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Cattle distribution, habitats, and diets in the Sierra 
Nevada of California 
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Abstract 

Cattle have been used to control shrubs following timber har- 
vesting iu the Sierra Nevada of California, although their effec- 
tiveness varies between sites. Although cattle home ranges, habi- 
tat use, and diets are known for many forested ecosystems, the 
coniferous forests of the Sierra Nevada are different because 
shrubs are the most common understory species, with fewer 
herbaceous species than elsewhere in the western United States. 
As a first step in evaluating factors that influence cattle diibu- 
tion and their potential effectiveness in controlling competing 
vegetation in the Sierra Nevada, we used radio-telemetry collars 
on cows to determine their home ranges and habitat use patterns. 
Mean home range size was 162.80 ha in 1986 and 278.83 ha in 
1987. When choosing home ranges, cattle showed the greatest 
affinity for riparian habitat, followed by clearcuts, second- 
growth forest, and burned areas. Distances from streams to cat- 
Me locatious were significantly (PcO.01) less (X= 59.3 m in 1986, 
and @ = 60.1 m iu 1987) than were distances from streams to 
random points @ = 130.4 m). Based on microhistological analysis 
of fecal fragments, cattle diets included seeded grasses and 
shrubs mostly from upland sites, but forbs primarily from ripari- 
an sites. We suggest the need for water and the relative lack of 
herbaceous forage in the understory of mixed-conifer forests in 
the Sierra Nevada resulted in the strong, summer-long prefer- 
ence for riparian habitats. The effectiveness of grazing in con- 
trolling competing vegetation following timber harvest may be 
related to the proximity of the clearcuts to ripariau habitats but 
this specific hypothesis remains to be test& 

Key Words: cattle home ranges, cattle habitats, cattle diets, 
Sierra Nevada, California 

Mixed-conifer forests on the west slope of the Sierra Nevada in 
California provide both timber and summer forage for cattle. 
Cattle, in turn, are useful in reducing the vigor and abundance of 
competing herbaceous and shrub species following timber harvest 
without detrimental impact to tree seedlings, although their effec- 
tiveness varies between sites (Kosco and Bartolome 1983, Allen 
and Bartolome 1989). Distribution patterns of cattle are known to 
be influenced by forage type, quality, quantity, water availability, 

We thank Wayne Owen, Calvin Pratt, Marya Robbii aad oar other field assis- 
taats, De.borrab Young for microbistological focd habit analysis, James Bartolome 
for reviewiag a draft of this paper, and Jii Baldwin for advice on statistical meth- 
ods. 

Manuscript accepted 20 Jan. 1996. 
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and physiography in other ecosystems (Mueggler 1965, Cook 
1966, Bryant 1982, Hart et al. 1991, Pinchak et al. 1991, Smith et 
al. 1992). However, the coniferous forests of the Sierra Nevada 
are different because shrubs are the most common understory 
species (Storer and Usiuger 1963), with few herbaceous species 
as in other western forests (Ffolliott 1983, Mitchell 1983). 
Herbaceous plants in the Sierra Nevada are found in greatest 
abundance in meadow-riptian areas (Larson and Wolters 1983, 
Kie and Myler 1987, Allen 1989). 

We hypothesized that factors influencing cattle distribution in 
the Sierra Nevada may have au impact on their effectiveness in 
controlling competing vegetation following timber harvest. As a 
first step in testing this hypothesis, we examined cattle home 
ranges, habitat preferences, and diets on Blodgett Forest. We then 
refined the original hypothesis about how these factors might 
limit the use of cattle to control herbaceous and shrub canopy 
cover in harvested timber compartments, which still remains to 
be tested. 

Materials and Methods 

This study was conducted during the summers of 1986 and 
1987 at the University of California’s Blodgett Forest Research 
Station, 24 km northeast of Placerville in central California (Fig. 
1). Blodgett Forest comprises about 1,200 ha within the mixed- 
conifer zone between 1,200 and 1,450 m in elevation on the west 
slope of the Sierra Nevada. Trees species present on Blodgett 
Forest included incense cedar (Calocedrus decurrens [Torrey] 
Florin), white fir (Abies concolor [Gordon and Glend.] Liidley), 
sugar pine (Pinus lambertiana Douglas), Douglas-fir 
(Pseudotsuga menziesii !J4irbel] France), California black oak 
(Quercus kelloggii Newb.), ponderosa pine (Pinus ponderosa 
Laws.), and tan oak (Lithocarpus densij7ora Hook. and Am.). 
Shrubs included deerbrush (Ceanothus integerrimus Hook. and 
Am.), mountain whitethorn (C. cordulatus Kellogg), manzanita 
(Arctostaphylos spp.), and sierra gooseberry (Ribes roezlii 
Regel). White alder (Alnus rhombijXa Nutt.) and willows (Salix 
spp.) were found near streams (Airola and Barrett 1981). 
Intermediate wheatgrass (Elytrigia intermedium most] Nevski) 
and orchard grass (Dactylis glomerata L.) had been seeded on 
upland sites such as near roads for erosion control. Wooly 
mullein (Verbascum thapsus L.) and sweetclover (Meliotus alba 
Mediis) were found on disturbed areas. Meadow vegetation 

JOURNAL OF RANGE MANAGEMENT 49(6), November 1996 



included rushes (Juncus spp.), sedges (Cnrex spp.), willow herb 
(Epilobium spp.), false solomo”‘s seal (Smihcina spp.), ground- 
se1 (Senecio triangularis Hod;.), and other forbs. 

Dunhg our shtdy, only the southern portion of Blodgett Forest 
(657 ha, Fig 1.) was grazed by cattle. All of this area was pan- 
tially available to cattle because water was plentiful and m”st 
slopes were less than 20% (Aimla and Bmrett 1981). We defined 
four habitat types for this area: second-growth forest (regenemt- 
ing forest with trees > 6 m tall), burned (recently subjected to 
undemtmy prescribed tire), clearcuts (with trees 5 6 m tall), and 
riparian (any area within 50 m of a stream; Fig. 1). Second- 
growth forest was thz most cmnmo” habitat (327 ha, 12 habitat 
blocks, block size (X = 27.26 ha). Rip&w habitat was the set- 
ond most cmnmo”, and consisted of long, linear polygons (199 

1,000 m 
I 

Mature Forest 

H Burned 

q Clearcut 

0 Riparian 

Fig. 1. Habitat map of the southern portion of Blodgett Forest 
Resarcb Station. See text for deteikd deseriptton of habitat m. 
CIe.srcuts numbered 481,641, and 321 are refer& to in tbe text. 

ha, 4 blocks, block size_s = 49.71 ha). Clearcuts covered 83 ha 
(18 blocks. block size X= 4.61 ha) and burned habitats covered 
48 ha (9 blocks, block size X= 5.28 ha; Fig. 1). 

Cattle stocking rates were abut 40 animal ““its each summer 
fmm late May thmugh September, for B stocking rate of about 16 
ha/animal unit (Kosco and Bartolome 1978). In 1986, 6 cows 
were fitted with radio-telemetry collars (Telonics Inc.. Mesa, 

Ariz., commercial names provided for information only, DO 
endorsement by the U.S. government is implied) and followed 
during the months of July and August. In 1987, another 6 cows 
were collared, and followed from mid-June until mid-September. 
Monitoring was conducted during E-hour shifts rotated over all 
24 hours of the day. We attempted t” locate each cow twice per 
day, and obtained ” total 681 estimated locations. Of these, 267 
were verified by visual sightings. The remaining 414 locations 
were estimated by triangulating on the SOUIC~ of the radio signal 
from 2 known locations “sing a directional, hand-held Yagi 
a”tenna 

To test the precision of the locations detemdned by hiang”la- 
tion, we placed radio-telemetry collars at 46 k”ow” locations, and 
found that the me”” angular error by field personnel w”s + 13.83 
degrees (median = 12.00 degrees. SD = 10.34 degrees). We used 
this angular error to estimate the sizes of the error polygons 
(Springer 1979) for the 414 estimated locations. We partially 
compensated for the large angular ermr by getting closer to each 
cow when taking readings (distance jt= 250 m median = 217 m, 
SD = 141 m), which resulted in a mea” error polygon of 2.42 ha 
(median = 1.17 ha, SD = 3.98 ha; Loft et al. 1989). We elbninat- 
ed from further analysis any estimated location with a” error 
polygon greater than 5 ha (n = 48 locations), reducing our total 
sample size to 633 locations. PinsUy, we had difficulty in regular- 
ly locating 1 cow in 1986, obtaining only 4 locations. We 
dmpped that animal from the analysis because of the inability to 
estimate her home range, resulting in a total sample size of 629 
locations for 11 cows over both years (267 visual locations and 
362 locations estimated by triangulation). 

Cow home ranges were determined using the 95% cont”“r 
adaptive kernel technique (Wmton 1989) BS implemented in pm- 
gram CALHOME (Larkin and Halkin 1994, Kie et al. 1996). 
Each home range was first calculated using a” estimated opti- 
mum smoothing parameter (Worton 1989). Because the cow 
locations occurred in clumped, non-random distributions, we also 
calculated the home ranges with a smoothing parameter 80% of 
the estimated optimum. For 9 of the 11 cows, tbis resulted in a 
similarly-shaped home range but a better fit to the data as indicat- 
ed by a lower least-squares cmss-validation score (Worton 1989). 
Because of sampling and estimation variability, portions of some 
cow home ranges occurred outside the Blodgett Forest fence (Fig. 
2). We repmt the sizes of both the raw home range estimates, “s 
well as those constrained by fences. 

To estimate. habitat preferences by cows, we calculated the pro- 
portions of the 4 different habitat types within each COW’S home 
range for 1986 and 1987, as well as within the study are” as 
whole (second-order selection, Johnson 1980). Because of the 
lack of indepentience between cows, which traveled in small 
groups, we averaged those pmpmtions for all cows in 1986 and 
all those in 1987. We then used the yearly averages to calculate 
log-ratio habitat preference ranks (Aebischer et al. 1993). This 
procedure estimated pairwise preferences among all habitat types, 
and the number of positive comparisons were used to rank each 
type. Insufficient sample size (n = 2 years) made it impossible to 
st”tistica11y test for differences between the ranks. 

We also examined the distances cows were found away from 
streams and compared those to the distances from a random set of 
points to streams. Again, because estimated cow locations may 
not have been independent either within or between cows, we 
used only 1 location chosen at random (provided that it was an 



Table 1. Log-ratio habitat preference values, and number of positive values in each mw used for ranking preferences. Habitats are ranked in order of 
preference by the number of positive vahes (Aebiier et al. 1993). For example, riparian habitat is preferred over all 3 other habitats, receiving 3 
positive values in both years. 

Habitat Types 
(numerator) 
1986 

Second-Growth Forest 
BluDed 
clearcut 
Riparian 

1987 
Second-Growth Forest 
BlUIWl 
clearcut 
RiDXiiill 

Habitat Tvoes Idenominator) 
Positive 

Second-Growth ValUeS 
Forest Burned clearcut Ripariall Ma 

0.577 -0.372 -0.400 1 
-0.577 -0.949 -0.986 0 

0.372 0.949 -0.037 2 
0.400 0.986 0.037 3 

0.642 -0.253 -0.040 1 
-0.642 -0.895 -1.042 0 

0.253 0.895 -0.147 2 
0.400 1.642 0.147 3 

estimated location within the fenced boundary of Blcdgett Forest) ratio habitat preference values (Aebischer et al. 1993) for all 
for a randomly-chosen cow each day we sampled (16 days in cows in 1986 and all cows in 1987 resulted in the same habitat 
1986,48 days in 1987,64 days total). Distances from streams to preference rankings for both years: riparian areas were the most 
cow locations were compared for 1986 and 1987, and between preferred, followed by clearcut, second-growth forest, and burned 
the pooled data for both years and the distances from streams to habitats (Table 1). When choosing home ranges, cattle may have 
64 randomly-chosen points, using Zsample T-tests with square- avoided the extreme southern portion of the study area because of 
root transformations. steep slopes, although we did not quantify this factor. 

To determine cattle diets, we collected fresh fecal samples 
every 2 weeks from mid-June until late September in both 1986 
and 1987. Each bi-weekly sample represented a composite of 
material gathered from 3 cow droppings. Fecal samples were air- 
dried and then stored frozen before being sent to the Fecal 
Analysis Lab at the University of Arizona where they were ana- 
lyzed using a microhistological technique (Spar& and Malechek 
1968). Frequency of occurrence of plant species fragments were 
determined for 20 microscope fields-of-view on 10 slides (200 
fields-of-view total) for each sample (Holechek and Vavra 1981, 
Holechek et al. 1982). Those frequencies were then converted to 
a density estimate and reported on a relative density basis, which 
closely approximates dietary percentages on a dry weight basis 
(Sparks and Malechek 1968). 

Cows were found closer to streams than were random points 
(Table 2). There was no difference between stream-to-cow dis- 
tances collected during the 2 years (P&10), but when data for 
both years were pooled, stream-to-cow distances were less than 
stream-to-random-point distances (PcO.01). None of the cow 

Table 2. Dii fi-om streams to 1986 cow locations, 1987 cow locations, 
and random points at Blodgett Forest. Mean distanw fnnn streams to 
cow locations were not different betweeu 1986 and 1987 (2-sample t test 
with square root transformation, P>O.lO), but pooled were less tban 
mean distances from streams to random points (PC 0.01). 

1986 cow locations 
1987 cow locations 
Random points 

n z SD 

Cm) (ml 
16 59.3 54.7 
48 60.1 48.1 
64 130.4 105.2 

The estimated mean size of cow home ranges in 1986 was 
173.20 ha (SD = 68.95 ha, n = 5). However, because sampling 
and estimation errors, some cow locations and portions of some 
home ranges were placed outside the study area boundary fence 
(Fig. 1). By excluding those portions of the home ranges outside 
the fence, the mean size of the home ranges in 1986 was 162.80 
ha (SD = 57.81). The mean home range size in 1987 was 321.33 
ha (SD = 54.03, n = 6), and those portions constrained by fences 
averaged 278.83 (SD = 64.05 ha; Fig. 1). The 1987 home ranges 
were larger than those obtained in 1986 because they represent 
more locations collected over a 4-month sampling period 
(June-September, 479 locations) rather than over a Zmonth peri- 
od (July-August, 150 locations). As the cows shifted their areas 
of use over the summer, their cumulative summer-long home 
ranges became progressively larger. 

Although second-growth forest, riparian, clearcut, and burned 
habitats made up 50,30,13, and 8% of the study area respective- 
ly, those habitats averaged 42, 39, 16, and 5% of cow home 
ranges in 1986 and 43,39, 14, and 3% in 1987. Calculating log- 

locations were farther from water than 194 m in 1986 or 221 m in 
1987, although some of the random points were up to 424 m 
away. 

Cattle diets were similar between the 2 years (Table 3). Despite 
previous research indicating that cattle on Blodgett Forest can be 
used to control deerbmsh in clearcut areas (Kosco and Bartolome 
1983, Allen and Bartolome 1989), we found evidence of deer- 
brush in cattle diets only in August during both years (and only 
12.0% in August 1986 and 5.6% in August 1987). 

There was a striking relationship between the appearance of 
riparian versus non-riparian plant species in the diet when exam- 
ined by forage class (Table 3, Fig. 3). When cows ate grass-like 
plants, they most often took non-native species used for erosion 
control on upland sites such as intermediate wheatgrass and 
orchard grass rather than grasses common on the riparian sites. 
Similarly, most of the browse they consumed were upland 
species as well. Most of the forbs eaten however, consisted of 
willow herb and false Solomon’s seal, both riparian species 
(Table 3, Fig. 3). We caution however, that sedges were common 
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Fii. 2. Adaptive kernel 95% contour home ranges for 5 cows in 1986 and 6 cows in 1987 on Blodgett Forest. Home range sizes are shown for 
total, unconstrained &mates, and for those portions of the home ranges constrained by fences. Cow locations and home range portions 
outside the fenced boundary represent sampling and estimation errors, 

in the riparian areas, but may not have been detected in the feces 
in proportion to dietary intake (J. Bartolome, D. Young, pers. 
comm.). 

Discussion and Conclusions 

Factors that affect cattle distribution on western rangelands 
include slope steepness, distance to water, forage abundance, 
amount of dense shrub cover, distance to salt, and other factors 
(Mueggler 1965, Cook 1966). In most cases, cattle concentrate in 
riparian habitats because of the proximity to water, gentle terrain, 
and abundant, nutritious forage (Bryant 1982, Roath and Krueger 
1982, Schulz and Leiiger 1990, Smith et al. 1992). For exam- 
ple in north-central Oregon, small riparian meadows made up 3- 

5% of the study area but 24A7% of all cattle observations were 
made in those meadows (Gillen et al. 1984). In Wyoming, 77% 
of observed cattle use occurred with 366 m of water, and 
although 65% of the land arca was beyond 723 m from water, 
only 12% of the observed cattle use occurred there (Pinchak et al. 
1991). By comparison, cattle on Blodgett Forest were found at an 
average distance of about 60 m from water flable 2), and 75% of 
the observations were within 103 m in 1986 and within 97 m in 
1987. 

