridic Argiboroll, fine-loamy, mixed), a deep, well- 
drained, silty loam soil of moderate permeability; and Sonnet 
silty clay (Typic Eutroboroll, fine montmorillonitic), a rather 
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impermeable clay loam with an impervious B horizon claypan 5 
to 20 cm below the soil surface. Dominant plant species were 
western wheatgrass [Puscopywm smithii (Rydb.) Love], a peren- 
nial cool-season midgrass and 2 annual grasses, Japanese brome 
[Bromus japonicus Thunb.], and downy brome [Bromus tectorum 
L.]. Other important perennial grasses were needle-and-thread 
[Sripa comatu Trin. and Rupr.], Sandberg’s bluegrass [Pea secult- 
da Presl.], and blue grama [Bouteloua grucilis (H.B.K.) Lag. ex 
Griffiths]. Thrcadleaf sedge [CarexfiZijbZiu Nutt.] was also com- 
mon. Dominant forbs and half-shrubs were western salsify 
[Tragopogon dubius Stop.], fringed sagewort [Artemisia frigida 
Willd.], and common dandelion [Turuxacum o#icimzle Weber]. 
Estimated range condition was good on the Eapa loam soil and 
fair on the Sonnet silty clay soil (SCS 1983). 

Standing crop inside 10 randomly located 0.25-m’ quadrats per 
replication was harvested by species at ground level on 9 dates 
from July 1991 to April 1993. Herbage was bagged by species 
group, dried at 60°C for 48 hours, and weighed. Herbage from the 
10 quadrats within each replicate was collated by species. Live 
and dead material were then hand separated, weighed to estimate 
live:dead ratios and ground to pass a l-mm screen for chemical 
analysis. Samples were analyzed for Ca, P, Mg, K, Na, Zn, Cu, 
Mn, and MO by inductively coupled plasma atomic emission 
spectroscopy at Northeast DHIA, Ithaca, N.Y. (Sirois et al. 1994). 
Due to limited biomass, several species were further combined 
mathematically into species groups after chemical analyses. This 
included other cool-season grasses which consisted of needle- 
and-thread, Sandberg’s bluegrass, green needlegrass [St&a 
viridula Trin.], and other cool-season grasses found in minor 
quantities. The annual brome group consisted of downy and 
Japanese bromes. The warm-season grass group was comprised 
of blue grama and buffalograss [Buchloe dactyloides (Nutt.) 
Engelm]. Sedges were primarily threadleaf sedge. Hereafter, all 
individual species and species groups will be referred to as 
species groups. 

Data were analyzed using the general linear models procedure 
of SAS (1985) and are presented as least squares means. 
Analyses were conducted using 2 models for each species group- 
ing. The first included nutrient concentrations by tissue class and 
the second used whole plant mineral values. Whole plant values 
were obtained mathematically from the live and dead tissue data. 
Western wheatgrass was the only species growing on both soils 
for which live and dead material was collected on every sample 
date. Thus, it was the only species used to test soil X tissue class 
interaction effects. The model for western wheatgrass included 
main effects of soil type, date, and tissue class plus associated 2- 
and 3-way interactions. Soil effects were tested using the repli- 
cate within soil mean square as the error term. Tissue class and 
tissue class X soil effects were tested using the replicate within 
soil X tissue class mean square as the error term. Other interac- 
tions were tested with the residual mean square as the error term. 
Data for other species groups were analyzed with a model that 
included tissue class, date, and their interaction. For these analy- 
ses, the effect of tissue class was tested using the replicate X tis- 
sue class mean square as the error term. Some dates were not 
included in the analyses because only 1 tissue class was present 
on a date. Whole plants of western wheatgrass, other cool-season 
grasses, and annual bromes were evaluated with a model that 
included soil, date, and the soil X date interaction. Soil effects 
were tested using the replicate within soil mean square as the 
error term and the residual error was used to test other effects. 
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Sedges, warm-season grasses, and forbs were not found fkquent- 
ly enough on both soils to allow a meaningful analysis of soil 
effects; therefore, whole plant mineral concentrations for these 
species groupings were analyzed with a model that contained date 
only. The dates used for analyses varied by species group. 
Because of analytical difficulties, there were no Cu values for 
August or September 1991, and these dates were deleted from the 
analysis for Cu. Differences among means were considered sig- 
nificant at PcO.05. Trends towards significance were considered 
for O.lOcP>O.O5. 

Results and Discussion 

Growing Conditions and Stages of Maturity 
Precipitation was well above normal in 1991 and near normal 

in 1992 (Fig. 1). Temperatures during late winter and early spring 
1991 were well above normal (=+4C) whereas temperatures dur- 
ing late spring, summer, and fall were near normal (NOAA 
1992). Temperatures during the winter of 1991-92 were again 
well above normal (=+6”C) with temperatures thereafter near to 
slightly below normal. Temperature and precipitation were near 
normal in the winter of 1992-93 but April 1993 precipitation was 
slightly above normal. As a result of these climatic conditions, 
1991 was an exceptional growing year with 1992 considered an 
average to slightly above average year and the spring of 1993 was 
also an average to slightly above average growing period. 

Western wheatgrass plants were mostly vegetative throughout 
the year. Those few plants that produced inflorescences were in 
the hard dough stage by July of both years. Other cool-season 
grasses on the silty clay soil (primarily bluegrasses) produced 
inflorescences by April 1992 while other cool-season grasses 
growing on loam soil (primarily needle-and-thread) were still 
vegetative. By June 1992, other cool-season grasses on silty clay 
soil were in the hard dough stage, while those on loam soil were 
in anthesis. Phenology for this species grouping was similar 
between soils on other dates (seed shatter). Warm-season grasses 
were mostly vegetative but some inflorescences were present in 
July through September. Brome seedlings were actively growing 
in June 1992, September 1992, and April 1993. In June 1992, 
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Fig. 1. Precipitation during the sampling period compared to a 115 
year average. 



seed of downy brome was shattering its seed while Japanese 
brome was in soft dough. The bromes were at comparable stages 
of maturity on other dates. 

Macronutrients 
Calcium 

Lactating beef cows require 0.27 to 0.58% Ca, depending on 
body size and milking ability (NRC 1984). Average whole plant 
concentrations of warm-season grasses (0.32%), sedges (0.42%), 
and forbs (0.89%) met this requirement while western wheatgrass 
(Pig. 2) and annual bromes (Table 1) fell within this range only 
for some soil type-date combinations. Calcium concentrations of 
other cool-season grasses averaged 0.20% and were never within 
the requirement range. 

Whole plant Ca concentrations of western wheatgrass (Pig. 2), 
annual bromes, and forbs (Table 1) varied over time, with the pat- 
tern of change varying among species. Lowest concentrations 

were observed in August 1991 for forbs and April and June for 
western wheatgrass. Concentrations of Ca in forbs were quite 
high throughout the sampling periods, often being 3 to 4 times 
the concentrations found in grasses and sedges. Whole plant Ca 
concentrations of annual bromes were greatest in April 1993 and 
exhibited a date X soil interaction due to greater Ca concentra- 
tions in bromes growing on loam soil in April 1992 and 1993 
than bromes growing on the silty clay soil. 

On average, live tissue of western wheatgrass and annual 
bromes contained more Ca than did dead tissue of these species 
(Table 2). Patterns of change in Ca concentrations over time dif- 
fered by tissue class (tissue class X date interaction) in these 2 
species. Live tissue Ca concentrations of western wheatgrass 
increased between July and August 1991, and from June through 
August of 1992. Live tissue Ca concentrations were greater than 
concentrations in dead tissue from June through September of 
1992 (Pig. 2). Although Ca concentrations in annual brome tis- 

Table 1. Least squares means of whole plant mineral concentrations (dry matter basis) by species groupings and soil type where appropriate for 9 
dates from July 1991 to April 1993. 

Species 
Group hlineral 

IO-Jul. M-Aug. M-Sep. 2%Apr. 02-Jun. 16-Jul. 12-Aug. 19-Sep. 27-Apr. 
1991 1991 1991 1992 1992 1992 1992 1992 1993 S.E.M. 

Western wheatgrass 
hfn’. ppm 3gd 

Other cool-season grasses 
Silty clay’ P. So na3 
Loam na 
Silty clay’ hlg. % na 
Loam na 
Silty clay* I?, Q na 
Lmnl na 
Silty clay* Na’, % na 
Loam na 

Warm-season grasses 
P’. Q na 
K’.% na 
Zn’, ppm na 

Annual bromes 
Silty clay* Cal. Z 0.16 
Loam 0.22= 

P’, so 0.16c 
Mg’, So O.llC 
I?. so o.4sd 
Cu’,ppm Zb 
Mn’. ppm Sob 

Sedges4 

Forbs’ 

P’. so o.12b 
id. ppm Ild 
Cd, ppm 1’ 

Cal, so 1.01” 
P’. so o.25=b 

3gd 51b 67” 42d 42d 45bcj 5ob 

o.osb 
0.13* 
O.lOb 
0.12” 
o.4gb 
0.90” 
0.007,c 
0.003B 

0.07b 
O.Osb 
O.Osb 
o.103 
o.3sb 
0.47b 
O.OMd 
0.002 

0.32i 
O.lO$ 
0.19i 
o.os,b 
1.9oi 
0.59;b 
0.0221 
0.002B 

na 
na 
na 
na 
na 
na 
na 
na 

0.07; 
0.16a 
0.08 P 

0.11” 
0.38,” 
o.s3g 
o.oo2d 
0.002 

0.05b 
0.13 ab 
O.Osb 
0.10” 
0.36b 
o.so& 
0.010; 
0.002B 

na 
na 
na 
na 
na 
na 
na 
na 

49& 

na 
na 
na 
na 
na 
na 
na 
na 

1.0 

0.007 

0.005 

0.039 

0.0001 

0.1s* 
0.59* 

21b 

O.llC 
0.41c 

33b 

na 
na 
na 

0.20” 
1.16’ 

21b 

o.209 
0.67=k 

59” 

O.Osc 0.006 
0.24’ 0.005 
lSb 0.8 

0.17& 0.21b 0.231 0.21b o.20b” o.lgb” 0.24 L 0.29w 0.004 
0.29 0.23’ 0.35b 0.21C 0.27’ 0.27’ 0.26’ 
O.Ogd O.Osd 

.0.43; 
0.21 B 0.21b O.lOd O.Ogd O.lod 0.28 a 0.004 

O.lOd O.oSd 0.15b 0.15b O.llCd o.locd O.lP 0.18” 0.002 
o.2sd 0.21d 1 .4sb 0.93c 0.21d 0.17d 0.52d 2.16= 0.031 

na na 4” zb 2b 2b 3b 4” 0.1 
SSab 65b 106= a7* 6Sb 6Sb 61b 93ab 2.6 

O.Osb 
34= 
na 

na 
na 
na 

0.19” 
27=b 
lb 

na 
na 
na 

o.lsa 0.005 
2P 0.9 

3& 0.5 

0.60b 
o.12b 

na 
na 
na 

0.90 ii 
0.35 = 
3.72 = 

0.99 a 
0.23 B 

na 
na 

1.04= 
0.27” 
1.76& 

O.llb 
12d 
lC 

o.92a 
0.25” 
2.9P 

o.s2= 0.025 
0.29 = 0.016 
2.67& 0.144 K’. % 2.02”b 1.32’ 3.56 a na 

&ans in row with different superscripts differ by date (P < 0.05). 
%esults from the 2 soil types are listed separately wha significant soii by date interactions occurred. Soil type means within columns and elements with different subscripts differ 
$P<O.OS). . 
4Data not wmlable for a given date. 

Soil type was not included in the analysis for this species grouping. 
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Fig. 2. Live, dead, and whole plant macromineral (Ca, P, Mg, K) 
concentrations (% of dry matter) for western wheatgrass on 9 
dates. Asterisks represent dates on which live and dead tissue min- 
eral concentrations differ (P < 0.05). Mineral concentrations over 
dates within tissue class whh different letters dift’er (PC 0.05). 

sues varied (data not shown), they did not follow consistent pat- 
terns in relation to growing season. In contrast to other species, 
dead tissue of sedges contained more Ca than did live tissue 
(Table 2). 

Phosphorus 
Forbs were the only whole plant species grouping that general- 

ly contained more than 0.22% P, the minimum requirement for a 
lactating beef cow (NRC, 1984). Forbs were below this require- 
ment in August 1991, however. Phosphorus levels above 0.22% 
were also observed for whole plants of annual bromes in April 
1993, and by other cool-season grasses on silty clay soils in April 
1992. 

Whole plant P concentrations of all species groups except forbs 
(Fig. 2, Table 1) declined between the earlier and later parts of 
the growing season due primarily to decreases in live tissue P as 
plants aged. Annual bromes grown on silty clay soil tended to 
have greater P content (0.16%) than when grown on the loam soil 
(0.13%). In April 1992, P concentrations for other cool-season 
grasses were greatest in herbage from the silty clay soil while in 
July 1992, herbage from the loam soil contained greater P con- 
centrations (Table 1). 

Live and dead tissues differed in P content in all species group- 
ings (Table 2). The pattern of change over time in all species 
groupings was similar to that shown for western wheatgrass in 
Figure 2. Phosphorus concentrations in dead tissue remained rela- 
tively constant and low while in live tissue P started high and 
then decreased as the growing season progressed and tissue aged. 
Live tissue P was closely associated with peak plant growth. This 
is similar to the results of Greene et al. (1987) who found P con- 
centrations in dead tissue were about 60% less than concentra- 
tions in live tissue. Although diet selection may play a major role 
in P intake, P supplementation may be necessary to meet NRC 
requirements. Beef cows with high milk production potential may 
benefit from P supplementation throughout the year and supple- 
mentation may benefit all cows beginning in June or early July. 
Our study did not address the variation in mineral content among 
plant parts (leaf vs. stem) which, through diet selection, may also 
affect dietary P concentrations. Kam (1992) did not observe a 
response to P supplementation of Hereford and Hereford-cross 
cows grazing Northern Great Plains rangeland. However, in that 
study P was supplied in a free-choice mineral mixture which was 
poorly consumed. 

Magnesium 
Whole plant Mg concentrations of western wheatgrass 

increased with advancing date throughout the growing season 
until September when levels began to decline (Pig. 2). In annual 
bromes, Mg concentrations decreased between June and July 
1992 (Table 1). A soil X date interaction in whole plant Mg con- 
centrations was observed for other cool-season grasses due to 
large differences in April 1992 concentrations between grasses 
from the 2 soils (Table 1). This was related to differences in 
growth patterns for the species comprising other cool-season 
grasses on the 2 soils. The dominant other cool-season grass on 
the silty clay soil was Sandberg’s bluegrass which was actively 
growing in April and consisted of little dead material (16%), 
while needle-and-thread was the dominant other cool-season 
grass growing on the loam soil and was 67% standing dead. 
Whole plant Mg concentrations did not vary over time for warm- 
season grasses (0.12%), sedges (O.lS%), or forbs (0.39%). 
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Table 2. Least squares means f standard errors of mineral concentrations by tissue class for forage species groups. 

Micronutrient 
Species Tissue class No. of Dates Ca P Mg K Na 

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

Western Live 9 0.2%0.01** 0.16ztO.O1** 0.12m.o1** 1.6iO.10** 0.004+0.ooo3 

wheatgrass Dead 0.22iO.01 0.07-+0.01 0.07iO.01 0.3iO.02 0.004~.ooo3 
other cool- Live 6 0.24iO.04 0.23&02** 0.16iO.O2* 1.3kO.10** O.cO7dmO4 

season grasses Dead 0.2OiO.02 0.09&01 0.09io.01 0.4iO.01 0.007dI.002 
Warm-season Live 6 0.34kO.01 0.2OiO.o1** 0.16&.01** 1 .ozto.o2** 0.008kO.004 

grasses Dead 0.32HI.02 0.1OztO.02 0.1ozto.01 0.3kO.04 0.004~.007 

Annual Live 4 0.3%0.02** 0.32iO.01** 0.23ztO.O1** 2.7ztO.O5** 0.014~.003 
bromes Dead 0.23ti.02 0.09ko.01 0.09io.01 0.3m.04 0.007&0.003 

Sedges Live 5 0.36&01** 0.16iO.O1** 0.15*0.02 1.szto.os** 0.002iO.001 
Dead 0.44?0.01 0.08io.01 0.12~.02 0.4+0.10 0.003iO.001 

Forbs Live 5 0.86&0.02 0.26iO.O2* 0.4OkO.05 3.1iO.21* 0.029ko.014 
Dead 0.8OiO.03 0.13kO.03 0.33kO.08 1.5iO.33 0.033iO.021 

l *+Tiisue classes within a species and element differed at PcO.01 and PcO.05, respectively. 

Magnesium concentrations of western wheatgrass (0.11%) and 
annual bromes (0.14%) collected from silty clay soil were greater 
when collected from loam soil (0.08 and O.lO%, respectively). 
This soil effect was presumably related to the tendency toward 
greater Mg concentrations in the silty clay soil (1,335+39 mg/kg) 
than in the loam soil @l&39 mg/kg) according to April 1993 
soil data. In addition, plant Mg uptake may have been limited by 
soil ion activity, with high K reducing Mg activity (Robbins and 
Mayland 1993). Soil K:Mg ratios were 0.2 for the silty clay and 
0.3 for the loam soil. 

Live and dead tissue differed in Mg content for western wheat- 
grass (Fig. 2), other cool-season grasses, warm-season grasses, 
and annual bromes (Table 2). Concentrations were also influ- 
enced by date in western wheatgrass (Fig. 2), forbs, and annual 
bromes, but this affect varied with tissue class (date X tissue class 
interaction) for the latter 2 species. For forbs, live tissue con- 
tained greater amounts of Mg than dead tissue in July 1991, June 
1992, and April 1993, but tissue classes did not differ in Mg on 
other dates. Live and dead tissue contained 0.42 and 0.27% in 
July 1991,0.50 and 0.37% in June 1992, and 0.37 and 0.19% in 
April 1993, respectively. In annual bromes, live and dead tissue 
differed in Mg content on all dates. The tissue class X date inter- 
action was related to greater variation in live tissue (range 0.15 to 
0.32%) than in dead tissue (range 0.08 to 0.13%). 

Potassium 
Average whole plant K concentrations of western wheatgrass 

were greater when growing on the silty clay (1.14%) than loam 
soil (0.92%). Whole plants of other cool-season grasses contained 
greater K concentrations when grown on the silty clay soil in 
April but less K when grown on this soil in July 1992. Potassium 
concentrations of warm-season grasses, annual bromes, and forbs 
varied over time (Table 1), while K concentrations in sedges 
(1.5%) did not. 

Potassium concentrations of whole plants were greatly influ- 
enced by live:dead ratios. For example, although K concentra- 
tions of Jive western wheatgrass were greatest in April 1992 (Fig. 
2), live tissue comprised only 31% of the whole plant. Whole 
plant K was at its greatest level in June 1992, even though live 
tissue K had decreased from April levels, because the whole plant 
was now 64% live tissue. 
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Potassium in dead tissue was low on all dates, due to transloca- 
tion and leaching of soluble K out of senesced material (Hinnant 
and Kothmann 1982). Potassium concentrations in live tissue 
were high (~2%) in April for all species. Concentrations in live 
annual bromes in September of 1992 were also high (4.2%) as a 
result of initiation of seedling growth following fall precipitation. 
Brome seedlings remained green throughout the winter and con- 
tributed to the live material collected in April 1993. 

The suggested level of K for beef cattle diets is 0.65% of the 
diet dry matter. Therefore, K may be a limiting nutrient to live- 
stock when they are consuming primarily mature forage. Karn 
and Clanton (1977) reported that supplementing K during the 
winter months on sandhills range in Nebraska prevented a depres- 
sion in weight gains of weanling steer calves. 

Sodium 
All herbage Na concentrations were well below the recom- 

mended levels for livestock (0.08%; NRC 1984) indicating the 
need for a continuous supply of salt to livestock grazing this type 
of vegetation. Western wheatgrass from the silty clay soil con- 
tained greater concentrations of Na (0.005%) than western wheat- 
grass grown on the loam soil (0.003%). Whole plant concentra- 
tions of Na in other cool-season grasses grown on silty clay soil 
were higher than in plants grown on loam for August 1991 and 
April and August 1992 (Table 1). The Na content of other cool- 
season grasses grown on silty clay differed over dates, but plants 
grown on loam did not. No other whole plant species grouping 
varied in Na content over time or soil (data not shown). 

Sodium concentrations of forage did not vary by tissue class for 
any species groupings (Table 2). For western wheatgrass there 
were date X soil and date X tissue class interactions (data not 
shown). Date also affected Na concentrations in annual bromes. 
Although concentrations differed by date, they did not follow any 
predictable pattern and were always low relative to animal 
requirements. 

Micronutrients 
Zinc 

For whole plants, Zn concentrations varied by date in both 
warm-season grasses and sedges (Table 1). For warm-season 
grasses, this effect was due to an unusually high Zn concentration 
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in July 1992. The date effect for sedges was related to low Zn 
concentrations in July 1991 and September 1992. Whole plant Zn 
concentrations of sedges were above the 30 ppm level recom- 
mended for beef cattle (NRC 1984) in August 1991, but not at 
any other date (Table 1). Average whole plant Zn concentrations 
were 18 ppm for western wheatgrass and other cool-season grass- 
es, 20 ppm for bromes and 31 ppm for forbs. These results are 
similar to those of Munshower and Neuman (1978) who found 
that forage grasses grown in southeastern Montana averaged 17 
ppm Zn. Zinc concentrations did not vary by date in whole plants 
of other grass or forb species groupings, differing from the results 
of Murray et al. (1978), who found that Zn concentrations 
decreased throughout the growing season for downy brome, 
Sandberg’s bluegrass, and needle-and-thread grown in southern 
Idaho. 

Concentrations of Zn in live and dead tissue of all species 
except live warm-season grasses and forbs were below concentra- 
tions recommended for optimal animal health Fable 3). Date 
influenced Zn concentrations in live and dead tissue of all species 
groups except forbs (data not shown). However, a tissue class X 
date interaction was observed for annual bromes and there was a 
tendency for this to occur for warm-season grasses. Although Zn 
varied, no real predictable pattern occurred during the growing 
season. 

Copper 
Whole plant Cu concentrations in annual bromes and sedges 

varied by date (Table l), although in annual bromes concentra- 
tions only ranged between 2 and 4 ppm. Sedges showed a high 
concentration of Cu in August 1992. These results differ from 
those of Murray et al. (1978), who observed significant changes 
in Cu concentrations among dates for Sandberg’s bluegrass and 
needle-and-thread but did not find consistent relationships for 
seasonal changes in Cu concentrations in downy brome. Copper 
concentrations in western wheatgrass, a major forage species, 
averaged 2 ppm for both live and dead tissue. This is well below 
the suggested level of 8 ppm for beef cattle (NRC 1984). Whole 
plant Cu averaged 7 ppm for other cool-season grasses, 4 ppm for 

warm-season grasses, and 13 ppm for forbs. 
Annual bromes were the only species with greater average Cu 

concentrations in live than dead tissue Qable 3). An exception 
was in June 1992, when both live and dead tissue contained 3 
ppm Cu. Sedges and forbs contained over 10 ppm Cu on several 
dates and could contribute appreciably to the Cu intake of cattle. 
These 2 species also exhibited date X tissue class interactions. 
Copper concentrations differed in the 2 tissue classes for forbs on 
all dates, but variation over time was greater for dead tissue 
(range <l to 21 ppm) compared to live tissue (range 9 to 14 
ppm). For sedges, Cu concentrations varied among tissue classes 
only in April and June 1992, with dead tissue containing greater 
amounts (22 and 11 ppm) of Cu than live tissue (5 and 3 ppm). 

Manganese 
Whole plant Mn concentrations of western wheatgrass were 

greater in April 1992 than at any other date (Table 1). Whole 
plant concentrations of Mn in annual bromes differed by date 
with April 1992 concentrations being greater than those in July 
and September 1991 and July, August, and September 1992. 
Manganese concentrations of other species were not affected by 
date and averaged 30 ppm for other cool-season grasses, 41 ppm 
for warm-season grasses, 53 ppm for sedges, and 76 ppm for 
forbs. Murray et al. (1978) were unable to develop equations 
relating date .to Mn concentrations in downy brome and several 
cool-season grasses. 

Western wheatgrass averaged 57 ppm Mn on the silty clay soil 
and only 37 ppm on the loam soil. More Mn may have been pre- 
sent at the root-soil interface for the clay soil as this soil con- 
tained more Mn (24 f 2.2 ppm) in the top 10 cm than the loam 
soil (10 f 1.0 ppm). 

With the exception of other-cool season grasses (Table 3), 
average Mn concentrations of both live and dead tissue were 
greater than suggested levels for beef cattle (40 ppm; NRC 1984). 
Large variation in Mn concentrations within species, however, 
would make it difficult to accurately predict Mn concentrations in 
an animal’s diet. Manganese content of annual bromes was not 
different between tissue classes except in April of 1992 and 1993 

Table 3. Least squares means f standard errurs of micmmineral concentrations (dry matter basis) by tissue class for forage specieslspecies groups in 
the Northern Great Plains. 

Species Tissue class No. of Dates zl 
Micronutrient 

cl’ Mll MO 

Western 
wllcatgrass 

Other cool- 
SeasOll grasses 

Warn-season 
grasses 

Annual bmmes 

sedges 

Forbs 

Live 
Dead 
Live 
Dead 
Live 
Dead 
Live 
Dead 
Live 
Dead 
Live 
Dead 

9’ 

6* 

6* 

4 

5 

5* 

-- -----________-__ _ ___ __ _ (pp”‘) _ _ _ - __ - - - - --- - -_ --- __- _ 

2&O-7** 2Ao.5 47io.9 1kO.l 
15i0.7 2io.s 49io.9 1io.l 
nt7.9 9i3.5 2k8.8 2AO.3 
16i4.1 4zt5.5 35i4.6 li0.2 
3Ok2.7 5*1.9 51*11.7 lti.2 
2h4.8 8i2.6 5OLt20.5 2i0.2 
24ko9** 6-+0.2** 9795.3** l&3 
17~1~0.8 3HI.2 6h7.5 2ztO.2 
23iO.5 8il.O 58k8.0 ‘la3 
21i0.6 12i1.3 62rtlO.O na 
3062.9 12Yl2.4 80.55.1 M 
2k4.5 653.9 68i7.8 na 

$bkans for cu include 7 dates. 
kam for Cu include 4 dates. 
l *Tiie clarses within a species and element differed f.P c 0.01). 
%I0 cmcentrations were below dcteetable levels for most samples. 
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when live tissue contained 1.7 and 2.2 times as much Mn as dead 
tissue which contained 70 ppm Mn in April 1992 and 54 ppm Mn 
in April 1993. 

Molybdenum was often below detectable concentrations (< 1 
ppm), limiting the number of values available for analysis. Soil 
MO averaged 0.2 ppm. Date affected MO concentrations in the 2 
tissue classes of western wheatgrass and annual bromes, resulting 
in date effects on whole plant concentrations in western wheat- 
grass, sedges, and annual bromes and a tendency for date to affect 
MO concentrations in warm-season grasses (data not shown). 
However, plant MO content ranged only from 1 to 2 ppm. 