Changes in use of riparian habitats over the course of a summer 
grazing period have been reported, although regional differences 
seem to occnr. Cows concentrated near streams early in summer 
and under lighter stocking rates in Wyoming, and farther away 
from streams later in the summer and with heavier stocking rates 
(Hart et al. 1991). Conversely, in Montana, cattle made most use 
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of riparian habitats in late summer and early fall (Marlow and 
Pogacnik 1986). In our study, cattle chose home ranges with a 
preponderance of riparian habitats throughout the summer graz- 
ing period, as has been reported for elsewhere in the Sierra 
Nevada of California (Loft et al. 1991). They also shifted their 
use within their season-long home ranges as the summer pro- 
gressed. 

Cattle can be used as tool to control deerbrnsh in areas that 
have been clearcut in the Sierra Nevada. In previous studies on 
Blodgett Forest, mule deer (Odocoileus hemionzu Rafinesque) 
and cattle reduced shrub cover on clearcuts (Kosco and 
Bartolome 1978, Kosco and Bartolome 1983, Allen and 
Bartolome 1989). In these studies, shrub control was greater on 
clearcuts adjacent to riparian habitats (nmbers 641 and 321; Fig. 
1) than on 1 close to but not adjacent to a streamside zone (nmn- 
ber 481; Fig. 1). We concluded that cows on Blodgett Forest 
favor riparian habitats and are on average found about 60 m away 
from streams, less than half the distance that would be expected 
than if they were distributed at random (Table 2). It may be that 
the differences in shrub control reported between clearcuts may 
have been in part the result of proximity to water. 

Despite the levels of deerbrush control reported earlier (Kosco 
and Bartolome 1983, Allen and Bartolome 1989) we found deer- 
brush in cattle diets only in August and only in small to moderate 
amounts. Little use of riparian grasses and woody species such as 
willows seemed to occur on Blodgett Forest, unlike elsewhere in 
the Sierra Nevada (Loft et al. 1987). Most grasses consumed 

were non-native species commonly used for erosion control 
(Table 3). While a large proportion of cattle diets consisted of 
grasses and browse other than deerbrush from upland sites, cattle 
ate forbs extensively when foraging in riparian habitats (Fig. 3). 

Why cattle show such a strong preference for riparian and 
meadow habitats in the Sierra Nevada may be partially a result 
geological history. The Sierra Nevada is a relatively young, fault- 
block mountain range and much of its current topography has 
been shaped by an active period of glaciation and repeated local 
faulting over the last million years (Storer and Usinger 1963). 
The resulting channels created by snowmelt have served to trans- 
port and redistribute eroded parent material along stream courses 
and in basins and other low-lying areas. Soils in other areas are 
often poorly developed, and support plants that are adapted to 
periodic drought. Herbaceous plants in the Sierra Nevada are 
found in greatest abundance in meadow-riparian areas (Larson 
and Walters 1983, Kie and Myler 1987, Allen 1989) where soils 
are deeper and can hold moisture throughout the summer growing 
season. Shrubs are the most common understory species in Sierra 
Nevada mixed-conifer forests, with few herbaceous species as in 
other western forests (Ffolliott 1983, Mitchell 1983). This rela- 
tive lack of herbaceous forage on upland sites likely contributes 
to cattle preferences for riparian habitats and for their proximity 
to water. 

Cattle distribution in relation to streams and riparian habitat on 
Blodgett Forest may have implications for the extent to which 
grazing can be used as a tool to manage vegetation in clearcut 

Table 3. Percentage of items in cattle diets on BFRS based on microhisto@al exambution of fecal fragments. 

Species RipaJdan? Jlln 
1986 1987 

Jul. Aug. Sep. Jun. Jul. Aug. Sep. 

Orass-like Plants 
Rush Yes 
Seeded grasses’ No 

Forbs 
Willow herb 
(Epilobium spp.) YCS 
False solomon’s seal 
(Smilacino spp.) Yes 
GrOtUldsel 
(Senecio tiangularis Hook) Yl3.5 
Wooly mtdlein 
(Verbascum thapsus L.) No 
Sweetclover 
(Meliotus alba Medikus) No 

Browse 
White. alder 
(Alnus rhombifolia NW.) YeS 
Black oak 
(Quercus kelloggii Newb.) No 
Tan oak 
(Lithocarpus &nsijlorus Hc& and Am.) No 
Sierra gooseberty 
(Ribes roezlii Regel.) No 
Deerbrush 
(Ceunothus integerrimus Hook. and Am.) No 
Mountain whitethorn 
(C. cordulatus Kellogg) No 
Other browse 

-----_---------_----------- (%) --_____----_--___-_________ 

0.0 0.0 7.7 0.0 0.0 0.0 3.6 0.0 
33.3 8.6 16.2 78.7 14.2 0.0 32.2 18.2 

23.2 8.0 29.9 

7.2 23.7 3.8 

0.0 14.5 0.0 

2.2 0.0 0.5 

0.0 4.3 0.0 

2.3 2.8 2.5 

17.8 0.0 10.2 

8.0 14.1 8.4 

5.1 24.0 7.9 

0.0 0.0 12.0 

0.0 0.0 0.5 
0.9 0.0 0.5 

0.0 

9.0 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

11.3 

0.0 

0.0 
0.0 

8.6 45.9 18.1 3.3 

24.5 0.0 21.6 5.4 

3.6 0.0 4.6 3.1 

3.0 0.3 3.5 0.0 

1.9 0.0 0.2 0.0 

0.0 0.0 3.0 0.0 

0.0 0.0 0.0 0.0 

32.8 39.4 6.5 0.0 

11.4 6.1 0.0 50.8 

0.0 0.0 5.6 0.0 

0.0 8.4 1.1 0.0 
0.0 0.0 0.0 19.2 

‘Inchulcs iutermcdiatc whcatps (E&+@a intermedium [Host] Nevsld) and orchard grass (Daaylis glomerafa L). 
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Fig. 3. Percentage of items in cattIe diets in 1986 and 1987 on Blodgett Forest based on microhistological examination of fecal fragments. 

areas. Current forest practice rules applicable to private lands in 
California place restrictions on the proximity of clearcuts to water 
courses. Depending on the water class and slope of the terrain 
along the water course, harvest may be prohibited within 15-61 
m (5&200 ft) from the water course (California Department of 
Forestry and Fire Protection 1991). 

A means of redistributing cattle use into clcarcuts away from 
riparian arcas would provide for better control of competing veg- 
etation in harvest compartments throughout the forest. The use of 
salt blocks on upland sites has not been effective in reducing cat- 
tle use of riparian habitats (Wagnon 1968, Bryant 1982). 
Placement of supplemental feed on upland sites has been used to 
draw cows away from riparian habitats on foothill ranges in 
California (McDougald et al. 1989), although the success of that 
technique is unknown on montane summer ranges, nor are the 
potential adverse effects of concentrating cows on upland sites. 
Without the aid of fencing or herders, the use of free-ranging cat- 
tle to assist resource managers in forest regeneration may be lim- 
ited to areas near riparian habitats. 
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Abstract 

Information is lacking on the influence of range condition on 
wildlife populations in the Chiiuahuan Desert. Wildlife observa- 
tions were made along transects on ranges in excellent and good 
ecological condition in south-central New Mexico (86% and 72% 
of climax vegetation remaining, respectively). Black grama 
(Bouteloua eriopodu Torr.) dominated the excellent condition 
range while the good condition range had a mixture of grasses, 
forbs, and shrubs. Plant species diversity was greater on the good 
compared to excellent condition range. Total mammal sight- 
ingsjkm’ during the study period were higher (P<O.OS) on the 
good compared to excellent condition range (October 1991 
through October 1992). More species of wildlife were seen on the 
good compared to excellent condition range. Sightings of impor- 
tant game species (scaled quail, mourning doves, pronghorn, 
desert cottontails) were higher on the good compared to excellent 
condition range. Lack of diversity in vegetation composition and 
structure appear to explain the lower wildlife sightings on the 
excellent condition range. Results from this study indicate that 
Cbihuahuan Desert ranges in good ecological condition @l-75% 
of the climax vegetation) will better meet the needs of most 
wildlife species than ranges in climax or near cliiax range condi- 
tion. Research shows grazing intensities that remove on average 
about l/3 of current year’s growth of key forage species (black 
grama) are effective in developing and maintaining range in good 
ecological condition in the Chiiuabuan Desert. 

Key Words: wildlife, pronghorn, quail, arid lands, cattle 

Various wildlife species on both public and private rangelands 
in the Chihuahuan Desert are becoming increasingly important as 
sources of recreation and income (Cutler 1990). Before any 
wildlife species or group of species can be properly managed 
they must have adequate habitat. Therefore the range managers 
must understand how range condition class relates to the needs of 
different wildlife species. It has been argued that Chihuahuan 
Desert rangelands in good ecological condition cau provide better 
wildlife habitat than those in lower or higher ecological condition 
because good condition rangelands support more diverse mix- 
tures of grasses, forbs, and shrubs compared to mostly grasses on 

This research was supported by the New Mexico Agr. Exp. Sta., Las Cruces, 
New Mexico end was part of project l-S-27417. 

Mamxript accepted 20 Dec. 1995. 

excellent condition and mostly shrubs on fair or poor condition 
rangelands (Holechek 1991). The objective of our study was to 
explore the validity of this argument via comparison of wildlife 
numbers on Chihuahuan Desert rangelands in excellent and good 
ecological condition in south-central New Mexico. 

Materials and Methods 

Study Area Description 
Two study sites with similar soils, terrain, and precipitation 

were selected based on their ecological condition classifica- 
tion. A study site in excellent condition was located on the 
Bureau of Land Management, Goodsight Allotment 24 km 
northeast of Deming, N.M. The condition classification was 
assessed using Dyksterhuis (1949) quantitative climax guide- 
lines and data collected by Smith (1993). The excellent condi- 
tion range supports about 86% of the climax vegetation. The 
good condition study site is located on the New Mexico State 
University College Ranch 37 km north of Las Cruces, N. M., 
and supports 72% of the climax vegetation. We recognize that 
replication would have improved the validity of our study. 
However excellent condition range is rare in the Chilmahuan 
Desert. There was lack of opportunity to study wildlife num- 
bers on replicated sites in excellent and good condition. 

Soils at both sites consist mostly of sandy loams classified 
as paleorthids, haplargids or calciorthids. The excellent condi- 
tion study site has a sandy clay loam component. Both study 
sites have an undulating restrictive caliche layer. However the 
caliche layer on the good condition site occurs at slightly 
greater depth than on the excellent condition site (Smith 
1993). We recognize that some of the difference in vegetation 
on the 2 sites could be due to soils. However we believe the 
soils are similar enough that most of the difference is due to 
grazing management. Past records show that prior to the 
1950’s drought the good condition pasture was dominated by 
black grama (Boureha eriopoda TOE) and considered to be 
in excellent condition (Holechek et al. 1994). The topography 
at both sites is relatively flat with all slopes under 5%. The 
excellent condition study site is 860 ha in size and the good 
condition study site involves 1,280 ha. 

Annual precipitation at both locations is typical of the 
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Chihuahuan Desert. The precipitation is bimodal with a peak in 
the summer and another peak in the winter. The summer peak in 
late August provides 20-25% and the winter peak in January pro- 
vides 13-15% of the annual precipitation (Pieper and Herbel 
1982). The mean annual precipitation for the excellent and good 
condition study sites is near 250 mm. Temperature in June reach- 
es a mean maximum of 36°C and during January drops to a mean 
maximum of 13°C (Pieper and Herbell982). 

The climax vegetation for both study areas is considered to be 
black grama (Bouteloua eriopoda Torr.) grassland with a scatter- 
ing of soaptree yucca (Yucca eluru Engelm.) (Buffington and 
Herbel 1965). The present vegetation on the excellent condition 
range is dominated by black grama (Table 1). Scattered yucca 
plants are present, and creosotebush (Larrea tridenta Lar.) occu- 
pies limited area on the periphery. 

Primary grass species on the good condition range include 
black grama, mesa dropseed (Sporobohsflexuosus Thurb. Rybd.) 
and spike dropseed (Sporobohs contractus A. Hitch.) (Table 1). 
Honey mesquite (Prosopis gZun&Zosu TOIT.) dominates the over- 
story and has increased over the past 50 years (Pieper and Herbel 
1982). In degraded areas near watering points, broom snakeweed 
(Gurierreziu surorhrue Pursh.) is dominant. Important forbs 
include leathenveed croton (Cmm porrsii Lam.), nightshades 
(Solunum spp.), and globemallow (Sphuerulceu spp.). More 
detailed descriptions of the study areas are provided by Smith 
(1993). 

Grazing Histories 
The excellent condition study area was contained within 1 pas- 

ture. Historically, this pasture was conservatively stocked 
(30-35% use of key forages). The grazing strategy has incorpo- 
rated periodic rest during the growing season (1 May-l October 
1). During the period of study, however, the pasture was continu- 
ously grazed. The annual stocking rate averaged 20 ha/animal 
unit. Fall standing crop of perennial grasses on the excellent 
range in 1991 was nearly double that on the good condition range 

(Smith 1993). Both ranges showed only light grazing use during 
the study based on our empirical observations. 

The good condition study area contained 4 pastures. One was 
continuously grazed while the others were grazed in a seasonal 
suitability strategy. For the past 25 years these pastures have been 
conservatively stocked with utilization of key forage species 
(black grama and mesa dropseed) averaging about 30%. McNeely 
(1983) and Beck and Kiesling (1991) found that the seasonal suit- 
abiity pastures had similar vegetation to the continuous grazed 
pasture. Therefore, transects were placed across the 2 grazing 
strategies without concern of confounding. The annual stocking 
rate averaged 48 ha/animal unit (Beck and Kiesling 1991). 

Vegetation Analyses 
Four transects 6.4 km in length were established on the good 

condition study site along the road that borders the west side of 
the pastures. Two transects 3.2 km in length and 4 1.6 km in 
length were established on the excellent condition range. Foliar 
cover data (%) data were collected along these transects in spring 
and fall of 1992. The line-intercept method (Canfield 1941) as 
modified by Holechek and Stephenson (1983) was used to deter- 
mine percent cover. A meter stick was used instead of a line. A 
total of 80 sampling points were taken for each study area during 
1 sampling period. Spacing between sampling points varied with 
the length of the transect. Sampling was at 320 m intervals on 6.4 
km transects, and at 160 m intervals on 3.2 km transects. The 
meter stick was placed perpendicular to the transect and the inter- 
cept of the plants were measured (Bonham 1989). Plants were 
identified according to Allred (1988). Standing crop (g/m*) mea- 
surements were also collected in fall 1991, spring 1992, and fall 
1992, and are reported by Smith (1993). 

Wildlife Evaluation 
Transects used for evaluation of wildlife numbers were the 

same as those used for vegetation evaluations. Wildlife species 
occurring within a 100-m strip (approximately 50 m on each side 

Table 1. Vegetation foliar cover (%) on the excellent (EC) and good condition (cc) study areas in soutbcentral New Mexico. 

Species 
April 1992 October 1992 Meall 

EC Gc EC oc EC Gc 

Grasses 
Bouteloua eriopoda 
Sporobolus spp. 
Aristida spp. 
hfuhlenbergia spp. 
Erioneuron pulchellum 

Other grasses 
Total grasses 

@!Q 
Sphaeralcea spp. 
Croton pot&ii 
Other forbs 
Total forbs 

Ftiambs 
Gutierrezia sarothrae 
Prosopis gkmdulosa 
Yucca elata 
Other shrubs 
Total shrubs 

Total vegetation cover 

17.37a 8.7Sb 23.41a 12.04b 20.4Oa 10.39b 
0.00 6.44 0.00 8.66 0.00 7.55 
1.30 2.30 2.42 5.09 1.86 3.69 

11.78 0.00 10.04 0.00 10.91 0.00 
1.28 0.75 1.83 1.30 1.55 1.03 
2.08 0.01 0.81 0.36 1.45 0.18 

33.83a 18Bb 38.51a 27.45b 36.17a 22.84b 

0.75 0.31 
0.03 0.06 
0.55 1.60 0.85 0.63 
1.33 1.97 1.62 0.73 

0.00 5.18 
0.67 7.13 
0.00 2.29 
0.00 1.61 
0.67 16.21 

35.83 36.41 

---- 

0.00 
0.77 

0.00 
0.00 
0.50 
0.00 
0.50 

40.63a 

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

0.06 
0.04 

6.75 
6.54 
1.22 
0.00 

14.51 

0.38 
0.40 
0.70 
1.48 

0.00 
0.33 
0.25 
0.00 
0.5Sa 

--- 

0.19 
0.05 
1.11 
1.35 

5.97 
6.84 
1.75 
0.80 

15.36b 

39.55a 

~biierent superscripts within dates and rows reflect differences (P&OS) using standud T-test. 
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Table 2. Wibllife sightings (sigbtings/ku?) for 5 swsons on excellent (EC) and good (GC) condition study areas in the Cbibuabuan desert of New 
M&ZXiCQ. 

October 1991 Januarv 1992 Aurill992 Julv 1992 October 1992 Totals 
EC GC EC GC EC Gc EC GC EC CiC EC GC 

---------------------- (Sighting&m’) ______________ -------__ 

Mammals: 
Blacktailed jackmbbit 
(L,epus califomicus) O.Sa 2.3b 0 2.7 0.8a 3.~5~ 0 3.1 0.8a 6.2b 2.4= 17.8b 

Pmngbom antelope 
(Antilocapra americana) 0 0.8 0 0 0 0.8 0 0 0 1.6 0 3.2 

coyote 
(Canis latrans) 0 4 0 0.4 0 0.4 0 0 0 0 0 1.2 

Desert cottontail 0 4 0 0 0 0 0 0.8 0 0.4 0 1.6 
Total mammals 0.8a 3.gb 0 3.2 0.8a 4.7b 0 3.9 0.8a 2.1b 2.4a xd’ 

Birds: 
sealed quail 
(Callipepla squnmnta) 0 3.1 0 0 0 0 0 4.3 0 0 0 7.4 

Mourning dove 
(Zenaiah macroura) 0 1.6 0 0 0 0.8 1.6a 4.7b 0 15.2 I.@ 22.3b 

Raptors 0 0 0.8a 3.1b 6.2a 3.Fib 2.3 2.3 4.7 4.7 14.P 13.6a 
songbirds NS NS NS NS 83.4 82.7 121.6a 75.7b 74.1a 111.9b 279.1a 270.3a 

Total bids 0 4.7 0.8a 3.1b 89.6 87.0 125.9 87.0a 78.8a 131.8b 294.7a 313.6a 

NS = Not sampled. 
~biierent supe&pt~ within dates and rows reflect differences (P c 0.05) using standard T-tea 

of the transect line) were enumerated. The separation of transects 
by 500 m avoided double enumeration of mammals. Wildlife 
species enumerated included: pronghom (Antilocapra americana 
Ord), coyotes (C&s Zatruns Merriam), blacktailed jackrabbits 
(Lupus califomicus J. A. Allen), desert cottontails (Sylvilagus 
anduboni Meams), scaled quail (Callipepla squamata Vigors), 
mourning doves (Zmidu macroura Liiaeus), and several song- 
bid and raptor species. The species and number of individuals 
within a sighting were recorded. The transects at each study site 
were walked at the same time each morning. This allowed 
removal of any variation in the data due to animal movements. 
Early morning was used because it coincides with maximum ani- 
mal activity. The sampling dates were; October 1991, January 
1992, April 1992, July 1992, and October 1992. Data were con- 
verted to wildlife sightings per 1 km2 (100 hours) for statistical 
evaluation. 

Statistical Analyses 
Standard t-tests using transects as replicates were used to com- 

pare vegetation cover composition and wildlife sightings/km2 
between pastures within seasons (Steel and Torrie 1980), except 
where empty cells occurred. The Shannon-Weiner diversity index 
(Barbour et al. 1987) was used to evaluate vegetation and wildlife 
diversity on the excellent and good condition ranges. 

Results and Discussion 

Total mammal sightings were higher (PC 0.05) on good than 
excellent condition range (Table 2). We attribute this difference 
to the higher shrub component on the good condition range 
(Table 1). Wood (1969) reported higher small mammal popula- 
tions on mid-seral compared with near climax Chihuahuan Desert 
range. 

More blacktailed jackrabbits were observed (PcO.05) on good 
than on excellent condition range. This difference is probably 
explained by the lack of shrubs on the excellent condition range. 
Shrubs provide black-tailed jackrabbits with both food and cover 
(Daniel et al. 1993). Across 4 consecutive seasons Daniel et al. 
(1993) found open grassland areas had the lowest jaclzabbit den- 
sities while areas dominated by shrubs were intermediate and 
areas with an interspersion of grasses, forbs, and shrubs had the 
highest jackrabbit densities. 

Pronghom were not observed on the excellent condition range 
although they were seen in adjacent pastures. We attribute this to 
lack of shrubs. Pronghom diets are composed mainly of forbs and 
browse (Beale and Smith 1970, Howard et al. 1990). The mean 
total forb cover did not differ @X1.05) between the 2 ranges but 
shrub cover differed substantially (Table 1). 

Trevino (1978) found that pronghom in Chihuahua, Mexico 
used honey mesquite and other shrubs for shade. Buechner 
(1950) provided evidence that shrubs in the Trans-Pecos Region 
of Texas protected the pronghom from cold north winds, bliz- 
zards, and severe heat. Although the Chihuahuan Desert seldom 
receives blizzards, strong wind and drastic drops in temperature 
do occur in winter and summers are quite hot. Shrubs are proba- 
bly important for pronghom in the New Mexico Chihuahuan 
Desert as windbreaks and sources of shade and seasonally impor- 
tant sources of dietary protein. 

Our results are consistent with those of Clemente (1993), which 
showed that pronghom used Chihuahuan Desert ranges in good 
ecological condition more than ranges in lower or higher succes- 
sional stages. 

The good condition range had more different bid species sight- 
ings than the excellent condition range. The primary bird catego- 
ry on both ranges was songbirds. Songbird sightings showed no 
consistent difference between good and excellent condition 
rangelands (Table 2). Davis et al. (1974) studied bid populations 
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on areas with varying degrees of shrub densities in the 
Chihuahuan Desert. They found bird diversity was greater on 
areas supporting a shrub component compared to open grass- 
lands. 

Scaled quail were encountered only on the good condition 
range (Table 2). However, we have observed scaled quail on pas- 
tures adjacent to the excellent condition range in lower ecological 
condition. The lack of scaled quail sightings on the excellent con- 
dition range is probably a function of unsuitable plant species for 
food and cover. Saiwana (1990) found areas with mixtures of 
grasses, forbs, and shrubs had higher scaled quail populations in 
the Chihuahuan Desert than grasslands or shrublands. He sug- 
gested that the best habitat for scaled quail is provided by upland 
sandy areas with 45-552 remaining climax vegetation moderate- 
ly grazed by cattle. 

Shrubs and half shrubs such as honey mesquite and broom 
snakeweed are important to scaled quail for both food and cover 
(Davis et al. 1974). These plants are considered to be increasers 
and are absent or occur at low levels on ranges in climax condi- 
tion. Campbell et al. (1973) speculated that vegetation changes 
caused by moderate cattle grazing can improve habitat conditions 
for scaled quail. Our results and those of Bock et al. (1984) sup- 
not-t this sueculation. 
I  

Mourning dove sightings were higher (PcO.05) on the good 
compared to excellent condition range. Our data indicate open 
grasslands with few forbs and shrubs are not ideal habitat for 
mourning doves. In Arizona, Bock et al. (1984) found mourning 
dove populations were higher on grazed than ungrazed areas. In 
south Texas heavily grazed areas had higher mourning dove pop- 
ulations than those that were moderately grazed (Baker and 
Guthery 1990). This was explained by higher food availability on 
the heavily grazed areas. 

Redroot pigweed (Amaranthus pubescens [Uline and Bray] 
RYBD.) and leather-weed croton (Croton poftsii Lam.) are in 
important mourning dove foods in southern New Mexico (Davis 
and Anderson 1973). Leatherweed croton, also called doveweed, 
was more available on the good compared to excellent condition 
range (Table 1). Redroot pigweed is most prevalent around 
watering points that have been heavily grazed by livestock (Fusco 
1993). Mourning doves make considerable use of honey mesquite 
for nesting and roosting (Soutiere and Bolen 1976). Research by 
Saiwana (1990) indicates that rangeland in fair ecological condi- 
tion best meets the needs of mourning doves in the Chihuahuan 
Desert 

Based on the Shannon-Weiner index, wildlife diversity was 
greater on the good compared to excellent condition range (2.53 
versus 1.19, respectively). This index is based on total number of 
species observed and proportion of each species within the total. 
Vegetational diversity was also greater on the good compared to 
excellent condition range (3.38 versus 2.72, respectively). Our 
data suggest that wildlife population diversity is positively corre- 
lated with vegetation diversity. However individual species of 
wildlife such as Cassin’s sparrow (Aimophila cassinii 
Woodhouse) may use only those rangelands at or near the climax 
(Bock et al. 1984). Generally large tracts of rangeland in good 
overall condition will include areas in both higher and lower suc- 
cessional stages, and such mosaics can provide suitable habitat 
for nearly all the wildlife species that naturally occur in the area. 

Experimental Limitations 

We acknowledge that lack of replication is a limitation in our 
study. However opportunities to replicate this type of study on 
comparable sites large enough for meaningful data are restricted. 
The problem is that few large areas of excellent condition range- 
land remain in the Chihuahuan Desert 

Our technique involved enumerations along belts 100 m by 1.6 
6.4 km. We also acknowledge that this sampling procedure has 
limitations for conversion of wildlife sightings into density and 
biomass estimates. The problem for us was that the high labor 
and time requirements to walk the relatively long transects need- 
ed in this type of study puts constraints on the detail that can be 
put into distance measurements required for the Burham et al. 
(1980) technique when several wildlife species are sampled at 
once. 

Although brush cover was generally below shoulder height on 
the good condition pastures, it did to some extent impair visibility 
on the good compared to excellent condition study site. This 
could have caused us to underestimate some wildlife species on 
the good condition study site. In spite of these limitations, we 
consider the fmdings from our study to be valid. 

Management Implications 

Concern over wildlife has been a justification to remove live- 
stock grazing from public lands. Many environmentalists believe 
livestock removal will permit public rangelands to return to the 
climax or excellent ecological condition. Although our study has 
some limitations, it does indicate that climax conditions provide 
less than ideal habitat for many wildlife species in the 
Chihuahuan Desert, and lower seral stages with 5575% remain- 
ing climax vegetation are suitable for maximizing wildlife 
species diversity. Research indicates a moderate stocking rate that 
removes 30-35% of key perennial grasses will permit recovery of 
many poor or fair condition Chiiuahuan Desert rangelands to 
good condition (Paulsen and Ares 1962, Holechek 1991, 1992). 
Good condition Chihuahuan Desert rangelands provides high 
quality wildlife habitat, a moderate return from livestock produc- 
tion and maintains soil stability based on the present and other 
studies (Paulsen and Ares 1962, Holechek 1991, 1992). If the 
goal is maximum monetary returns from livestock production, 
excellent condition range is best (Holcchek 1996). 
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Abstract 

Most economic assessments of grasshopper damage are based 
on how much plant tissue insects consume or destroy without 
considering factors that influence the abiity of individual plants 
and communities to respond to damage. Properly grazed peren- 
nial warm-season grasses, such as blue grama [Boutelom gracilis 
(H.B.K.) Lag. ex Grifliths], can withstand considerable defolia- 
tion. We investigated the effects of heavy defoliation on blue 
grama rangeland by caging bigheaded grasshoppers [Aulocaru 
elliotti (Thomas)] during early, mid, and late growing seasons for 
2 years in southwestern New Mexico. Peak standmg crop (PSC) 
of blue grama defoliated in the early-season was the same as that 
in cages protected from defoliation both years. However, peak 
standing crop of bIue grama was reduced in cages defoliated dur- 
ing the mid and late growing seasons in both years. The impor- 
tance of midseason feeding was compounded by significant 
changes in relative proportions of various herbage categories in 
the standing crop. Forbs and sedges made up a larger percentage 
of the total forage production at PSC after mid-season defolia- 
tion during both years. On rangelands where blue grama is dom- 
inant, even very high densities of early-season grasshoppers may 
not influence herbage production. Substantial declines in 
grasshopper densities observed before summer rains during both 
years should influence management decisions. Unless early-sea- 
son forb production is an important part of a ranch management 
plan, the damage potential of early- and mid-season grasshopper 
species may be lower on southwestern rangelands where mid- to 
late-summer precipitation patterns occur than reported in the lit- 
erature for other areas of the western United States due to later 
maturation of warm-season grasses. In most years, depending 
upon precipitation patterns, there may be adequate growth fol- 
lowing heavy early-season herbivory to feed both livestock and 
~Ww.s. 

Key Words: consumption, insect herbivory, Aulocara elliotti, 
Orthoptera, shortgrass, regrowth 

The damage potential of grasshopper populations that compete 
with livestock for forage in the western U.S. is well known 
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(Anderson 1961, Hewitt et al. 1976, Hewitt 1977,1978, Hardman 
and Smoliak 1982, Quinn et al. 1993). The bigheaded grasshop- 
per [AAuZocuru elliotti (Thomas)] is often the dominant grasshop- 
per species in outbreaks on rangeland (Pfadt 1989) and is an eco- 
nomically important rangeland pest in shortgrass regions of the 
southwestern U.S. (Ball et al. 1942, Capinera and Sechrist 1982, 
Pfadt 1982, Thompson et al. 1995). Blue grama [Boutdow gru- 
cilis (H.B.K.) Lag. ex Griffrths], dominant in these shortgrass 
regions, is a key forage species on many southwestern rangelands 
(Holechek et al. 1989). In some areas, the bigheaded grasshopper 
selects blue grama in a higher proportion than its occurrence in 
the vegetative cover (Pfadt et al. 1988), while in other areas blue 
grama selection is proportional to its relative availability 
(Mitchell 1975, Thompson et al. 1995). The loss of livestock for- 
age to insect herbivory is an important consideration in making 
range management decisions concerning stocking rates and 
grasshopper control. 

Major factors influencing the economics of grasshopper control 
programs include treatment costs, the value of forage, treatment 
life, and the timing and efficacy of the treatment (Tore11 et al. 
1987). Published threshold models (Torell et al. 1987, Berry et al. 
1991) are based predominately on data derived from northern 
rangelands of the western U.S. where C3 grasses are most com- 
mon. The economics, however, of controlling grasshoppers on 
southwestern rangelands where warm-season (C4) grasses pre- 
dominate could be much diierent depending on differences in 
species longevity, survival, rates of forage destruction, moisture 
patterns, and the season of herbivory. 

Most economic assessments of damage by grasshoppers are 
based on how much plant tissue is destroyed by insects and 
ignore factors that influence the ability of individual plants and 
communities to respond to damage (Quinn et al. 1993). Properly 
grazed perennial warm-season grasses such as blue grama can 
withstand considerable defoliation. Detling et al. (1979) state that 
net photosynthesis and regrowth of blue grama increased follow- 
ing simulated grazing, and Dyer and Bokhari (1976) found that 
regrowth of blue grama after grasshopper grazing is much higher 
than after clipping. Given the late summer rainfalls common on 
southwestern rangelands, blue grama may not be damaged by 
intensive early-season defoliation by grasshoppers. The objective 
of this study was to determine the effects of heavy herbivory by 
the bigheaded grasshopper during early, mid, and late growing 
seasons on southwestern rangelands dominated by blue grama. 
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Materials and Methods 

This experiment was conducted at Fort Bayard, New Mexico 
(T17S R13W NW l/4 Sec. 24) during 1989 and 1990. The site is 
at an elevation of 1,905 m. Long-term average annual precipita- 
tion (1897-1983) is 370 mm, primarily received as rain during 
July and August (Fig. 1). Precipitation and temperatures during 
this experiment were very close to the long-term averages. The 
plant community is shortgrass prairie in association with pinon- 
juniper (Pinus spp. and Juniperus spp.). Blue grama is the domi- 
nant grass. Other grasses include black grama [Boureloua eriopo- 
da (Torr.)], vine mesquite [Panicurn obfusum (H.B.K.)], three- 
awns [Aristida spp.], and other subdominant C4 grasses. 
Dominant forbs and sedges varied between years; however, 
prairie mimosa [Desmunthus cooleyi (Eaton) Trel.], dayflower 
[Commelina diathifolia (Delile.)], broom snakeweed [Gutierrezia 
sarofhrue (Pursh) Britt. and Rusby], and yellow nutsedge 
[Cyperus esculentus (L.)] were most common. The soils are 
Sampson and Dagflat series: fine-loamy, mixed, mesic Pachic 
Argiustolls and Aridic Argiustolls. 

A 36 m by 36 m site was fenced to exclude livestock and 
wildlife. In each year, ninety 0.25 rn-* subsites were selected and 
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1990 
Fig. 1. Monthly temperature and precipitation during 1989 and 1990 

at Fort Bayard, N.M. The line represents the long-term 86-year 
average. 

species specific foliar cover was estimated using a point frame 
(50 points per subsite; Bonham 1989). Subsites were ranked 
based on the percentage cover of live and standing dead blue 
grama. The 12 subsites with the highest cover and the 12 subsites 
with the lowest cover were discarded. Cages (50 cm by 50 cm 
base by 75 cm tall) constructed of g-mesh (0.3175 cm by 0.3175 
cm mesh) galvanized hardware cloth were placed over the 
remaining 66 subsites, and were anchored to the ground using 
sixteen 60D common nails fitted with fender washers. Nails were 
driven through a 5 cm piece of the hardware cloth folded from 
the bottom of each side, then soil was banked against the cage to 
a depth of about 3 cm to prevent grasshoppers from escaping. 

Cages were split randomly into 36 defoliated and 30 nondefoli- 
ated plots. The 36 defoliated cages were further divided into 3 
groups of 12. Each of the 3 groups was then randomly assigned a 
defoliation period: 1) Early: 26 June to 5 July 1989 and 12 June 
to 29 June 1990; 2) Mid, 18 July to 31 July 1989 and 18 July to 8 
August 1990; and 3) Late, 14 August to 31 August 1989 and 8 
August to 30 August 1990. The 30 nondefoliated cages served as 
controls with no grasshopper feeding. 