Conclusions 

Nutrients most likely to be found in quantities less than that 
recommended for optimal animal production were P, K, Na, Zn. 
and Cu. From the results of this study, we conclude that tissue 
class plays a major role in influencing whole plant nutrient con- 
tent for all macronutrients except Na. Availability of different tis- 
sue classes may be used to assist in determining the mineral lev- 
els in cattle diets, especially with respect to P and K. 

The soil type on which forage grew affected concentrations of 
several nutrients. However, some of these effects were related to 
the effect of soil type on 1ive:dead ratios. For example, differ- 
ences among soils in P, Mg, K, and Na concentrations in whole 
plants of other cool-season grasses over time may have been due 
to a large difference between the 2 soils on different dates in the 
proportions of live and dead tissue comprising whole plant sam- 
ples. 
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Abstract 

Diffuse hnapweed (Centaurea diffusa Lam.) has reduced forage 
production, watershed quality, and hiodiversity, and increased 
soil erosion on millions of hectares of rangeland. Diiuse knap- 
weed has evolved mechanisms that allow it to dominate sites in 
nearly monotypic stands. Understanding these mechanisms may 
provide useful information in developing weed management 
strategies. Objectives of this study were to investigate interfer- 
ence, growth rates, and resource partitioning between early and 
late emerging diiuse knapweed seedlings. Seeds of diffuse knap- 
weed were planted 21 hlarch (early emerging) and 14 April (late 
emerging) 1993 in addition series mixtures with total stand densi- 
ties ranging from l,OOO-7,000 plants rn-‘. Shoots were harvested 
on 1 and 2 June 1993. The greatest interference was among co- 
emerging seedlings. Resource partitioning ratios (51 and 1398) 
indicated substantial partitioning between seedlings having dif- 
ferent emergence dates. Continuous seedling emergence may 
allow diffuse knapweed to occupy all available safe sites. 

Key Words: Centaurea diffusa, continuous seedling recruit- 
ment, interference, niche occupancy. 

Diffuse knapweed (Centaurea dijfusa Lam.) was introduced 
into North America and Canada from Eurasia around the turn of 
the century (Roche and Roche 1988). Since its introduction, dif- 
fuse knapweed has invaded millions of hectares of rangeland in 
the northwestern United States and adjoining Canadian provinces 
(Roche and Roche 1988, Watson and Renney 1974). In general, 
members of the genus Ceuraurea (knapweeds) form near mono- 
cultures, reducing biodiversity, wildlife and livestock forage pro- 
duction, and are detrimental to soil and water resources (Lacey et 
al. 1989, Maddox 1979, Myers and Berube 1983, Tyser and Key 
1988, Watson and Reuney 1974). 

Dense diffuse knapweed stands are believed to result from dif- 
ferential grazing resistance and altered competitive interactions 
between the knapweeds and preferred grasses (Briske 1990, 
Powell 1990). However, excellent condition rangelands are being 
invaded by knapweeds in the absence of livestock grazing 
(&huller 1992, Tyser and Key 1988). 
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Individual knapweed plants possess many traits that are advan- 
tageous over perennial grasses in site occupation. Intense compet- 
itiveness, rapid growth rates, large seed output, and extended 
growing periods all contribute to the successful domination of 
grasslands by knapweeds (Sheley et al. 1993, Sheley and Larson 
1994a, Sheley and Larson 1994b). 

Population characteristics also may provide insight into the 
monotypic domination of grasslands by diffuse knapweed. Seed 
development and release by diffuse knapweed allows continuous 
seed rain upon the soil surface (unpublished data, R.L. Sheley 
and L.L. Larson). Moreover, diffuse knapweed exhibits germiua- 
tion polymorphism which distributes seed germination over time 
(Nolan and Upadhyaya 1988). Life history models of diffuse 
kuapweed suggest that a conspecific hierarchy of plant size class- 
es result from continuous seedling emergence (unpublished data, 
R.L. Sheley and L.L. Larson). Continuous weed seedling recruit- 
ment into a population may be an important mechanism provid- 
ing intraspecific temporal resource partitioning and safe site 
occupation. 

Understanding the mechanisms which allow weeds to dominate 
rangeland provides the basis for identifying plant traits and popu- 
lation strategies of desirable species that may minimize weed 
invasion (Larson et al. 1994). Knowledge of these mechanisms 
may allow development of more effective and efficient manage- 
ment strategies. The objectives of tbis study were to compare the 
growth rate of seedlings of diffuse knapweed having 2 emergence 
dates, and to investigate interference and resource partitioning 
between early and late emerging diffise knapweed seedlings. 

Materials and Methods 

Study Sites 
Field studies were conducted during 1993 in southeastern 

Washington (site 1: 45” 57’ N, 119” 22’ W; site 2: 46” 2’ N, 119” 
26’ W) to evaluate the effect of emergence date on resource parti- 
tioning between diffuse knapweed seedlings. Study site 1 lies 
within the bluebunch wheatgrass (Pseudoroegneria spicata 
(Pursh.) Love)-needle and thread grass (Stipa comafa Trin. & 
Rupr.) habitat type. The soil, a Warden very fine sandy loam 
(coarse, silty, mixed, mesic, Xerollic Camborthids) has a 15 to 
30% southerly slope and an elevation of 450 m. Study site 2 is 
located within the bluebunch wheatgrass-Sandberg bluegrass 
(Poa saudbergii Vasey) habitat type (Daubenmire 1970). The soil 
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at this study site was a Ritzville silt loam (coarse, silty, mixed, 
mesic, Calciothiodic Haploxerol), with zero slope and an eleva- 
tion of 1,150 m. Average annual precipitation for study site 1 
ranges from 155 to 228 mm and 228 to 305 mm for study site 2. 

Both sites were dominated by diffuse knapweed at the time ;f 
the study. Seeds used to establish diffuse knapweed seedlings 
during the study were collected from the study sites during the 
summer of 1992. 

Temperature (maximum and minimum), precipitation (24 
hour), and soil water potential (MPa) were monitored daily at 
each site using the Washington Public Agriculture Weather 
System (Wright and Ley 1990). Data were summarized (means or 
totals) on 12&y intervals to correspond with experimental har- 
vest dates (Table 1) 

Table 1. Environmental conditions at study sites.’ 

Site Period (1993) Mean soil 
Total water Mean temrwature 

precipitation potential;? max. min. 

1 21 March - 2 April 
3 April - 14 April 

15 April - 26 April 
21 April - 8 May 
9 May - 20 May 

21 hlay - 1 June 

2 21 hfarch-2April 
3 April - 14 April 

I5 April - 26 April 
27 April - 8 May 

9 May - 20 hlay 
21 hlay - 1 June 

5 
5 
4 

8 
2 

11 

@fW - 
-0.04 
- 0.04 
- 0.08 
- 0.36 
- 0.90 

-292.80 

15 - 0.03 
6 - 0.03 

11 - 0.03 
9 - 0.03 
4 - 0.04 

12 -0.19 

-----“C ------ 

15.6 5.3 
18.1 4.4 
18.6 4.4 
15.0 4.4 
30.6 12.5 
25.1 10.8 

16.8 5.3 
14.3 5.3 
17.7 3.9 
17.1 9.1 
29.7 12.1 
23.7 10.4 

‘Environmental conditions were monitored daily. Twelve day values are presented dur- 
ing the study to correspond with ha-vest dates. 
*Soil water potential measured at 20 cm. 

Growth of Isolated Plants 
Isolated plants were established by broadcast seeding 50 dif- 

fuse knapweed seeds into 0.25 m* plots. The seeds were hand 
separated to provide a uniform distribution, and lightly covered 
(< 2 mm) with soil. Each plot was watered at the rate of 1 liter m2 
at the time of planting to synchronize germination and then 
thinned to a single individual 7 days after emergence. Plots were 
established on either 21 March (early emerging treatment) or 14 
April (late emerging treatment) 1993. Treatments (plots) were 
replicated to provide 5 harvest dates and 5 blocks in a random- 
ized-block-design (2 emergence dates, 5 harvest dates, 5 blocks). 
The experiment was conducted at each site. Harvest dates 
occurred on 1Zday intervals beginning 24 days after planting. 
Final harvest occurred on 1 June (site 1) and 2 June (site 2) 1993. 
Shoots were dried at 60°C for 48 hours and weighed. Data were 
analyzed as a split-plot using analysis of variance with site as the 
wholeplots and isolated individuals as subplots. Shoot weight 
comparisons between isolated early and late emerging seedlings 
were made using data from 24,36, and 48 days after planting. 

Interference and Resource Partitioning 
Mixtures of early and late emerging diffuse knapweed 

seedlings were grown to assess interference and resource parti- 

tioning between seedlings having 2 emergence dates. Mixtures 
of diffuse knapweed seeds were planted 21 March (early emerg- 
ing) and 14 April (late emerging), 1993 in 0.5 m2 plots using the 
same procedures described for the growth rate study. The majori- 
ty of seeds planted on 21 March emerged on 14 April and the 
majority of the seeds planted on 14 April emerged 8 May 1993. 
Diffuse knapweed seedlings were then thinned 7 days after emer- 
gence to provide an addition series (Spitters 1983). Early to late 
emerging seedling densities were 500:500, 500:1500, 500:2500, 
500:3500, 1500:500, 1500:1500, 1500:2500, 1500:3500, 
2500:500, 2500: 1500, 2500:2500, 2500:3500, 3500:500, 
3500:1500, 3500:2500, 3500:3500 plants rn-*. Early emerging 
seedlings were labeled on 16 and 17 April using a plastic color 
coded wire placed around their base. Density treatments were 
replicated 5 times to form a randomized-complete-block design 
(16 density combinations, 5 blocks) at each study site. Ten ran- 
domly selected early and late emerging plants from the interior of 
each plot were harvested on 1 (site 1) and 2 (site 2) June 1993. 
Harvested biomass was dried at 60°C for 4%hours and weighed. 
Rosettes harvested from plots with high and low densities had 
3-4 and 7-8 leaves, respectively. 

Addition series data were incorporated into multiple linear 
models using SPSSPC+ least squares regression procedures 
(SPSS., Chicago, Illinois) of the form: 

W1= Plo + P11N1+ PleNe 
where We and Wl were the average per-plant shoot weights for 
early and late emerging knapweed, respectively, and N, and Nl 
were their respective densities. Scatterplots of the residual vs. 
standardized predicted values were used to determine the homo- 
geneity of variances and degree of model fit. T-tests (PcO.05) 
were used to determine significance of the regression coeffr- 
cients. 

The regression coefficients pea and plo estimate maximum 
shoot weight of an isolated early or late emerging knapweed 
seedling, respectively. Regression coefficients p,, and fill esti- 
mate intraspecific interference among co-emerging seedlings. 
Interference between early and late emerging seedlings is esti- 
mated by the p 

“k 
and Pie regression coeffkients. Coefficient of 

determination (R ) values were calculated to indicate the propor- 
tion of the variation found in shoot weight (We or Wl) that was 
accounted for using plant density (N, and Nl). 

Coeffkient ratios, Pee&.1 and fill:&, were used to determine 
the relative influence of seedling emergence date on shoot 
weight. Zero was used for non-significant coeffkients in regres- 
sion models, and a constant of 0.0001 was used in ratio calcula- 
tions (Roush 1988). The [&c:~el/~le:~ll] double ratio was used to 
assess partitioning (niche separation) of resources between early 
and late emerging diffuse lmapweed seedlings (Connolly 1986). 
Deviations from unity indicate increased resource partitioning. 

Results and Discussion 

Growth of Isolated Individuals 
Analysis of variance showed that the accumulation of shoot 

weight was similar between early and late emerging knapweed 
seedlings at 24,36, and 48 days after planting and between sites. 
Differences in the accumulation of shoot weight at any specific 
harvest, therefore, were due to the duration of growth rather than 
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environmental effects for isolated individuals. Combined shoot 
weight increased with increasing harvest dates (PcO.OOOl), and 
were 1.5 f 0.4,4.1 + 1.7, and 14.6 2 4.7 mg for 24, 36, and 48 
days after planting, respectively. Mean shoot weight of the early 
emerging isolated knapweed seedlings was 141 k 14.2 mg 72 
days after planting. 

Interference and Resource Partitioning 
Analysis of variance of regression coefficients calculated from 

addition series data for each replication indicated the results were 
not significantly different between sites. However, data were not 
combined because of poor model fitness for the late emerging 
seedlings at site 2. 

The regression models indicated that co-emerging knapweed 
seedlings influenced their own shoot weight more than did 
seedlings emerging either later or earlier (Tables 2 and 3). On site 

Table 2. Multiple regression analysis’ for the prediction of shoot dry 
weight (mg) of early emerging diffuse knapweed seedlings*. 

Site pea Bee BeI BeelBel R2 
1 144.73 -0.034 0.0 340 0.77[0.77]3 

(4.78) (0.002) VW 
2 167.75 -0.0420 -0.0032 13 0.9 1[0.901 

(4.63) (0.0015) (0.0015) 

’ We = I&, + Pee!% + jW-3 
%he intercept Beo eshmatcd the shoot weight of an isolated early emerging knapweed 
seedling. Interference among early emerging seedlings is measured by the regression 
coefficient Pee The effects of interference between early and late emerging seedlings on 
early emegmg seedlings is estimated by pep Numbers in parentheses are standard errors 
for coefficients significantIy different from zero. 
%Tttmbers in brackets are the coefficient of determination (R’, vPues indicating the pro- 
portion of variability associated with early emerging knapweed shoot weight that was 
accounted for by the density of early emerging seedlings. 

1, early emerging seedling shoot weight was not influenced by 
the late emerging seedlings (Table 2). On site 2, the early emerg- 
ing seedlings had 13 times the effect of late emerging seedlings 
on the early emerging seedling shoot weight. The predicted shoot 
weight of isolated individuals emerging early was about 145 and 
168 mg for site 1 and site 2, respectively. Each 1,000 plants rn-* 
increase in early emerging seedlings reduced their shoot weight 
by an average of 38 mg. 

Later-emerging diffuse knapweed seedlings had about 4 times 
the influence on late-emerging seedling-shoot weight than did 

Table 3. Multiple regression analysis’ for the prediction of shoot dry 
weight (mg) of late emerging diffuse knapweed seedlings*. 

Site l-40 PI1 he Pll’Bk R2 

1 16.4 -0.0037 -0.0009 4.11 0.80[0.76]3 
(0.625) (0.0002) (0.0002) 

2 22.9 -0.0052 -0.0013 4.00 0.54[0.51] 
(1.02) (0.0005) (0.0005) 

‘WI = BIO + PIPI + &Fe 
%he intercept plo esttmated the shoot weight of an isolated late emerging knapwced 
seedling. Interference among late emerging seedlings is measured by the regression coef- 
ficient PIP ‘Ike effects of interference between wly and late emerging seedlings on late. 
emerging seedlings is estimated by f&. Numbers in parentheses are standard errors for 

ocfticients significantly different from zero. 
&I -. umbeh m brackets are the coefficient of determination (FL*) values indicating the pro- 
portion of variability associated with early emerging knapwecd shoot weight that was 
accounted for by the density of early emerging seedlings. 

early-emerging seedlings (Table 3). The predicted shoot weight 
of isolated individuals emerging late was 16.4 and 22.9 mg. A 
1,000 plant rn-* increase in late emerging seedlings reduced the 
predicted shoot weight of late emerging seedlings by 3.7 mg for 
site 1 and 5.2 mg for site 2. The same increase in early-emerging 
seedlings reduced the predicted shoot weight of later-emerging 
knapweed seedlings by less than 1.3 mg. 

The [~,,$,1/~1,$11] double ratio was 1398 and 51 based on 
shoot weight for site 1 and site 2, respectively (Table 4). This 
indicates that strong resource partitioning occurs between late 
and early emerging knapweed seedlings which may be central to 
the ability of this species to dominate rangelands in near-mono- 
typic stands. 

Table 4. Double ratio (Bee: ~el/~ie:@ assessing the resource partitioning 
behveen early and late emerging knapweed seedlings based on shoot 
weight.’ 

Site 

1 
(Be& Bel@ie:Bll) 

1398 

2 51 

‘Rrdios other than unity indicate ocurence of resource partitioning. 

It has been hypothesized that initial plant densities and timing 
of emergence have strong impacts on the dynamics of plant com- 
munities because they create asymmetries in plant size and 
resource capture (Grace 1990, Harper 1977, Ross and Harper 
1972, Weiner 1990). Asymmetric competition (Weiner 1990) or 
resource preemption (Grace 1990) is thought to occur because of 
a positive feedback between growth and resource capture (Grime 
1979, Harper 1977, Keddy 1990). In such a scenario, those indi- 
viduals emerging and establishing earlier possess a one-sided 
competitive advantage (Firbank and Watkinson 1987). Our 
research suggests that competition between diffuse knapweed 
seedlings is 2-sided. Earlier emerging diffuse lmapweed seedlings 
preempt resources and occupy safe sites proportional to their size, 
until all safe sites are captured, similar to that predicted by Ross 
and Harper (1972) and reported by Watts (1984). Early emerging 
seedlings do not encroach into areas already occupied by the 
smaller, later emerging plants, and further increase in size 
depends on vertical growth (Firbank and Watkinson 1987). In 
such a case, we speculate that the early emerging seedling roots 
extend deep enough into the soil that interference with late 
emerging seedling roots is minimized. Continuous seedling emer- 
gence allows diffuse knapweed to occupy all available safe sites 
with minimal interference from seedlings having diierent emer- 
gence dates. Species possessing mechanisms that allow continual 
seedling recruitment can capitalize on frequent but minimal peri- 
ods of precipitation, characteristic of arid lands, by controlling 
and occupying safe sites as they become available. 

Spatial pattern plays an important role in the mortality and 
flowering ability of diffuse knapweed. Mortality among seedlings 
and the number of non-flowering established plants increased 
with proximity to established plants (Powell 1990). Our study 
suggests that temporal pattern also may play a key role in the 
biology of diffuse knapweed. Using early and late emerging 
knapweed densities to predict shoot weight, the coefficient of 
determination (R*) was 0.77 and 0.80 (site 1) and 0.91 and 0.54 
(site 2) for early and late emerging lmapwced seedlings, respec- 
tively. Weldon and Slauson (1986) proposed that the R* values 
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generated from addition series regression models estimate the 
amount of the target plant’s response to interference. In our study, 
all regression models indicate that interference plays an important 
role in shoot growth of co-emerging knapweed seedlings (Tables 
2 and 3). We believe that spatial and temporal pattern interact to 
determine the outcome of interference and ultimately the success 
of diffuse knapweed individuals within the population. 

In a plant community, various species continually vie to occupy 
safe sites that are compatible with their requirements for survival. 
Collectively, these species determine the structure and function of 
the plant community. Those species with the ability to capture 
safe sites and provide maximum community structure and func- 
tion dominate (Larson et al. 1994). We speculate that diffuse 
knapweed, a semelparous perennial (Thompson and Stout 1991), 
has the ability to monotypically dominate rangelands, in part, 
because it continuously occupies safe sites and the hierarchy of 
size classes within the population maximizes plant community 
strncture. 
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Abstract 

Broom snakeweed [Gutierrezia sarofhrue (Pursh) Britt. & 
Rushy] is a rangeland weed widely distributed in the western 
United States. Picloram (4-amino-3,5,6-trichloro-2-pyridinecar- 
bo.sylic acid) uptake and picloram-induced ethylene production 
by broom snakeweed grown in the field were determined every 2 
to 4 weeks over 36 months. For each collection date, picloram 
uptake and concentration in the tissue ranged from 1.5 to 46.2% 
of applied and 0.2 to 4.7 nmol g-r fresh wt, respectively. Of the 
measured environmental variables, average precipitation and 
average minimum temperature 7 days prior to treatment best 
predicted picloram uptake and concentration in the tissue, sug- 
gesting that warmer temperatures and precipitation previous to 
application contribute to picloram uptake. Average minimum 
temperature alone also provided a good predictor for picloram 
concentration in the tissue. For each collection date, picloram- 
induced ethylene production by total tissue ranged from 50 to 
791% of control. Picloram-induced ethylene production by total 
tissue was best predicted by the precipitation and miniium tem- 
perature 7 days prior to treatment and picloram concentration in 
the tissue. Therefore, the amount of picloram absorbed and the 
environment prior to application both contribute to the physio- 
logical sensitivity of broom snakeweed to picloram. Picloram 
uptake and picloram-induced ethylene production were greatest 
in July and August, when plants were in the phenological stages 
of shoot regreening or flower bud emergence and when tempera- 
tures and precipitation were high. Previous field studies have 
shown broom snakeweed is most responsive to field picloram 
application in the post-bloom stage from October to December or 
in April and May with high moisture and soil temperature condi- 
tions; therefore, it appears that changes in uptake and physiolog- 
ical sensitivity as measured by picloram-induced ethylene pro- 
duction are not the only factors controlling differential sensitivity 
to picloram. 

Key Words: Gutierrezia sarothrae, herbicide absorption, 
picloram-induced ethylene, ethylene, temperature, precipita- 
tion. 
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Broom snakeweed [Gutierrezia sarothrae (Pursh) Britt. & 
Rusby] is a suffrntescent shrub widely distributed in the western 
United States from Canada to northern Mexico (Lane 1985). This 
weed interferes with forage production (McDaniel et al. 1982) 
and is poisonous to livestock (McDaniel and Duncan 1987). 
Picloram (4-amino-3,5,6-trichloro-2-pyridinecarboxylic acid) is 
the primary herbicide used for control of broom snakeweed but 
control using herbicides varies (McDaniel and Duncan 1987). 
Differential herbicide uptake into the plant may explain some of 
this variability. Picloram uptake by broom snakeweed leaves has 
been characterized in laboratory studies; uptake was complete 
within 15 min of application and increased with temperature or 
relative humidity at and following application (Sterling and 
Lownds 1992). 

Picloram is an auxin-like herbicide, inducing ethylene produc- 
tion (Fedtke 1982) followed by morphological changes such as 
epinasty (Hall et al. 19SS). Induction of the plant hormone ethyl- 
ene in plants is dependent on environmental conditions and stage 
of plant growth (Yang et al. 1990) and the role picloram-induced 
ethylene production plays in picloram action is unclear Fedtke 
1982, Hall et al. 1985). Auxin-induced ethylene production has 
been suggested as an index of auxin or auxin-like herbicide 
uptake (Lownds et al. 19X7). Understanding the effects of envi- 
ronment prior to application on picloram uptake may enable 
ranchers to increase the efficacy of their herbicide applications. 
Therefore, the specific objectives of this study using field-grown 
broom snakeweed plants were to examine the relationship 
between picloram uptake by broom snakeweed leaf tissue and 
temperature and precipitation prior to herbicide application and 
the relationship between picloram-induced ethylene production 
by broom snakeweed and herbicide uptake, temperature and pre- 
cipitation prior to herbicide application. 

Materials and Methods 

Time-course of Picloram-induced Ethylene Production 
Broom snakeweed plants (ca. 20 cm tall) were collected in May 

1990 from the USDA-ARS Jomada Experimental Range located 
ca. 30 km northeast of Las Cmces, N.M. Plants were transplanted 
by placing the root ball containing field soil into 15-cm diameter 
pots containing potting soil (Terra-Lite Metro Mix 350, W. R. 
Grace & Co., Memphis, Term. 38103). Plants were maintained in 
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the greenhouse, fertilized weekly with 2.5 g liter-’ 20:10:20 
(N:P:K) and watered daily until herbicide application. This experi- 
ment was performed 8 months after transplanting in January 1990 
and repeated in June 1990, 13 months after transplanting. 
Individual plants were sprayed with formulated picloram at 0, 
0.14,0.28, and 0.56 kg ae ha*’ in a carrier volume of IS7 liter ha-’ 
using a backpack sprayer. Soil was covered with vermiculite to 
prevent herbicide application to soil; vermiculite was removed 
immediately after herbicide application. 

Ethylene production by excised shoot tips (ca. 10 cm long) was 
measured at 0, 24, 48, 72, 120, and 16X hours after herbicide 
treatment. At each time point, tissues were weighed and placed in 
IO-ml test tubes and capped. Tubes were incubated at 30°C for 2 
hours after which ethylene production was determined by remov- 
ing a l-ml headspace sample and ethylene quantitated using gas 
chromatography as described by Morrison et al. (1995). Plant 
injury was visually rated weekly for 16 weeks after treatment. 

The experiment was arranged as a randomized-complete-block 
design with 3 replications. Treatments were 4 rates of picloram 
and plants were blocked by size and location in the greenhouse. 
Data were subjected to analysis of variance. Because the treat- 
ment by date interaction was not significant, data from the 2 
experiments were combined. Means and standard errors were cal- 
culated on the combined data. 

Herbicide Uptake and Induced Ethylene Production in the 
Field 

Twenty-four plants were permanently marked near the Coop 
Well (32”34’S”N, 106”48’39”W) on the USDA-ARS Jornada 
Experimental Range; 3 parallel transects running south to north 
within a 60- by 20-m area each contained 1 set of 8 individual 
plants chosen so the first plant of each transect was of uniform 
size and location (near south end of transect) and the second plant 
of each transect was of uniform size and location (north of first 
plant from each respective transect), repeating through the eighth 
plant of each transect of uniform size and location, near the north 
end of each respective transect. Every 2 to 4 weeks from April 
1990 through April 1993 between 0800 and 1000 hours MST for 
a total of 66 dates, 2 stems (ca. 10 cm long and ca. 0.2 g fresh 
weight) were excised from each of 8 plants from 1 set. Green 
stems were excised from a similar position on each of 8 plants 
within 1 plant set for each specific harvest date with sampling 
from the entire plant across the course of the experiment. Two 
additional sets of 8 plants were used when the plants of the first 
set no longer possessed enough stems due to sampling or her- 
bivory. Cut stem ends were submerged in 15ml vials containing 
2-ml distilled water and all samples were brought to the lab and 
treated within 2 hours of excision. Phenological stage (Depuit 
and Caldwell 1975) was estimated from photographs of plants 
taken on treatment dates. 

Picloram was applied using methods modified from Sterling 
and Lownds (1992). Picloram was applied as its potassium salt in 
five 0.25 p.l droplets (770 pm diam) per leaf to the adaxial sur- 
face of 2 leaves located 2 to 3 cm from the shoot apex of each of 
the 8 stems within a plant set. An additional 8 stems from respec- 
tive plants within the same plant set served as untreated controls 
for baseline ethylene determination. Treatment solutions con- 
tained 266 MBq ml’ of picloram-2,6-“C and unlabelled-picloram 
(> 99% purity) to reach a final concentration of 6.2 mM (equiva- 
lent to 0.25 kg ae ha*’ at 187 liters ha-‘) with equimolar KOH to 
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solubilize picloram acid, obtaining a final pH of 9.5. Immediately 
following droplet application, stems were placed in a growth 
chamber at 28/2O”C day/night temperatures and 50 + 5% relative 
humidity; photoperiod was 16 hours with a light intensity of 150 
pE rn-’ s-r photosynthetic photon flux. Twenty-four hours after 
treatment, treated leaves were removed from the stems and sur- 
face picloram residue was removed with two l-ml rinses of 50% 
aqueous methanol. Stems were separated into treated leaves and 
untreated (other) tissue and ethylene production was determined 
for each as described above. Tissues were weighed and oxidized 
and radioactivity in each sample was quantitated using liquid 
scintillation spectrometry as described by Sterling and Lownds 
(1992). Recovery of radiolabel applied was > 93%. 