Twenty adult bigheaded grasshoppers (=80 m”, were placed 
into 12 cages at the beginning of each defoliation period. This 
grasshopper density simulates outbreak populations recorded by 
Pfadt (1982) on blue grama rangeland in southern Arizona. To 
quantify feeding pressure, grasshopper density within each cage 
was counted 3-4 times during the defoliation period. At the end 
of each defoliation period, all grasshopppers remaining in the 12 
cages were removed. Vegetation in 6 of the treatment cages and 6 
of the controls was clipped to ground level, separated by species, 
oven-dried at 60°C for 96 hours and weighed. The vegetation in 
the remaining cages was harvested at peak standing crop (PSC) in 
early November. 

Grasshopper feeding days (GFD) were calculated by plotting 
grasshopper density levels over time within each cage and inte- 
grating under the resulting survival curve (Onsager 1984). Forage 
destruction rates (consumption and wastage) were estimated 
using simple linear regression (PROC REG [SAS Institute 
19901). Equations were estimated to predict how much blue 
grama, forbs and sedges, other grasses, and total herbage (all 
grasses, forbs, and sedges) remained at the end of each defolia- 
tion period and at PSC as a function of feeding pressure (GFD). 
The slope of each linear regression is an estimate of the biomass 
removed by one grasshopper feeding for 1 day. The effect of 
defoliation period and year of treatment on the dry weights and 
relative composition of blue grama, forbs and sedges, and other 
grasses were analyzed using the SAS General Linear Models 
Procedure (SAS Institute 1990). Mean separations were conduct- 
ed using Least Significant Difference (L.S.D., PcO.05). 

Population dynamics and densities of the major grasshopper 
species near the study site were estimated using night cages, the 
most accurate method of establishing species-specific grasshop- 
per population dynamics (Thompson 1988). Twenty 1.0-m* cages 
-were constructed using 2.54 cm black plastic pipe and nylon win- 
dow screen. The pipe was used as a base and structure for the 
walls of the dome-shaped cages. Screen was attached to the circu- 
lar base, stretched up the sides, and tied at the top to allow access 
into the cages. On each sampling date, the 20 cages were placed 
in the field during the coldest time of the day (0400-0600 hours), 
so that by sunrise all were secured. Cages were staked down and 
the sides banked with soil to prevent escape of any trapped 
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1989 

Jull Augl Sepl Octl Novl 
1990 

Fii. 2. Aboveground biomass of blue grama, forbs and sedges, and other grasses from control cages protected from herbiiory. Each value is 
the average of six OZSm’ cages. Vertical lines denote SEM. 

grasshoppers. Once temperatures exceeded 2O”C, the area under 
each cage was vacuumed using a venturi modified leaf blower 
similar to that described by Summers et al. (1984). Samples were 
taken weekly from April through September both years. 
Grasshoppers from all samples were sorted by species and instar, 
and mean instar specific density plotted for both years. 

Results and Discussion 

The aboveground biomass (g m”> of blue grama, forbs and 
sedges, and other grasses from control cages protected from her- 
bivory is shown in Fig. 2. In most years, there is very little new 
growth of warm-season grasses on southwestern rangelands until 
the beginning of the summer rains in early July (White et al. 
1991, Pieper and Herbel1982). Blue gmma biomass and forb and 
sedge biomass were higher in 1990 than in 1989 at the end of the 

Fig. 3. Percent of total peak standing crop biomass consisting of 
forbs and sedges, in cages protected from grasshopper defoliation 
(None) and in cages subjected to early-, mid-, and late-season 
grasshopper defoliation. Vertical lines denote SEM. Bars within 
years with the same letter are not different (L.S.D.; PcO.05). 

second defoliation period (Blue grama: P = 0.0002; Forbs and 
sedges: P = 0.036), while all other biomass estimates were not 
different between years mO.05). The increased production in 
1990 is probably because precipitation in the first 6 months of 
1990 was higher and more evenly dispersed (Fig. l), and samples 
were taken 8 days later in 1990. Total herbage production 
increased rapidly in July: total biomass exceeded 50% of the peak 
standing crop biomass by 1 August of both years. 

Peak standing crop (PSC) of blue grama from cages in the early 
defoliation treatment was the same as that in cages protected 
from defoliation in both years (Table l), while PSC of blue 
grama was reduced in cages defoliated during the mid and late 
periods in both years (Table 1). There were no differences (p> 
0.05) between PSC of forbs and sedges or other grasses due to 
defoliation period except in 1989 forb and sedge biomass was 
higher after mid-season defoliation than after early-season defolia- 
tion; however, there was no difference between any of the defolia- 
tion periods and the control. Total production was not different 
between any of the defoliation treatments in 1989. The increases 
in forb and sedge biomass after mid-season defoliation and rela- 
tive biomass of other grasses after late-season defoliation compen- 
sated for the significant reduction in blue grama grass in 1989. 

Table 1. Peak standhtg crop biomass (g mm* + SEM) estimated in early 
November after heavy grasshopper defoliation occurrG.ug early-, mid-, 
or la&season. Fort Bayard, N.M. 1989 and 1990. 

Defoliation Forbs artd 
Period’ N Blue Grama Sedges Other Grass Total 

1989 ---------- 
None 12 76*5a2 

36k5ab@y;~5;------- 
128512a 

&lY 
2 

71*7a 28*9b 9*4a 108*14a 
Mid 4O*5b 51*6a 10*6a 100*8a 
Late 6 45k4b 33* 6ab 28*15a 105*15a 

1990 
None 12 75*6a 54* 12a 7*2a 136It14a 
&lY 6 60+14ab 66ttlla 11*7a 137~t 16ab 
Mid 28i9c 6O*lla 7*4a 95*9bc 
Lak 50*14bc 32*8a 2*la 84ztlSc 

1 see text for exact dates of defoliation F&Jds. 
%ittdn column and year, means with the same letter are not significantly different 
&..S.D.; PcO.05). 
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Table 2. Biomass reductions in herbage classes (% and g rn-‘), calculated as the difference between control cages and treatment cages, after heavy 
grasshopper defoliation occurring early-, mid-, or la&season. Fort Bayard, N.M. 1989 and l990. 

Defoliation GFD2 Blue Grama 
Forbs and 

sedges Other Crass Total 

&lY 429 f 10 83 8 
sa 

100 1 84 9 
hlid 859 f 69 88 38 71 3 79 50 
Late 828~60 23 14 4 1 46 11 22 26 

1990 
E=lY 535 f 36 64 3 100 1 97 1 72 5 
Mid 882 i 80 s: 2 45 26 100 
Late 906* 30 - -73 87 

; 61 73 
35 48 

‘Biomass &mates taken at the end of each defoliation perk& Early-S July 1989 and 29 June 1990; Mid-31 July 1989 and 8 August 1990; b-31 August 1989 sod 30 August 
1990. 

himato of defoliation pre.ssm. Grasshopper Feeding Days (GFD) f SEM; N=12 cages per defoliation pericd. 
%alut is negative because lrcatmmt cages ivere gnxtir thin hrol cages. 

The importance of mid-season feeding damage was compound- 
ed by significant changes in the herbage composition. Forbs and 
sedges made up a larger percentage of the total herbage standing 
crop at PSC after mid-season defoliation during both years (Fig. 
3), despite the fact that bigheaded grasshoppers destroyed more 
than 45% of the forb and sedge biomass after mid-season defolia- 
tion (Table 2). Olson et al. (1993) showed that intensive stocking 
of yearling steers had similar results on warm-season grasses: 
heavy blue grama defoliation during the active growth phase of 
both the grass and forbs resulted in increased densities of less 
desirable forbs. 

Grasshopper pressure expressed as grasshopper feeding days 
(GFD) was lower during the early defoliation period in both years 
(Table 2). Very little green forage was available in the early defo- 
liation period (Fig. 2), and, although grasshoppers removed an 
average of 78% of the available biomass, there was not enough 
forage to support the grasshopper population in each cage. The 
mortality rate increased rapidly after all available forage was 
removed, decreasing GFD during the early defoliation period. 
When adequate forage was available (mid- and late-season defo- 
liation periods), grasshoppers destroyed from 36.9 to 81.7 mg dry 
weight of total forage GFD-‘. These data are similar to published 
bigheaded grasshopper forage destruction rates that ranged from 

15.7 to 97.2 mg per GFD (Hewitt et al. 1976, Thompson et al. 
1995). At outbreak levels, bigheaded grasshoppers will remove 
grass to the crown level, grazing grass more severely than even 
the highest stocking rates of livestock (Pfadt and Hardy 1987a). 
Not surprisingly, in this study bigheaded grasshoppers stocked at 
densities of 80 grasshoppers mm2 destroyed most of the available 
forage (Table 2). In all of the early-season cages and in most of 
the mid-season cages grasshoppers removed all available green 
grass. 

In years with above average winter and spring moisture, grass 
and forb growth increases. Most of the southwestern grasshopper 
species whose numbers increase dramatically during an outbreak 
use this early season resource (Nemey 1961). Grasshopper popu- 
lation densities near our research site peaked in April and May and 
decreased rapidly in June (Fig. 4) before the warm-season grasses 
began to grow (Fig. 2). The grasshopper species composition at 
our research site was similar to that reported by Nemey (1960, 
1961) and Pfadt (1982) at the San Carlos Indian Reservation about 
190 ion west of Fort Bayard, N.M. Bigheaded grasshoppers, the 
primary gramnivore near our sites, made up 58% of the total 
grasshoppers collected during both years. Members of the genus 
Melanoplus and all other grasshoppers combined made up 29% 
and 13% of the grasshoppers, respectively. Migratory grasshop- 

Melanopline Grasshoppers I’ZI 

Fig. 4. Average density of grasshoppers (no. m-*) at a site near Fort Bayard, NX, 1989 and 1990. Density estimates were taken biweekly 
using twenty 1.0 m* night cages. The total density is divided into the 3 groups of grasshoppers listed. 
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pers [Melanoplus sanguinipes (Fabricius)] and flabellate 
grasshoppers [Melanoplus occidentalis (Thomas) = M. cuneatus 
&udder (Richman et al. 1993)] made up 72% and 26%, respec- 
tively, of all adult grasshoppers collected from this genus. 
Bigheaded grasshoppers, flabellate grasshoppers, and migratory 
grasshoppers all exhibited similar phenologies (Fig. 4). Each of 
these species is considered an early-season grasshopper that can 
be damaging to rangeland, although migratory and flabellate 
grasshoppers are not usually a problem on grasslands dominated 
by warm-season grasses (Pfadt et al. 1988). In both years, big- 
headed grasshoppers were all adults by 15 June and migratory 
and flabellate grasshoppers were all adults by 1 July before the 
warm-season grasses began to grow (Fig. 4). 

On rangelands where cool-season grasses dominate, damage by 
bigheaded and migratory grasshoppers may be severe and irre- 
placeable if not controlled early (Hewitt and Onsager 1983); thus, 
high early-season nymphal populations of these grasshoppers 
commonly serve as triggers for large-scale management programs 
(Ffadt and Hardy 1987b). On rangelands dominated by cool-sea- 
son grasses economic benefits are greatest when third instar 
grasshoppers are targeted (Onsager 1984). Using nymphal popu- 
lations as triggers for management programs may not be warrant- 
ed on rangelands dominated by warm-season grasses that experi- 
ence monsoonal late-summer precipitation. No management pro- 
gram should start until warm-season grasses are actively growing, 
contrary to grasshopper control guidelines used in the northern 
half of the western U.S. The substantial declines in grasshopper 
densities in June and July are common on southwestern range- 
lands (Ffadt 1982, Nemey 1960,1961), as a result, high densities 
of early-season grasshoppers most often will not influence 
herbage production. If grasshopper densities remain high and 
control becomes necessary, carbaryl or malathion will provide 
>90% control of adult grasshopper populations (Onsager 1978). 
Unless early-season forb production is an important part of a 
ranch management plan, the damage potential of early- and mid- 
season grasshopper species may be lower on southwestern range- 
lands where mid- to late-summer precipitation patterns occur than 
reported in the literature for other areas of the western United 
States due to later maturation of warm-season grasses. 
Grasshoppers will compete with livestock for early season forage 
in years when grasshopper densities are high. However, in most 
years, depending upon precipitation patterns, there should be ade- 
quate growth following heavy early-season herbivory to feed 
both livestock and grasshoppers. 
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Abstract 

A 10 year study under natural winter conditions at 2 sites test- 
ed the hypothesis that mule deer (Odocoileus hemionus 
hemionus) and elk (Cervus elaphus nelsoni) forage equally on 4 
sagebrush (Artemisia L.) taxa. Each year approximately 2,500 
available leaders on 244 plants on the Northern Yellowstone 
Winter Range were examined for browsing. Browsing levels 
increased with winter severity, reaching 91 %of leaders browsed 
for mountain big sagebrush (A. tridentata ssp. vaseyana jRydb.1 
Beetle), the preferred taxon (PI 0.05) that averaged 56.1% at the 
2 sites. Wyoming big sagebrush (A.t. ssp. wyomingensk Beetle 
and Young) was narrowly preferred (38.6%) over basin big sage- 
brush (A.C. Nutt. ssp. trident&a) (30.3%). Black sagebrush (A. 
novu Nels.) was least preferred (17.0%). Differences in prefer- 
ence among taxa were smallest during the severest winters when 
more elk were present thereby increasiug total sagebrush utilixa- 
tion. Mule deer diets averaged 52% sagebrush over the study. 
Many sagebrush plants were damaged and even killed by heavy 
browsing during the study. Promoting sagebrush productivity 
should be a management objective on similar winter game 
ranges. 

Key Words: Artemisia tridentata, Artemisia nova, Odocoileus 
hemionus, Cervus elaphus, foraging behavior, preference, 
Yellowstone National Park 

The ecological implications and forage relationships of com- 
mon range shrubs are often over simplified in natural resource 
management decision making. Probably nowhere are these rela- 
tionships more important than with the sagebrush (Artemisia L.) 
taxa which occur on an estimated 109 million ha in the western 
United States (Beetle 1960). Consideration of sagebrush ecology, 
including forage values, is a necessity for judicious range man- 
agement. 

Neither the importance of sagebrush taxa as forage, nor the 
effects of foraging on them are presently appreciated by many 
resource managers. Welch and McArthur (1979) cited the aggres- 
sive, productive, and persistent nature of big sagebrush 
(Artemisiu tridenrata Nutt.) as important characteristics of a 
rauge forage plant. It is these characters plus outstanding winter 
nutritional quality that justifies a breeding and selection program 
aimed at improving the forage values of the sagebrush complex 
(Welch and Wagstaff 1992). 

Research was funded by the hfontana Agricultoral Experiment Station (J-3027). 
hfanuscript accepted 18 Nov. 1995. 
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Several relatively short term studies, often conducted under 
artificial conditions with tame animals on planted sites, have 
determined preference ratings of herbivores for a number of sage- 
brush taxa (Scholl et al. 1977, Sheehy and Winward 1981, Welch 
et al. 1981, 1983, Welch and McArthur 1986). The purpose of 
this study was to further examine the preference displayed by 
mule deer (Odocoileus hemionus hemionus) and elk (Cervus ela- 
phus nelsoni) for sagebrush taxa. The taxa studied were basin big 
sagebrush (Artemisia tridentata Nutt. ssp. tridentutu), Wyoming 
big sagebrush (AL ssp. wyomingensis Beetle and Young), moun- 
tain big sagebrush (AL ssp. vaseyuna [Rydb.] Beetle), and black 
sagebrush (A. nova Nels.). The objective was to establish possible 
preferences by wild mule deer and elk for the 4 taxa over 10 win- 
ters of varying severity. This would avoid conclusions from 
anomalies that can occur for shorter periods or with small num- 
bers of tame animals (Bartmaun 1982). Therefore, the hypothesis 
that 4 sagebrush taxa are equally utilized as forage by mule deer 
and elk on winter range was tested each year at 2 sites over a 10 
year period under natural conditions. 

Methods 

Study Area 
The study was conducted within the Gallatin National Forest 

near Gardiner, Montana. The area is an important part of the 
Northern Yellowstone Winter Range for mule deer and elk and is 
considered by Houston (1982) and Fames (1991) to be the most 
critical part of this important range. Fortunately no other ungu- 
lates occur on the portion of this important range where the study 
was conducted. Therefore, all browsing was from the 2 ungulates 
observed browsing sagebrush taxa, mule deer and elk. Two sites 
approximately 3 km apart were studied. Elevation at the 2 study 
sites is 1,950 m. Average annual precipitation is 412 mm, half of 
which is received as snow. Vegetative composition on the area is 
typical of near pristine sagebrush-grass habitat types (Mueggler 
and Stewart 1980, Wambolt and McNeall987) with an overstory 
of basin big sagebrush, Wyoming big sagebrush, mountain big 
sagebrush, and black sagebrush, and an understory dominated by 
bluebunch wheatgrass (Agropyron spicatum [Rydb.] Scribn.) and 
Idaho fescue (Fesfuca idahoensis Elmer). The Mollisol soils from 
granite and limestone have been strongly influenced by glacial 
scouring, morainal deposition, and outwash sediments (Wambolt 
and McNeal 1987). A mosaic of microsites created by these 
processes has nearly equal quantities of the 4 sagebrush taxa 
intermixed as a natural cafeteria for foraging mule deer and elk at 
the 2 sampling locations. 
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Sampling and Analysis 
To evaluate the preference of mule deer and elk, their browsing 

use on the 4 sagebrush taxa was measured on winter range. 
Sampling was conducted within two 30 X 60 m browse cafete- 
rias. Within each browse cafeteria, eight 1 X 30 m belt transects 
were located parallel to each other at 8.6 m intervals. Sagebrush 
plants within the belt transects were identified by taxon and used 
throughout the study to sample winter utilization. 