Daily maximum and minimum temperature data were obtained 
from the USGS (Desert Winds Project, Flagstaff, A&.) meteoro- 
logical station located 0.9 km northeast of the study site (Table 
1). Precipitation was recorded daily at the study site . 

Values for picloram uptake and picloram-induced ethylene pro- 
duction for each collection date were averaged and standard 
errors were calculated. In addition, multiple regressions were 
developed for picloram uptake expressed as percent of picloram 
applied or picloram concentration (nmol picloram g-’ fresh 
weight) in leaf, other and total tissue, and using as predictor vari- 
ables average precipitation (cm) andfor one of average maximum, 
minimum, and average daily temperature (“C) averaged over 1,2, 
7, or 14 days prior to application. Similarly, picloram-induced 
ethylene production [loglO(nl h’ g-’ fresh weight + l)] by treated 
leaf, other tissue or total tissue as a percent of respective control 
(untreated leaf, other or total tissue), was modeled using as pre- 
dictor variables picloram uptake (percent of picloram applied) or 
picloram concentration (nmol g-’ fresh weight) and/or average 
precipitation (cm) and/or one of minimum, maximum, and aver- 
age daily temperature (“C) and precipitation (cm) averaged over 
1, 2, 7, or 14 days prior to application. The set of plants from 
which tissue was collected did not influence picloram uptake or 
picloram-induced ethylene production; therefore, data for each 
plant set were pooled for analysis. Finally, an analysis of variance 
was conducted to compare months for picloram uptake and 
induced ethylene production. When the analysis of variance F test 
was significant, month means were separated using Least 
Significant Difference. 

Results 

Ethylene Time Course 
Picloram-induced ethylene production by whole plants 

increased 20- to 45-fold over time compared to the control, satu- 
rating between 72 and 120 hours after treatment for each piclo- 
mm concentration applied (pcO.05) (Fig. 1). At 24 hours, the 2 
highest rates of picloram-induced ethylene production were ca. 
20-fold over the control. Plants treated with the 2 higher rates 
died within 4 weeks and those treated with the lower rate died 
after 16 weeks (data not shown). Picloram-induced ethylene pro- 
duction 24 hours after treatment was linearly related to visual rat- 
ings of plant chlorosis from 24 hours to 16 days after treatment, 
averaged across picloram rates [chlorosis = -6.0 + 0.95(ethylene 
production); r = 0.84; P=O.OOl]. Therefore, for the following 
experiment, ethylene production was measured after 24 hours as 
an indicator of broom snakeweed’s physiological sensitivity to the 
herbicide. 
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Table 1. Study period’ and long-term’ averages for monthly precipitation and average daily maxhnum and minimum temperatures per month near 
the Coop Well on the USDA Jomada Experimental Range. 

Weather Time 
parameter period Jan. 

Month 
Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. ‘Nov. Dec. Total 

Precipitation 

Minimum temperature 

Masimum temperature 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -  _- - - -  -  -  -  -  -  _ -  -  -  -  -  -  -  -  -  -  -  --(cm)- -  -  -  -  -  -  -  -  -  _ -  -  -  -  -  -  -  -  -  -  -  -  _ -  -  -  -  -  -  -  -  -  - -  - -  -  -  -  

Long-term2 1.2 0.7 0.6 0.3 0.5 1.2 4.0 4.7 3.6 2.5 1.3 1.7 22.3 
Study periocl”4 2.0 1.0 0.8 0.9 2.9 1.9 5.9 5.6 3.5 2.0 1.1 4.8 32.4 
19904 - - 0.9 1.6 1.1 0.0 6.4 4.6 5.6 0.3 1.7 1.6 - 
1991” 0.9 1.8 0.6 0.0 0.1 5.7 7.2 7.2 4.3 1.3 1.4 9.5 40.0 
19924 3.4 0.3 1.2 1.5 7.5 0.0 4.2 5.1 0.5 4.3 0.1 3.4 31.5 
19934 3.4 1.2 0.2 0.4 - - - -- -- - - -- -- 
-----------------------------------------(”C)----------------------------------------- 
Long-term2 -3.4 -1.4 1.6 5.5 9.7 15.1 18.6 17.6 13.6 6.6 -0.1 -3.1 - 
Study period” -4.0 -2.4 0.0 4.0 9.2 13.4 17.0 16.0 12.5 4.6 -1.8 -3.5 - 
19903 - - 1.2 6.1 8.9 17.2 17.5 15.4 14.4 4.0 -0.3 -4.5 - 
19913 -3.5 -1.1 -0.6 2.9 7.9 12.0 17.5 16.8 12.3 4.5 -1.1 -2.5 - 
19923 -5.2 -2.4 -0.1 4.1 10.7 10.9 15.8 15.9 11.0 5.3 -3.9 -3.4 - 
19933 -0.1 -1.1 -0.6 3.1 - - - -- I_ - - - - 
Long-term’ 14.2 16.9 20.5 25.0 29.6 34.4 34.3 33.1 31.3 25.3 18.9 14.1 - 
Study period” 13.1 17.2 20.6 26.6 28.8 36.0 34.5 32.5 31.1 27.4 18.0 13.0 - 
19903 - - 20.7 26.4 27.5 38.6 34.4 32.3 30.3 26.9 19.5 13.5 - 
19913 13.4 IS.3 19.1 25.6 31.1 34.7 32.6 30.9 29.5 27.4 17.4 13.0 - 
19923 11.4 17.1 20.5 27.8 27.9 34.7 36.4 34.4 33.6 27.9 17.2 12.4 - 
1993’ 14.3 17.1 22.1 26.6 _ _ _I _-_ -_ -  -  -  -  

‘April 1990 to April 1993. 
%birty year (1959 to 1989); Source: National Oceanic and Atmospheric Administration. 
%ource: USGS hleteorologicl Station equipped by the Desert Winds Project in Flagstaff, Ark 
“Source: Dr. Robert Gibbets. USDA-AR& Las Cruces, N.hl. 

Picloram Uptake and Induced Ethylene Production in the 
Field 

Picloram uptake by field-collected broom snakeweed tissue 
varied with collection date (Fig. 2). Average picloram uptake by 
total tissue on each date ranged from 1.5 to 46.2% of applied with 
an overall mean of 11.4% of applied and from 0.17 to 4.65 nmol 
g-’ fresh wt with an overall mean of 1.09 nmol g-’ fresh wt. 
Approximately 73% of absorbed picloram remained in treated 
leaves with 27% of absorbed in other, untreated tissues (data not 
shown). 

Average picloram-induced ethylene production was greater in 
leaf tissue compared to other tissue. Average picloram-induced 
ethylene production by leaf tissue for each collection date ranged 
from 80 to 1.5 X lo’% of control with an overall mean of 8,700% 
of control and for other tissue ranged from 40 to 680% of control 

soo- w Control 
- 0.14 kg ac ha-’ 
- 0.26 kg oe ha-’ 

4oo- - 0.56 kg ac ha-’ 

TIME AFTER TREATMENT (hour) 

Fig. 1. Picloram-induced ethylene production over time by green- 
house-grown broom snakeweed plants sprayed with increasing 
picloram rates. Each value is the average of 6 replications f SE. 

with an overall mean of 145% of control (data not shown). 
Average ethylene production by total tissue for each collection 
date ranged from 50 to 791% of control with an overall mean of 
175% of control (Fig. 3). These values are similar to ethylene 
production induced in picloram-treated greenhouse plants after 24 
hours (Fig. 1). Control values for picloram-induced ethylene pro- 
duction were not different over collection dates (data not shown). 

Picloram uptake and picloram-induced ethylene production 
varied with month, an approximation for stage of plant growth 
(Table 2). Average picloram concentration per month was over 7- 
fold greater in July and August compared to March when uptake 
was least (PcO.05; Table 2). In addition, picloram uptake as per- 
cent of applied picloram was greatest in July and August as well 
as January compared to most other months. Average picloram- 
induced ethylene production by total tissue per month was great- 
est in August at more than 400% control (PcO.05) (Table 2). 

To determine relationships between environmental conditions 
previous to treatment and picloram uptake or induced ethylene 
production, precipitation and temperature 1,2,7 or 14 days prior 
to application, picloram uptake and picloram-induced ethylene 
production were modeled. The best regression equations for 
uptake and picloram-induced ethylene production were generated 
from precipitation and temperature averaged over the 7 days prior 
to treatment compared to precipitation and temperature averaged 
over 1,2, or 14 days prior to treatment (data not shown). Positive 
relationships were found between the predictors average precipi- 
tation and minimum temperature 7 days prior to treatment and the 
picloram responses, picloram uptake expressed as percent of 
applied (P=O.OOOl; R2=0.201) and concentration (nmol 6’ fresh 
wt) (P=O.OOOl; R2=0.247) (Table 3). Alternatively, average mini- 
mum temperature alone was positively related with picloram con- 
centration (P=O.OOOl; R*=O.235> (Table 3). Consistent with these 
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Table 2. Picloram uptake by broom snakeweed tissue after U-hour incubation averaged over month for a 36month period. 

Picloram-induced 
Approximate ethylene production 
stage of by total tissue 

Month growth' Picloram uptake (% of control) 
(nmol g-’ fresh wt) (% of applied) (nl h’ 6’ fresh wt) 

Jail. Winter dornmcy 0.86 (0.19) bc* 16.1 (1.7) bc 157 bc 
Feb. Winter dornmcy 0.63 (0.19) ab 11.9 (1.6) ab 155 bc 
Mar. Shoot regreening 0.29 (0.17) a S.2 (0.2) a 146 bc 
Apr. Shoot regreening 0.61 (0.16) ab 10.1 (1.4) a 140 bc 
May Shoot elongation 0.90 (0.17) bc ll.O(l.4)a 101 c 
JUII. Leaves die back 1.12 (0.16) cd 9.8 (1.3) a 15s bc 
Jul. Shoot regreening 2.10 (0.16) e 15.1 (1.4) bc 212b 
Aug. Floral buds emerge 2.03 (0.16) e 18.3 (1.4) c 423 a 
Sep. Flowering 1.41 (0.15) d 11.5 (1.3) a 172 bc 
Oct. Fruit developing 1.41 (0.13) d 10.2 (1.1) a 132 c 
Nov. Shoot die back 0.84 (0.17) bc 10.2 (1.5) a 131 c 
Dec. Wiiter donuancy 0.73 (0.1s) b 12.8 (1.6) b 15X bc 
‘Phenologicnl <Iages of growth (Depuit aad Catdwell 1975). 
*Each value is the average (numbers in parentheses are the standard errors); means within a colunm followed by same letter do not differ (PAl.05). 

positive relationships, picloram tissue concentration was greatest uptake, it is important to note that over 36 months and a range of 
when treated during July and August (Table 2), months with the conditions, picloram-induced ethylene production was related to 
highest precipitation and high temperatures (Table 1). picloram uptake (Table 3). 

Picloram-induced ethylene production by leaf tissue was not 
predicted well by any of the predictors evaluated (P>O.O74 for all 
models) (Table 3), possibly due to high levels of picloram in the 
leaf tissue resulting in saturation of picloram-induced ethylene 
production. Picloram-induced ethylene production by other tissue 
was best predicted by precipitation, average maximum tempera- 
ture 7 days prior to treatment and percent of applied picloram 
translocated to other tissue (P=O.OOOl; R*=O.162) (Table 3). 
Picloram-induced ethylene production by total tissue was best 
predicted by the minimum temperature and precipitation 7 days 
prior to treatment and picloram concentration in total tissue 
(P=O.OOOl; R*=O.226); however, average precipitation 7 days 
prior to treatment and picloram concentration predicted ethylene 
induction similarly (P=O.OOOl; R*=O.224) (Table 3). Therefore, 
the amount of picloram absorbed and the environment prior to 
application both contribute to the ethylene production response of 
broom snakeweed to picloram. While picloram-induced ethylene 
production was best modeled using temperature, precipitation and 

Discussion and Conclusions 

The amount of picloram absorbed and the environmental condi- 
tions, precipitation and temperature, prior to application con- 
tributed to the physiological sensitivity of broom snakeweed to 
picloram as measured by picloram-induced ethylene production. 
In general, picloram uptake and the induced response, ethylene 
production, were greatest after high temperature and precipitation 
7 days prior to herbicide application, corresponding to the pheno- 
logical stages, shoot regreening and flower bud emergence during 
July and August in southern New Mexico. Specifically, picloram 
uptake (percent of applied and tissue concentration) was positive- 
ly related to average minimum temperature and precipitation 7 
days prior to treatment, and picloram-induced ethylene produc- 
tion by total tissue was positively correlated with picloram tissue 
concentration and average precipitation and/or minimum temper- 

z 
t > ‘0 

0 
1990 1991 1992 1993 

Fig. 2. Picloram uptake (percent of applied) by field-grown broom snakeweed tissue after %-hour incubation for each collection date over a 
36-month period. Each value is the average (4 SE are represented by bars). 
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ature 7 days prior to treatment (Table 3). Both picloram uptake 
and picloram-induced ethylene production were greatest during 
the months of July and August, months with high precipitation 
and temperatures (Table 2). 

If we interpret the relation between induced ethylene and pido- 
ram concentration as ethylene production being a picloram- 
induced response in broom snakeweed as it is in other species 
(Hall et al. 1985) and for other auxins (Lownds et al. 1987, Yang 
et al. 1990), it may be important in picloram efficacy. The rela- 
tionship between picloram uptake and ethylene production sug- 
gests that measuring ethylene production 24 hours after treatment 
may provide an indirect measure of picloram uptake. In addition, 
since herbicide-induced ethylene production is in some species an 
important component of the overall herbicide response (Hall et al. 
1985), a differential ethylene response by broom snakeweed 
might also affect picloram efficacy. Picloram induced marked 
epinasty and chlorosis of broom snakeweed plants, responses 
which would likely result in reduced photosynthesis, as measured 
in other species (Woodrow and Grodzinski 1989). Finally, pro- 
longed high ethylene production (Fig. 1) would require realloca- 
tion of plant resources to ethylene synthesis which could lead to 
further plant decline. 

Picloram uptake by broom snakeweed leaves averaged ca. 11% 
of applied over 36 months, a value similar to 15% of picloram 
applied to broom snakeweed plants grown in greenhouse condi- 
tions (Sterling and Lownds 1992). Average picloram uptake per 
application ranged from 2 to 46 % of applied (Fig. 2) with uptake 
increasing when temperature and precipitation prior to applica- 
tion were high (Table 2). Similarly, flux of the tracer, Rb phos- 

phate, across isolated cuticles was least for cuticles that had 
developed at lower temperature and/or lower light intensity com- 
binations (Reed and Tukey 1982). In contrast, 1-napthylacetic 
acid (NAA) penetration rates decreased across cuticles isolated 
from Pisum sativum leaves developed under decreased soil mois- 
ture content and relative humidity, conditions which increased 
cuticle thickness (Hunt and Baker 1982). Picloram uptake by 
leaves of Canada thistle (Cirsium arvense L.) (Lauridson et al. 
1983) or Russian knapweed (Centaurea repens L.) (Morrison et 
al. 1995) was unaffected by soil moisture previous to application 
and clopyralid acid uptake was not different for plants grown 
under low relative humidity or water stress conditions 
(Kloppenburg and Hall 1990). Therefore, herbicide uptake 
response by plants grown in different environmental conditions 
appears species, and likely compound, specific. 

In field studies in New Mexico and Texas, broom snakeweed 
was most responsive to picloram application in its post-bloom 
stage in warm temperature and moist soil conditions (Sosobee 
1985) and from October to December (McDaniel and Duncan 
1987) or in April and May in high moisture and soil temperature 
conditions (Gesink et al. 1973, Schmutz and Little 1970). These 
field results agree with our model in terms of increased uptake 
and ethylene production after periods of high moisture. In con- 
trast, October to December were periods of time when uptake and 
ethylene production were generally low in our study. This 
response would be predicted by our model based on low rainfall 
in 1990 and 1991 (Table 1). In contrast, rainfall was high in 
October and December in 1992 (Table 1) and correspondingly 
with high uptake and ethylene production (Fig. 2 and 3). In con- 

Table 3.Best regression equations for picloram uptake and picloram-induced ethylene production by broom snakeweed leaf tissue. Weather data are 
averaged 7 days before treatment. 

Dependent variable Estimated equation n P’ R2 

ti @= bg + blxl + bx2 + b3 x3) 
Picloram uptake (% of applied) Y = 9.187 + (18.548) precip’ f (0.178) mintemp 527 0.0001 0.201 

(O.f501)3 (3.017) (0.060) 
[o.ooo1]4 [O.OOOl] [0.0032] 

piclomm concentmtion ?= 0.669 + (1.003) precip + (0.064) mintemp 512 O.oool 0.247 
(mu01 g” fresh wt) (0.072) (0.361) (0.007) 

[O.OOOl] [0.0057] [0.ooo1] 

?= 0.748 + (0.068) mintemp 512 0.0001 0.235 
(0.066) (0.007) 
[O.OOOl] [O.OOOl] 

Ethylene induced in treated leaf None significant 370 XL0740 co.099 
[log10 (nl h” g-’ fresh wt + l)] 

Ethylene induced in other Y’= 1.786 + (0.2288) precip + (0.0062) maxtemp + (0.0063) (%I of applied) 370 O.oool 0.162 
tissue (0.059) (0.1299) (0.0021) (0.0017) 
Dog10 (nl h-’ g-’ fresh wt + I)] [0.ooo1] [0.0790] (0.0029] [0.00031 

Ethylene induced in total tissue ?= 1.946 + (0.423) precip + (0.0021) mintemp + (0.0745) nmol 8’ fresh wt 370 0.0001 0.226 
[log10 (nl h” 6’ fresh wt + I)] (0.027) (0.120) (0.0026) (0.0143) 

[O.OOu] [pOO5] ro.43141 [0.ooo1] 

<= 1.951+ (0.425) precip + (0.0793) nmol g-’ fresh wt 370 0.0001 0.224 
(0.026) (0.120) (0.0130) 
[0.ooo1] [0.ooo4] [0.ooo1] 

‘P is overall signitkace level for estimated equation. 
2Abbreviations: precip is average daily precipitation for prior 7 days; rnintemp is average daily minimmn temperatare for prior 7 days; maxtemp is average &ily maximum tempem- 
tare for prior 7 days; meantemp is average daily temperature (maximum + minimum +Z) for prior 7 days. 
3Nmnber; in parentheses below slope coefficients are standard error of estimate. 
“Numbers in brackets am Icvel of signiticaace for estimate. 
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Fig. 3. Picloram-induced ethylene production (nmol g* fresh weight) as a percent of control by field-grown broom snakeweed tissue after 24- 
hour incubation for each collection date over a 36-month period. Each value is the average (k SE are represented by bars). 

trast, rainfall was generally high in April and May (Table l), but 
uptake was average (Fig. 2) suggesting that increased picloram 
uptake and picloram-induced ethylene production probably are 
not the only factors controlling differential tolerance to picloram. 
This contrast may suggest that only small amounts of picloram 
uptake are necessary for efficacy such that even in conditions 
with low uptake, enough picloram is in the plant for herbicidal 
effects. In addition, picloram-induced response (ethylene produc- 
tion and/or length of time ethylene is produced) may vary with 
environmental conditions resulting in variable herbicide response. 
Specifics of this response and any role in herbicide efficacy will 
require further study. Alternatively, sensitivity differences across 
stages of plant growth may be related more strongly to differ- 
ences in picloram translocation during periods of nonstructural 
carbohydrate storage (Lym and Messersmith 1991, Sosobee 
1985) or to differences in picloram metabolism to nontoxic 
metabolites. Future studies will evaluate the role of picloram 
translocation and metabolism in picloram efficacy as related to 
stage of plant growth and environmental conditions previous to 
application. 

The best fit models explained a maximum of 25% of the vari- 
ability in picloram uptake or picloram-induced ethylene produc- 
tion but should be useful in predicting the best times to apply her- 
bicide to maximize uptake. Alternative predictive methods are 
based on calendar date for which there may be large differences 
in rainfall and temperature from one year to the next (Table 1) 
resulting in highly variable responses. In addition, other variables 
not used in these models might have influenced picloram uptake 
or picloram-induced ethylene production such as relative humidi- 
ty previous to application (Kloppenburg and Hall 1990) or plant 
water status at the time of application (Morrison et al. 1995). 
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Abstract 

Normally the oceanic climate of Scotland maintains soils at low 
levels of soil water deficit. Field data for such a year are present- 
ed and compared with those for an unusually dry year, with the 
objective of assessing to what degree dry spells might limit 
herbage production in upland pastures. One meter square plots 
were sampled on selected dates on reseeded pastures growing on 
each of 3 cambisols, each derived from different parent materi- 
als. The swards were unfertilized and maintained at nominal 
heights of 2,4,7, and 10 cm by cutting every 2 or 3 weeks to 
manipulate growth and demand for P and N. Overall yield was 
25 to 50% lower in the dry year compared with an average year. 
Peaks and troughs in growth rates, measured as yield at each 
cutting, and in P and N content, corresponded to changes in soil 
water deficit in the top meter of soil. The linear correlation coef- 
ficient between soil water deficit and growth rate was -0.894 (P = 
0.001). Although there was some variation in volumetric water 
content between sops, soil water deficits were similar in all the 
cambisols. Yields and nutrient contents were generally similar 
for herbage harvested from the 2 soils having basic parent mate- 
rial (one a eutric and one a dystric cambisol) and lower on the 
dystric cambisol derived from schists. The effects of water con- 
tent largely over-rode cutting treatments, demonstrating that dry 
spells occasionally occuring in the oceanic climate of Scotland 
can significantly affect grassland production. 

Key Words: soil water content, phosphorus, nitrogen, acid soils, 
cutting height 

Investigations on the effect of grazing, simulated by herbage 
cutting regimes, on a range of herbage characteristics have been 
reported by a number of workers. Barthram et al. (1992) and 
Grant and Barthram (1991) used the technique to manipulate 
clover composition of the sward, whilst Gding (1990) related 
cutting height to species composition and yield. In some work, 
the principal goal of cutting regime experiments was to relate 
yield to the nutritional quality of the herbage in terms of crude 
protein content and digestibility (Mayland et al. 1992, Reid 1962 
and 1968, Wilhns and Beauchemin 1991). Many studies involved 
the interaction of fertilizers (e.g. Frame 1973, Holliday and 
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Controller of Her hlajesty’s Stationery Oftice. The authors wish to thank S.M. 
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Wilman 1965, Orr and Laidlaw 1978), whereas some work was 
concerned with the effect of cutting regime on yield (Reid 1959, 
Wilbns 1991). 

In this paper, the effects of a range of cutting regimes on yield 
of mixed grassland are reported and comparisons are made 
between data for an average precipitation year and an unusually 
dry year. Cutting treatments were designed to manipulate herbage 
demand on soil water, and also soil P and N resources (Macklon 
et al. 1994). Experimental sites were established on 3 cultivated 
brown forest soils in the Upper Don basin in N.E. Scotland. No 
fertilizer additions were made during the study, the emphasis 
being on soil P and N supply and growth in an extensively man- 
aged grassland system. This study complements and extends that 
of Jones and Tinsley (1980), who also worked in the higher 
reaches of the Don Valley. The objective of the work was to 
investigate the significance of soil water in determining growth 
rates and P and N levels in upland pastures which rarely experi- 
ence soil water stress. Other soil and plant studies on the same 
experimental sites are reported in related papers (Shand et al. 
1994a,b, Macklon et al. 1994). 

Materials and Methods 

Site Characteristics and Herbage Components 
Sites characterized in Table 1, on cambisols in Glenbuchat, 

were fenced off in June 1988. Each enclosure was 10 m* within 
which was marked out a block of 24 plots, each a meter square, 
the whole area surrounded by a margin at least a meter wide. 
Until fenced, the Foudland site had been fertilized with 250 kg 
ha-’ 25:5:5 NPK annually. lnsch and Tarves were not fertilized in 
the year preceding fencing. In 1988 at Foudland and Jnsch sites, 
the pastures were 10 years old and at Tarves 7 years old. 

Depths of horizons A and B, pH and organic matter content (% 
loss on ignition) are given for each site (Table 2). All pasture 
sites were classified as Lolio-cynosureturn associations 
(Robertson 1984). Sward components are given in Table 3. 
Ephemeral species made up only a small proportion of the sward 
and cutting, followed by raking, minimised the build up of sce- 
nescent material. 

Herbage Treatments 
Cutting regimes were imposed to a 2,4,7, or IO-cm stubble on 

4 plots selected randomly at each site. Cutting started after sites 
were enclosed in 1988 and from early May during 1989. No graz- 
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Table 1. Site locations and soil characteristics for plots from which herbage was harvested in Glenbuchat. 

s ‘ltlvpe 
UK’ “’ us* 

Parent 
material 

Soil 
association 

National grid 
reference Elevation Slope Aspect 

Eutric Typic 
cambisol cryochrept 

Dystric 
cambisol 

Dystric 
clyochrept 

Dystric 
cambisol 

Dystric 
cryochrept 

Basic rocks 
and derived 
drifts 

Insch3 NJ 346195 
(ml 
411 

(Deb& 
8 SW 

Intermediate 
and basic 
gneiss and 
derived 
drifts from 
acidic and 
basic rocks 

Tarves3 NJ 348184 377 15 SW 

Fine-grained 
schists and 
derived 
drifts 

Foudland3 NJ341195 396 10 E 

‘Soil terminolo~ follows that adopted by the UN Food zind Agricnl~re Org3nisjtion. and European us3ge. 
*BM on Rape and Clavden f1973). 
+Soil Somy ~kcotlani(196iJ). 

ing had occurred since 1987. Cutting heights were estimated by 
the use of quadrats with frames fitted to the appropriate height for 
each cutting treatment. The quadrats (50 cm X 50 cm) were 
placed centrally in each plot, while herbage was cut and harvest- 
ed. The whole 1 m* of each plot was then cut to the appropriate 
treatment height and the cuttings discarded. Harvested herbage 
was oven dried at 70°C for 48 hours, weighed, milled using a 0.4 
mm screen and prepared for analysis. 

Chemical Analysis 
For P analysis, herbage subsamples (0.25 g) from well mixed 

millings of each sample, were ashed at 500°C overnight. The ash 
was dampened with distilled water before addition of 4 ml of 6M 
redistilled HCl. After evaporating to dryness and rewetting with 
concentrated HCI several times, extracts were taken up in 340 
mM HCl, and after filtering, made to a suitable volume. Total 
phosphorus was determined by ICP spectrometry. Total nitrogen 
was estimated on subsamples of the milled herbage using a 
C/H/N analyzer (Carlo Erba Instrumentazion, Milan, Italy). To 
determine pH (Table 2), 10 g of field moist soil were added to 20 
ml distilled water and shaken overnight before measurements. 

Meteorology 
Rainfall was measured by automatic funnel gauges (Fig. 1). Air 

temperatures were not measured at Glenbuchat, but published 

Table 2. Soil profile details for plots from which herbage was harvested 
in Glenbuchat. 

values for Glenlivet (9 km NW) and Insch (23 km ENE, and in 
the same prevailing airstream, were adjusted for altitude (0.6” per 
lOOm, Meteorological Office Monthly Weather Reports) and 
extrapolated to Glenbuchat. Air temperatures were measured at 
1.5 m above ground level. 

Soil Water 
Volumetric soil water content was measured in the field by a 

neutron probe technique (McGowan and Williams 1980). Three 
replicate permanent neutron moisture meter access tubes were 
installed to approximately 1 m depth, as described by Howse 
(1981), at each site. Volumetric water content down the profile 
was measured with a Wallingford moisture meter at monthly 
intervals in 1988 and 1989. Neutron probe data were converted to 
water content values from a calibration curve established using a 
Wallingford probe (Bell 1976). Soil water deficits (for monthly 
intervals) were calculated by subtracting profile water content 
from field capacity values determined using a pressure sensor 
(Thies Clima, GGttingen, Germany) to measure the pressure 
inside septum tensiometers (Hendrickx 1990). Six tensiometers 
were installed on the plots maintained at 4-cm sward height, at 
each site at 3 depths (X 2 replicates). 

Statistical Methods 
For yield and P and N content, variability in the data is shown 

in the figures by bars indicating the standard error of the mean 

Table 3. Species composition of mixed grassland sites; June 1989. 

Site Horizon 
Depth of 
horizon PH loss on ignition3 

Species 
Insch 

Sites 
Tames Foudland 

(cm) 
Insch A O-26 

B 26-54 

Tarves A O-30 
B 30-60 

Foudland A O-23 
B 23-52 

=An index of or&w&z m;lner content 

(%I 
5.62 13.6 
5.81 6.1 

5.77 11.6 
5.79 6.9 

5.46 11.5 
5.65 7.3 

cynosurus cristutus L. 
Lolium perenne L. 
Arrhenatherum elatius L. 
Phleum pratense L. 
Dactylis glomerata L. 
Trifolium repens L. 
Bellis perennis L. 
Ranunculus repens L. 

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

45 30 30 
5 20 20 

- 5 10 
- 5 - 
35 5 10 
5 20 15 
5 10 10 
5 5 5 
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Fig. 1. Monthly ralufall and mean air temperature values during the 
1988 and 1989 growing seasons. Mean air temperatures are based 
on Meteorological Oilice data (by permission). 

(~4). Significant differences in soil water data were determined 
using analysis of variance (n = 10). When the mean effect of the 
treatment was significant, least significant differences were cal- 
culated using the t-test. A linear correlation between soil water 
deficit and growth (yield, kg ha-’ day-‘) in the period following 
each soil water deficit measurement, for plots maintained at 4 cm 
height, was calculated on the basis of 9 values (taken from all 
sites during the growing season). 

Results and Discussion 

Soil Water 
In 1989 rainfall was much lower than the average experienced 

in 1988 (Fig. 1). It seemed likely that water availability could 
become the limiting factor for growth after the spring flush, as 
demonstrated for ryegrass/clover swards by Appadurai and 
Holmes (1964), using a range of irrigation rates. This view was 
confirmed by a significant correlation between yield and soil 
water deficit across the 3 experimental sites in 1989 (r = -0.894, 
P = 0.001). No significant correlation between yield and soil 
water deficit was found in 1988 for which measurements were 
made only in August and October (Fig. 2). 

Soil water deficit data (Fig. 2) revealed an increasing deficit 
during May, as sward growth accelerated, and then a reduction 
before the secondary peak in growth related to a brief rainfall 
event at the end of June. From this point on, soil water deficit 
continued to increase much beyond the modest level of August 
the previous year. 

In terms of water content, the Foudland soil was wetter than the 
other 2 sites for most of the year (Fig. 3). The 26 July date was 
chosen to represent profile differences at one of the driest times. 
The 3 depths O-15,15-25, and 25-35 cm were significantly wet- 
ter at the Foudland site than at the other 2 sites at this date (Z’ < 
0.05). The total profile to 95 cm depth was also wetter at the 
Foudland site than the other 2 sites at this date (P < 0.05) and for 

Fig. 2. Soil water deficit (mm water to 95cm depth) at Insch 
-o-, Tarves --a--~ and Foudiand -Ci-- sites throughout the 
study period. Values are means (n=3) and no significant diier- 
ences between sites were found at any date. 

most of the growing season (data not shown). However, no sig- 
nificant difference in soil water deficit occurred between these 
sites at any date (Fig. 2). 

Herbage Growth 
Enclosure of the ungrazed experimental sites was not complet- 

ed until June 1988. Therefore the first cut and harvest represented 
growth for the first entire month of the growing season (Fig. 4). 

OS 

g40 
c 

‘fit80 - 

80 . 

1 1 
I5 i0 25 

Vdtmtric water content [x] 

Fig. 3. Volumetric water content (%) down the profiie on 26 July 
1989 at Insch (0), Tarves (a), and Foudiand (U) sites. Values are 
means (n=3) and * denotes where values were signiiicantiy differ- 
entat P< 0.05. 
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Fig. 4. Yields of herbage harvested at each cut to nominal heights (A) 
Zcm and (B) 4cm, in 1988. Insch -o-, Tarves +.**@**.., Foudland 
. ..tJ . ..* Bars show standard errors of means (n=4). 

Although rainfall was low in June, growth was sustained by soil 
water reserves accumulated during the previous winter (Fig. 2), 
and by the high temperature (Fig. 1). The high yield on the 
Foudland site in the first month of growth was attributed to resid- 
ual fertiliier applied in 1987. After the spring flush (Fig. 4), yield 
gradually fell at Foudland, and showed small peaks in July and 
August at the other 2 sites, at both nominal heights (2 and 4 cm). 

In 1989, cutting started when nominal height was exceeded in 
May. The taller the sward level, the later the first cut became due 
(Fig. 5). With all treatments a general flush of growth occurred to 
varying degrees in June, followed by a lower growth rate at the 
end of June and in early July. This was followed by a second 
smaller flush later in July. For 2-cm swards, the main flush of 
growth occurred in July (Tarves and Foudland). For Insch, there 
was 1 main flush in June (Fig. 5). This pattern of growth, corre- 
lated with soil water deficit, can be compared with the 1988 data, 
which show steadier reductions in yield when rainfall was near 
average for Scotland’s oceanic climate. 

The difference in water deficits between 1988 and 1989 is 
reflected by total yields in both seasons (Table 4). These values 
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Fig. 5. Yields of herbage harvested at each cut to nominal heights (A) 
2 cm, (B) 4 cm, (C) 7cm, and (D) lOcm, in 1989. Insch -0-, 
Tarves ***.O=*, Foudland .Xl*** . Bars show standard errors of 
means (n--4). 

include a final cut to a 2-cm stubble from the 4,7, or IO-cm stub- 
ble plots to calculate yields for each treatment on the same basis. 
Even on the sites without the possibility of a residual fertilizer 
effect (Tarves and Insch) yields were 22 to 33% lower in the dry 
year compared with the average. In 1989, yields tended to be 
lower when swards were cut to a 4 -cm stubble compared with 2- 
cm, and higher with 7 and IO-cm stubble heights (Table 4). 

In 1988, P content increased slightly but steadily with no 
marked changes in growth rate to upset the trend. Nitrogen con- 
tent increased through the growing season, but declined after 
August (Fig. 6). This compared with a steadily falling trend in 
1989, interrupted by short-lived increases related to growth 
peaks. Though generally lower than in 1988 P and N content of 
herbage, on a mg per unit dry weight basis, tended to increase 
during and immediately following periods of rapid growth both in 
spring and summer of 1989, after which nutrient content declined 
as observed by Mayland et al. (1992) for Agropyron. However, 
nutrient content in our 10 cm treatments increased at the end of 
the growing season (Figs. 7 and 8). The cause and effect of this 

Table 4. Total annual yield (dry weight) from plots maintained at 2 cm 
and 4 cm sward heights in 1988, and at 2,4,7 and 10 cm heights in 
1989. 

Year and Sward 
height Tarves 

site 
Insch Foudland 

1988 
1989 

2cm 
2cm 

__ ____________ kgha-‘______________ 
2.74Ozt360 3,05tIt320 4,220&20 
2,OXkt140 2,050+130 2,OOOLQOO 

1988 4cm 2,26Ozt230 2,550+180 3,61Ozt240 
1989 4cm 1,660&O 1,980+170 2.49tlt70 

1989 7cm 3,340-+260 3,52Oi450 3,030&210 
1989 1Ocm 3$50#0 2,620&?0 4,420&M 
Immediately after the last cut to nominal height, all plots were cut to 2 cm and this mate- 
rial is included in the 4.7, aad IO-cm totals. 
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Fig. 6. Contents of P (upper) and N (lower) per unit dry weight in 
herbage harvested at each cut to nominal heights (A) 2 cm and (B) 
4 cm, in 1988. Insch -0-, Tarves *********Y Foudland .*Li *es. 
All standard errors equal to or less than vertical bar (n=4). 

relationship is not certain. Greater mineralisation of these nutri- 
ents when soils were wetter (Ahmed 1976) may have led to rates 
of nutrient uptake greater than were needed for immediate 
growth. This resource may then have been utilized in further 
growth when mineralisation was suppressed during periods of 
lower water content, reducing plant content of P and N on a unit 
dry weight basis. 
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Fig. 7. Content of P per unit dry weight in herbage harvested at each 
cut to nominal heights (A) 2cm, (B) 4cm, (C) 7cm, and (D) 1Ocm in 
1989. Insch -0-, Tarves ***a*.**, Foudland *Xl***. AU standard 
errors equal to or less than vertical bar (n--4). 
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Fig. 8. Content of N per unit dry weight in herbage harvested at each 
cut to nominal heights (A) 2cm, (B) 4cm, (C) 7cm, and (D) ltkm in 
1989. Insch -0-, Tarves .**.a.***, Foudland .*0~ All stan- 
dard errors equal to or less than vertical bar (n=4). 

Conclusions 

Herbage yield was considerably reduced in a drier than average 
growing season compared with growth in a season of average 
rainfall. Soil water appeared to be the limiting factor for growth, 
over-riding the effects of cutting treatments and nutrient avail- 
ability. It must be recognized, however, that other confounding 
environmental factors, such as sunshine hours and soil tempera- 
ture, may have had an influence on the harvest outcome. 

Hill farming in Scotland is based on livestock rearing and 
receives a subsidy to be profitable. Below average rainfall, 
though never devastating, can seriously undermine farmers’ 
livelihoods, when grazing in the late summer is poor and live 
weight gain reduced. 
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Abstract 

A study was conducted to evaluate the influences of seasonlong 
and short duration grazing management on the botanical eompo- 
sition, chemical composition, and organic matter intake of cattle 
diets in the Northern Great Plains. Four sampling periods; 
spring, early summer, late summer, and early fall, were conduct- 
ed during the grazing seasons of 1990 and 1991. Sii ruminally 
cannulated crossbred steers were used to collect diets while 10 
ruminally cannulated crossbred heifers were used to establish 
intake values. In each sampling period, diet collections were 
obtained from the steers, allowed to graze for 60 to 90 min in 
each of the treatments after total rumen evacuation. Intake was 
estimated using an indigestible marker and twice-daily fecal col- 
lections from 5 heifers under each of the 2 treatments. The pri- 
mary constituent of cattle diets in both seasonlong and short 
duration treatments was graminoid which was consumed in 
slightly greater quantity under short duration management. 
Nutritional content of the diet was improved under short dura- 
tion management, This is most notable with regard to nitrogen 
and digestibility, which were higher (pcO.05) in the short dura- 
tion treatment in 5 of the sampling periods. Organic matter 
intake trended higher for cattle under short duration manage- 
ment with 3 of the analyzed sampling periods showing differ- 
ences (PcO.10). These results suggest that livestock grazing under 
a properly implemented rotational grazing system may be pre- 
sented with an opportunity to consume more of higher quality 
forage. 

Key Words: grazing system, Northern Great Plains, range nutri- 
tion 

Grazing systems have been the focus of much attention in 
recent years (Holechek et al. 1989), largely because of claims of 
increased livestock carrying capacity along with a simultaneous 
improvement in the condition of the rangeland on which a system 
is implemented (Savory 1978, Walton et al. 1981, Merrill as cited 
by Gray et al. 1982). Receiving less consideration, though, are 
the nutritional impacts upon livestock when maintained under 
such systems. Given the potentially significant advantages to be 
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derived from grazing systems (Malechek and Dwyer 1983), it is 
imperative that assessment of the validity and extent of these ben- 
efits continue. 

Kothmann et al. (1986) found that cattle diets selected from 
continuous and rotational grazing in Texas were similar in both 
botanical and chemical composition. A study by Walker et al. 
(1989) concurred with this but asserted that rotational grazing 
might increase the opportunity for selective grazing on Texas 
rangelands. While Webb (1985) indicated that the latter evahra- 
tions are supported by data from North Dakota rangelands as 
well, Kirby and Webb (1989) concluded that “botanical composi- 
tion of cow diets was similar between treatments (rotation and 
season-long) and years”. Although the impact of grazing systems 
on intake is not extensively documented, O’Sullivan (1984) 
reported differences (P~O.001) behveen intake under continuous 
and rotational grazing in Ireland. Cattle at a low stocking rate and 
under a rotational grazing treatment consumed 8% less forage 
than those under continuous grazing. At a higher stocking rate, 
animals in the rotation treatment consumed 4% more forage than 
those under continuous grazing. In Texas, McKown et al. (1991) 
also found that organic matter intake was less (PcO.001) for cattle 
grazing under a rotation than those under a continuous treatment 
but did not establish stocking rate as a determinate factor. 

Objectives of this study were to examine the nutritional and 
botanical composition of the diet, and forage intake of cattle 
under seasonlong (SL) and short duration (SD) grazing manage- 
ment in the Northern Great Plains. 

Study Area 

The research was conducted at the Central Grasslands Research 
Center located in central North Dakota, approximately 14 km 
NW of Streeter, N.D. The short duration treatment was located on 
129 ha in the N l/2 of Sec. 25, T138N, R7OW while the 64 ha 
seasonlong treatment was situated in the SE l/4 of Sec. 25, 
T138N, R7OW. 

The Center is located near the eastern edge of the Missouri 
Coteau, an area of young morainic hills formed from recent 
glaciation (Lura 1985). Climate of the study area is characterized 
by marked seasonal variations in both temperature and precipita- 
tion. This region experiences approximately 120 frost-free days 
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with a range of monthly temperature means from -13.7 in 
January to 2O.o”C in July. Mean annual precipitation of 44.1 cm 
is seasonal with over 70% occurring between May and 
September. 

Forage production on the study site was similar under both 
grazing treatments as was forage disappearance (Table 1). The 
close proximity of treatments to one another (fence line border) 
and relatively uniform topographical and vegetative characteris- 
tics explains most of these similarities. Drought conditions expe- 
rienced in the middle to late 1980’s likely influenced species 
composition of the range. A return to more typical climatic condi- 
tions occurred in 1990, leaving the range in a state of recovery 
during the study period. 

Table 1. Forage production and disappearance on range under season- 
long and short duration management at the Central Grasslands 
Research Center. 

Management 

Season- 
long 

Short 
duration 

‘19824991. 

Year 

1990 
1991 

Average’ 
Range’ 

1990 
1991 

Average’ 
Range’ 

Forage Forage 
production disappearance 

(kglha) (%I 
2,320 55 
2,238 56 
2,306 53 

1,370-3,617 41-67 

2,513 58 
2,279 60 
2,213 57 

1.196-3,449 41-75 

The study site was located in the Wheatgrass-Needlegrass veg- 
etation of the Northern Great Plains (Barker and Whitman 1989). 
Lura et al. (1988) identified 9 range plant communities and one 
shrub-dominated community on the center. Most prevalent on the 
study area are the blue grama-needle and thread-sedge 
(Bouteloua grucilis (H.B.K.) Lag.ex Griffiths-Stipa comafu Trin. 
+ Rupr.-Carex heliophila Mack.) and western snowberry- 
Kentucky bluegrass (Symphoricarpos occidentalis Hook.-Pea 
prufemis L.) communities. 

Materials and Methods 

The study involved 4 sampling periods in 2 concurrent treat- 
ments, short duration and seasonlong, in each of 2 successive 
years for a total of 8 sampling periods. Sampling periods were 
arranged within 4 conceptual herbage growth phases during the 
grazing season: Period l-late May to early June (spring), Period 
2-early July (early summer), Period 3-mid August (late sum- 
mer), and Period 4-late September to early October (fall) in both 
1990 and 1991. This was done in an effort to document differ- 
ences between the 2 treatments as plant community dynamics 
varied throughout the season. Each of the sampling periods was 
approximately 12 days in length. 

The short duration treatment consisted of 8, equally divided 
paddocks (16.25 ha) radiating northward from a centralized water 
source. Movement of the herd through these paddocks was every 
3 to 7 days, depending upon the rate of herbaceous growth. In 
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spring and early summer when the rate of herbaceous growth was 
rapid, rotations were shorter. In late summer and fall when 
growth was slower, rotations were longer. The seasonlong treat- 
ment was a single pasture (65 ha) with 2 water sources. There 
was no herd movement in this treatment. Long-term stocking 
rates for the seasonlong and short duration treatments were 1.85 
and 2.30 AUM/ha, respectively, or approximately 40% greater 
for the short duration treatment. 

Six, ruminally cannulated, crossbred steers were used for diet 
collections on each of the 2 treatments. These steers were main- 
tained on a separate seasonlong grazed pasture adjacent to both 
treatments. Five, ruminally cannulated, crossbred heifers were 
assigned to graze under each of the treatments (SL and SD). 
Cannulation techniques were similar to those used by Streeter et 
al. (1990). Procedures provided for humane treatment of animals 
and were locally approved. Post operative care consisted of both 
topical and intramuscular administration of antibiotics similar to 
those outlined by Caton et al. (1987). Animals, 2 years of age in 
1990, remained under the same treatment for both 1990 and 
1991. All experimental livestock were maintained with “station 
herds” under cow-calf management and were subject to such con- 
ditions with one major exception. Heifers were implanted with 
pellets containing 6 mg norgestomet! every 10 days of the 60 day 
breeding season to prevent estrus. 

Sampling periods began with a single collection of diet samples 
by the 6 steers. Steers were maintained on a separate pasture until 
the morning of diet collection. At 0600 hours, they were 
restrained and subjected to total ruminal evacuation. Ingesta was 
physically removed from each animal and the rumen was then 
triple rinsed with water to assure complete removal of contents. 
Steers were then allowed to graze one of the treatments for 60 to 
90 min. Ruminal masticate samples were collected, mixed, sub- 
sampled, labeled, and immediately placed on ice. Samples were 
then frozen at -20°C for later analysis. The same procedure was 
maintained on the following day for the remaining grazing treat- 
ment. 

Six days prior to the first fecal collection, heifers in each of the 
2 treatments were dosed with a controlled chromic oxide release 
intra-ruminal deviceb. Chromic oxide (Cr203) was used as an 
indigestible marker to estimate fecal output (Ellis et al. 1981, 
Ellis and Rodden 1987, Parker 1990, Adams et al. 1991). In an 
effort to prevent regurgitation of the device, a 1 m length of nylon 
string was attached to the bolus and anchored at the cannula 
(Harrison et al. 1981). Fecal collections began on day 3 of the 
sampling period and continued for S days. The one exception was 
in the 3rd period of 1991 when fecal collections began on day 1 
and continued through day 8. Collections were made twice daily 
at 0600 and 1800 hours for 7 days and at 0600 hours on the 8th 
day of fecal collections for a total of 15 collections. Upon collec- 
tion, fresh fecal samples were labeled, dried in a forced air oven 
at 5o”C, and ground in a Wiley mill to pass a 2-mm screen. Fecal 
samples were then subsampled and composited by heifer within 
period on an equal weight basis. 

Frozen diet samples were freeze-dried, ground in a Wiley mill 
to pass a l- mm screen, and analyzed for botanical and nutrient 
composition. Approximately 5 g of each diet sample were 
shipped to the AAFAB Composition Analysis Laboratory, 1318 
Duff Drive, Fort Collins, Colo. 80524, for assessment of dietary 
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botanical composition. The technique used by the laboratory 
closely followed that of Sparks and Malechek (1968). Dry matter 
(DM), ash, acid detergent fiber (ADF), and nitrogen (N) values 
were determined following standardized procedures (AOAC 
1990). Neutral detergent fiber (NDF) analysis was conducted as 
outlined by Robertson and Van Soest (1981) and acid detergent 
lignin (ADL) were determined for each of the diets following the 
procedures of Goering and Van Soest (1970). Crude protein (CP) 
in diets was determined using the Kjeltec Auto System II 
(Tecator Co., Hoganas, Sweden), soluble nitrogen (SN) by the 
0.15 M NaCl procedure of Waldo and Goering (1979), acid deter- 
gent insoluble nitrogen (ADIN) estimated as the N component of 
ADF residue, and available nitrogen (AN) was by the difference 
between total nitrogen and ADIN. In vitro organic matter 
digestibility (IVOMD) was estimated by a modified procedure of 
Tilley and Tetry (1963) where samples were centrifuged and the 
supematant fluid was discarded prior to addition of pepsin. 

Fecal samples were prepared for chromium analysis by the pro- 
cedure outlined by Williams et al. (1962). Chromium concentra- 
tion in the feces was then analyzed by atomic absorption spec- 
trophotometry (Model 461 Perkin Elmer, Norwalk, Conn.) using 
air-plus acetylene flame. Total fecal output (FO) was calculated 
by dividing the daily release rate (g) provided by manufacturer by 
the chromium concentration in the feces (g/g DM). Organic mat- 
ter intake (OMI) was then estimated by dividing FO (OM basis) 
by I-IVOMD and expressed as kg/day and g/kg of body weight 
(BW). Intake expressed as g/kg of BW was calculated in 1990 
based on cattle weights as estimated by initial heifer weights and 
herd average daily gain of the “station herd”. In 1991, intake was 
estimated by using heifer initial and final weights. 

For each of the nutritional characteristics of the diet (OM, 
IVOMD, NDF, ADF, ADL, CP, ADlN, N, SN, and AN) and for 
the graminoid, forb, and shrub components of the botanical com- 
position, a paired t-test was used to determine differences 
between treatment means (Sokal and Rohlf 1981). This test was 
applied because the animals used to collect the data were the 
same for each treatment and individual animals were used as 
experimental units and thus were not independent. For the analy- 
sis of treatment effects on intake, an unpaired t-test was applied. 
An F-test of the variances allowed for an assessment of their 
homogeneity or heterogeneity. If the variances of the treatment 
means were found to be significantly different (P<O.O5), then an 
unpaired t-test for unequal variances was used, otherwise, a test 
for equal variances was applied (SAS 19SS). Differences were 
ascribed to treatment means which differed at the PcO.05 and at 
the PcO. 10 levels. Each of these tests was performed by the GLM 
procedure of SAS. Diets for period 1 of 1990 were not statistical- 
ly analyzed because only 1 diet sample for the short duration 
treatment was available. 

Results 

Botanical Composition 
Graminoids dominated the botanical composition of cattle diets 

ranging from 72.4% under the seasonlong treatment of period 3, 
1991 to 9S.7% of the diet under the short duration treatment of 
period 4, 1990 (Table 2). Some of the principal species compris- 
ing the graminoid component of the diet included western wheat- 
grass (Agropvron smilhii Rydb.), Kentucky bluegrass, needle- 
and-thread, big bluestem (Andropogon gerardii Vitman), little 

bluestem (Schizachyrium scoparium (Michx.) Nash), threadleaf 
sedge (Carexfilifolia Nutt.), blue grama and prairie junegrass 
(Koeleria pyramidata (Lam.) Beauv.) (Table 2). Differences 
cp<O.OS) between treatment means were observed in period 4 of 
1990 and periods 1 and 3 of 1991. In each of these instances, 
graminoid selection was greater by cattle under short duration 
management. 

Forbs in diets ranged from 1.1% in the seasonlong treatment of 
period 4, 1990 to 27.0% in the seasonlong treatment of period 3, 
1991. Primary constituents of the forb component included 
fringed sagebrush (Artemisiafrigida Willd.) and members of the 
Asteraceae family (Table 2). Differences in forb consumption 
were noted in period 4, 1990, and in period 1 and 3 of 1991. In 
these instances, forb consumption was greater (PcO.05) by those 
animals under seasonlong management. 

Shrubs were not prevalent in cattle diets at any time during this 
study. Shrub selection ranged from 0% for most of 1990 to 5.3% 
of the diet in the seasonlong treatment of period 4, 1991. The 
only species comprising the shrub component of the diet was 
western snowberry. In period 4 of 1990, shrubs were selected in 
greater amount (P<O.lO) in the seasonlong compared with the 
short duration treatment. 

Chemical Composition 
Neutral detergent fiber in cattle diets ranged from 69.4% in 

period 4 of 1991 on the short duration treatment to a high of 
84.8% in period 2 of the same year on the short duration treat- 
ment (Table 3). Differences (PcO.05) were noted between treat- 
ments in period 4 of both 1990 and 1991 as well as period 1 and 3 
of 1991. Where differences (PcO.05) were observed, NDF was 
higher under seasonlong management. 

Acid detergent fiber in cattle diets ranged from 42.2% for the 
short duration treatment in period 1, 1991 to 52.2% for the sea- 
sonlong treatment in period 4, 1990 (Table 3). Dietary ADF was 
different (PcO.05) between the seasonlong and short duration 
treatments for period 4 of 1990 and 1991 and periods 2 and 3, 
1991. 

Acid detergent lignin content of grazed diets generally 
increased numerically each season as forage matured (Table 3). 
Treatment means were different (PcO.05) in periods 4 and 2 of 
years 1990 and 1991, respectively. In both periods, the ADL frac- 
tion in the diet was higher under seasonlong management. 
Treatment means for period 3, 1991 also differed (P<O.lO) with 
short duration treatment diets having a larger percentage ADL. 
Although not different, all remaining periods had numerically 
lower dietary lignin for cattle grazing the short duration treat- 
ment. 

Nitrogen and N fractions of the cattle diets reflected expected 
trends, generally declining with advance of season (Table 3). 
Between the treatments, there were differences (PcO.05) noted in 
most of the periods (Table 3). Except for period 2, 1990, in each 
of the 6 periods where total N differed between treatments there 
was more (PcO.05) N in the diets of cattle grazing under short 
duration than seasonlong management. Nitrogen values ranged 
from 1.58% in the seasonlong treatment of period 3, 1991 to 
2.96% in the short duration treatment of period 1, 1991. 

An examination of the N fractions in the diets of cattle grazing 
under the 2 treatments revealed similar trends as with N. 
Available N differed (PcO.05) between treatments with a greater 
percent in short duration treatment diets compared with the sea- 
sonlong treatment in all but 1 of the 6 periods in which differ- 
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Table 2. Ftotanical composition of seasonal cattle diets (nd) selected under seasonlong (SL) and short duration (SD) grazing management in the 
Northern Great Pb&s. 