The typical sagebrush leader at the 2 study sites had a very 
twisted form, probably largely due to historically high levels of 
browsing. Thus, it was not possible to accurately measure the 
length of an adequate sample of leaders before and after brows- 
ing. Because determining relative preference of browsing animals 
for the 4 sagebrush taxa was the main objective of this study I 
compared the proportion of leaders browsed among the taxa. This 
method allowed an adequate sample from the gnarled crowns of 
the shrubs. Guenther (1989) found that in bitterbmsh (Purshia 
rridentatu @rsh] D.C.) the number of browsed leaders was high- 
ly correlated (r&94, P<O.OOOl) to total utilization obtained by 
measuring leader lengths. The proportion of bitterbrush leaders 
browsed adequately predicted (& 10%) percentage of leaders 
removed by browsing at 18 study sites. The relatively short lead- 
ers of sagebrush compared to bitterbrush should insure the 2 
methods would result in closer results for sagebrush than 
Guenther (1989) obtained for bitterbrush. 
Precediig the winter use period each autumn between 1982 and 

1991, a total of approximately 2,500 available leaders were 
tagged on 244 plants. Leaders were selected randomly from pre- 
determined portions of each plant to insure all parts of the plants 
were sampled. These leaders were then re-examined the follow- 
ing springs between 1983 and 1992 to determine how many lead- 
ers had been browsed. By this method the percentage of total 
leaders browsed was determined each year after winter browsing. 
In the spring of 1992 ocular estimates of the percentage of dead 

crown canopy in the 4 sagebrush taxa were made. Estimates were 
rounded to the nearest 5%. Plants that died during the study, but 
before the spring of 1992 were not included in this estimate. 
However, records for the 10 year period were examined to deter- 
mine the number of each taxon that had died during the study. 
The percentage of dead crown on mountain big sagebrush was 
related to mean browsing over the 10 year study by correlation 
(Snedecor and Co&ran 1980). 
Mule deer feces were sampled early each spring at the 2 cafete- 

rias to determine winter diet composition. Each sample was a 
composite of 10 mule deer pellet groups. The samples were sent 
to the Composition Analysis Laboratory at Colorado State 
University for diet determination using microhistological tech- 
niques (Sparks and Malechek 1968). Twenty fields per slide 
were read from 5 slides per sample. 
A l-way ANOVA with taxon as the factor was conducted each 

year individually for the 2 sites. This avoided year and location 
effects that could confuse the results. The observations in the 
ANOVA are a transformation on the proportion of utilized lead- 
ers. Because the proportions are based on relatively small sample 
sizes, a variance stabilizing arcsin transformation was used 
(Snedecor and Cochran 1980, Steel and Torrie 1980). This trans- 
formation is not used to remove inequalities in variance, but is 
used when the variation is purely binomial, often arising from 
unequal denominators. The Least Significant Difference (LSD) 
method (PsO.05) protected by a prior F-test (p10.05) was used 
for comparing treatment means (Snedecor and Cochran 1980). 
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The number of elk harvested as recorded by the Montana 
Department of Fish, Wildlife, and Parks during Montana’s spe- 
cial late hunting season in the area that includes the study sites 
was used as a proxy variable for winter severity. A combination 
of weather conditions influence the ability of elk to forage on the 
portion of the Northern Yellowstone Winter Range within the 
security of Yellowstone National Park that is adjacent to the 
study area. When snow conditions force the elk to leave the park 
they enter the area where the study sites are located. This results 
in both an increased elk harvest and increased utilization of sage- 
brush taxa from the presence of more elk. Unfortunately, the 
Gardiner and Mammoth weather stations have much missing data 
during the study period for total precipitation, temperature, and 
snow depths. Thus, in lieu of adequate weather data elk harvest is 
likely the best index of winter severity for the study area. 
Therefore, correlations (Snedecor and Co&ran 1980) were made 
for elk harvest and sagebrush taxa leader utilization. Correlations 
were also made for elk harvest and indices of winter severity for 
the fist 8 years of this study. The indices were developed by 
Fames (1991) and include minimum temperatures, snow water 
equivalents, and precipitation for the previous June and July 
which is related to winter forage. Fames’ (1991) indices estimat- 
ed the previously mentioned missing weather values from adja- 
cent climatological stations. 

Results and Discussion 

Mule deer and elk did browse very substantial amounts of the 4 
sagebrush taxa collectively. The percentage of sagebrush leaders 
utilized during a given winter was as high as 91% for mountain 
big sagebrush (Table 1) despite the below average snowfall that 
prevailed over the 10 year study. During most winters, mule deer 

Table 1. Percent of sagebrush leaders utilized during winter by taxon, 
year, and study site. 

Mountain Wyoming Basin 
Big Big Big Black 

YCX Site Sagebrush Sagebrush Sagebrush Sagebrush 
---------- --(%)------------ 

1982-83 1 53a 29b 25h 
2 52a 24b 19b $ 

1983-84 1 90a sob 71b 
2 s4a 7sab 

31c 
64b 66b 

1984-85 1 4sa 2ob 15h 
2 39a 21b 7c 2: 

1985-86 1 59a 57ab 4sb 
2 36a 32a 14b ;: 

1986-87 1 50a 3sb 21c 5d 
2 49a 37b 5c 9c 

1987-88 1 65a 54a 51a Sb 
2 50a 35b 19h 9c 

1988-89 1 66a 44b 53ab 16c 
2 72a 43b 35b 2sb 

1989-90 1 35a llb 15b 
2 21a 2b 4b $ 

1990-91 1 33a 11bc 15b 
2 46a 2lb Sb $ 

1991-92 1 s3a 4sb 67b 
2 91a S6a 49b 

15c 
84” 

hkms among taxa differ (Fs 0.03 witbii site and date when followed by a different let- 
ter. 
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and elk displayed distinct preferences among the 4 taxa (Table 1). 

Herbivore preference for the sagebrush taxa in this study has 

Mule deer and elk preferred the 4 taxa in decreasing amounts in 
the following order: mountain big sagebrush, Wyoming big sage- 

been considered by others (Scholl et al. 1977, Sheehy and 

brush, basin big sagebrush, and black sagebrush. 

Winward 1981, Welch et al. 1981, 1983, Welch and McArthur 

Twenty utilization percentages for each taxon (2 sites X 10 
years) are presented in Table 1. All 20 utilization percentages for 
mountain big sagebrush were greater than for any other taxon on 

1986). None of the studies are in perfect agreement as to taxa use 

a given year with an average of 56.1% of leaders browsed and 16 
were significantly (pcO.05) greater than for Wyoming big sage- 

by browsing animals although mountain big sagebrush is clearly 

brush, the second most preferred taxon with an average of 38.6%. 
The preference found for Wyoming big sagebrush over basin big 

the preferred taxon. It has been demonstrated that accessions 

sagebrush with an average of 30.3% was not as great. Although 
Wyoming big sagebrush had a numerically higher utilization per- 

within taxa may vary greatly as to their acceptance by browsing 

centage 15 times, only 5 were significantly greater. Basin big 
sagebrush was found to have a higher percentage utiliition fig- 

animals (Welch et al. 1981, 1983, Welch and MicArthur 1986, 

ure than the least preferred taxon, black sagebrush, 15 times, with 
8 significantly greater. Black sagebrush averaged 17.0% of its 

Welch et al. 1994). This study adds perspective by detailing long 

leaders browsed. During the winters of 1984-85 and 1991-92 the 
percentage of black sagebrush consumed at site 2 was significant- 

term patterns of browsing preference by wild ungulates under 

ly greater than for basin big sagebrush. 

natural conditions. 
Because the 4 taxa were all very common at the 2 study sites 

and equally available for browsing a preference index was not 
required. Schwartz and Hobbs (1985) have explained that in such 
situations searching time is negligible and preference indices may 
actually be misleading due to differences in taxa biomass or den- 
sity. 

Greer et al. (1970) and Houston (1982) found that the distribution 
and concentrations of elk within the Northern Yellowstone Winter 
Range vary with the climatic conditions of wind, snow, tempera- 
ture, and crusting which expose or conceal forage. Accordingly, 
anomalies in Table 1 are explainable by weather and microsite dif- 
ferences. The 10 year study allowed preference determinations 
under a variety of winter conditions. However, none of the years 
were above average in severity of temperature or snow depth com- 
pared to the long term average (Fames 1991). Because elk hunting 
occurs on the area from autumn through late winter, elk are not pre- 
sent within the study area as consistently as mule deer. This is espe- 
cially true during open winters when the elk can forage within the 
security of Yellowstone National Park approximately 2 km south 
(Houston 1982). When elk are forced by forage limitations to leave 
this security the number of elk harvested during Montana’s special 
late hunting season (mid-December through Febmary) in the area is 
a good index of winter severity. This elk harvest is positively corre- 
lated to utilization of sagebrush leaders by taxon as follows: moun- 
tain big sagebrush r = 0.79 (p@.Ol), Wyoming big sagebrush r = 
0.64 (psO.O5), basin big sagebrush r = 0.74 (p@.O2), and black 
sagebrush r = 0.65 (Pg.05). In general, as overall sagebrush use 
increased from the presence of more elk forced from higher eleva- 
tions during more severe winters, differences among taxa were min- 

imized (Table 1). Greer et al. (1970) also learned that peaks in big 
sagebrush use occurred in winters with the highest elk concentra- 
tiOllS. 

Houston (1982) provides a historical perspective of elk season- 
al distributions. He points out the efforts began in 1935 to reduce 

Houston (1982) and Fames (1991) also believe that winter 
severity dictates the number of elk in the area of my study, which 
they consider the most critical portion of the Northern 

the elk herd outside the park. Despite the disproportionate reduc- 

Yellowstone Winter Range. Fames (1991) points out that ordi- 
nary weather statistics, such as mean monthly temperature, do not 

tions to the segment of the population outside the park, great vari- 

address stresses imposed on wildlife during severe periods of 
shorter duration. Therefore, Fames (1991) developed a scaled 

ations in elk numbers leaving the park continued to occur as dic- 

index of winter severity (IWS) for my study area that addresses 
weather effects on wildlife better than monthly means. The IWS 

tated by winter severity. Houston (1982) reported only about 5% 

weights 3 weather variables as follows: l-the accumulated sum 
of daily minimum temperature below -18’C (40%), 2-the snow 

of the elk left the park during mild winters, but nearly 60% left 

water equivalent on April 1 from snow courses in the area (40%), 
and 3-precipitation for June and July of the previous summer to 

during severe winters. In the mild winter of 1960-61, of 8200 elk 

represent available winter forage (20%). Fames’ (1991) IWS is 
only available for the fist 8 years of my study. Over those 8 

counted, only 1% left the park. During the next severe winter, 

years the IWS is positively correlated (r = 0.75, Ps.02) to the elk 
harvest on the area during Montana’s special late hunting season. 

1961-62, of 5,800 elk, 55% left the park in search of forage 
(Houston 1982). 

The relatively heavy snow encountered on the 2 study areas as 
well as even greater amounts on the surrounding highlands during 
the winters of 1983-84 and 1991-92 resulted in well above aver- 
age elk harvests and the highest utilization figures during the 
study. The most notable anomalies within Table 1 are the rela- 
tively high utilization levels of 66% and 84% respectively for 
black sagebrush at site 2 during those winters. The early snow 
those winters crusted over most of the other shrubs at the site. 
However, the black sagebrush plants were generally located on 
small depositional mounds situated slightly above much of the 
crusting and exposed to more solar radiation. This combination 
was apparent during those winters and aided the browsers at that 
location. Such use on the otherwise least utilized taxon serves to 
emphasize that any of the 4 taxa may serve as important dietary 
components of mule deer and elk. The severe winters tend to 
minimize preference differences in general. However, Bartmann 
(1982) found the greatest dietary differences between captive 
tame deer when snow was the deepest and he concluded that diets 
of wild and tame deer would differ. 

Over the study mule deer winter diets at the 2 cafeterias con- 
tained identical amounts of sagebrush with an average of 52%. It 
was not possible to distinguish among the 4 taxa with the fecal 
analysis procedure. Elk diets were not analyzed because late sea- 
son hunts for elk leaving Yellowstone Park during the winter cre- 
ate fast changing movement patterns in the area. Elk move rapid- 
ly through the study area traveling between the security of 
Yellowstone National Park and that of higher elevations outside 
the park and beyond the study area. Because the sagebrush cover 
is greatly reduced from browsing inside the park (Wright and 
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Thompson 1935, Patten 1993) compared to the study area, forage 
selection on the study area would not be reflected accurately due 
to the slow passage of forage through the ruminant system of elk. 
The collective elk using the study area did consume large 
amounts of sagebrush as evidenced by the larger amounts utilized 
during winters when elk were forced from the surrounding high- 
lands due to heavy snowpack. Observations throughout the 10 
year study conclude that the mule deer are not greatly influenced 
by the elk hunting in the area. 

Many of the plants studied exhibited signs of heavy use by their 
browse form class and high percentage of dead crown. It appears 
that the percentage of dead crown in the canopies of the 3 big 
sagebrush subspecies increased in relation to the levels of brows- 
ing received by the 3 taxa. The percentage of dead crown at the 
end of the study for mountain big sagebrush, Wyoming big sage- 
brush, and basin big sagebrush, averaged 58.7%, 45.4%, and 
30.1%, respectively. Dead crown was measured after observing 
during the 10 year study that it appeared to be iucreasing overall. 
Previous to summa&in g the data it was not considered that the 
trend of increased dead crown was related to the 3 big sagebrush 
taxa in proportion to the level of use they had received. It should 
not matter that similar data were not obtained at the beginning of 
the study as it is logical that the same preferences by mule deer 
and elk existed prior to the study. These trends with the sage- 
brush taxa have occurred despite excellent grass production on 
the site. Unfortunately, because the study objective was to deter- 
mine if mule deer and elk have preferences among the 4 taxa, it 
was not considered necessary to sample individual plants inten- 
sively enough for subsequent analysis of a relationship between 
percentage dead crown and mean browsing level on a per plant 
basis. However, even with the low level of sampling per plant, 
significant correlations for mountain big sagebrush dead crown 
and mean browsing per plant of r = 0.42 (Pa.03) and r = 0.48 
(Pd.00) were found at sites 1 and 2, respectively. 

The level of browsing received by mountain big sagebrush at 
the 2 study sites (Table 1) may be above the level it can sustain 
over time. Thirty-five percent of all mountain big sagebrush 
plants died during the 10 year study, apparently killed by exces- 
sive browsing. Laycock (1967) found that heavy browsing levels 
in the fall often killed threetip sagebrush (Artemisia tripartita 
Rydb.). Bilbrough and Richards (1992) concluded sagebrush is 
not efficient in compensatory growth following heavy winter 
browsing. The loss of sagebrush in my study is not surprising as 
60 years ago Wright and Thompson (1935) reported the destruc- 
tion of big sagebrush within the boundaries of nearby 
Yellowstone National Park from heavy elk browsing. However, 
they noted that the destruction was confmed to witbin the park 
More recently Patten (1993) also concluded that in the vicinity of 
this study browsing by elk resulted in the reduction of big sage- 
brush. 

The study area is probably more important for mule deer than 
elk. Mule deer are more restricted to the study area vicinity as it 
provides all their needs much better than surrounding terrain. Elk 
are able to negotiate the deeper snow at higher elevations. 
Although elk favor the relatively snow free conditions with easily 
accessible forage of the study area, they generally can survive 
with restricted use of the area until periods of severe weather 
(Greer et al. 1970, Houston 1982). 

The close relationship of mule deer and sagebrush taxa is well 
known (Welch and McArthur 1979). The habitat requirements of 
mule deer are generally met in sagebrush communities. Perhaps 

mule deer use of sagebrush vegetative types is most commonly 
exhibited on winter range (Welch and McArthur 1979, Wambolt 
and McNeall987). Elk are also commonly associated with sage- 
brush habitat types (Wambolt and McNeal 1987). Unfortunately, 
some of the relationships between browsing animals and sage- 
brush may often be confused by ecological differences within the 
sagebrush complex such as the forage relationships investigated 
in this study. 

Variation in browsing use of sagebrush taxa is the result of 
numerous factors operating in a variety of combinations. 
Certainly class of animal, environment, and season of use 
(Sheehy and Winward 1981) help explain differences observed in 
sagebrush use as a forage. In addition, previous research at this 
location determined that sagebrush digestibiities are influenced 
by the total terpenoid content of each taxon (Striby et al. 1987) 
while specific terpenoid compounds influence initial selection 
and subsequent browsing of sagebrush taxa by mule deer 
(Personius et al. 1987, Bray et al. 1991). Preferences determined 
in this study are in agreement with Personious et al. (1987) and 
Bray et al. (1991) when terpenoid content of the 4 taxa is consid- 
ered. 