Species 

Ye;u 1990 
Period 1 2 3 

Treatment SL SD SL SD SL SD e SD 

Grasses and Grasslikes: 
Agropyon spp. 
Poa spp. 
Stipa spp. 
Schizachyium scoparium 

and Andropogon gerardii 
Care3 spp. 
Bovteloua spp. 
Koeleria spp. 
Other 
Total grasses/ 

gl?SStiS 
Standard error 

__*_____-____--_________---------- 
4.9 5.6 16.6 

66.9 67.7 45.4 
1.9 3.1 6.0 

0.1 0.0 1.1 
13.3 20.4 20.3 

0.3 0.0 0.6 
1.2 1.8 2.0 

10.3 0.0 .7 
98.9 98.5 92.6 

a 6.68 

------%---------------------------------------- 
46.3 21.6 23.9 20.2 15.9 
12.7 38.5 20.7 37.2 56.6 

6.7 8.0 15.8 13.2 12.4 

0.5 1.3 11.7 0.5 0.3 
17.2 14.7 9.3 10.5 5.1 

4.0 2.6 8.1 10.4 3.5 3.0 4.8 2.8 z 
.6 1.3 1.6 .4 .6 

91.5 91.0 95.9 95.3 98.7 

3.34 1.10** 

Forbs: 
Artemisia spp. 
Asteraceae family 
Other 
Total forbs 

Standard error 
Shrubs: 

Synphoticarpos 
occidentalis 

Standard error 
Total 

Cimses and Grasslikes: 
Agropyron spp. 
Poa spp. 
Stipa spp. 
Schizaclyium scopariam 

and Andropogon gerardii 
Carex spp. 
Bouteloua spp. 
Koeleria spp. 
Other 
Total grasses/ 

grasslikes 

21.2 60.0 21.7 9.5 14.9 15.7 7.5 10.0 
1.3 5.9 0.4 0.4 0.2 0.2 0.2 0.0 

28.5 15.2 25.0 14.4 29.4 22.9 34.6 45.2 

0.1 0.0 4.2 51.9 5.6 27.7 
26.3 10.3 21.6 14.4 12.6 8.41 

0.5 0.7 3.5 1.1 0.4 0.2 
0.4 0.1 0.3 0.4 0.4 1.3 
4.0 3.6 8.8 4.3 8.9 6.7 

82.3 96.4 85.5 96.4 72.4 83.1 

0.8 0.4 
18.4 12.7 

1.7 0.4 
1.4 2.9 

10.1 
74.7 

Skiard error 6.94** 6.68 3.98** 8.36 

Forbs: 
Artemisia spp. 12.7 1.1 8.1 
Asteraceaefaulily 3.1 16.6 4.5 
Other 1.7 0.8 1.1 
Total forbs 17.4 3.5 13.8 
Standard error 6.77** 

Shrubs: 
S~mphoricarpos 0.3 0.1 0.7 

occidentalis 
Standard error 0.06 

Total 100 100 100 
0 --lkatmcnts not tested. 
****Treatment means differ at the PcO.10 and PcO.05 probability level, respectively. 

2.0 17.5 6.7 18.3 20.5 
1.1 3.1 1.2 1.3 2.4 
0.3 9.1 7.9 0.4 
3.5 27.0 15.8 20.0 2.3:: 

6.68 3x7** 8.74 

0.1 0.6 1.1 5.3 2.2 

0.00 0.52 1.46* 

100 100 100 100 100 

ences were observed. Available N ranged from 1.41% in the sea- 
sonlong treatment of period 3, 1991 to 2.84% in the short dura- 
tion treatment of period 1,199l. 

Soluble N of the grazed forage ranged from 0.24% to 0.83% for 
the seasonlong treatments of periods 2 and 3,1990, respectively. 
Treatment means were found to differ (PcO.05) in periods 2 and 3 
of 1990 and periods 1 and 4 of 1991. Treatment means of period 
2, 1991 also differed (P~0.10). Except for period 2 of 1990, all 
periods exhibited higher SN values for the short duration treat- 
ment compared to the seasonlong treatment. 

Acid detergent insoluble N of diets varied from 0.11% in the 

short duration treatment of period 1,199l to 0.28% in the season- 
long treatment, period 4, 1991. In the third period of 1991, short 
duration diets were higher (PcO.05) in ADIN than was season- 
long diets, while in the fourth period of the same year, seasonlong 
diets were higher (P&.05) than short duration diets. 

In vitro organic matter digestibility of diets ranged from 49.7% 
in the seasonlong treatment, period 4 of 1991 to 78.4% in the 
short duration treatment, period 1 of the same year (Table 3). 
Periods 2,3, and 4 of 1990 and periods 3 and 4 of 1991 had dif- 
fering (PcO.05) treatment means. Period 2 of 1991 was found to 
have different treatment means at the P-&.10 level. For all peri- 

JOURNAL OF RANGE MANAGEMENT 49(3), May 1996 

_- ---- 



_-_ 

Table 3. Chemical composition, expressed as percent of organic matter, of cattle diets grazing under seasonlong (SL) and short duration (SD) manage- 
ment in the Northern Great Plaii. 

Dietary YEW 1990 1991 
comwnent Treatment Period 1 2 3 4 1 2 3 4 

organic 
Matter 

NDF 

ADF 

ADL 

Total 
nitrogen 

Available 

Soluble 
nitrogen 

ADlN 

SL 
SD 

Std. error 

SL 
SD 

Std. error 
SL 
SD 

Std. error 
SL 
SD 

Std. error 

ib 
Std. error 

SL 
SD 

Std. error 
SL 
SD 

Std. error 
SL 
SD 

Std. error 

SL 
SD 

Std. error 

-----------------------------------------%--------------------------------------- 
90.3 88.5 86.2 86.5 89.0 86.3** *89.2 87.3 
88.8 88.2 87.3 84.5 89.6 88.6** 89.0 90.3 
- 1.01 0.62 0.11 0.36 0.43 0.22 1.53 

-----------------------------------------%OM------------------------------------- 
78.4 73.4 82.1 81.2** 77.5** 84.2 75.4** 77.3** 
70.7 72.6 74.2 75.3** 73.3** 84.8 71.7** 69.4** 
- 0.69 4.45 1.75 1.45 1.09 0.89 2.67 

42.6 42.4 50.4 52.2** 43.9 47.3** 48.7** 49.2** 
41.3 42.8 46.5 47.8** 42.2 46.1** 46.3** 45.2** 
- 0.80 2.71 1.18 1.38 0.41 0.56 0.99 

3.3 3.9 5.0 6.4** 3.9 6.4** 5.5* 7.5 
4.1 3.5 4.2 5.0** 3.6 4.9** 5.7* 6.7 

- 0.49 0.49 0.42 0.28 0.39 0.11 1.24 

2.2 2.6** 1.8 1.7** 2.3** 2.1** 1.6** 1.8** 
1.8 2.3** 1.7 2.2** 3.0** 2.4** 2.0** 2.3** 

- 0.11 0.12 0.06 0.06 0.05 0.10 0.13 

2.1 2.4** 1.6 1.5** 2.2** 1.8** 1.4** 1.5** 
1.6 2.1** 1.6 2.0** 2.8** 2.1** 1.7** 2.1** 

- 0.11 0.12 0.05 0.07 0.04 0.10 0.12 

8:: 0.8** 04** 
0.06 

0.4** 0.2** 0.4 0.5 0.6** 0.4** 0.4* 0.4* 0.4 0.3 0.5** 0.8** 
- 0.05 0.06 0.07 0.04 0.05 0.07 

8:: 0.2 0.1 0.2 0.2 0.2 0.2 0.1 0.1 0.2 0.3 0.2 0.2 0.3** 0.2** 
0.02 0.01 0.03 0.02 0.03 0.00 0.01 

-----------------------------------------%--------------------------------------- 
67.0 70.1** 54.2** 55.6** 77.2 62.8* 59.2** 49.7** 
69.5 74.1** 60.7** 60.8** 78.4 69.4* 63.4** 62.5** 
- 0.37 1.19 1.03 0.93 0.32 0.66 1.98 

Standard ermr. n=6 q,*+ ~~~~~~ mertns &ffe’ at the PcO.10 and PcO.O.5 pmbabiily level, respectively. 

ods where differences were recognized, short duration treatment 
diets were higher in IVOMD than those in the seasonlong treat- 
ment. 

Intake 
Fecal output in g kgb.w.-’ day-’ ranged f’rom 5.8 under short 

duration management, period 1, 1990 to 10.4 under seasonlong 
management, period 3, 1991 (Table 4). Differences were noted in 
treatment means for periods 1, 3, and 4 of 1990 (PcO.05) and 
periods 2 of 1990 and 3 of 1991 (PcO.01). When intake was 
determined from fecal output estimates, differences between 
treatment means were observed for periods 1 and 2 (P&10) and 
4 (pcO.OS), 1991 (Table 4). Converted OMI (g kgb.w*-‘) was 6.09 
g kgb.w.-’ day-’ greater (PcO.05) in the short duration than in the 
seasonlong treatment. 

Discussion 

Dietary botanical composition results generally agree with the 
studies of Allison and Kothmann (1979), Taylor et al. (1980), 
Pfister et al. (1984), Holechek et al. (1987), Kirby and Webb 
(1989), Walker et al. (1989), and Silcox (1991) in that the prima- 
ry constituent of cattle diets are graminoids. Ralphs et al. (1986) 
found that cattle diets under short-duration grazing management 
near Sonora, Texas were not always comprised primarily of 
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grasses. This may be particularly true for more arid environments 
than that of the present study area and is supported by data from 
southern New Mexico (Krysl et al. 1987). 

Impact of stocking rate on botanical composition of diets as 
documented by Allison and Kothmann (1979), disagrees with the 
results of this study. Their research indicated that as stocking rate 
increased, animals were forced to consume less palatable species 
of forage. This difference is most likely due to the similar avail- 
ability and use of forage in the 2 treatments of this study as well 
as differences in stocking rates between the studies. The effect of 
grazing treatment on dietary botanical composition observed in 
this study agree with Kirby and Webb (1989) who found a higher 
graminoid component and lower forb component for cattle under 
short duration management in the Northern Great Plains. These 
results conflict with the studies by Holechek et al. (1987) and 
Walker et al. (1989) who found no effects and Pfister et al. 
(1984) who found that forb consumption was higher while grass 
consumption was lower under a rotation system. Species compo- 
sition of the range, environmental conditions, stocking rates, and 
livestock management are highly variable from study to study 
and may explain some of the discrepancies between studies. 

Chemical composition of cattle diets generates an approxima- 
tion of the quality of the diet. In this study, cattle grazing under 
short duration management were allowed a higher quality diet 
than those grazing under seasonlong management. Quality, in 
terms of nitrogen content and digestibility of the forage in the 
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Table 4. Fecal output (FO) and organic matter intake (OMl) of cattle 
grazing under seasonlong (SL) and short duration (SD) management 
in the Northern Great Plains. 

Organic YEW 1990 
matter Treatment Period 1 2 3 4 
intake 

_ _ _ _ _ _ _ _ -g k&w.-’ &y-l _ _ _ _ _ _ _ _ - - 
FO SL 7.5** 7.7* 10.3** 10.1** 

SD 5.8** 6.8* 7.6** s.o** 
Std. error 0.59 0.34 0.89 0.63 

OMI SL 22.7 25.6 22.6 22.8 
SD 18.9 26.0 19.3 20.4 

Std. error 1.51 1.23 1.54 1.51 
1991 

FO SL 6.3 7.9 10.4* 9.6 
SD 7.1 8.0 s.9* 9.5 

Std. error 0.40 0.66 0.65 0.81 
OhfI SL 27.6* 21.3* 25.5 19.1** 

SD 32.8* 26.1* 24.2 25.2** 
Std. error 1.74 1.42 1.27 1.66 

****Treatment means within yem-s and periods differ at the P&10 and P&OS proba- 
bility level, respectively. 

diet, was enhanced under the short duration treatment especially 
in the latter portion of the grazing season. This is in general dis- 
agreement with Holechek et al. (1987), Kirby and Webb (1989), 
Walker et al. (1989), and M&own et al. (1991) who found either 
no differences between seasonlong and short duration manage- 
ment or found that cattle diets under a rotation grazing system to 
be of poorer quality than that of cattle under seasonlong manage- 
ment. While McKown et al. (1991) attributed most of the diet 
quality differences between rotational and continuous grazing 
treatments to differences in stocking rate rather than grazing sys- 
tem, that does not appear to be the case in this study. As with 
dietary botanical composition, much of the conflict in results in 
research can be explained by an examination of the differing 
range conditions, environmental variations, stocking rates and 
livestock management practices involved in each study. While 
these may describe much of the discrepancy, the differences in 
our study may also be explained by observing that stocking rate 
did not exceed a threshold where intake is depressed and diet 
quality subsequently declines. Walker et al. (1989) state that their 
data “support the hypothesis that installiug rotational grazing at a 
high stocking rate does not lower diet quality and would not be 
expected to be a factor affecting individual animal performance”. 
This study would support this concept and suggest that a rotation- 
al grazing system could improve diet quality. 

Intake by cattle grazing under seasonlong and short duration 
management indicate that OMI is either not effected by grazing 
treatment or is possibly enhanced by the short duration treatment. 
This is in general agreement with Walton et al. (1981) who stud- 
ied cattle intake under continuous and rotational grazing manage- 
ment in Alberta. While both O’Sullivan (1984) and McKown et 
al. (1991) noted instances where cattle intake was lower under a 
rotational grazing system, O’Sullivan observed a greater efficien- 
cy of digestible OMI per unit weight gain in a rotation system. 
M&own et al. (1991) stipulate that their results were undoubted- 
ly influenced by the quantity and quality of available herbage and 
that is true here as well. Intake in this study fell well within the 
bounds of 1 to 2.8% of body weight stated by Cordova et al. 
(1978). 

Results indicate that dietary variations do occur between cattle 
grazing under seasonlong and short duration grazing management 
in the Northern Great Plains. For both treatments, years, and in 
all periods, graminoids were the major constituent in cattle diets. 
An overall assessment of diet quality based on 9 different analy- 
ses presents a picture of improved diet quality for cattle grazing 
under the short duration treatment as opposed to those under sea- 
sonlong management. Organic matter intake increased for cattle 
under short duration management in 3 of 8 collection periods. 
These observations lend credence to hypotheses which suggest 
not only enhanced rangeland condition through proper implemen- 
tation of a rotational grazing system, but that livestock under such 
a system may be presented with the opportunity to consume more 
of higher quality forage. Results from this study were undoubted- 
ly influenced by seasonal growing conditions. However, while 
these conditions were important to the overall nature of the data, 
they were insignificant in comparisons between the 2 treatments. 
Opportunities for fall regrowth through periodic rest iu the short 
duration treatment, probably accounted for many of the differ- 
ences in diet quality between the 2 treatments. 
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Abstract 

Cattle trampling of endangered plants, certain animal species, 
and ground nests may be a management concern on rangehmd. 
Researchers need theoretical models of trampling loss to assist in 
design of studies and interpretation of results. Managers can use 
such models to assist in grazing management decisions. We pre- 
sent null (random background) models for predicting probability 
of trampling loss, explore the effects of failure of assumptions 
underlying these models, and develop alternative models for 
dealing with nonrandom grazing and nonrandom placement of 
vulnerable objects. The null models predict that if time-based 
stocking rate (head-days ha-‘) is held constant and 1 pasture is 
grazed under several rotation schedules (a study design used to 
simulate rotational grazbrg), or if 1 pasture is divided into n pad- 
docks through which 1 herd rotates, the probability of trampling 
is operationalty constant. This qualitative prediction holds when 
grazing is nonindependent and nonrandom, competing risks 
exist, and objects subject to trampling are dispersed nonrandom- 
ly. Quantitative predictions of the null models do not hold under 
nonrandom grazing, which is expected to reduce probability of 
trampling. Researchers can use predictions of the models as a 
ptiri hypotheses. If empirical results deviate from the predic- 
tions, then researchers should search for the underlying cause- 
effect mechanisms. For management, the models indicate that 
trampling varies with livestock density and time grazed but is 
independent of herd rotation. 

Key Words: continuous grazing, grazing, probability, short 
duration grazing, trampling. 

Livestock trampling of endangered plants (Schemske et al. 
1994), sensitive animals species such as desert tortoises 
(Gopherus agassizi) (Berry 1978), and nests of ground-nesting 
bids (Bryant et al. 1982) has become a management concern on 
rangeland. The concern intensified as grazing technology evolved 
from simple continuous grazing (1 herd in 1 pasture) to short 
duration grazing (1 herd rapidly rotated through several paddocks 
in 1 pasture) (Bryant et al. 1982). Per-paddock, short-term (3 to 
7-day) stocking rates under short duration grazing may be up to 
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90 times that of a continuously grazed pasture (Savory and 
Parsons 1980), which would increase trampling. However, unlike 
continuous grazing, a high percentage of a pasture under short 
duration grazing is devoid of livestock at any time. 

Concern about trampling loss prompted several studies of nest 
trampling (Bryant et al. 1982, Koerth et al. 1983, Bareiss et al. 
1986, Beintema and Muskens 1987, Jensen et al. 1990). These 
empirical data were collected under different experimental 
designs and stocking rates. Some data were based on nests sub- 
ject to predation whereas others were not (clay targets served as 
simulated nests). No attempt has been made to synthesize these 
empirical results into a general theory of trampling, nor to devel- 
op the probabilistic basis of trampling loss. 

We develop probabilistic models of trampling loss, which we 
call null models because they hold under assumptions of random 
conditions. These models provide expectations in a random envi- 
ronment, and deviations from these expectations, if observed in 
the field, highlight the need to search for cause-effect processes. 
We explore the robustness of the models to assumption faihne, 
e.g., nonrandom grazing, and develop alternative models for deal- 
ing with assumption failure. We test predictions of the null mod- 
els against published data on trampling loss and show that the 
models are consistent with published results. Finally, we derive 
the probability of trampling for 1 head (cattle) grazing 1 ha for 1 
day based on data from Jensen et al. (1990). The latter variable 
can be used as a basis for evaluating trampling loss rates under 
different grazing management strategies, which we illustrate with 
example applications and calculations. 

Random Background and Null Models 
The concepts we present are based on cattle. However, the 

models could apply to any class of livestock or wild ungulate 
under appropriate corrections for base probability of trampling 
(defined below). 

We first develop assumptions underlying the null models. 
These assumptions may fail or hold approximately in the field; 
we address the implications of assumption failure in the next sec- 
tion. The known assumptions are as follows: all objects in a pas- 
ture are vulnerable to trampling for a complete grazing period of 
interest, vulnerable objects are dispersed randomly within pas- 
tures, each animal grazes randomly and independently of all other 
animals in a pasture, the grazing patterns are independent among 
days, and trampling is the sole source of loss of objects. We also 
impose the condition that reference time periods are reasonable 
relative to trampling loss rates. This condition is required because 
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trampling probabilities start at zero and converge to one as time is operationally trivial under realistic field conditions. The quali- 
passes. tative prediction specified above remains acceptable. 

Under the above assumptions and conditions, consider a situa- 
tion where 1 head of cattle grazes a l-ha pasture for 1 day, which 
generates what we define as the base probability of trampling. Let 
the base probability of trampling be 4 and the probability of sur- 
vival be p = 1 - q. With h head of cattle grazing t days, probabili- 
ty of loss is estimated as 

P(loss hlhead, 1 ha, I days) = 1 - (1 - q)h*. (1) 

It follows from Equation (2) that if the stocking rate is 
increased under short duration grazing, which is the economic 
rationale for costs associated with increased fencing and manage- 
ment intensity, then expected trampling loss increases. Whether 
the increase is consequential from a management standpoint 
depends on numerous social, economic, and biological factors 
that must be evaluated on a case-by-case basis. 

Simulated Rotation in Field Studies 
For reasons of economics and replication in field studies, it 

might be useful to simulate full-scale rotational grazing at a small 
scale. We might, for example, have a study design with three l- 
ha pastures subjected to 3 treatments: 1 grazed at 1 head for 8 
days, 1 grazed at 2 head for 4 days and rested 4 days, and 1 
grazed at 8 head for 1 day and rested 7 days. In each of these 
treatments the time-based stocking rate, i.e., the product of num- 
ber of livestock times number of days of grazing, is constant at 8 
head-days ha-‘. 

In the simplest case with 1 ha, we could have 1 head grazing 
for 2 days or 2 head grazing for 1 day, each of which yields a 
time-based stocking rate of 2 head-days ha-‘. In either case, the 
probability of loss is identical under Equation (l), because the 
exponent of (1 - q), i.e., hf, is constant. Therefore, Equation (1) 
leads to the following qualitative prediction: notwithstanding 
sampling variation, field studies that simulate rotation grazing as 
specified should find differences in trampling rates only if time or 
stock density is manipulated such that time-based stocking rate 
varies among treatments; otherwise, the expectation is similar 
trampling loss rates. 

Full Scale Rotation in Field Studies 
Results from a study with the above design lead to the conclu- 

sion that rotational and continuous grazing have the same effects 
on trampling loss rates, given a constant time-based stocking rate 
and the specified assumptions. To test this prediction in a field- 
scale setting, we need to generalize the variable q = P(lossll 
head, 1 ha, 1 day) to areas of any size. This can be accomplished 
by defining 

P(lossl1 head, A ha, 1 day) = qAwl, 

which implies that the probability of trampling for 1 animal 
varies inversely with the area over which trampling is applied. 
We now develop a null model for probability of loss as a function 
of n paddocks (n 2 1) on A ha. If n = 1, we have continuous graz- 
ing. Define T = the number of days to complete 1 rotation of the 
herd through the paddocks. Let each paddock be of constant size 
(tin) and let each be grazed for a constant number of days (T/n). 
With la head of cattle, we can specify the loss on each paddock as 

P(losslh, A, T, n) = 1 - (1 - qn/A)hT’n (2) 
The loss on each paddock represents l/n of losses on the entire 
pasture during 1 full rotation of the herd. Because the losses on 
each paddock are additive over n paddocks, Equation (2) 
describes pasture-wide loss on the area A as well as paddock-spe- 
cific loss. 

The mathematical expectation from Equation (2) is for proba- 
bility of trampling loss to increase as the number of paddocks 
increases, holding other variables constant. However, the increase 

Assumption Failure and Alternative Models 
In this section we explore robustness of the null models 

(Equations [l] and [2] to assumption failure, describe the quanti- 
tative implications of assumption failure, and provide models that 
are applicable when one or two assumptions are not viable. 
Readers must recognize that when we address breakdown of any 
one assumption, other assumptions remain in force. Hereafter we 
drop the conditional probability notation for convenience. 

Partial Exposure in Time 
Objects such as ground nests might not be exposed to trampling 

for an entire grazing period, which should reduce the probability 
of trampling. In the reasoning that follows, we arbitrarily set the 
period of exposure to trampling (v) at some value less than the 
grazing period of interest (7). 

If a ground nest requires v days to lay and incubate, then under 
continuous grazing it is exposed to trampling for v days. The 
probability of loss becomes 

P(loss) = 1 - (1 - q/A)hY (3) 
The relationship is more complex under short duration grazing. A 
nest may be started on any paddock at any time. Therefore, it 
may be exposed to trampling on different paddocks for different 
periods of time in v days. Further, under the constraint given 
above (v < T), the probability of loss is conditional on nest place- 
ment in a grazed paddock. To simplify presentation, we impose 
the conditions that a nest starts when cattle enter a paddock and 
that v is an integer multiple of days grazing per paddock (T/n). 
Under these conditions and constraints for short duration grazing 
(n > 11, 

P(loss) = (v/T)[ 1 - (1 - qnU)hT’“]. (4) 
Given partial exposure of an object in time and constraints we 

have imposed, the expectation is that short duration grazing 
reduces trampling probabilities in comparison with continuous 
grazing. This result accrues because of high levels of redundant 
trampling in paddocks and because trampling is conditional on 
probability of exposure (v/Z). The qualitative and quantitative 
predictions of the null models do not hold with partial exposure. 

Competing Risks 
Under field conditions, objects subject to livestock trampling 

might experience loss to other factors. Ground nests would be 
subject to predation, flooding, and trampling by wild ungulates. 
For example, Bareiss et al. (1986) observed 1 of 600 nests tram- 
pled when nontrampling losses destroyed 190% of sample nests. 

Competing risks generally are expected to lower observed 
trampling rates, because an object lost to some other cause cannot 
be trampled. This assertion can be illustrated by assuming that 
trampling and nontrampling losses are not mutually exclusive and 
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defining c as the probability of loss to a nontrampling cause. 
Then on any day of grazing, the probability that an object is lost 
to trampling or to a nontrampling cause is 

P(loss)=q+c-b 

where 0 I b I q and 0 I b s c. The probability b includes (1) 
objects trampled that would have been lost to other causes with- 
out grazing and (2) objects lost to other causes that would have 
been trampled without other losses. The trampling rate observed 
in the field is therefore cq if b > 0 (subtract some fraction of b 
from q). 

The above arguments suggest that, in the presence of compet- 
ing risks, quantitative predictions of the null models would in 
general be biased high. However, the qualitative prediction holds. 

Nonrandom Grazing with Random Placement of Objects 
Livestock do not graze randomly, but if they graze uniformly 

the underlying assumption of random grazing probably is accept- 
able and the qualitative and quantitative predictions of the null 
models would hold approximately. Practices are available to pro- 
mote uniform grazing in research and management. If the 
assumption of uniform grazing is unacceptable, then we can con- 
ceptualize any single pasture (or paddock) as being stratified to 
the extent necessary to assume approximately uniform grazing 
within each stratum. The null models can then be applied to these 
StC3til. 

Suppose a pasture consists of i = 1,2, . . . . s strata subject to dif- 
ferent uniform grazing intensities. Let the proportion of the pas- 
ture occupied by stratum i be Ui and let the proportion of time (7‘) 

spent grazing on stratum i be gi. Trampling probabilities for each 
stratum can now be estimated using 

Pi(lOSS) = 1 - (1 - q/(qA))glhT 

and a weighted average probability of trampling (F) is 
Q 

F = ZUiPie (6) 
Note that a product qZ’i is the probability that an object is in a 
stratum times the probability of loss given an object is in a stra- 
tum. 

Because probability of trampling starts at zero and converges to 
one as time-based stocking rate increases for all models, predic- 
tions are identical at the extremes and quite similar at values near 
the extremes. Between the extreme probabilities (0 and I), 
expected trampling loss is lower under nonrandom grazing than 
under random grazing (Pig. 1). This effect should arise because 
the strata with higher effective stocking rates are subject to more 
redundancy in trampling. Consider what would happen if all 
grazing took place on 1% of a pasture. The expectation is that 
II% of the randomly dispersed objects would be trampled, 
whereas with enough time, 100% of objects could be trampled 
under random grazing over the entire pasture. Promotion of 
nonuniform grazing is possible in principle as a management 
method of reducing trampling loss. This could be accomplished 
by having some of the paddocks in a short duration grazing sys- 
tem with different areas and grazing each paddock the same num- 
ber of days, or by holding the size of paddocks constant and graz- 
ing some a different number of days. Note that partial exposure 
of objects in time can be conceptualized as nonrandom grazing 
when one compares short duration and continuous grazing. 

-T+ PRAN 

-It- PGl 

--t+ PG2 

0 20 40 60 80 100 

DAYS OF GRAZING 

Fig. 1. Probability of trampling ~(TRAMPLE)] as a function of time in the presence of nonrandom grazing and random dispersion of 
objects vulnerable to trampling. The area is A = 100 ha, the base probability of trampling is q = 0.3, and the number of livestock is h = 20. 
Trampling probabilities are PRAN for random grazing, PGl for grazing on the 50% of the pasture that receives 70% of livestock use, PG2 
for grazing the 50% of the pasture that receives 30% of livestock use, and PBAR for the weighted average of PGl and PG2. 
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Nonrandom Placement of Objects with Random Grazing Nonrandom Grazing and Nonrandom Placement of Objects 
Define j = 1, 2, . . . . r strata that represent various degrees of 

clumping of vulnerable objects. Within each stratum, random 
placement of objects and random grazing will be assumed. Then 
the proportional area of each stratum (aj) equals the expected 
proportional expenditure of time on the stratum and the probabili- 
ty of loss on each stratum is given by Equation (5) with gj = aj: 

Pj(lOSS) = 1 - (1 - &zjA))a~hT. (7) 

Let Zj be the probability that a vulnerable object occurs on stra- 
turni with C$ = 1. Then the estimated proportion of objects tram- 
pled in a single pasture or paddock is 

P = X’jPje @I 

Examination of Equation (7) reveals that as the adjusted base 
probability of trampling (q/+4) increases because of stratifica- 
tion, the time-based stocking rate (u#zT) decreases on a stratum. 
These effects tend to offset each other and the probability of 
trampling is relatively constant among strata. As a result 
Equation (8) for all practical purposes results in a weighted aver- 
age of a constant, which equals the constant, which is approxi- 
mately equal to the probability of trampling given by the null 
model (Equation [2] with n = 1). Therefore, nonrandom place- 
ment of vulnerable objects with random grazing appears to have 
little practical effect on the quantitative and qualitative predic- 
tions of the null models. 

Two scenarios are possible concerning nonrandom grazing and 
nonrandom placement of vulnerable objects. The first is that 
placement and grazing are independent and the second is that 
nonrandom grazing governs placement. Whereas the first sce- 
nario might apply under some circumstances, we regard the sec- 
ond as the more general circumstance and model accordingly. 
The model developed below for the nonrandom-nonrandom cir- 
cumstance may be used for vulnerable objects with different 
microhabitat requirements (e.g., bid species with different nest- 
ing cover requirements) and for dealing with hoof-placement 
decisions by cattle. These issues can be resolved through concep- 
tualization and definition of strata (object placement, grazing 
intensity). 

We have already developed theory for trampling probabilities 
in the presence of nonrandom grazing and random placement of 
objects [Equations (5) and (6)]. We need only modify Equation 
(6) to arrive at an estimate of average trampling probability under 
the nonrandom-nonrandom circumstance. Define Zi as the proba- 
bility that a vulnerable object occurs in stratum i. Note that under 
random placement the proportion of a pasture occupied by a graz- 
ing stratum is also the probability that a vulnerable object occurs 
in the stratum (Ui = Zi). With nonrandom placement and nom-an- 
dom grazing we can replace ai by Zi in Equation (6) to obtain 

P= ZZiPi 

where Pi is estimated by Equation (5). 

0.8 

0.6 

-+ PBARl 

-a- PRAN 

0 20 40 60 80 100 

DAYS OF GRAZING 

Fig. 2. Probability of trampling Cp(TR4MPLE)I as a function of time in the presence of nonrandom grazing and nonrandom dispersion of 
objects vulnerable to trampling. The area is A = 100 ha, the base probability of trampling is q = 0.3, the number of livestock is h = 10, and 
the hypothetical pastures consist of 2 strata with different grazing intensities and densities of vulnerable objects. Trampling probabilities 
are PRAN for random grazing and random dispersion of objects, PBARl for a pasture with 80% of grazing and 80% of vulnerable objects 
on 50% of the pasture and 20% of grazing and 20% of objects on the second stratum, and PBAR2 for a different pasture with 80% of graz- 
ing and 20% of vulnerable objects on 50% of the pasture and 20% of grazing and 80% of objects on the second stratum. 
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No general statement about reliability of the qualitative and 
quantitative predictions of the null models can be made in the 
presence of nonrandom grazing and nonrandom object place- 
ment. The null models may over- or underestimate trampling 
probabilities when vulnerable objects clump in strata with heavier 
grazing or overestimate probabilities when vulnerable objects 
avoid strata with heavier grazing (Fig. 2). 

Predictions vs. Empirical Results 
Jensen et al. (1990) provide fully independent data and equa- 

tions to test the prediction that similar time-based stocking rates 
result in similar trampling probabilities. They used clay pigeon 
targets to simulate ground nests so competing risks were not an 
issue. Their experiment consisted of 8 paddock sizes with sys- 
tematic placement of targets at 10-m intervals in the center of 
experimental paddocks. The Jensen et al. (1990) results were con- 
sistent with the prediction of Equation (1). At a constant time- 
based stocking rate of 50 head-days ha-‘, the predicted probabili- 
ties of trampling were remarkably similar (Table 1) (CV = 6.1%). 
Variation was higher at 13-17 head-days ha-’ (CV = 49.7%) 
because of high trampling at 17 head-days ha-‘; trampling loss 
was quite similar at other time-based stocking rates within the 
specified range. Variation is expected in field studies because q is 
a function of weather, properties of vegetation cover, and chance 
factors. 

Table 1. Probability of trampling under different-Fg patterns with 
sbnii time-based stocking rates (head-days ha ) based on data from 
Jensen et al. (l990). 

Time-based stocking rate 
Grazing pattern 

50 head-days ha-’ 
5 brad for 10 days 

25 head for 2 days 
50 head for 1 day 

13-17 head-days ha-’ 
4 head for 4 days 
S head for 2 days 
5 head for 3 days 

13 head for 1 day 
15 head for 1 day 
17 head for 1 day 

Probability of 
trampling 

0.59 
0.66 
0.60 

0.18 
0.21 
0.18 
0.18 
0.23 
0.49 

The independent data set of Koerth et al. (1983) provided an 
opportunity to test Equation (2). They evaluated trampling of clay 
targets on a continuously grazed pasture (32 ha) stocked with 4 
steers for 48 days. Under an assumed base probability of tram- 
pling of q = 0.0186 (see below for justification of this number), 
Equation (2) predicts a trampling probability of 0.11. The value 
observed by Koerth et al. (1983) was 0.15. 

Koerth et al. (1983) also evaluated trampling loss under short 
duration grazing (9 steers, 48 ha, 16 paddocks, 3 days grazing 
paddock“). Equation (2) predicts trampling loss of 0.17, whereas 
the observed value was 0.09. 

Despite the restrictive assumptions underlying Equation (2), 
this model was consistent with the field results of Koerth et al. 
(1983). Confidence limits (95%) from the Koerth et al. data over- 
lapped the predicted values. Equation (2) predicted higher tram- 
pling under rotation grazing at a higher time-based stocking rate 
(9 head-days ha*‘) than tested under continuous grazing (6 head- 

days ha-‘). The difference between the predicted and observed 
values possibly arose because the paddock layout in the Koerth et 
al. study fostered nonuniform grazing. Water was available at 1 
end of a central alley in the grazing design. Regardless of which 
paddock was being grazed livestock activity was focused in the 
central alley. We demonstrated earlier that nonrandom grazing in 
the presence of random dispersion of vulnerable objects results in 
trampling rates lower than those predicted by the null models. 

Base Probability of Trampling 
The models presented above provide a general theoretical basis 

for study and management of trampling loss. The value of q 
needs to be known for quantitative predictions of trampling prob- 
ability, but any reasonable value can be used to generate relative 
losses among grazing management strategies. 

We analyzed data presented by Jensen et al. (1990) to deter- 
mine an empirical value for q in the absence of competing risk 
losses. They modeled probability of loss as a function of time as 
follows: 

P(lOSS) = 1 - eXp(-Bit). 

The coefficient Bi is specific to cattle density i (head ha-‘) and the 
quantity exp(-Bit) is homologous to (I - q)ht in our models. By 
solving their models for loss at t = 1, base trampling probability is 
estimated at 

P(lossll head, 1 ha, 1 day) = q = 1 - eXp(-Bilh) 

Based on 8 trials, q averaged 0.0186 + 0.00308 (SE) in the Jensen 
et al. (1990) data. 

The estimated value of q can be considered the proportion of 
10,000 m* that is trampled. It follows that 1 head of cattle trarn- 
ples between 124 and 248 m* day-’ at the approximate 95% confi- 
dence level. Data presented by Bryant et al. (1982) suggest tram- 
pling of 99 m* per day if each hoofprint covers 78.5 cm* (the 
assumption on hoofprint size is ours). These arguments indicate 
that base trampling probability may lie between 0.01 and 0.03 for 
cattle. 

Example Applications and Calculations 
Consider a wildlife refuge that has 2 endangered species. One 

species benefits from the habitat changes (structural, composi- 
tional) associated with livestock grazing whereas the second (a 
small cactus) is vulnerable to trampling mortality. The manager 
must balance the benefits and risks of grazing in arriving at a 
decision on grazing management. 

Suppose the refuge has 40,000 ha of grazing land and the rec- 
ommended stocking rate is 50 ha AU-’ (800 cattle) for continu- 
ous, yearlong grazing. The refuge manager can estimate probabil- 
ity of trampling with Equation (2) for n = 1. The manager selects 
q = 0.02 as the base probability and finds that 

P(loss) = 1 - (1 - 0.02/40,000)800”65’ = 0.136. 

This result means that for 365 days of grazing by SO0 head of cat- 
tle on 40,000 ha the estimated probability of trampling is 13.6%. 
If the refuge had a population of 1,000 vulnerable objects, the 
manager would project a loss of 136 from trampling. The reliabil- 
ity of this number is, of course, conditional on the accuracy of the 
value selected for q and fit to underlying assumptions. 

The manager decides that a trampling loss rate of 0.136 would 
lead to population decline in the endangered species vulnerable to 
trampling. An annual loss rate of 0.05 would be acceptable, espe- 
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cially since grazing would benefit one endangered species. The 
problem is to estimate the number of cattle that will yield annual 
trampling loss of 0.05. This can be accomplished by solving 
Equation (2) for h given P = 0.05: 

h = Pn(l - P)/ln(l - q/f!)l(l/T) 
= [ln( 1 - O.O5)/ln(l- 0.02/40,000)]( 11365) 
= 281 head. 

As another example, consider a rancher who plans to institute a 
short-duration grazing regime on a 2,000-ha pasture currently 
grazed continuously with 100 cattle. The manager plans on 
installing 20 paddocks and grazing each for 7 days. They will 
double the stocking rate to take advantage of hoof-action and to 
pay for capital investments. The rancher derives income from 
lease hunting for northern bobwhites (Colinus virginianus) and is 
concerned about the potential effects of the decision on nest tram- 
pling. 

Equations (3) and (4) provide models for estimating the effects 
of short duration grazing on nest trampling. Bobwhites require 
about 42 days to lay and incubate a clutch, so v = 42. The time for 
1 rotation is 140 days or about the length of the laying season 
(Guthery et al. 1988). Under continuous grazing at q = 0.02 by 
Equation (3) 

P(loss) = 1 - (1 - O.O2/2,OOO)‘~‘J~’ 

= 0.041. 
Under the proposed short duration grazing with doubled stock- 

ing rate, 

P(loss) = (42l140)[(1 - (1 - 20(o.02)/2000)2~(*4°)‘20] 
= 0.073. 

The increase in nest trampling associated with short duration 
grazing would seem inconsequential to quail populations. 
However, the effects of doubled stocking rate on habitat should 
be considered. 

Discussion 

The theoretical background we have described for study and 
management of trampling loss provides a new perspective on the 
empirical literature on trampling. We use the work of Koerth et 
al. (1983) as an example. Our intent is to show how the tbeoreti- 
cal models might influence perspectives and interpretations. 

Koerth et al. (1983:386) concluded that “there appears to be no 
reason for concern that trampling losses by cattle will be higher 
under the [short duration grazing] regime used in this study than 
under [continuous] grazing, even though stocking rates were 
higher under [short duration grazing]. By inference, trampling 
losses should be lower under [short duration grazing] than under 
[continuous] grazing at similar stocking rates.” The null models 
we developed are justifiable for the Koerth et al. (1983) study, 
because they used clay targets not subject to competing risks or 
partial exposure in time. Predictions of the models are contrary to 
the above conclusions given full exposure in time, i.e., we expect 
trampling loss to increase with time-based stocking rate for vul- 
nerable objects such as cactus. However, predicted trampling 
probabilities do not increase in proportion to increases in stocking 
rate. Whether statistical differences will be observed in the field 
depends on variability in trampling and on the amount of time 
objects are vulnerable. If exposure period is short or long, all 

types of grazing treatments can result in similar trampling proba- 
bilities. 

Koerth et al. (1983:363) also concluded, ‘the only alternative to 
reduce trampling losses under [continuous] grazing is to lower 
the stocking rate. Under [short duration grazing], however, 
increasing the number of pastures while holding the stocking rate 
and days of grazing per pasture constant should decrease tram- 
pling losses. This would occur because a smaller percentage of 
the area would be grazed during any laying and incubation peri- 
od.” This conclusion is consistent with theoretical expectations 
given partial exposure in time (Equations [3] and [4]), but is not 
consistent with theoretical expectations given continuous expo- 
sure during a complete short duration rotation (Equation [2]). 

We advocate using the models developed in this paper for 
hypothesis generation and testing in research. These models gen- 
erate a priori hypotheses about the effects of time-based stocking 
rate on trampling loss. A priori hypotheses are a condition of 
quality science. 

Finally, we observe that the issue of trampling loss has com- 
plexities that extend beyond the probabilistic background we 
have presented. These complexities involve habitat selection and 
use and adaptations of plants and animals vulnerable to trampling 
at some stage in their life history. We hope the models will assist 
in study and management of trampling in this broader context. 
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Abstract 

Proposals outlined in Rangeland Reform ‘94 have been per- 
ceived to greatly alter grazing use on public lands. In addition to 
new rules and regulations, the grazing fee would double under 
this reform proposal. The debate about these controversial poli- 
cies would be expected to affect the market value of public land 
grazing permits. Regression models were developed using over 
700 ranch sales to determine recent trends in market value for 
New Mexico ranches, including public land ranches. After 1988, 
nominal deeded ranch values were found to have increased by 
3% per annum, but remained unchanged in 1992 constant dol- 
lars. This follows a 50% decline in real value from 1982-88. 
Ranches heavily dependent on Bureau of Land Management 
(RLM) land for grazing capacity decreased in real value by about 
1.8% per annum over the 1988-94 study period. The United 
States Forest Service (USFS) has recently had the most contro- 
versial land use polices and the highest average total grazing 
costs. This has been reflected in the market value of USFS ranch- 
es, with a cnntinued decrease in permit value; USFS ranches in 
New Mexico have lost 75% of their real value since 1982. 
Doubling grazing fees on New Mexico state trust lands con- 
tributed to a downward trend in leasehold value. Somewhat sur- 
prising, given the higher grazing fee on state trust lands, these 
permits increased in market value in both real (1.7% per year) 
and nominal (5% per year) terms after controversy about state 
lands subsided and federal land policies became more controver- 
sial. 

Key Words: land values, economics, grazing fees, appraisal, 
Rangeland Reform ‘94 

Ranch values have been relatively unstable during the past 
decade. After steadily increasing for more than 20 years, values 
increased rapidly during the 1970s and then fell precipitously 
during the 1980s. Tore11 and Doll (1991) determined that the 
nominal value of a deeded animal unit yearlong (AUY) on New 
Mexico ranches declined by 30% between 1982 and 1987. The 
market value of ranches with public lands and New Mexico state 
trust lands fell by an even greater percentage (4565%) because 
of higher grazing fees on state trust lands and proposals to 
increase fees on Bureau of Land Management (BLM) and U.S. 

Tbis article is published cooperatively with tbe New Mexico Agr. Exp. Sta.. 
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Forest Service (LJSFS) lands (Torell and Doll 1991). Ranch val- 
ues in other western states also fell over this period (Rowan and 
Workman 1992). 

Market value is usually estimated by a site-specific appraisal 
with consideration given to comparable ranch sales negotiated 
between willing buyers and willing sellers, and the income earn- 
ing potential of the subject property. A comparable sale is consid- 
ered to be a property similar to the subject property in type of 
land, organization, date of sale, location, size, productive capaci- 
ty, and level of improvement. The greatest problem in using the 
market appraisal approach is the lack of homogeneous properties. 
Adjustments are necessary to make the subject property and com- 
parable properties similar in characteristics. These adjustments 
usually include recognizing differences in property features, non- 
typical sale price, and fluctuations in land values over time. One 
technique used to determine desired price adjustments for market 
appraisal is regression analysis. It is often a preferred technique 
because a greater number of comparable sales can be used and it 
provides an objective measure of factors that influence price. 

This paper identifies and quantifies factors influencing New 
Mexico ranch values and trends in value between January 1979 
and April 1994. Because a proposal to substantially change the 
way public lands are administered and priced (Rangeland Reform 
‘94, USDVUSDA 1994) has been so controversial and publi- 
cized, it would be expected that the market value of federal graz- 
ing permits would have diminished. Special emphasis is placed 
on quantifying the difference in value trends between deeded and 
public land ranches’. Regression equations that predict both nom- 
inal and real values for 2 different time periods are estimated. 

Methods 

Appraisal data for 429 New Mexico ranch sales recorded 
between January 1987 and April 1994 were obtained from Farm 
Credit Services (FCS). Information collected for each ranch sale 
included the month and year sold, sale price, county, township 
and range location, private land acreage, cultivated and irrigated 
acres, type of livestock produced, rangeland carrying capacity, 
public land grazing leases attached to the ranch (expressed in 

‘In this report a public land ranch is considered to include BLM, USFS, and/or 
New Mexico state bust lands. Technically, New Mexico state lands are not public 
lands; they are trust lands generating revenue for beneficiary institutions in New 
Mexico. 
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acres and Am*), an appraiser’s estimate of house and building 
value, and other qualitative factors. 

The purpose of this research was to estimate the market value 
of livestock-producing ranches. Correspondingly, the analysis 
excluded ranches with a carrying capacity of less than 25 AUY 
because the sale prices of these small ranches are influenced by 
many confounding nonproduction-related factors. Ranches that, 
by the judgement of Farm Credit Services (FCS) appraisers, were 
significantly affected by recreation and/or development potential 
were also excluded from the analysis. These exclusions left 417 
bona fide sales that were used in regression model formulation. 
Prices paid for the ranches were for the land (including public 
land grazing permits), buildings, and improvements. The value of 

sale were divided by the ratio CPI, KPII992 to adjust for infla- 
tion. Nominal values were taken from the data as recorded. 

Factors influencing New Mexico ranch prices were defined 
based on real estate appraisal theory and previous ranch value 
models developed at New Mexico State University (NMSU). 
These included 1) ranch size, 2) grazing capacity and rangeland 
productivity, 3) dollar value of houses and buildings, and 4) the 
proportion of grazing capacity from deeded, BLM, USFS, and 
state trust lands. Other factors such as distance to town, distance 
to a paved road, level of range improvement, and terrain influ- 
ence ranch values, but could not be easily measured or were not 
consistently and explicitly defined in the data set. 

Explanatory variables considered in the ranch value regression 

Table 1. Explanatory variables used in deftig New Mexico ranch values. 

Variable Variable Description 
PRICE 
PRICEAUY 
TOTAUY 

TIhfE 

DEEDAUY 
BLMAUY 
PERBLM 
TRDBLhl 
USFSAUY 
PERUSFS 
TRDUSFS 
STATEAUY 
PERSTATE 
TRDSTATE 
SECTION 
ACCULT 
ACCULTAUY 
HBVAL 
HBVALAUY 

PROD 

Total ranch price ($) measured either on a nominal or real basis. 
Ranch sale price on a real or nominal $/AUY basis (PRICE/TOTAUY). 
Total carrying capacity of the ranch, including deeded, public, and state land forage sources. 

(TOTAUY = DEEEDAUY + BLMAUY + USFSAUY + STATEAUY) 
Time trend variable mcasurcd as number of years from January 1986 that the ranch sold (i.e., January 1980 = -6, January 1986 = 0, 
July 1990 = 4.5). 

AUY carrying capacity from deeded land. 
AUY carrying capacity from BLM land. 
Percent of ranch carrying capacity from BLM land (BLMAUYITOTAUY)X~OO. 
Slope shifter for PERBLM, computed by multiplying PERBLM by TIME. 
AUY carrying capacity from USFS land 
Percent of ranch carrying capacity from USFS land (USFSAUYffOTAUY)xlOO. 
Slope shifter for PERUSFS, computed by multiplying PERUSFS by TIME. 
AUY carrying capacity from state trust land. 
Percent of ranch carrying capacity from state trust land, (STATEAUY~OTAUY)xlOO 
Slope shifter for PERSTATE, computed by multiplying PERSTATE by TIME. 
Ranch size expressed in sections (including deeded and public lands). 
Acres of cultivated land on the ranch. 
Acres of cultivated land per AUY on the ranch, (AACULTffOTAUY). 
Appraised value of houses and buildings on tbe ranch. 
Appraised value of houses and building on the ranch expressed in $/AUY. 
Measured either on a nominal or real basis. 
Productivity of tbe ranch. Defined as TOTAUY/SECIION. 

livestock and other personal property included with some sales 
were subtracted from the total price by FCS appraisers. 

A major downward trend in New Mexico ranch values that 
overshadows any recent changes in value occurred from 1982 to 
1987. Because of this, trends in market value over this earlier 
period were also estimated using ranch sales data collected and 
described by Tore11 and Doll (1989). This earlier regression 
model was re-estimated using a truncated nonlinear model speci- 
fication developed by Xu et al. (1994), as described below. A 
total of 452 ranch sales were used in this second estimation with 
the same exclusion criteria used as in the 1987-94 data set. The 
data overlapped in 1987 and 1988, and sales for these years were 
included in both data sets. 

Equations defined over both time periods were estimated on 
both a real and a nominal basis. For the real price models, the 
consumer price index (CPI) was used to adjust the economic vari- 
ables to constant 1992 levels (USDC 1994). The per AUY ranch 
sale price and house and building values at the time of the ranch 

*An AUY (Animal Unit Yeartong) is a common measure of carrying capacity for 
soutbwestcm rangelands. It is defined to be the forage resources needed to sustain 
one mature cow or the equivalent for 1 pear. 

analysis are defined in Table 1. Ranch values were predicted on a 
$/AUY basis using nonlinear regression routines found in the 
SAS statistical package (SAS 1984). The Xu et al. (1994) model 
formulation that was used in the analysis recognizes land values 
cannot be negative. In this case the normal assumption about the 
disturbance term that allows for positive and negative values of 
the dependent variable is a model misspecification. The Xu 
model corrects for this n&specification by truncating the distrib- 
ution of the disturbance term to exclude negative dependent vari- 
able values. This adjustment primarily affects predictions for rel- 
atively low-valued ranches such as those with considerable public 
lands (Xu et al. 1994). 

Time trend variables were included in the models to measure 
the differential in trends between private and public land grazing 
values. Including time in the model did not explain why ranch 
values changed through time; it only quantified that they had in 
fact changed. Several different functional forms for the trend 
variables were evaluated including linear, cubic, exponential, and 
a linear spline model that allowed the trend in market value to 
change at various points. The linear model fit the data best for the 
1987-94 period; a cubic function fit the data best for the 1979-88 
period. The time trend variables were specified as follows: 
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1) f-l= l312mfE + p13=* + P14=’ 1979-88Period 
= PlZl=fE 1987-94 Period 

The model of per AUY ranch sale price was then defined as: 

g(X$) = j3c + P,PERELM + &PERUSFS + PsPERSTA‘I’E 
+ &ACCULTAUY + ~+IEVALAUY + &PROD 

+ &TRDBLM + &$‘RDUSFS + &TRDSTATE 
+ ~&SECTION + gtrSECTION* f f(TTh0S) + u 

To estimate the truncated model it was assumed the error term 
p was distributed normally with mean zero and scale parameter 2. 
The truncated model was then estimated as: 

where I$(.) and a(.) are the probability density and cumulative 
density functions for the standard normal distribution, p = {j$-,, 
B r, . . ., j3t4} and ‘E are parameters to be estimated. 

The explanatory variables in the model are hedonic in nature 
and relate the value of a ranch to local and specific ranch charac- 
teristics and attributes at various points in time. Model parame- 
ters (ps) have the following interpretation. 

&, = the base value of an AUY of grazing from deeded land. 
This value is adjusted up and down depending on the 
time of the ranch sale, ranch size and rangeland produc- 
tivity. 

Bl, 829 B3d37* PO P9 
= the price discount or price reduction if some of the AUYs 

on the ranch are from leased public land instead of deed- 
ed land. Interpretation of fit and &, for example, is that 
when ranch size and productivity are held constant, a 1% 
increase in the proportion of the ranch carrying capacity 
from BLhI land causes a reduction in the per AIJY sell- 
ing price of PI + 8, x TIME For January 1986, when 
TIMB = 0, the price discount for BLM is pt. The discount 
in January 1980 is pr + p7 (-6), and in July 1990 it is pi + 
& (4.5). This model specification allows the relative 
value of public lands to change through time, as might be 
expected as altered land use policies were proposed and 
implemented by federal and state land agencies. The neg- 
ative estimates for the discount parameters does not mean 
public land grazing permits have negative value; rather, it 
means that grazing capacity on public lands sells for less 
than grazing capacity on deeded lands. 

p4 = the marginal value of an additional acre of cultivated land 
included with the ranch sale. Most New Mexico ranches 
do not have cultivated and irrigated lands, but when pre- 
sent, they increase the sale price of a ranch. 

& = the amount that a dollar’s worth of house and building 
value changes the sale price of the ranch. 

p6 = the change in per AUY ranch selling price as rangeland 
productivity is increased. It would be expected a more 
productive ranch would sell for more, implying a positive 
value for &. However, as described by Tore11 and Doll 
(1989), a more productive ranch, or a larger ranch, will 
generally sell for less on a $/AUY basis. The total value 
of the ranch will in fact increase-more AW are valued 
at a slightly lower per unit price. 

Pm P11= 
linear and quadratic parameters for ranch size. The per 

AUY ranch price was hypothesized to vary as a quadratic 
function of ranch size measured in sections. Larger ranch- 
es generally sell for less per AUY (but more in total) than 
do smaller ranches. 

h2&3~fh4 = 
linear, quadratic, and cubic parameters for time of ranch 
sale. Time variables capture time trends in ranch prices as 
influenced by ranch earnings and other undefined market 
price influences. 