Much of the confusion among natural resource managers 
regarding the managem,ent of sagebrush dominated rangelands 
originates from differing opinions regarding the utility of sage- 
brush taxa as forage. Management should consider that mule deer 
and elk and presumably other wild ungulates will use large 
amounts of sagebrush in their diet and during many years they 
will browse nearly all the current year’s leaders available during 
the winter. However, despite a distinct preference for certain 
sagebrush taxa over others, these wild ungulates will use even the 
least preferred taxon very heavily if the others are unavailable or 
not present on the winter range. This is not surprising as sage- 
brush taxa have been proven to be highly digestible and nutritious 
(Welch and McArthur 1979, Striby et al. 1987, Welch and 
Wagstaff 1992). Sagebrush taxa may be over used and severely 
damaged on big game winter ranges. Management of game popu- 
lations that forage on sagebrush taxa must regulate animal num- 
bers to levels the plants can tolerate. 
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Abstract 

A 3-year field study with 5 species and 11 seeding dates per 
year was conducted to determine which dates resulted in success- 
ful stands when directly seeded into wheat stubble at each seed- 
ing date at Mandan, N.D. There was considerable range in the 
monthly highs and lows for many of the environmental parame- 
ters collected during this study. Signiticant seeding date X year 
interactions occurred due to changes in environmental conditions 
at each repeated seeding date. This indicates that white certain 
seeding dates during the year can be expected to provide good 
grass establishment because of cooler temperatures and more 
precipitation, failures can also occur at any seeding date when 
the expected favorable weather conditions fail to materialize. 
Stands were successful when the stems me2 were equal to or 
greater than the stems expected from 11 plants me2. Successful 
stands occurred 64,58,61,52, and 45% of the time for smooth 
bromegrass (Bromus inermis Leyss., ‘Lincoln’), western wheat- 
grass [Agropyron smithii Rydb., ‘Rodan’; syn.=Pascopyron 
smithii (Rydb.) L&e], crested wheatgrass [Agropyron desertorum 
@sch.) Schult., ‘Nordan’], sideoats grama [Bouteloua curtiipen- 
dula (Michx.) Torr., ‘Pierre’], and blue grama (Bouteloua gracilis 
(H. B. K.) Lag ex Steud., native collection], respectively. The sig- 
nificant seeding date X year interaction indicated established 
seedling stems me2 varied greatly at the same seeding date in dif- 
ferent years. This interaction explains why individuals favor dif- 
ferent seeding dates based on their past experience. Successful 
seeding dates are summarized, but failures can occur at any spe- 
cific date in a given year. 

Key Words: smooth bromegrass, sideoats grama, western wheat- 
grass, blue grama, crested wheatgrass. 

Moser and Newman (1988) support the premise that the best 
time to seed dryland grasses is immediately prior to a long wet 
spell. There is no validated method for predicting the onset of a 
long wet spell in the Great Plains. Most research concerning 
seeding dates has been done on a date of month or season basis. 
Hull (1948) found seeding grass in the fall was more successful 
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than spring seedings in Idaho for cool-season grass species, but 
March seedings were successful if the area had a long spring 
growing season. 

McWilliams (1955) reported the results from a 7-year seeding 
date study where seedings were made into a uniform 20 to 25 cm 
(8-10 in) wheat stubble seedbed in North Dakota several times 
each year. Cool-season grasses established best when seeded in 
September or October. Warm-season grasses established best 
when seeded in April or May when no fall seeding dates were 
included in the study. 

McGinnies (1960) found that satisfactory stands of crested 
wheatgrass and smooth bromegrass could be obtained by planting 
during any month from April to November. Only 1 April plantings 
gave consistently acceptable stands. All other dates resulted in 
failme or a poor stand in at least 1 year of the 4 year study period. 
In southern Saskatchewan, intermediate wheatgrass [Agropyron 
intermedium (Host) Beauv.; syn.=Thinopyrum intermedium (Host) 
Barkworth D.R. Dewey]; and Russian wildrye [Elymus junceus 
Fisch.; q-n.= Psathyrostachys juncea (Fischer) Nevski] gave bet- 
ter results from spring seedings with some success from late fall 
seeding (K&her 1961). Crested wheatgrass and green needlegrass 
(Stipa viridula Trin.) displayed better seedling stands from fall 
plantings. Streambank wheatgrass [Agropyron riparium Scribn. 
and Smith; syn.=EZymw Zanceolatus (Scribner J.G. Smith) Gould] 
had the widest range of successful seeding dates. 

Lodge and Schipp (1993) recently reported that the most suc- 
cessful field establishments of wallaby grasses (Danthonia 
richardsonii Cashmore and Danthonia linhii Kunth) in Australia 
occurred from surface sowing in April and May. Sowing in the 
spring in Australia may also be possible if mean maximum soil 
temperatures exceed 23”C, and seedlings can establish before the 
onset of hot, dry conditions in summer. 

McGinnies (1973) noted that the same seeding date did not 
establish the same stand each year because of great environmen- 
tal variations from year-to-year. This indicates a significant seed- 
ing date x year interaction; but, it was not graphically presented 
or evaluated. Little information or data are available in the litera- 
ture evaluating seeding date x year interactions; however, under- 
standing this interaction may explain why great variation in grass 
stand success from similar seeding dates in different years can 
and will occur. 

The present study was conducted to evaluate the establishment 
of 5 forage grass species over a wide range of seeding dates dur- 
ing a 3-year period using the same seeding practices for all seed- 
ing dates and to answer the following questions: 1) How much do 
environmental conditions vary from year to year and what effect 
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does this have on grass establishment; 2) What establishment 
level can be expected for various grass species across years; and 
3) What is the best seeding date for a certain species across 
years? 

Study Area and Methods 

This study was conducted at the Northern Great Plains 
Research Laboratory, Mandan, N.D. Soils of the study area are a 
Parshall fine sandy loam (coarse-loamy, mixed Pachic 
Hupluborolls). Spring wheat was grown in 17%cm rows and har- 
vested each year prior to seeding grass. Grass was seeded in 15 
cm rows directly into 35 to 40 cm tall stubble perpendicular to 
the stubble rows with a cone seeder (Barker et al. 1976). A cone 
seeder with double disk openers, depth bands, and packer wheels 
was used to seed all species at a rate of 9 kg ha-’ pure live seed at 
a depth of about 13 mm. Seeding years were 1986-87, 1987-88, 
and 1988-89. Eleven seeding dates were used each year; 15 
August, 4 and 24 September, 9 October, 1 November, 1 and 21 
April, 9 and 26 May, 10 June, and 1 July. 

Five forage grass species were seeded at each seeding date. 
These included 3 cool-season grasses; smooth bromegrass, west- 
em and crested wheatgrass, and 2 warm-season grasses; sideoats 
and blue grama. Broadleaf weeds were controlled with Brominal, 
Buctril and LV4 2, 4-D’ after the grass seedlings were mature 
enough. 

Plots (3 m wide and 7.6 m long) were arranged in a randomized 
complete block design, split/split plot in time with 3 replications. 
Whole plots were years, the first split was species and the final 
split was seeding date. 

Environmental conditions during the study were monitored by 
a weather station located on the study areas following National 
Weather Bureau standards. Parameters measured included air 
temperature at 2 m above the soil, soil temperature at 16 mm-soil 
depth, precipitation, and free water evaporation from a Class A 
pan. Soil water in the top 7.6 cm of soil was measured gravimet- 
rically. Whole profile soil water was measured with soil neutron 
meters through access tubes to a depth of 1.8 m. Weather data 
were summarized monthly. 

Since species did not respond the same, data were analyzed by 
species. Years and seedling dates were analyzed by Analysis of 
Variance (SAS Institute 1990). Because of a significant seeding 
date x year interaction, data were analyzed and interpreted within 
years. Significant mean differences in seeding date stem density 
were separated within each seeding year by Tukey’s HSD test at 
PsO.05 using Tukey’s HSD based on 3 years. To visualize the 
seeding date x year interactions, stem density means for each 
species were graphed for each seeding date over the 3 year study. 
To evaluate seeding dates for each species, we compared stem 
density expected from 11 plants rn-’ considered as a measure of a 
successful grass stand by the Great Plains Council (1966). 

Results and Discussion 

Weather and soil environmental data collected during this study 
show considerable variation in observed monthly highs and lows 
(Tables l-3). The highest mean air temperature occurred in June 
of 1988 (Table 1). Spring seeding date temperatures were gener- 
ally higher than the long-term average. Mean soil temperatures at 
a depth of 16 mm exceeded the mean air temperatures with about 

Month 

Aug. 
Sep. 
Oct. 
Nov. 
Dee. 
Jan. 
Feb. 
hkir. 
Apr. 
hlay 
Jun. 
Jul. 

Table 1. Mean air and soil temperatures during seeding date study, 1986-1991. 

Mean Air Temp. at 2m Mean Soil Temp. at 16 mm 
‘86 ‘87 ‘88 ‘89 ‘90 ‘91 LTA’ ‘86 ‘87 ‘88 ‘89 ‘90 ‘91 AVG? 
____________________----------------------------- ((y) ------__ -____------__----___ _____--__-___ 
18.1 17.5 20.5 20.6 21.6 - 20.4 20.4 ;06 23.3 24.8 us.. - 23.2 
11.2 14.4 13.1 14.4 16.2 - 14.0 12.4 17:o 15.8 16.7 li5 - 16.1 

6.7 5.4 6.7 7.2 6.8 - 7.8 7.1 6.7 7.9 8.8 7.6 - 7.6 
-4.5 1.6 -0.9 -1.4 -0.1 - -1.8 1.2 1.9 0.1 -0.7 0.1 - 0.5 
-4.9 -4.4 -6.3 -11.9 -10.6 - -9.2 -2.1 -3.6 -4.8 -9.2 -7.0 - -5.3 
- -5.2 -11.6 -7.7 -4.7 -10.9 -14.1 - -4.2 -8.4 4.5 4.8 -9.1 -6.2 
- -2.3 -8.8 -13.5 -6.1 -2.1 -10.2 - -0.9 -5.4 -7.5 -5.5 -1.5 -4.2 
- -2.3 -1.2 -3.3 
- 10.5 7.8 6.4 

i-z ii -3.9 
5.3 

- 2;: 0.8 -0.5 3.3 2.3 1.0 
- 11.2 9.2 10.0 9.4 10.3 

- 13.3 16.0 13.7 13:2 14:5 12.5 - 18.0 18.9 17.0 17.0 16.4 17.5 
- 19.7 24.9 17.8 18.5 19.4 17.8 - 23.8 30.3 20.8 21.7 21.8 23.7 
- 21.4 22.9 24.3 20.8 21.6 21.2 - 23.7 27.0 29.2 24.2 23.7 25.6 

‘LTA=long term avenge-78 yeas. 
+ we year avenge. 

Grass stands were clipped to a 25 cm stubble height each fall 
and to a stubble height of 5-7 cm in the spring prior to initiation 
of growth to reduce seasonal carryover litter. Grass stands were 
sampled during the summer 2 years after seeding at near peak 
biomass accumulation. At this time the stem density (stems m”) 
was counted on 5 randomly located 30.5 by 30.5 cm plots for 
each species and seeding date. 

‘Use of trade names does not signify endorsement of these herbicides. 

the same range in values for each month. The amount of precipi- 
tation and free-water evaporation varied greatly throughout the 3- 
years of study (Table 2). Soil water content at seeding depth 
(13-25 mm) was the highest and lowest during the 1986-87 seed- 
ing year (Table 3). These differences in the weather and soil con- 
ditions at each repeated seeding date in different years is believed 
to have resulted in a significant seeding date x year interaction 
(Figs. l-5). 
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Fig. 1. Grass stand densities at 2 years after seeding show significant Fig. 2. Grass stand densities at 2 years atIer seeding showing signifi- 
seeding date X year interaction for smooth bromegrass. cant seeding date X year interaction for western wheatgrass. 

Stem densities fluctuated greatly for any given seeding date in 
any seeding year. This indicates that while a certain seeding date 
during the year can be expected to provide for good grass estab- 
lishment because weather conditions are usually favorable, fail- 
ures can also be expected at any seeding date when the expected 
favorable weather conditions fail to materialize. The important 
factor to successful seeding is not the date as much as the actual 
weather and soil conditions that occur after seeding. 

The stem density expected for 11 plants of smooth bromegrass 
was 304 rn-’ (Great Plains Council 1966). Twenty-one stands out 
of 33 (64%) had the expected stem densities or more at 2 years 
after seeding. At least 3 stands had 304 or more stems n-i* each 
seeding year. The 1988-89 seeding year had 10 dates equal to or 
above this standard. The 15 August and 4 September seeding 
dates produced stands with the standard density all 3 years (Pig. 
1). 

Western wheatgrass had an expected stem density of 476 mm2 
for 11 plants (Great Plains Council 1966). During the 1988-89 
seeding year, 9 seeding dates had 476 or more stems. Overall, 19 
of the 33 seedings (58%) of western wheatgrass were 476 stems 

2400 
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11 PLANTS h4.9. SUCCESSFUt 
(GREAT PLAWS COUNCIL 1966). 

15 AUG 4 SEP 24 SEP 9 OCT 1 NOV? APR 21 APR 9 MAY 26 MAY 10 JUN t JUL 

SEEOWG DATES 

ni* or above. The 15 August and 1 November seeding dates had 
476 stems ni* or above for all 3 years of the study (Pig. 2). 

Crested wheatgrass had the greatest expected numerical stem 
density (590 stems me2 2 years after seeding) for 11 plants (Great 
Plains Council 1966). Three seeding dates had 590 stems rn-* or 
above during the 1987-88 seeding year, while 1988-89 had 9 
seeding dates producing stands with 590 stems m” or more. 
Crested wheatgrass established stands with 590 stems mm2 or more 
a total of 20 seeding dates out of the 33 (61%). When seeded on 
15 August and 4 September, crested wheatgrass stands had 590 
stems me2 or more established all 3 years (Pig. 3). McWilliams 
(1955) reported crested wheatgrass stands seeded in September 
produced the best stands and he did not study a 15 August date. 

Sideoats grama stands had an expected 201 stems m-* for 11 
plants (Great Plains Council 1966). Seventeen seeding dates out 
of the 33 (52%) resulted in stands with the success standard stem 
densities. At least 4 seeding dates in each seeding year produced 
201 or more stems mm2 and in the 1986-87 seeding year, 7 seed- 
ing dates produced 201 or more stems. Sideoats grama stands 
with 201 or more stems occurred 3 out of the 3 years at 1 April 
and 9 May seeding dates (Pig. 4). 

Table 2. Mean precipitation and free water pan evaporation during seeding date study, 1986-1991. 

Month Precipitation Free Water Pan Evaporation 
‘86 ‘87 ‘88 ‘89 ‘90 ‘91 LTA’ ‘86 ‘87 ‘88 ‘89 ‘90 ‘91 LTA* 

-- --------------_-_---------------------------- (mm) -------_---__--_--_------------------------- 

Aug. 48 99 69 38 48 - 50 164 115 190 211 231 - 204 
Sep. 108 1 14 27 41 - 40 80 110 135 152 154 - 133 
Oct. 5 0 4 3 6 - 21 - - - - - - - 
Nov. 71 0 10 10 0 - 11 - - - - - - - 
DC 1 0 15 6 0 - 8 _ - - - - -_ 
Jan. - 2 0 13 6 2 10 - - - - - - - 
Feb. - 3 0 2 3 3 8 _ - - _ - -_ 
hfar. - 36 7 3 8 8 13 - - - - - - - 
Apr. - 8: 0 58 8: 48 39 - 163 174 112 135 112 98 
May - 20 46 67 57 - 163 131 154 185 155 173 
Jun. - 27 4 18 112 98 89 - 210 282 196 191 186 191 
Jul. - 95 39 33 34 21 57 - 164 266 287 224 247 230 
:LT~=longterma~~rage--78y-. 

LTA=long term average-20 years. 
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Table 3. Mean soil water content during grass seeding date study, 1986-1991. 

Mean Soil Water Content 

Month At 13-25 mm Soil Depth At O-305 mm Soil Depth 

‘86 ‘87 ‘88 ‘89 ‘90 ‘91 Avg.’ ‘86 ‘87 ‘88 ‘89 ‘90 ‘91 Avg.’ 

- -  ~~~~~~----------------~---------------~--~~--(mm> -- - - -_-- -__--_-- -_-- - - - - - - - - - - - - - - - - - - - - - - - -  

Aug. 2.1 2.6 1.9 0.6 0.7 - 1.6 61.4 58.2 34.8 17.2 19.7 - 38.3 
Sep. 3.1 1.3 0.9 0.7 1.5 - 1.5 71.2 44.1 24.8 24.7 24.8 - 37.9 
Oct. 3.6 1.0 1.1 0.6 1.3 - 1.5 66.8 39.5 24.3 21.2 24.8 - 35.3 
Nov. - - - - - _ - _ _ _ - - _ _ 
Dec. - - - - - - - - _ _ - - - _ 
Jan. - - _ - _ _ - _ _ - - _ _ _ 
Feb. - - - - - _ - - _ _ - - _ _ 
Mm. - - - - - - - - _ _ _ - - _ 

Apr. - 2.2 1.7 1.7 1.2 1.6 1.7 - 73.2 52.0 46.0 26.6 36.1 46.8 
May - 2.4 1.0 2.1 1.1 2.1 1.7 - 65.8 49.3 44.1 30.2 42.8 46.4 
Jun. - 0.4 0.6 1.4 1.7 2.2 1.3 - 52.9 36.6 30.6 42.8 39.9 40.6 
Jul. - 0.7 2.2 0.8 1.7 1.2 1.3 - 44.6 34.4 20.6 34.3 19.6 30.7 
’ Five year average. 

Eleven blue grama plants had an expected stem density of 429 
m* (Great Plains Council 1966). Fifteen out of 33 (45%) of the 
seeding dates resulted in blue grama stands with 429 stems mm2 or 
more. Four seeding dates had the standard or more stems in 
1988-89 and 6 dates had 429 or more stems in 1986-87. Seeding 
dates of 1 November, 21 April, and 9 May produced stands with 
429 or more stems in all 3 years (Fig. 5). McWilliams (1955) 
found blue grama stands seeded 20 April and 10 May produced 
the most successful stands and he did not try to seed warm-season 
grasses in the fall. 

Conclusions 

Environmental conditions varied greatly throughout the study 
(Tables l-3). The monthly weather data presented needs to be on 
a shorter time frame to better relate to specific seeding date out- 
comes. Seeding dates when temperatures are near average and 
precipitation is average or above are most likely to be successful. 
While a certain seeding date can be expected to be best for seed- 
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Fig. 3. Grass stand densities at 2 years after seeding showing signifi- Fig. 4. Grass stand densities at 2 years after seeding showing signifi- 
cant seeding date X year interaction for crested wheatgrass. cant seeding date X year interaction for sideoats grama. 

ing because of expected favorable environmental conditions, e.g., 
lower temperatures and more precipitation, failures at the same 
date can be expected when environmental conditions favorable to 
grass establishment do not materialize. Actual weather and soil 
conditions that develop after a grass seeding are more important 
than the seeding date. Differing environmental conditions at the 
same seeding date in diierent seeding years are the most likely 
cause of the significant seeding date X year interaction. 

Stands with the number of stems mm2 expected from 11 plants 
me2 (Great Plains Council 1966) (successful stands) occurred 64, 
58,61,52, and 45% of the time for smooth bromegrass, western 
wheatgrass, crested wheatgrass, sideoats grama, and blue grama, 
respectively. The stem densities observed in the study varied 
greatly (Figs. l-5). 

The most significant finding of the study is the significant seed- 
ing date X year interaction. This interaction presented graphically 
in Figs. l-5 shows greatly different seedling numbers from the 
same seeding date in different seeding years. In other words, the 
successful seeding dates were not consistent across the years. 
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Fig. 5. Grass stand densities at 2 years after seeding showhrg sign%- 
cant seeding date X year Interaction for blue grarna. 

Like reports of past seeding date studies, the most successful 
seeding dates can be identified (Figs. l-5): however, failures in 
establishment of these species can be expected at any of these 
dates periodically. 

A summary of the most successful seeding dates shows 15 
August was successful for establishing smooth bromegrass, west- 
em wheatgrass, and crested wheatgrass all 3 years of the study. 
Little previous data concerning the use of an August date for 
seeding grasses in the northern Great Plains can be found in the 
literature. Western wheatgrass was also successfully established 
each year of the study when seeded 1 November. Successful 
stands of smooth bromegrass and crested wheatgrass were estab- 
lished by seeding on 4 September each year of the study and 
McWiiams (1955) reported similar results. Successful seeding 
dates observed for sideoats in the study were 1 April and 9 May 
all 3 years of the study. Successful stands of blue grama were 
produced 3 out of 3 years when seeded 1 November, 21 April, 
and 9 May. McWilliams (1955) did not seed sideoats and blue 
grama in the fall and reported that 20 April and 10 May produced 
the best stands of these species from his study. Results of this 
study fit well with the conventional experience of grass seedings 
in that cool-season species established best in fall and warm-sea- 
son species established best in late winter to mid-spring. These 
dates can be used when planning for the best time to seed smooth 
bromegrass, western wheatgrass, crested wheatgrass, sideoats 
grama, and blue grama; however, failures in establishing these 
species at these dates in any specific year can occur because of 
unfavorable environmental conditions. 
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Abstract 

Emergence and survival of seedlings of lotus or narrowleaftre- 
foil (Lotis tenuis WaldsL) were monitored in 4 grazed pastures 
dominated by tall fescue (Festuca arundinacea Schreb.) for 2 suc- 
cessive years. The objective was to detect patterns and environ- 
mental conditions promoting successful seedling establishment of 
lotus. Emergence followed a seasonal pattern each year, with 
most emergence occurring towards the end of winter. Seedling 
emergence occurred mainly in heavily grazed sites which occu- 
pied 45 to 90% of each pasture. Seedling emergence was greatest, 
but seedling survival was poorest in the wettest year. 
Competition resulting fmm climatic conditions favoring growth 
of established pasture plants was detrimental to establishment of 
lotus seedlings. In contrast, heavily grazed areas provided 
microsites that enhanced survival of new recruits during the 
spring growing season. Dense seedling stands emerging on feces 
were overcrowded and suffered the highest mortality, thus, they 
contributed little to recruitment of lotus. However, dispersal of 
lotus was enhanced by the presence of seeds in livestock feces. 

Key Words: Lotus tenuis, population dynamic, emergence, 
seedling survival. 

Flooding grasslands of the Salado River Basin occupy about 
5800,000 ha, in the province of Buenos Aires, between latitudes 
35” 3O’N and 37” 40’S and longitudes 56” 5O’E and 60” 3O’W 
(Vervoorst 1967, Tricart 1973). The climate is subhumid- 
mesothermal (l’homthwaite 1948). Average annual rainfall is 840 
mm with a moderate hydric deficit from December to March, and 
droughts are frequent. Soils are characterized by high alkahnity, 
high salt concentration, phosphorus deficiency, and poor 
drainage. Native grasslands are continuously grazed during cat- 
tle-breeding seasons. Low levels of beef production, averaging 70 
kg ha-’ year’ (Boccheto 1981), are due to livestock management 
and low primary herbage production in winter and summer. 
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Legumes such as the short-lived perennial lotus (Lotus teds 
Waldst.) with highly nutritious herbage may be useful for 
increasing beef production. Lotus is naturalized to the area 
(Mi%n et al. 1990), but little information is known about popula- 
tion dynamics of this species and requirements for annual regen- 
eration from seed in this area. 

The objective of this study was to determine temporal and spa- 
tial dynamics of natural seedling emergence and establishment of 
lotus in tall fescue (Festuca arundinacea Schreb.) pastures sub- 
jected to different levels of cattle grazing pressure. 

Materials and Methods 

This study was conducted at the INTA (National Institute of 
Agricultural Technology) Experimental Station in Balcarce (37’ 
47’S 58” 17W and 130 masl) on a Typic Natraquol soil (USDA 
Soil Survey Staff 1975) which represents low lands of the 
Flooding Pampas. Meteorological data (Fig. 1) were provided by 
the Agromeotorological Station at Balcarce located about 5 km 
from the experimental field. 

The study was conducted on four l-ha pastures each sown in 
April 1984 with a mixture of lotus and tall fescue. Lotus was 
sown at 3 kg ha-’ with 1 of 2 tall fescue cultivars sown at 10 kg 
ha-‘. The 2 cultivars differed in growing season with Maris Kasba 
a Mediterranean selection and El Palenque a temperate selection. 
Beginning in August 1984, 2 grazing pressures with Aberdeen 
Angus steers were imposed which resulted in about constant 
herbage masses of 1,200 kg ha-’ dry matter at the high pressure 
and 2,400 kg ha-’ at the low. Steer numbers were adjusted every 
14 days based on harvest of herbage biomass. Herbage in fifteen 
0.25 m* circular quadrats was cut at ground level on each pasture. 

Patterns of annual seedling emergence were estimated from 
December 1986 to November 1988 by monthly counting 
seedlings which attained the cotyledon stage, within ten 10x200- 
cm quadrats positioned at random in each l-ha pasture. Each 
frame was subdivided into 20 microquadrats, and the sampled 
microsites were visually characterized as bovine feces, heavily 
grazed areas (C 2 cm tall) lightly grazed areas (>2 cm tall), and 
their combinations. Data were analyzed by analysis of variance 
and means separated by Tukey’s (PcO.05). 

Density of viable seeds was determined in the upper 5-cm of 
soil after seed production each autumn. Four bulked soil samples 
were taken per pasture, each consisted of forty 25-mm diameter 
soil cores. Seeds were recovered and seeds germinated under lab- 
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oratory conditions were counted with a binocular magnifier 
(X15). 

Seedling survival was assessed by counts beginning with the 
following dates: August 1987 on pasture, August 1987 on bovine 
feces, October 1987 on pasture, and October 1988 on pasture. 
Beginning dates corresponded to the period when the greatest 
seedling emergence occurred. These emergence fluxes are here- 
after referred as cohorts. Counts were conducted every 2 months 
through April each year after the lotus flowering period. 
Surviving seedlings up to that time were considered established. 
These plants bore secondary or higher order branching. 

Establishment was measured in forty 30 X 45cm fixed 
quadrats located at random on heavily grazed areas and twenty 10 
X IO-cm quadrats on bovine feces. No samples were monitored 
on lightly grazed areas, because of the low emergence that 
occurred in that situation. 

Emerged individual seedlings were marked with telephone wire 
of different colors, except for those growing in dense groups on 
feces. In this case, all seedlings were counted and the number of 
surviving seedlings subsequently overestimates accumulated 
emergence as it includes seedlings emerged after the initial count- 
ing. 

Seedling survival data were transformed with y=(x+0.5)05 when 
normal distribution of y (Lilliefors 1969) was not achieved. 
Analysis of variance in a split-plot design with repeated measures 
was used for data analysis. Simple log-linear regression analysis 
between survival probability (y = density at sample date/initial 
density) and month from emergence to sampling (x) was used. 

150- 

3 
g 
s loo- 
2 
G 

‘i 
a 

50- 

o- L 
\ P 
1 

Dee Jan Feb Mar Apr MayJun Jul Aug Sep Ott Nov 

Fii. 1. RainfeU (U 1986-87; 13 1987-88) and mean daily air tempera- 
ture (- - - - 1986-87; - 1987-88) at the Agrometeorological 
Station of Bakarce, Buenos Aires province (37” 47’ S; W 17’ W). 

Results and Discussion 

Temporal Variation: Seasonality 
Accumulated seedling emergence was greater during the 

December 1986 to November 1987 period (52 seedlings mm2 
month’) than the December 1987 to November 1988 period (8 
seedlings m* month-‘). Differences between periods were mainly 
due to differences in emerging seedlings to seed ratios which 
were greater during the first (0.158) than the second period 
(0.042). While the overall mean density of available seeds 
decreased by 41% (3,968 to 2,355 m2) from 1987 to 1988, the 
mean emergence rate decreased by 74%. 

Values of monthly emergence were calculated to describe and 
compare seasonal variation of emergence (Fig. 2). Although more 
than 6 times as many seedlings emerged during 1986-87 than 
during 1987-88, the proportion of seedlings emerging from July 
through September was similar during both periods, 81% and 
88% of annual emergence. 

Even though climatic conditions differed between years (Big. 1) 
the greatest emergence occurred in August (p&05). The second 
year was drier and cooler than the first one during the period pre- 
ceding maximum seedling emergence from May to July (1987: 
301 mm and 3.5”C; 1988: 22 mm and 2.3”C mean low tempera- 
ture). Thus fewer seedlings emerged in 1988 than in 1987. 
However, some seedling emergence was recorded in all months 
except November. 

Weather affects seed germination, either directly on the seed or 
indirectly through effects on surrounding vegetation. Seed germi- 
nation and seedling emergence are integrated responses of seeds 
to the totality of physical and biotic environmental factors 
(Rarssen 1982). Seed rain of lotus normally contains more than 

90% hard seeds (Milano et al. 1975) that have an impermeable 
seed coat. These coats could prevent germination of most seeds 
until the next spring (Midgley and Stone 1958 cited by Seaney 
and Henson 1970). The small proportion of soft seeds can germi- 
nate as quickly as favorable environmental conditions occur. 
Hard ones germinate only after seed coats are scarified and may 
require cold stratification similar to that required by several other 
species (Baskin and Baskin 1985, Come and Thevenot 1982, 
Grime 1979, Karssen 1982, Mujica and Rumi 1991a, 1991b). 
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Fig. 2. Monthly emergence during 1986-87 (n) end 1987438 (r). 
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Table 1. Variation of seedling densities for 4 monitored cohorts of L&us 
tenuis. 

Cohort August October December February April 
______r--___--- (mm’) - - ____-___--___ 

August 87 in pasture 131 a’ 107 a 27b llb 6b 
August 87 in feces 6929a 7265a 710b 310b 14Ob 
October 87 in pasture 104a 13b 4b 2b 
October 88 in pasture 49a 16b llb 10b 

*Dates with different letters within each cohort are. signiticantly different at P&OS. 

Emergence and Regenerative Niche 
Heavily grazed areas, lightly grazed areas, and feces occupied 

an average of 71%, 26%, and 3% in the 4 pastures. Emergence 
was greater (PcO.05) in heavily grazed areas (39 seedlings m-’ 
month-‘) than in lightly grazed areas (19 seedlings mz montli’) 
or on feces (11 seedlings mm2 month-‘). Similar results were 
reported for other plant species (Fenner 1978, Gross 1980, 
Goldberg and Werner 1983), and the importance of soil distur- 
bance for the regeneration of opportunistic species such as lotus 
is well known. 

Mean annual emergence was similar between feces and lightly 
grazed areas. Dense emergence was concentrated only in feces 
from cattle that ingested lotus during seed production. 
Consequently, the proportion of months without emergence was 
greater in feces (50%) than in lightly grazed (33%) or heavily 
grazed (13%) areas. Thus, the area of feces contributes little to 
the realized recruitment of lotus on a per area basis, since feces 
occupies very little surface area of grassland. However, the long- 
distance spread of lotus may be facilitated by ingestion of seed 
and its subsequent excretion in feces. 

Table 2. Linear regression of loge survivbsg seedlings (m-*) on time cm 
month) from 4 cohorts on pastures and on feces (see materials and 
methods). 

Cohort 
August 87 in pasture 
August 87 in feces 
October 87 in pasture 
October 88 in pasture 

Equation 
y = 14.33 - 1.01 X. r = 0.61 
y = 14.33 - 1.04 X. r = 0.68 
y = 12.56 - 1.55 X, r = 0.65 
y = 13.39 - 0.72 X, r = 0.40 

Differences in initial seedling density for each cohort (Table 1) 
diminished with time due to an increase in the mean monthly 
mortality rate (d) among cohorts, calculated from the fitted linear 
regression for survivorship (I’able 2) as d= 1 - 6 (August 1987 in 
pasture= 0.64, August 1987 in feces= 0.65, October 1987 in pas- 
ture= 0.79 and October 1988 in pasture= 0.47). 

The only cohort in which seedling mortality rate was signifi- 
cantly different (PcO.05) from the others was October 1987. 
Differences in the initial density and mortality rates were finatly 
translated to the mean density of established plants. 

Survival of seedlings was described adequately by log-linear 
models indicating a constant death rate throughout the analyzed 
period, but early emerging seedlings in the August cohorts sur- 
vived until October. However, from October on all seedling den- 
sity decreased exponentially in all cohorts. 

Conclusions 

Persistence of lotus in pastures appears to be highly dependent 
upon maintenance of a viable soil-seed bank from which a few 
seedlings emerge (4 to 16%) and fewer survive through the main 
growing season. Recruitment of lotus could be increased by con- 
trolling grazing pressure to reduce the competition or interference 
of grasses on lotus seedlings. 

Moreover, it is also evident that even though feces can concen- 
trate high densities of seeds and seedlings of lotus, these 
seedlings have little infhrence on the overall recruitment but can 
play a significant roll in long distance dispersal of lotus. 
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Abstract 

This paper sets out that the dynamics of the Sahelian range- 
Iand vegetation can be interpreted as a cusp catastrophe and that 
this interpretation offers a promising basis for the description 
and analysis of tbis ecosystem. 

Firstly, an existing scheme of the dynamics of Sahelian herba- 
ceous vegetation is translated into the state-and-transition for- 
mulation. Secondly, the application of the cusp catastrophe is 
explored by studying the behaviour of the Sahelian rangeland 
ecosystem under changing effective rainfall and grazing inteusi- 
ty, using the transitions from the state-and-transition formula- 
tion as vectors along the cusp manifold. This conceptual cusp cat- 
astrophe model subsequently results in the identification of 
hypotheses and the detection of 5 catastrophic properties of this 
ecosystem (biiodality, inaccessibiity, sudden jumps, divergence 
and hysteresis) that have important management implications. 