As described by Tore11 and Doll (1991), after canceling and 
collecting terms, total ranch selling price can be estimated as: 

PRICE = PRICEAUY X TOTAUY 
= PaTOTALlY + (p, X 1OO)BLMAUY + (p2X 100)USFSAUY + 

(j&X 1OO)STATEAUY + P,ACCULT + &HEVAL + 
p TOTA& 6SECTION+ (p7 X 100) TIMEXELMAUY 

+ (&X 1OO)TIMEXUSFSAUY + (pg X 1OO)TIMEXSTATEAUY + 

~,,SECTIONXTOTAUY + &,SECTIONzX TOTAUY + f(TIME) 
TOTAm + r ‘$ (- g@:p)‘r) + TOTAUY 

%cw~~) 
This equation can be used to estimate the total value of a par- 

ticular New Mexico ranch at various points in time over the study 
period. Also, by differentiating this function with respect to each 
Xi the marginal impact of altering size, productivity, house and 
building values, and grazing capacity can be estimated. Xu et al. 
(1994) show how to take these derivatives for the truncated 
model used in the analysis. 

A spreadsheet program that used parameter estimates from 
each of the estimated regression equations to predict the value of 
a defined ranch over each of the study periods was used to facili- 
tate graphing and analysis for alternative types of ranches. This 
program is available from the senior author. 

Rl3Ilt.S 

Ranch Characteristics 
Ranches in the sample ranged from the 25 AUY minimum to 

more than 3,000 AUY. The average ranch size supported grazing 
for 325 AUY on 20.6 sections, yielding an average rangeland car- 
rying capacity rating of 15.75 AUYlsection. House and building 
values averaged $S6.16/AUY over the 1979-94 study period. 

Federal and state land dependency varied widely by area of the 
state. The northeast is largely deeded (private) land with some 
intermingled state land sections. Ranches in the southern part of 
the state are heavily dependent on BLM land with intermingled 
state and private lands. The northwest and central regions are 
mountainous and have USFS lands along with private, BLM, and 
state trust lands. As a statewide average, ranches depended on 
deeded land for 60% of grazing capacity, BLM for 20%, USFS 
for 5%, and state trust land for 15%. Tore11 et al. (1992) provide a 
more complete analysis of land-use patterns based on the ranch 
sales data used here. 

Ranch Value Model Parameters 
Table 2 gives parameter estimates for the nominal and real 

price regression models. Also shown in the table are parameter 
estimates when price discounts for public lands were restricted to 
be the same. These restricted models were used to test whether 
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Table 2. Parameter estimates for nominal and real regression models. 

Unrestricted Model Parameters 
Nomiml Ranch Values ($AUY) Real Ranch Values ($AUY) 

1979-88 1987-94 1979-88 1987-94 
Variable PaIa- Estimated Estimated Coefficient Estimated 

meter Coefficient S.E. Coefficient SE. SE. Coefficient SE. 

llltercept k 3,689.90** 110.43 2,925.71** 126.42 4,671.21** 147.54 3,750.40** 138.15 
PERBLM -26.52** 2.53 -15.41** 2.33 -34.27** 4.01 -20.38** 2.30 
PERUSFS ii -23.80** 2.97 -11.07** 3.68 -29.88** 4.50 -16.08** 3.90 
PERSTATE -24.17** 2.49 -17.57** 3.02 -30.47** 3.79 -22.74** 3.17 
ACCLLTAUY f$ 89.63** 28.18 129.90* 50.4 126.24** 39.78 133.08* 55.82 
HBVALAUY ps 1.21** 0.13 1.22** 0.13 1.37** 0.14 1.19** 0.12 
PROD 86 -2o.%** 4.51 -19.26** 4.67 -30.64** 5.73 -20.02** 5.14 
TRDBLM P7 0.77* 0.40 -1.09* 0.48 2.24** 0.65 -0.30 0.51 
TRDUSFS Bs -0.27 0.65 -2.17** 0.78 0.958 0.93 -1.38 0.88 
TRDSTATE !i -1.25* 0.55 -0.34 0.60 -0.38 0.82 0.46 0.65 
SECl’ION -4.ss** 1.22 -10.27** 2.03 -6.82** 1.69 -10.89** 2.23 
SECTION2 0.007* 0.0024 o.oQ** 0.011 0.01** 0.003 0.045** 0.013 

I312 -281.24** 21.4 123.34** 18.27 -506.17** 30.31 -1.19 20.16 
TIMEz 813 23.68** 10.12 44.67** 14.35 
TIME3 814 9.98** 1.53 11.63** 2.07 
Scale 
Pxameter z 988.48** 186.97 510.85 324.08 1,253.45** 307.19 505.81 460.11 
R2 0.80 0.74 0.84 0.72 
Sample Sii n 452 417 452 417 
Root Mean 
Square Error 
(RMSE) 524.19 497.16 740.56 550.81 

Variable Para- 
meter 

Nominal Ranch Values ($AUY) Real Ranch Values ($AUY) 
1979-88 1987-94 1979-88 1987-94 

Estimated Estimated Coefficient Estimated 
Coefficient S.E. Coeffkient S.E. S.E. Coefficient S.E. 

Intercept PO 

PERBLM Bl 
PERUSFS 
PERSTATE it 
ACCULTAUY p4 
HBVALAUY & 
PROD 86 
TRDBLM 
TRDUSFS k 
TRDSTATE 
SECTION $0 
SECTION2 Bll 

TIM 
T&d 

ki 

Scale 
Parameter z 
R2 
Sample Size n 
Root Mean 
Square Error 
WfW 

3,650.85** 108.01 2,895.75** 125.86 4,606.34** 145.21 3,719.86** 137.30 

-25.17** 2.13 
-25.17** 2.13 
-25.17** 2.13 
86.76** 28.85 

1.19** 0.13 
-17.95** 4.17 

0.003 0.33 
0.003 0.33 
0.003 0.33 

-4.47** 1.23 
o.O05* 0.0023 

-284.13** 21.75 
21.97** 10.27 

9.69** 1.54 

-15.38** 1.89 
-15.38** 1.89 
-15.38** 1.89 
132.17* 50.40 

1.22** 0.13 
-18.50** 4.63 

-1.02** 0.36 
-1.02** 0.36 
-1.02** 0.36 

-10.17** 2.01 
0.04** 0.011 

128.31** 18.03 

-31.91** 3.35 
-31.91** 3.35 
31.91** 3.35 
121.41* 40.90 

1.34** 0.14 
-25.72** 5.29 

1.31* 0.58 
1.31* 0.58 
1.31* 0.58 

-6.18** 1.70 
0.007* 0.003 

-509.81** 30.33 
42.43* 1458 
11.27** 2.10 

-20.44** 1.87 
-20&I** 1.87 
-20.44** 1.87 
135.33* 55.77 

1.19** 0.12 
-19.28** 5.10 

-0.23 0.34 
-0.23 0.34 

-0.23 0.34 
10.77** 2.20 

0.044** 0.013 
3.77 19.88 

970.57** 
0.79 

452 

187.90 478.10 357.11 1,204.95** 
0.74 0.83 

417 452 

314.93 466.02 555.0 
0.72 

417 

538.18 497.68 740.56 550.78 
**iSignllicant al 0.005 levelor higher. 
l */sigllificallt at .05 level or higher. 
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Real 1992 

Fig. 1. Average value of New Mexico ranches with different amounts of public laud dependency. 

the different types of permits (BLM, USFS, and state) had differ- 
ent values through time. 

The equations explained a significant amount of the variation in 
ranch selling prices as indicated by the estimated R2 values, 
which exceeded 70% in all cases. Most variables were significant 
at the CL = 0.005 level or higher. The scale parameter (r) was sta- 
tistically significant over the 1979-88 period but not the 1987-94 
period? Multicollinearity was not determined to be a problem 
using appropriate tests available with the SAS software package. 

Average Ranch Values 
Figure 1 presents average $/AUY ranch values estimated from 

the regression models. Both nominal and real values are shown 
for the average New Mexico ranch described above with 325 
AUY on 20.6 sections of rangeland. The graph shows 3 different 
types of ranches including a 100% deeded land ranch, a 50% 
deeded and 50% public land ranch, and a 10% deeded and 90% 
public land ranch. Lines are shown for BLM, USFS, and state 
trust land, assuming each of these land types was the public land 

‘As described by Xu et d. (1994). nn asymptotic one-sided t-test is appropriate to 
test the null hypothesis (HO: r = 0) versns the alternative hypothesis @Ia: z > 0). A 
signScent t-stetistic provides statistical evidence against an nntrnnceted error dis- 
tribution specification for the model, suggesting the Xu model truncation was an 
important considention 
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portion of the ranches’ carrying capacity. 
Trends in ranch values were different depending on the owner- 

ship structure considered. The 100% deeded land ranch peaked in 
nominal value at $4,2OO/AUY in 1982 ($6,3751AUY real 1992 
value). Nominal and real values decreased by about 30% and 
50% respectively by 1988. Deeded land ranches increased in 
nominal value by about 3% per year from 1988 through April 
19944. This was just equal to the average rate of inflation, as indi- 
cated by the flat line estimated for deeded land ranches on a real 
basis (Fig. 1). 

The US Forest Service permits have continued to decline in 
both real and nominal terms. A ranch depending on USFS for 
90% of grazing capacity decreased in nominal value by about 4% 
per year from 1988 through April 1994. On a real basis, values 
decreased from 6% to 8% per year over this period. From peak 
market values reached in 1982, the 90% USFS permit ranch 
decreased in value by 75% on a real basis ($3,2621AUY to 
$839/AUY) and by 57% on a nominal basis ($2,22l/AUY to 
$964lAUY). 

This declining market value for USFS ranches would be 
expected based on average grazing costs reported by the BLM- 

‘A linear fonction does not change at a constant percentage rate, thus, the rate of 
change was more than 3% in 1988 end slightly less than this amount by 1994. 
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and USFS-funded Grazing Fee Task Group Report (Bartlett et al. 
1993). This three-state study compared grazing costs between 
BLM, USFS, and private leased lands in Idaho, New Mexico, and 
Wyoming in 1992. The USFS was found to have a significantly 
higher grazing cost when all fee and non-fee grazing costs were 
considered. As a three-state average, cattle grazing costs (exclud- 
ing the $1.92/AUM 1992 grazing fee) were estimated to be 
$15.41/AUM, $21.89/AUM, and $19.04/AUM for BLM, USFS, 
and private leased land, respectively (Torell et al. 1994). By com- 
parison, in 1966 when a major grazing cost study was completed 
and used to justify the current federal grazing fee formula 
(Housemann, C.E., and others. Special report on the grazing fee 
survey. Unpublished report. USDA Statistical Reporting, 
November 12, 1968), a $0.62/AUM grazing cost differential 
between BLM and USFS was not statistically diierent when dif- 
ferences in permit size and season of use were considered. This 
suggests that grazing costs have increased faster on USFS lands 
and it would be expected that permit values would react to this 
changing cost structure. 

Over the 1988-94 period, BLM permit ranches increased in 
nominal value (1.4% average annual change) but decreased in 
real terms (-1.8% average annual change). Values decreased sub- 
stantially over the earlier study period (30% decline nominal, 
42% decline real). Tore11 and Doll (1991) attribute this earlier 
decline to the controversial policies of the BLM at this time, 
including the release of environmental impact statements @S’s) 
across the West and designation of potential wilderness areas. 

Ranches heavily dependent on New Mexico state trust lands 
have seen wide variation in market value. State land permits had 
higher market value iu 1982 when compared to BLM and USFS 
(Fig. 1). What had been a laissez-faire attitude on the part of the 
state land office changed considerably with the 1982 election. 
The newly elected administration made it clear the state land 
office planned to fulfill its fiduciary responsibilities to maximize 
state land revenues. The administration proposed to increase 
grazing fees, consolidate small scattered parcels, implement tres- 
pass laws on state lands similar to those on federal lands, and 
inventory range improvements on state lands. Some of these pro- 
posals, including higher grazing fees, were eventually implement- 
ed. State land fees have been over $3/AUM since 1989. They 
were $3Sl/AUM in 1994, which was about 1314 times the federal 
fee ($1.98/AUM), but slightly less than the $3.96/AUM base fee 
suggested for federal lands under the proposed action alternative 
of Rangeland Reform ‘94 (IJSDBIJSDA 1994). 

Since 1987, New Mexico state land permits have increased in 
value while federal permits have decreased in value (Fig. 1). This 
would not be the case if permit value resulted only because of a 
capitalized cost advantage, as economists have traditionally 
argued (Roberts 1963; Gardner 1962, 1963; Nielsen and 
Wennergren 1970; Tore11 and Doll 1991; Workman 1988). In 
addition to many other economic and hedonic factors, expecta- 
tions of what the grazing cost advantage will likely be in the 
future also influences ranch values. 

Several related explanations are also possible for the recent 
increase in New Mexico state trust land leasehold values and the 
declining value of federal land permits. First, many of the ranches 
in northeast New Mexico have only deeded and state trust lands 
attached to them, but state land is usually a small part of the total 
land base. Thus, the value of state land permits would be expect- 
ed to be strongly influenced by deeded land values. Second, 
future state land grazing fees are defined by a formula, and ranch 

buyers know approximately what fees will be in the immediate 
future. Compare this to the uncertain future of federal lands, 
where annual attempts have been made to increase fees since 
1985 and new restrictive grazing regulations have been proposed 
but not yet implemented. The New Mexico state land office has 
also initiated a rangeland stewardship program, and ranchers can 
reduce grazing fees by participating. 

As shown in Figure 1 and discussed above, relative values of 
different types of grazing permits have changed as the policies of 
the land agencies changed. But, were permit values statistically 
different at various times? This question is equivalent to asking 
whether the price discount and trend variables were the same for 
BLM, USFS, and state permits. This was evaluated using restrict- 
ed least squares by imposing the restrictions &=p2=ps and & = 
ps= &,. Using the residual sum of squares from the restricted 
(RSSn) and unrestricted (RSS& models, the appropriate test sta- 
tistic is given by an F-distribution with m and N - k degrees of 
freedom. The F-statistic is computed as: 

F = (RSSR - RSS&/m. 

RSS&,N - k) 

Subscripts UR and R stand for unrestricted and restricted, 
respectively. The parameters m, N, and k are the number of 
restrictions imposed, the number of observations, and the number 
of parameters estimated in the unrestricted model. For nonlinear 
estimation, neither the numerator nor the denominator has exactly 
the necessary chi-squared distribution, so the F distribution is 
approximate and only asymptotically valid (Green 1993, p. 336). 

Computation of F-statistics for the 2 study periods is shown in 
Table 3. The calculated F-statistic was not significant for either 
the nominal or real models over the 1987-94 period, implying 
acceptance of the hypothesis that BLM, USFS, and state trust 
land permits were of equal value over this period. The F-statistic 
was statistically significant for both the real and nominal price 
models over the earlier 1979-88 period. This suggests that at 
least one of the imposed restrictions was not true over this study 
period, i.e., not all permit values were equal over this period. 
Further analysis with successively fewer restrictions imposed (not 
shown) indicated the significant restrictions for the 1979-88 peri- 
od were pr =pZ and p7 = &.’ These restrictions forced BLM and 
USFS permit values to be equal. Because the restrictions were 
significant, this implies BLM permit values were significantly 
less than USFS over this period. However, state land permits 
were not statistically different from either USFS or BLM over 
this period. 

Farm and ranch values increased continually from the 1940s 
through the early 1980s. Especially during the inflationary 197Os, 
ranch values increased at a rapid pace. Buying land was consid- 
ered a good investment because land values continually increased 
in real terms. In addition to producing livestock, ranchers were 
also successful land speculators. All that changed when land val- 
ues began declining around 1981-82. As shown in Figure 1, 
deeded ranch values in New Mexico decreased substantially 
before they once again started to increase in nominal terms in 
about 1987. After adjusting for inflation, deeded land values have 

?hese 2 restrictions were not individually significant. 
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Table 3. Restricted least squares analysis of the similarity of grazing per- 
mit values over time. 

Study Real/ 
P&Jd Nominal RSSuR R!ZSa m N-k F- 
Statistic 

Literature Cited 

1979-88 Nominal 1.19SE+OS 1.274E+OS 4 436 6.99 
1979-8s Real 2.391EtO8 2.565E+OS 4 436 7.94* 
1987-94 Nominal 9.961E+O7 l.O03E+OS 4 403 1.22 
1987-94 Real 1.223E+OS 1.235E+OS 4 403 0.99 
RSSm = the residual sum of squares for the unrestricted model. FUR = tbe residual 
sum of squxcs for the restricted model, m = the number of linear restrictions imposed, 
N-k = the number of observations less the number of parameters in the unrestricted 
repes+n model. 
*/ tgmbcant at the 0.05 level or higher. 

remained constant, and on average the land appreciation benefit 
of ranch ownership has not yet returned. 

The value of public land grazing permits has been suppressed 
relative to deeded land values. Differentials in permit values, 
while not statistically diierent in all cases, have been influenced 
by the policies of federal and state land agencies, as would be 
expected. When BLM was doing EISs and planning documents in 
the early 198Os, BLM permits had the lowest market value (Fig. 
1). As New Mexico state land policy moved to the spotlight in 
1982 and grazing fees were increased, these permits decreased in 
relative value. However, the current upward trend in state lease- 
hold value suggests that state permits now appear stable and 
secure relative to federal grazing permits. 

The USFS and BLM have recently had the most controversial 
policies, and this is reflected in a continued downward trend in 
federal permit values. While no direct cause and effect can be 
assigned for certain, the controversy about new rules and regula- 
tions and higher grazing fees as proposed in Rangeland Reform 
‘94, has likely contributed to the downward trend in value for 
ranches dependent on federal grazing permits. It would be antici- 
pated that this suppression of market value will continue as long 
as the uncertainty about future public land grazing policies 
remains. Additional decreases in permit value would be expected 
if grazing fees are significantly increased, or if many of the con- 
troversial policies in Rangeland Reform ‘94 are eventually imple- 
mented. 

It is important to move forward in defining what grazing fees 
and land-use policies will be on federal lands. The ranch real 
estate market has been suppressed by the uncertainty surrounding 
Rangeland Reform ‘94, a trend which will likely continue until 
decisions are finally made about future grazing regulations. 
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Abstract 

The objectives of this study were to identify a Site 
Conservation Threshold, the point at which accelerated erosion 
occurs, and to examine the usefulness of the Water Erosion 
Prediction Project (WEPP) model in determining the Site 
Conservation Threshold on a clay loam upland rangeland site. 
Sisteen sample sites were chosen to represent a wide range of 
species composition, ground cover, biomass and apparent soil 
stability to determine which of these factors could be used to 
evaluate the site conservation status of a clay-loam upland eco- 
logical site on a southern Arizona semi-arid desert grassland. A 
Site Stability Rating based on observable vegetation and soil-sur- 
face characteristics (i.e. ground surface cover and distribution of 
plants) was developed. A Site Stability Rating w3s estimated for 
100 quadrats per sample site and averaged for the entire sample 
site. The Water Erosion Prediction Project model w3s used as an 
objective indes of soil stability to assess the degree of site protec- 
tion. The Soil Conservation Service soil loss tolerance value (I’) 
w3.s used with the sediment yield predicted by the WEPP model 
to establish a threshold value for the Site Stability Rating. The 
objective measures of standing biomass, basal cover, average dis- 
tance to the nearest perennial plant, and frequency of quadrats 
with no rooted perennial plant showed strong relationships to the 
subjective Site Stability Rating. Site Conservation Thresholds 
were identified for standing biomass (750 kg/ha), basal cover 
(8%), average distance to the nearest perennial plant (15 cm), 
and frequency of quadrats (20 X 20 cm) wivith no rooted perennial 
plant (13 %). 

cal site and on the amount and composition of the vegetation 
(Smith 1988). A separate evaluation for soil and vegetation con- 
dition has been recommended since 3 site cannot be expected to 
continue to maintain maximum vegetation production if it has 
accelerated erosion (USDI-BLM 1993, Ellison 1949, NRC 1994, 
SRM 1983 and 1991). Accelerated erosion has been defined 3s 
“an increase in the rate of erosion that is the result of land use 
and/or management, and which significantly increases the rate or 
probability of loss of site potential from these influences” (SRM 
1991, p. 13). Soil erosion is a natural process, but the quantity 
and rate of surface runoff and sediment yield may be altered 
through land use and management practices (Blackbum et 31. 
19S2, Gifford and Hawkins 1978, Thurow et al. 1986, Weltz and 
Wood 1986). 

The Committee on Rangeland Classification (NRC 1994, p. 4) 
defines rangeland health “as the degree to which the integrity of 
the soil and the ecological processes of rangeland ecosystems are 
sustained.” They recommend the determination of rangeland 
health should be based on the evaluation of 3 criteria: degree of 
soil stability and watershed function, integrity of nutrient cycles 
and energy flows, and the presence of functioning recovery 
mechanisms. The SRM (1991) proposed 3 site conservation rat- 
ing to assess the degree of protection from erosion afforded a site. 
The major recommendation of the SRM (1991) was: “The effec- 
tiveness of present vegetation in protecting the site against accel- 
erated erosion by water andfor wind should be assessed indepen- 
dently of the actual or proposed use of the site. This assessment 
should be called a Site Conservation Rating. The Site 
Conservation Rating at which accelerated erosion begins should 

Key Words: range condition, soil erosion, site conservation, sus- be called the Site Conservation Threshold. Any site rated below 

tainable agriculture, threshold, WEPP model the Site Conservation Threshold would be considered in unsatis- 
factory condition and those above it, satisfactory.” The difficulty 

Definitions of rangeland condition and use of the concept vary 
among agencies, but historically rangeland condition assessment 
has been based upon vegetation, climax-based or 
productivity-based (Smith 19S9). Both approaches depend on 
assessment in relation to the potential or capability of the ecologi- 
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State of Arizona. 
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in rating an area arises in identifying the thresholds that allow an 
area to move from one category to another (USDI-BLM 1993). 

Attempts have been made to establish soil cover guidelines 
required for site protection. Packer (1951) found ground cover 
the most influential in affecting overland flow on steep slopes, 
and soil erosion was most affected by the size of maximum bare 
openings. He suggested 70% cover was required for adequate 
protection (would depend upon frequency and intensity of rain- 
fall). Orr (1970) concluded that plant and litter cover must be 
greater than 60% for maximum soil stability in the Black Hills of 
South Dakota. Gifford (19X4) suggested that 50-60% cover is 
probably sufficient. Although many studies have identified mini- 
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mum cover values in the 60-75% range (Costin 1980, Lang 1979, 
Marston 1952, Noble 1965), Moore et al. (1979) speculated that a 
minimum cover value of 20% may be sufficient in controlling 
runoff and surface erosion in Kenya. Costin et al. (1960) reported 
the cover should be near 100% for some Australian conditions. 
Gifford (1984) found that various cover types (vegetation, litter, 
rock, and erosion pavement) offer differing degrees of soil pro- 
tection, and the effectiveness of the different cover types vary 
with time of year and within a given storm. 

This study is based upon the concepts proposed by the SRM 
(1991) to define techniques of establishing the condition of our 
nation’s rangelands. Our objectives were 1) to develop criteria for 
the evaluation and establishment of Site Conservation Thresholds 
on a clay loam upland site and 2) to evaluate the usefulness of the 
Water Erosion Prediction Project (WEPP) model (Lane and 
Nearing 1989) in determining the Site Conservation Threshold. It 
is hypothesized that rangelands that t-ill with a lo-year return 
period event are unsustainable. Rangelands that initiate rilling 
with the 25-year return period event are at risk to degradation and 
that rangelands that do not initiate rilling until the 50-year return 
period event are potentially sustainable. 

Study Area and Methods 
The study area is an alluvial terrace located 27 km west of 

Willcox, Arizona in the Major Land Resource Area, 41-3, 
Chihuahuan Semi-desert Grassland (USDA-SCS 1988). Long 
term (30 years) average annual precipitation in Willcox is 293 
mm, with an average growing season precipitation of 197 mm 
(NOAA 1991). The area has a 3 to 4% slope, with an average ele- 
vation of 1,500 m. The study area is classified as a clay loam 
upland ecological site (USDA-SCS 19SS). The Whitehouse soil 
series found on the site is deep and well drained, with high avail- 
able water capacity, slow permeability, slow to medium runoff, 
and moderate hazard of erosion (Hendricks 19S5). In this semi- 
arid region of the Southwest, annual above-ground net primary 
productivity can vary from 500 to 1,350 kg/ha on this rangeland 
site (USDA-SCS 19SS). The current vegetation is dominated by 
warm season perennial grasses such as Hilaria mutica (Buckl.) 
Benth. (tobosa), Hilaria belangeri (Steud.) Nash. (curly 
mesquite), Bouteloua curtipendula (Michx.) Torr. (sideoats 
grama), Bouteloua eriopoda Torr. (black grama), and Aristida 
spp. (three-awns) (nomenclature follows Keamey and Peebles 
1951). 

Sixteen sample sites (15 X 15 m), all on the same ecological 
site, were selected to represent the diversity of plant communities 
and site stabilities that could occur on the site. Selection included 
evaluation of characteristics that were mainly responsible for 
influencing the erosional stability of the plant community. Plant 
composition within sample sites was chosen to be as uniform as 
possible to restrict internal variation. The sample sites were locat- 
ed within 300 m of each other to minimize the differences in soil 
and rainfall. One hundred quadrats were located on a systematic 
grid with 10 transects of 10 quadrats each, spaced 1.5 m apart 
within each sample site. A nested frame with 3 quadrat sizes (40 
X 40 cm, 20 X 20 cm, and 10 X 10 cm) was used in sampling. 
Data were collected in the winter of 1991 and the summer of 
1992. The winter sampling followed a dry summer growing sea- 
son (1 IS mm of precipitation) and represented the site at an 
apparently low level of site stability (high risk of accelerated ero- 
sion due to minimal canopy and ground surface cover). The site 
was re-evaluated during the late summer of 1992 following above 
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average precipitation (238 mm) and represented the site at an 
increased level of site protection (i.e., increased stability due to 
increased canopy and ground cover) compared to the winter sam- 
pling period. 

Percent ground cover was determined by visually estimating 
the percent of basal vegetation, litter, rock ( >2 mm), and bare 
ground in each of the 40 X 40 cm quadrats. The dry-weight-rank 
method of t’Mannetje and Haydock (1963) was used to estimate 
species composition by weight of perennial plants. Annual plants 
were not included in the sampling procedure due to their scarcity. 
The comparative-yield method of Haydock and Shaw (1975) was 
used to estimate total standing biomass with a ranking for each 40 
X 40 cm quadrat. The point-centered-quarter method was used on 
each quadrat (total of 400 distance measurements per sample site) 
to obtain the average distance to the nearest perennial plant and to 
derive plant density for each sample site (Bonham 1989). Since 
measuring distance to the nearest perennial plant was time con- 
suming, data on the frequency of quadrats with no rooted peren- 
nial plant was evaluated as a possible substitution for distance to 
the nearest perennial plant. Three quadrat sizes (10 X 10, 20 X 
20, 40 X 40 cm) were used to determine the best size, because 
frequency is a function of quadrat size. 

A Site Stability Rating was estimated for each nested quadrat 
on a scale of 1 to 5 (Fig. 1) as an integer. The Site Stability 
Rating is a subjective rating procedure developed to determine if 
quadrats could be used to quantify the mean stability within a 
sample site. The Site Stability Rating descriptions were adapted 
from the Region 3 Range Analysis Forest Service Handbook 
(USDA-U.S. Forest Service 1970). They were based on the 
amount and patchiness of ground cover, and evidence of past soil 
movement. An average Site Stability Rating for the sample site 
was determined from each quadrat size. 

Sediment yield was predicted for each sample site using the 
WEPP single event model (Version 93.3)(Laflen et al. 1991) with 
the vegetation parameters of distance to nearest perennial plant 
(m), percent rock and litter cover, and standing biomass (kg/m2). 
The WEPP model partitions soil erosion into r-ill and interrill ero- 
sion. Interrill erosion is a function of raindrop splash detachment. 
The amount of soil erosion from splash detachment is a function 
of rainfall intensity and amount of bare ground (Lane and 
Nearing 1989). Rill erosion is a function of velocity of the water 
and the sediment concentration within the water. Rilling and/or 
detachment of soil particles by concentrated flow is a function of 
the hydraulic shear force of the water. The hydraulic shear of the 
flowing water is inversely proportional to the hydraulic rough- 
ness of the surface and velocity of the water. Hydraulic roughness 
on rangelands within the WEPP model are estimated as a func- 
tion of rock, litter, basal cover, standing biomass, random rough- 
ness, and soil texture (Weltz et al. 1992). 

It was hypothesized that the storm intensity required to initiate 
rilling (a threshold increase in erosion rate) might be a way to 
identify the Site Conservation Threshold for rangelands. Those 
that rilled with a lo-year storm or less would be below the Site 
Conservation Threshold, those that rilled with a 25-year storm 
might be borderline, and those that rilled only with a 50-year 
storm or greater would be above the Site Conservation Threshold. 
The six-hour rainfall event with return frequencies of 5, 10, 25, 
50, and 100 years were used to estimate the effects of storm size 
on predicted soil erosion. 

The hypothesized relationship of the six-hour, 10, 25, and 50- 
year return frequencies storms to the health of rangeland ecosys- 
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Fig. 1. Sample Site Stability Ratings for a clay loam upland rangeland site in the winter. 1) Plant cover and Litter sparse, patchy, and definite- 
ly not effective in preventing soil movement. Bare spaces frequent, commonly coalesced with a definite runoff pattern; large bare spaces 
common. Erosion pavement may be well developed in bare spaces. Soil movement prominent. Majority of plants pedestaled. 2) 
Intermediate between 1 and 3.3) Plant cover and litter thin or discontinuous and not well distributed. Bare spaces often coalescing but with 
no continuous runoff pattern, large spaces less common than small ones. Soil movement discernible on less than half the area. Occasional 
Pedestaling and close to bare spaces. 4) Intermediate between 3 and 5. 9 Plant cover and litter well distributed: appears effective in pro- 
tecting the soil. Bare spaces small, well dispersed, occasionally coalescing. No erosion pavement. Soil movement none or very slight and 
patchy. Pedestaling rare and close to bare spaces. 

terns were selected based on the following criteria. The selection 
of event duration (6-hours) was chosen to reflect the dominance 
of summer convective thunderstorms on soil erosion in the south- 
west in cuntrast to longer duration and lower intensity winter 
frontal storms (Renard et al. 1993). The return frequencies of 10, 
25, and 50.years were chosen to reflect the interaction of soil 
properties, land-use, and soil erosion. Based on work by Osborn 
(1984). Osbom and Goodrich (1993). and Renard et al. (1993) it 
was hypothesized that return frequencies of the 2 and 5.year 
event would often nut generate sufficient overland flow to initiate 
filling for many upland rangeland soils. The selection of the 10, 
25, and 50.year return frequencies was based on the assumption 
that, at these rates, changes in land-use or management pmctices 
could alter the vegetation and surface soil conditions enough tu 
influence protection from tilling. The lC0-year return event was 
not selected because for mosf arid and semi-arid ecosystems 
severe erosion will naturally occur because of lack of adequate 
precipitation to produce vegetation to protect the soil surface 
from these episodic events (Branson et al. 1981). 

Total rainfall depth (mm) for the six-hour, 5, 10, 25, 50, and 
loO-year return frequency storms were 43, 60, 76, 89, and 108, 
respectively. Maximum peak 10 min. rainfall intensity (mmibr) 
for the six-hour, 5, 10, 25, 50, and 100.year return frequency 
storms were 45, 75, 106, 137, and 199, respectively. Soil charac- 
teristics, initial soil moisture, and slope variables were constant 
for all sample sites. Soil parameters of bulk density (g cm-‘), soil 
texture [sand and clay (o/o)], and organic matter (%), were para- 
meter&d from data supplied by the Soil Conservation Service 
(Hendricks 1985). The erosion (intenill emdibility, till emdibili- 
ty, and critical shear stress) and hydrologic (effective hydraulic 
conductivity) parameters were estimated with the default equa- 
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tions of the WEPP model (Lane and Nearing 1989). Soil moisture 
was initialized at 90% of saturation. Model outputs of interest 
were runoff volume (mm) and sediment yield (ton/ha). The 25. 
year storm event was used for further analysis because of its 
hypothesized “currently functioning-but at risk to degradation” 
relationship to site stability. 

The WEPP model is highly sensitive to changes in litter cover 
and standing biomass (Tiscareno-Lopez et al. 1993). The mini- 
mum expected vegetation and rock cover (o/o) should be used to 
define the Site Conservation Threshold for long term sustainabili- 
ty of the site. This conservative approach may result in some sites 
substantially exceeding the minimum canopy and gmund cover 
needed to prevent soil erosion during years with above average 
growing season precipitation. 

To evaluate the sensitivity of predicted erosion to plant density, 
three sample sites (2, 5. and 9) were used. All other WEPP model 
parameter values for the 25-year storm event were held constant. 
These three sample sites were chosen because they represent the 
spectrum of diversity within the rangeland site of sediment yield; 
highly susceptible (5). moderately susceptible (9), and slightly 
susceptible (2). Sediment yield was predicted while varying dis- 
tance between plants from 0.04 m to 100 m. Correlation co&- 
cients (PsO.95) were used to demonstrate the interrelationships 
between ground cover, standing biomass, and distance to the 
nearest perennial plant (Cochran 1977). Non-linear regression 
techniques were employed to determine if a threshold of site sta- 
bility could be determined based on estimated sediment yield 
from the WEPP model. The relationship of the Site Stability 
Rating and estimated sediment yield for the site was examined 
using non-linear regression techniques. The independent var. 
ables measured for use in linear and non-linear regression analy- 
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ses were: percent ground cover (basal vegetation, litter, rock, and 
bare ground), standing biomass, distance to the nearest perennial 
plant, and frequency of quadrats having no rooted perennial plant. 
Estimated sediment yield and the Site Stability Rating were used 
as dependent variables. 

ReSUlt.5 

The predicted sediment yield varied considerably among sam- 
ple sites when the vegetation data collected during the winter of 
1991 were used (Fig. 2a). As storm intensity increased, runoff, 
peak discharge, and sediment yield increased (Figs. 2 and 3). 
There was a sharp increase in predicted erosion rates when rilling 
was initiated by the WEPP model. Five sample sites initiated 
rilling with the IO-year storm intensity, 8 sample sites started 
rilling at the 25year storm intensity, 2 rilled with the RIO-year 
storm, and one did not rill at the lOO-year, 6-hour storm event. 
Simanton et al. (1991) reported that rilled plots produced approx- 
imately 3.3-3.4 times the average erosion rates as comparably 
sloped nonrilled rangeland areas. 

When vegetation data (biomass, litter, and rock) collected dur- 
ing the summer of 1992 were used to parameterize the WEPP 
model, the results were substantially different from those 
obtained with the winter data from 1991 (Fig. 2b). Rilling did not 
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Fig. 2. WEPP model predicted sediment yield (ton ha-l) for the win- 
ter sampling (2a) aad the summer sampling (2b). Sample sites are 
arrayed in order of decreasing winter erosion for the 25year 
storm event. 

occur with a IO-year storm for any sample site, only one sample 
site rilled with a 25-year storm and 2 with a SO-year storm. The 
reduction in type and amount of soil erosion was attributed to the 
change in biotic characteristics of the site. The principal changes 
between the 2 sampling periods were the increases in litter and 
standing biomass, because of the time of year and doubling of 
rainfall during the summer 1992 growing season as compared to 
the winter of 1991 (Table 1). 

No significant differences were found in basal vegetation cover 
between winter and summer except on sample site 12, which was 
predominately curly mesquite. The major land surface character- 
istic that changed between the winter and summer sampling were 
litter biomass, standing biomass, and bare ground. Litter increas- 
es ranged from 4 to 243%, standing biomass increases ranged 
from 8 to 107%, and bare ground decreases ranged from 0 to 
137%. The winter vegetation and cover data were used for further 
analysis and interpretation, since they represented the minimum 
ground cover and standing biomass evaluated during the study. 

The subjective Site Stability Rating was highly correlated to 
basal cover (r = 0.91), litter cover (r = 0.79), and standing bio- 
mass (r = 0.94). The high correlation between cover, litter, and 
standing biomass and Site Stabiity Rating was expected as they 
are used to define the different classes in the Site Stability Rating. 
There was a significant relationship between the Site Stability 
Rating and the sediment yield predicated by the WEPP model. 
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Fig. 3. WEPP model predicted rainfall intensity (mm hi’) (3a), peak 
runoff rate (mm hr-‘) (3b), and total runoff volume (mm) (3c) for 
sample sites with winter vegetation. 
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Table 1. Vegetation charackristi~ for winter 1991 and smnmer 1992 sampling periods, ordered from least to most stable, based on the Site Stability 
Rating. 

Sample BKil Standing 

sitpi vee. Litter Rock Bare Biomass 
No. 1991 1992 1991 1992 1991 1992 1991 1992 1991 1992 

------ - ----- (46) -------- ----- (kg/ha) 
5 3 5 8* 28 17 23 72* 46 258 536 
9 3 2 9* 23 48 42 40 33 507 650 

I1 4 3 10* 32 32 35 54* 31 580 599 

10 4 7 8* 19 51 56 37* 19 458 867 

7 7 10 16 25 22 24 55* 41 653 1,116 

14 3 4 16 18 33 36 48 42 605 657 

1 7 10 13* 24 23* 35 57* 32 595 746 

15 7 12 13 17 20* 11 60 61 731 880 

16 6 9 10* 21 34* 23 50 48 653 848 

8 7 11 21 22 20 20 52 48 639 1.020 
6 12 14 19* 36 5 4 64* 46 999 1.186 
4 17 23 5* 16 47 hl 31* 20 722 822 
13 7 12 IO* 28 51 47 32* 14 751 937 

3 13 19 23* 35 15 12 49* 35 1.155 1,390 

12 14* 26 18* 36 10* 3 58* 35 839 1.167 

2 24 24 47 53 8 7 21 17 1.575 2512 
* hfeam bclwccn years and witbin sample sites an different PcO.05. 

Freq. of quadrats Distance to 
with no rooted nearest per. 

oer. ulant dant 
1991 1992 1991 

(%I (ml 
42 49 0.24 
83 72 0.86 
56 59 0.36 
37 23 0.25 
14 22 0.14 

54 55 0.38 
35 34 0.24 
21 18 0.17 
19 19 0.16 

22 23 0.15 
2 7 0.09 
0 0 0.05 

12 2 0.13 
2 3 0.08 

0 0 0.05 

5 3 0.09 

Quadrat size had little effect on the average Site Stabiity Ratings 
for a sample site and the average Site Stability Ratings for the 
three quadrat sizes (10 X lo,20 X 20, and 40 X 40 cm) were 
highly correlated (r >0.93). Due to the lack of Site Stability 
Rating difference between quadrat sizes, results for the 20 X 20 
cm quadrat size only will be presented. 

establish the range of threshold values and its applicability for 
these areas. 

A threshold in accelerated erosion rates occurred in the WEPP 
model when distance between plants exceeded 0.34 m for sample 
sites 5 and 9 (Fig. 4). Distance to nearest perennial plant did not 
affect r-ill formation regardless of canopy and ground cover once 
distance between plants exceeded 5 m. The large quantity of litter 
and standing biomass on sample site 2 resulted in the applied 
hydraulic shear force being less than the critical shear force nec- 
essary to initiate rilling. Therefore, this site was stable for all dis- 
tances evaluated. Ground surface cover was not sufficient to pre- 
vent hydraulic shear force from exceeding critical shear force for 
sample sites 5 and 9 and rilling was initiated. The number and 
width of rills across the landscape was in part a function of plant 
density. 

The percent of exposed bare soil was poorly correlated to Site 
Stability Rating (2 = 0.31). Standing biomass, basal vegetation 
cover, distance to the nearest perennial plant, and frequency of 
quadrats with no rooted perennial plant showed the highest corre- 
lations to the Site Stability Rating (Fig. 6). Standing biomass 
explained the most variation in the Site Stabiity Rating of the 4 
vegetation attributes evaluated. Standing biomass during the win- 
ter was significantly correlated to the Site Stability Rating (2 = 
0.87) (Fig. 6a). The threshold Site Stability Rating of 2.5 corre- 
sponds to 750 kg/ha of standing biomass, indicating that sample 
sites having less biomass are below the Site Conservation 
Threshold. Basal vegetation cover was significantly correlated to 
the Site Stabiity Rating (2 = 0.78). A basal cover value of 8% 
corresponds to the threshold Site Stabiity Rating of 2.5 (Fig. 6b). 

The non-linear regression analysis demonstrates an exponential 
increase in predicted sediment yield as the Site Stability Rating 
decreases (Fig. 5). In au effort to establish some objective means 
of determining a threshold value for the Site Stability Rating, soil 
loss tolerance factors (T-values) were used. The T-values are cur- 
rently estimated to vary from 4,500 kg/ha&r (1 ton/acre@) on 
very shallow soils to 11,200 kg/ha&r (5 ton/acre/year) on deep 
soils (USDA-SCS 1992). The Whitehouse soil found on the 
clay-loam upland rangelaud site has a T-value of 11,200 kg/ha/yr 
(USDA-SCS 1976). The threshold value for this site (2.5) was 
found by solving the fitted relationship (Fig. 5) between estimat- 
ed sediment yield and Site Stability Rating for a T-value of 
11,200 kg/ha&r. For other sites with either a different T-value or 
biotic conditions the threshold value could change. More research 
will need to be conducted in other climatic and biotic regions to 

Distance to the nearest perennial plant (Fig. 6c) was negatively 
correlated with the Site Stability Rating. As distance between 
plants increased the Site Stability Rating decreased. The thresh- 
old Site Stability Rating of 2.5 corresponded to a distance to the 
nearest perennial plant of 15 cm (i! = 0.62). The threshold value 
for distance to the nearest perennial plant (15 cm) was below that 
indicated by the sensitivity analysis (34 cm). The co-dependence 
between biotic variables and the way WEPP calculates r-ill densi- 
ty is one reason for the difference. We found, with observed data, 
that as distance to the nearest perennial plant increased there was 
a positive correlation with increasing rock cover (2 = 0.50) and a 
significant negative correlation with standing biomass and basal 
cover (? = 0.90 and 0.81, respectively). The WEPP model cannot 
currently use these types of co-dependent relationships. WEPP 
calculates the number of potential rills (concentrated flow paths) 
based on the distance between plants. The calculation of potential 
rill density is independent of standing biomass, basal cover, and 
other biotic and abiotic factors. 
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Fig. 4. WEPP model sensitivity to the average distance to the nearest 
perennial plant (m). 

The frequency of quadrats that had no rooted perennial plant 
was highly correlated with distance to nearest plant, and thus 
might be employed as an objective surrogate measure for plant 
spacing in the field. The frequency of bare quadrats (20 X 20 cm) 
was negatively correlated with the Site Stability Rating (I’ = 
0.58) (Fig. 6d). The threshold Site Stability Rating (2.5) corre- 
sponds to a 13% frequency of quadrats having no perennial plant 
rooted within them. Frequency of bare quadrats (40 X 40 cm) did 
not show a good relationship (high 3) to the Site Stability Rating. 
This was caused by a significant number of 0 values for the fre- 
quency of quadrats with no rooted perennial plant. The technique 
of estimating frequency with no rooted perennial plant had the 
smallest coefficient of determination of the biotic variables evalu- 
ated. The frequency technique does have some advantages over 
estimating standing biomass, basal cover, and distance between 
perennial plants. The relationship of frequency with no rooted 
perennial plants within the 20 X 20 cm quadrats to Site Stabiity 
Rating was consistent with both the winter and summer data and 
the frequency technique requires less time and expertise to esti- 
mate. 

Discussion 

The focus of this work was to develop the methodology and 
techniques necessary to define the limits (Site Conservation 
Threshold) between the categories of satisfactory and unsatisfac- 
tory rangelands. The basic concept behind the Site Conservation 
Threshold is the development of stable indicator(s) for prediction 
of sustainable agricultural practices. The WEPP model is capable 
of providing a non-subjective, repeatable, method of estimating 
sediment yield that can be used to evaluate differences between 
management practices or land units to establish which are poten- 
tially sustainable. 
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Fig. 5. A threshold relationship between the WRPP model predicted 
sediment yield (ton ha-l) and the Site Stability Ratings. 

A limitation with this study is the lack of observed precipita- 
tion, runoff, and sediment yield data to evaluate the models pre- 
dicted sediment yield relationships to the abiotic and biotic condi- 
tions evaluated here. However, the WEPP model has been evalu- 
ated for numerous rangeland situations in southern Arizona on 
the USDA-ARS Walnut Gulch Experimental Watershed near 
Tombstone, Ariz. The model has been shown to give good results 
in predicting runoff volume and peak discharge in the southwest. 
Stone et al. (1992) evaluated the hydrologic component of the 
WEPP model for a semi-arid desert shrub area on the Walnut 
Gulch Experimental Watershed and concluded that the model did 
a good job in fitting observed and predicted runoff volume and 
peak discharge (? = 0.91). Tiscareno-Lopez (1994) evaluated the 
model on a semi-arid desert grassland watershed (1.3 ha) with 
similar vegetation, soil, and slope characteristics as this study and 
concluded that the model could accurately predict runoff volume 
and peak discharge. Data from the USDA WEPP rangeland field 
experiments (see Simanton et al. 1991) were used to test the 
model’s ability to predict sediment yield at 16 locations in the 
western United States (Kidwell 1994). Kidwell (1994), working 
on a different semi-arid grassland area within the Walnut Gulch 
watershed, reported that for an area with similar soils and vegeta- 
tion as this study, that the WEPP model predicted runoff volume 
and peak discharge were within 2% of the observed data and that 
predicted sediment yield was within 16% of observed sediment 
yield. They all concluded that the WEPP model was capable of 
reliably predicting runoff and sediment yield when appropriately 
parameterized. 

Further research will need to focus on the number of replicates, 
size of area, and topographic position of the area beiig evaluated 
to fully develop the Site Conservation Threshold concept for 
rangelands. DUMP et al. (1993) reported that on long hillslopes 
the downslope increase in flow depth in concentrated flow chan- 
nels progressively inundates more permeable vegetated coppice 
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Fig. 6. Threshold rehtionships between Site Stability Ratings and 
winter vegetation biological characteristics of 5a) standing bio- 
mass, 5b) basal cover, 5c) dice to the nearest perennial plant, 
and Sd) frequency of quadrats with no rooted perennial plant. 

dunes so that hydraulic conductivity of a greater proportion of the 
surface is raised to its saturated value. This results in increased 
flow velocity and potential increases in sediment detachment 
through the rilling process in the downslope direction. Lane et al. 
(1995) reported that varying slope length and steepness, as well 
as canopy and ground cover in the downslope direction can sig- 
nificantly alter the sediment deposition rate and thus sediment 
yield on rangelands. They concluded that incorporating spatially 
varying canopy and ground cover in the downslope direction in 
estimating erosion is mandatory if gross distortions in sediment 
yield are to be avoided. 

One advantage of using the WEPP model to calculate the 
apparent sediment yield from a hillslope is its ability to account 
for variable soil and cover conditions in the downslope as well as 
across the slope directions. This allows for identification of areas 
along the hillslope that are actively eroding in excess of the Site 
Conservation Threshold that would not be detectable if other ero- 
sion prediction technology were used. A second advantage of the 
WEPP model is in eliminating the subjectivity involved in locat- 
ing sample sites on the hillslope to account for spatially varying 
surface conditions. The WEPP model can estimate soil loss from 
the entire hillslope. This eliminates the requirement of developing 
methods to account for varying soil loss along the hillslope. Slope 

length limits for applicability for the Site Conservation Threshold 
have not been precisely defined. The minimum length of area to 
be considered is approximately from the origin of overland flow 
to concentration of flow in a well defined channel. The preferred 
solution would be from the ridge top to the end of the hislope. 

Site Conservation Thresholds were found for standing biomass 
(750 kg/ha), basal cover (8%), average distance between peremri- 
al plants (15 cm), and frequency of quadrats with no rooted 
perennial plant (13%) for a semi-arid desert grassland in Southern 
Arizona. Estimated basal cover was the best single indicator of 
site stability of those evaluated in this study. Basal cover varied 
with season and weather conditions, but was much less sensitive 
to these short term seasonal climatic variation and grazing pres- 
sure than was standing biomass or litter. Standing biomass at any 
date within a year is highly dependent on effective precipitation 
within the growing season, current weather conditions, relation- 
ship to livestock grazing cycles and stocking rates, and the 
decomposition of biomass. The amplitude in standing and litter 
biomass over time due to climate and land management practices 
will result in significant changes in estimated sediment yield. 
Therefore, the site will alternate above and below the Site 
Conservation Threshold based solely on sampling date. 

A conservative approach is to sample when the least amount of 
vegetation is expected prior to the time of highest probability of 
intense thunderstorm activity. The critical time in southern 
Arizona for sampling is in early June prior to the onset of the 
monsoon season in July and August. If the site is stable with no 
indication of accelerated erosion under these conditions, then the 
soil resources will be retained and a sustainable ecosystem should 
be achieved. Measurements would need to be site specific. The 
same thresholds cannot be applied to all ecological sites because 
of the complex interactions that occur. 

The Site Conservation Rating technique is not intended to 
replace the WEPP model for estimating soil erosion on range- 
lands. However, the data required to parameterize the WEPP 
model are considerable and costly to collect. The Site 
Conservation Rating method is being proposed for rapid assess- 
ment or inventory of rangelands. If the Site Conservation Rating 
for a pasture, landscape or watershed is below the threshold then 
a detailed assessment of the area should be performed to deter- 
mine if the site is actually below the threshold with the WEPP 
model. The WEPP model can be used to evaluate alternative 
management scenarios (change in season of use, stocking rate, or 
kind of animal, etc.) to determine which have the highest poten- 
tial for preventing future degradation and or recovery of the site. 
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Book Reviews 

Landscape Forestry. By Stephen G. Boyce. 1995. John 
Wiley & Sons, Inc. New York. 239p. US$69.95 hardbound. 
ISBN O-471-00784-6. 
The focus of this book is to acquaint the reader with the forest 

management concept of landscape forestry. As defined by the 
author, landscape forestry is the organization of forested land- 
scapes to produce multiple benefits by means of 2 or more kinds 
of stands ordered over space and time. The benefits sought and 
produced are dependent on the management goals for the land. 
They can be benefits of maximum cash flow, habitat diversity, 
recreation, public policy, aesthetics, etc., or combinations of the 
individual benefits. 

The author demonstrates throughout the book how specific and 
combinational benefit goals can be attained by 3 forest manage- 
ment tools, i.e., by manipulations of the forest type, age, and area 
classes. Superimposing harvest rotations for a combination of for- 
est types, ages, and area classes ideally results in an optimal 
aggregate of benefits. The degree of benefits allocated to a man- 
agement goal (e.g., habitat diversity) can be compared to other 
benefits (e.g., timber production). A tradeoff will occur, but a 
multi-benefit package is realized. 

The book presents methods for determining expected benefits 
for land management decisions based on modeling concepts. 
Each chapter examines benefits derived from 3 different models 
of management (1) traditional forestry, (2) landscape forestry, 
and (3) forest preserves. Landscape fores@ uses superimposed 
timber rotations to seek the ultimate balance of desired manage- 
ment goals. TraditionaZforestQp seeks sustainable maximum cash 
flows from timber harvest and forest preserves seeks maximum 
habitat diversity without human management activities. 

The book contains good discussions of modeling theory and the 
use of computer modeling as an aid to decision-making. Detailed 
descriptions of management models, core models and supplemen- 
tary models are presented in the context of landscape forestry 
traditional forestq and forest preserves. An appendix is provid- 
ed for readers familiar with DYNAMO or STELLA modeling 
programs useful in building landscape forestry models. These 
programs provide ways for consumers and managers to simulate 
the consequences of implementing different management goals. 

The book offers an interesting blend of modeling concepts 
which can aid in making forest management decisions. It will be 
useful to forestland managers, landowners, and teachers interest- 
ed in superimposed timber rotations, uneven aged timber man- 
agement, and other means of acheiving multiple land manage- 
ment objectives.-Kelly L. Knutson, Texas Tech University, 
Lubbock, Texas. 

Sustainable Small-scale Ruminant Production in Semi- 
arid and Sub-humid Tropical Areas. Edited by Klaus 
Becker, Peter Lawrence and Rob Orskov. 1995. Institute for 
Animal Production in the Tropics and Sub-tropics, 
University of Hohenheim, Stuttgart, Germany. 182 p. 
US$17.00 paper. ISBN 3-00-000121-2. 
This small book represents the published proceedings of a 

workshop held September 24, 1994 at the Institute for Animal 
Production in the Tropics and Sub-tropics, University of 
Hohenheim, Germany. The goal of the workshop was to address 
the growing demands on livestock production systems for net 
production by developing approaches which improve biological 
efficiencies, improve economic and ecological sustainability, and 
minimize the risks to innovative producers. To address the goal, 
the 4 themes chosen for the workshop were compensatory 
growth, feed intake, semi-arid fodder trees and shrubs, and the 
energetic efficiency of draft animals. 

The proceedings are organized into 5 major sections, 4 of 
which focus on the 4 themes described above. Section 1 on com- 
pensatory growth contains only 1 paper, while Section 4 on the 
energetics of draft animals contains 6 papers and 1 poster 
abstract. A fifth section, Miscellaneous, contains 3 papers and 3 
abstracts that did not fit into any of the 4 thematic sections. 
Minimal contributions in the foreword and editors’ preface pro- 
vide little unity of philosophical binding to the proceedings, and 
the absence of a general index will not help those attempting to 
use the publication as a reference, All abstracts and other text is 
in English. Collectively, the chapters contain numerous tables, a 
few figures, and 1 black and white photograph. A list of work- 
shop participants is included. 

The character of the contributed chapters varies from review 
chapters such as the one on compensatory growth, to controlled 
research studies, to specialized case studies. The contributions 
represent a wide variety of countries in Africa, Asia, Europe and 
the Middle East, but none is from North America. The style of 
the contributions also varies, from formal scientific writing to 
more conversational narrative. In content, the chapters generally 
emphasize production efficiencies rather than production levels. 

SustainabZe Small-scale Ruminant Production in Semi-arid and 
Sub-humid TropicaZ Areas is potentially of interest to individuals 
involved at any level of international development involving live- 
stock. Domestic researchers too, especially those interested in 
efficiencies within livestock production systems, will likely find 
use for this book.-David L. Scarnecchia, Washington State 
University, Pullman, Washington. 
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