The continuous and the discontinuous processes occurring in 
the Sahelian rangeland ecosystem can both be captured in a ti- 
fied conceptual model by applying the cusp catastrophe theory. 
Testing the hypotheses generated by the conceptual model and 
searching for additional catastrophic properties, such as diver- 
gence of linear response and critical slowing down, is a useful 
direction for future research 

Key Words: catastrophe theory, discontinuous processes, 
Sahelian rangelands, vegetation dynamics. 

The classical application of predator-prey graphs to plant-herbi- 
vore systems by Noy-Meir (1975) showed that simple grazing 
systems may be characterized by discontinuous stability. This 
suggested that catastrophe theory (Thorn 1975, Zeeman 1976, 
Saunders 1980, Gilmore 1981) might be useful for describing 
system behaviour. Loehle (1985) developed this idea and created 
an analytical model for describing equilibrium states for simple 
grazing systems by recasting the general relationships presented 
by Noy Meir (1975) as a cusp catastrophe. Loehle (1985) also 
suggested that system bebaviour be analysed by using a vector 
along the cusp manifold, under fluctuating rainfall and grazing 
intensity. However, he gave no concrete examples in his paper. 

Authors wish to thank Henk Breman, Margaret Friedel, Paul Koene. Johan van 
de Koppel, and 2 anonymous reviewers for critically reading the manuscript and 
for their useful comments and suggestions. 

Manuscript accepted 9 Jan. 1996. 

512 

Jameson (1988) presented an example applied to a mixture of 
cool season (C3) and warm season (C4) rangeland plants. 
However, the analysis of that example remained rather cursory 
and therefore Jameson’s work merely indicates the potential 
applicability of the cusp catastrophe to modelling rangeland 
ecosystem dynamics (Lockwood and Lockwood 1993). 

Lockwood and Lockwood (1993) pointed out that catastrophe 
theory has the potential of creating a unified paradigm for range- 
land ecosystem dynamics. They based their analysis on the exis- 
tence of succession-based concepts and of state-and-transition 
concepts (Westoby et al. 1989) in rangeland ecology and man- 
agement. Further, they showed that rangelands iu general exhibit 
the 5 essential catastrophe flags: biiodality, inaccessibility, sud- 
den jumps, divergence and hysteresis (Gihnore 1981). These cat- 
astrophe flags are illustrated in Fig. 1 as a brief reminder of the 
phenomena exhibited by the cusp catastrophe (see Appendix for 
the mathematical geometry of the potential functions and the 
bifurcation set that together determine the cusp catastrophe mani- 
fold). 

The aim of this paper is to show that the Sahelian rangeland 
vegetation dynamics can be interpreted as a cusp catastrophe and 
that this concrete example of earlier ideas and speculation offers 
an interesting framework on which description and analysis of 
this rangeland ecosystem can be based. The aim is to expose veri- 
fiable hypotheses, rather than to produce a complete and perfect 
framework 

The Sahel 

The African Sahel is the vegetation transition zone between the 
Sahara desert and the Sudanian savannas. The annual rainfall 
varies from 100 to 600 mm per year, and is associated with char- 
acteristic Sahelian plant species and communities. The vegetation 
consists primarily of grassland and open Acacia scrub (0 to 20% 
coverage) (Breman and De Wit 1983, Le HouCrou 1989). 

The maiu forces driving Sahelian rangeland dynamics are rain- 
fall and grazing. The latter is the principal land use type in the 
Sahelian rangelands (Breman and Ciss6 1977, Sinclair and 
Fryxell 1985). Bush fires play a minor role in the dynamics of 
semi-arid rangelands (Walker et al. 1981). Because the biomass is 
small and heterogeneous north of the 400 mm isohyet, the is neg- 
ligible here. South of this isohyet, the fires are mainly restricted 
to sandy areas (Brernan et al. 1980). 
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accessible region 

Fig. 1. The cusp catastrophe manifold with 5 catastrophe flags 
(Giiore 1981, Lockwood and Lockwood 1993). These flags occor 
if the values of the control variables are within the biition set, 
indicated by the cusp-shaped line on the horizontal control sor- 
face. The state variable is represented by x. The control variables 
are represented by p and q. See section Catastrophe flags for fur- 
ther explanation. 

The geographical limits based on isohyets of mean annual rain- 
fall should not be interpreted strictly. Rainfall is extremely vari- 
able from year to year (Tucker et al. 1991). Further, the vegeta- 
tion of some areas with a mean annual rainfall higher than 600 
mm, but with large differences between mean annual rainfall and 
effective rainfall which is the part that actually infiltrates the soil, 
can also be characterized as Sahelian (Breman and Stroosnijder 
1982). As an example, on sandy soils the runoff rate may remain 
below 5%, but may exceed 50% on bare medium- to fine- tex- 
tured soils with a sealed surface (Hoogmoed and Stroosnijder 
1984, Le HouCrou 1989, Casenave and Valentin 1992). 

Human and livestock populations in the Sahel both increased 
by a factor of about 2.3 between 1950 and 1983 (FAO production 
yearbooks, cited by Le Hou&ou [1989]). This period included a 
drought of unprecedented duration lasting from 1970 to 1984 
according to Le Hou&ou (1989). In these years the mean annual 
rainfall was about 60% of the 1900-1969 period. Tucker et al. 
(1991) discerned a period of wet years from 1950 to 1968 fol- 
lowed by dry years from 1969 to 1987. 

The combination of increasing grazing intensity and a succes- 
sion of dry years caused marked changes in the vegetation. 
Annuals have usurped perennials. In extreme cases the present 
vegetation consists primarily of unpalatable, shallow-rooted 
legumes. This process has been accompanied by a greater expo- 
sure of bare soil, leading to increased soil erosion and reduced 
infiltration of water in the soil. Subsequent removal of grazing or 
the occurrence of a succession of wet years after the &ought have 

rarely enabled the vegetation to revert to its former floristic com- 
position and biomass (Walker et al. 1981, Breman and De Wit 
1983, Sincair and Fryxelll985, L.e Hou&ou 1989). 

Sahelian Rangeland Dynamics 
Our analysis does not consider the woody layer of the vegeta- 

tion, although we acknowledge its potential to interact with the 
herb layer. The herb layer is quite heterogeneous internally as 
well as beiig economically important as forage, and so we focus 
on it alone for simplicity. Its unique dynamics are illustrated 
below. 

Box 1. Division of the herb layer of the Sahelian rangelands 
into 3 groups. Data from Breman et al. (1980), Ciss6 
(1986), Le Houkou (1989), De Bie (1991). See text for fnr- 
ther explanation. 

Group I: Perennial grasses. 
Examples of typical plant communities: 
Community of Andrupogon guyunus Kunth. 
Community of Cymbopogon schoenanthus (L.) Spreng. 
Main properties of dominating plant species: 
* C4 photosynthesis ’ 
* High biomass per plant 
* High growth rate 
* “flexible response” after grazing or drought 
* Vulnerable seed 
* Rapidly germinating 
* Homogeneous germination 
* Palatable 
Group II: Annual grasses. 
Examples of typical plant communities: 
Community of Pennisetum pedicellatum Trin. 
Community of Schoenefeldia grucilis Kunth. 
Main properties of dominating plant species: 
* C4/C3 photosynthesis 
* Moderate biomass per plant 
* High growth rate 
* Long growing cycle 
* Vulnerable seed 
* Rapidly germinating 
* Homogeneous germination 
* Very palatable 
Group IIk Annual herbs. 
Examples of typical plant communities: 
Community of Borretiu chuefocephala (DC.) Hepper 
Community of Borreria stuchydea (DC.) Hutch. & Dalz. 
Main properties of dominating plant species: 
* C3/C4 photosynthesis 
* Low biomass per plant 
* Low growth rate 
* Short growing cycle 
* Hard, tough seeds 
* Slowly germinating 
* Heterogeneous germination 
* Unpalatable 
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The herb layer of the Sahelian rangelands can be divided into 3 
main groups: perennial grasses, annual grasses and annual herbs 
(Breman et al 1980, Cisse 1986). Box 1 gives the main character- 
istics of each group. 

The state-and-transition formulation (Westoby et al 1989)Ican 
be used to summarize the dynamics of Sahelian rangeland vegeta- 
tion. Each recognized group (perennial grasses, annual grasses, or 
annual herbs) consists of typical plant communities. The term 
“community” is defined here as a group of plants which typically 
co-occur in repetitive combinations of associated plants (Mueller- 
Dombois and Ellenberg 1974), dominated by 1 or 2 characteristic 
plant species which produce the highest annual biomass (Breman 
et al. 1980) (for example: community of Schoenefeldia gradis). 

Each main group of plant communities can be conceptualized 
as a vegetation state-an abstraction encompassing a certain 
amount of variation in time. Two states are separated in time by a 
transition-a process of vegetation change between 2 states. 
Transitions can be observed over a relatively small period of time 
(up to several years) while a state is able to persist for decades 
(Westoby et al 1989). 

In Fig. 2 and Box 2 the Sahelian vegetation dynamics are 
expressed in terms of states and transitions. Figure 2 is similar to 
a scheme presented by Breman et al. (1980) and Cisd (1986) but 
we have extended it with transition T2b and process 4a and have 
excluded migration of species. The agro-ecological conditions 
under which transitions take place and the state-and-transition 
formulation of these transitions are hypothetical and will be fur- 
ther discussed in the next sections. 

T2o 

Application of the Cusp Catastrophe 

The state and control variables of the Sahelian rangeland 
dynamics can now be identified. Effective rainfall and grazing 
intensity are useful control variables because these are the main 
forces driving the transitions between the 3 main vegetation 
states. The state variable is the vegetation community. It can be 
expressed by the mean annual biomass production because the 
production of each type of plant community (vegetation state) can 
be categorized in a specific yearly biomass production class, as 
can be deduced from data from Breman et al. (1980) and Breman 
and De Wit (1983). Note that the term “state variable” has been 
adopted from catastrophe theory, while the term “vegetation 
state” has been taken from the state-and-transition formulation. 
Figure 3 illustrates the proposed configuration of state and con- 
trol variables along the axes of the cusp catastrophe model. 

The figure presents an example of how to study grazing system 
behaviour under changing agro-ecological conditions using a vec- 
tor along the cusp manifold as proposed by Loehle (1985). The 
transitions between Sahelian vegetation states (Fig. 2 and Box 2) 
are indicated by such vectors. This exercise, however, requires an 
exploration of assumptions and hypotheses. 

Because the cusp manifold is an equilibrium manifold, the 
main assumption is that the 3 vegetation states (Fig. 2 and BOX 2) 
are system equilibria. This assumption is a reasonable reflection 
of reality. The vegetation state of communities of perennial grass- 
es (state I) can persist if grazing intensities are low and indepen- 
dent of effective rainfall. Le HouCrou (1989) concluded that there 
is little doubt that the “primeval vegetation” of the Sahel is a 

Perennial Annual 
grasses grasses 

i T3a T3b 

Annual 
herbs 

T2b 

Fig. 2. A state-and-transition diagram for the herbaceous vegetation dynamics of Sahelian rangelands based on Breman et al. (1980) and 
Cis& (1986). The state-and-transition formulation has been taken from Westoby et al. (1989). Catalogues in Box 2. 
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Box 2. Catalogues for the predominantly hypothetical state- 
and-transitions diagram (Fig. 2). Data from Breman and 
Ciss6 (1977), Breman et al. (1980), Sinclair and Fryxell 
(1985) and Ciss6 (1986). State-and-transition formulation 
from Westoby et al. (1989). See text for further explanation. 

Catalogue of states 
Srure I. Communities of perennial grasses. For relevant proper- 
ties of dominant plant species and examples, see Box 1, group 
1. 
Srure II. Communities of annual grasses. For relevant proper- 
ties of dominant plant species and examples, see Box 1, group 
II. 
State III. Communities of annual herbs. For relevant properties 
of dominant plant species and examples, see Box 1, group IlI. 
Catalogue of transitions 
Transitions Tla and Tlb. Gradual replacements under the 
influence of high or increasing grazing intensity coinciding 
with a period of several years with high or increasing effective 
rainfall. Vegetation “degradation”. 
Transitions T2u and T2b. Abrupt replacements. T2u: 
Vegetation “degradation” under the influence of high OI 

increasing grazing intensity, coinciding with a period of several 
years of low or decreasing effective rainfall. i’2b: Vegetation 
“regeneration” under the influence of low or decreasing graz- 
ing intensity, coinciding with a period of several years of low 
or decreasing effective rainfall. 
Transitions T3u and T3b. Gradual replacements under the 
influence of low or decreasing grazing intensity and a period oi 
several years of high or increasing effective rainfall, 
Vegetation “regeneration”. 
Process 4a,4b and 4c. Replacements of plant communities 
within states under the influence of changing grazing intensity 
and variable effective rainfall. These processes are not transi- 
tions according to the state-and-transition formulation, because 
the vegetation remains in the same state. 

perennial grass steppe. It has been proved that communities of 
perennial grasses used to be much more abundant at times of low 
grazing intensity than they are at present (Boudet and Leclerq 
1970, Breman and Cisse 1977, Breman et al. 1980). Further, data 
presented by Sinclair and Fryxell (1985) suggest that communi- 
ties of perennial grasses and their accompanying high yearly bio- 
mass production can resist droughts if grazing intensities are low 
(or grazing management is appropriate). This implies an equilib- 
rium. Particular vegetation states of communities of annual grass- 
es or annual herbs (state II or state Ill) can persist over decades 
under moderate or high grazing intensities (Breman and Cisse 
1977, Wickens and White 1979, Walker et al. 1981, Breman and 
De Wit 1983, Sincair and Fryxell 1985, Le Houdrou 1989). 
Because these communities can survive over a much longer peri- 
od than their turnover time, this also implies system equilibria 
(Connell and Sousa 1983). Our main hypotheses are based upon 
the agro-ecological conditions under which the vegetation 
remains in a state of equilibrium and under which continuous or 
discontinuous changes will take place. 

If the vegetation is in state I and the grazing intensity is low for 

Fig. 3. The cusp catastrophe model applied to Sahellan rangeland 
dynamics. The vectors along the cusp manifold are the transitions 
as indicated in Fig. 2 and Box 2. 

a long period of time, yearly changes in effective rainfall will not 
lead to transitions, but will merely result in plant communities 
within the same state being replaced (process 4a, Fig. 2 and Box 
2). This hypothesis is strengthened by the findings of Sinclair and 
Fryxell(1985), who argued that in the Sahel drought alone could 
not have caused the dramatic vegetation transitions in the early 
seventies. Likewise, when the vegetation is in state III and tire 
grazing intensity remains high, yearly changes in effective rain- 
fall will not lead to transitions, but only to plant communities 
within the same state being replaced (process 4c, Fig. 2 and Box 
2). This hypothesis is strengthened by the conclusions of Le 
Houerou (1989) and Breman and Kessler (1995) that overgrazing 
in the Sahel prevents the regeneration process after droughts. 

During a period of high effective rainfall and if the vegetation 
is in state I, an increasing grazing intensity alone will lead to 
gradual transitions from state I to state II (Tla) and eventually 
from state II to state III (Tlb). From state RI, a decreasing graz- 
ing intensity will lead to the reversed version of the gradual tran- 
sition path (T3b and T3a), provided that the effective rainfall 
remains high. These processes have been described for the Sahel 
by Breman and Cisse (1977), Breman et al. (1980) and Le 
Houerou (1989). 

If the vegetation is in state I, a combination of several years of 
low effective rainfall and increasing grazing intensity will lead to 
catastrophic transitions from state I to state III that bypass state II 
(T2a). This kind of relatively rapid disappearance of communities 
of perennial grasses and their subsequent replacement by commu- 
nities of annual herbs has been reported by several authors 
(Breman et al. 1980, Sinclair and Fryxell 1985). Finally, if tbe 
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vegetation is in state III, a combination of the occurrence of a 
period of several years with low effective rainfall and a decreas- 
ing grazing intensity will lead to transitions from state III to state 
I that skip state II (I2b). This hypothesis will be clarified in the 
next section. 

Catastrophe Flags 

A catastrophe flag is a symptom in the behaviour of a system 
indicating the presence of a catastrophe (Gilmore 1981). It is 
therefore interesting to detect these specific catastrophic proper- 
ties of the behaviour of the Sahelian rangeland ecosystem. It 
should be emphasized that the 5 catastrophe flags occur if the val- 
ues of the control variables are within the bifurcation set. The 
definitions of the catastrophe flags used in this section are based 
on Giiore (1981) and Lockwood and Lockwood (1993). 

1) Bimodality. Bimodality means that an ecosystem has 2 dis- 
tinct vegetation states as system equilibria. For the Sahel, these 
are the vegetation states of communities of perennial grasses or 
communities of annual herbs. Under the conditions specified by 
the bifurcation set, there is the risk of soil degradation such as 
crust formation or erosion by wind or water. If these processes 
occur, communities of annual herbs can persist because of their 
risk-spreading seed banks, heterogeneous germination and 
unpalatability to livestock. Under these circumstances, inferior 
competitors from other community types (annual grasses and 
perennial grasses) have diiculty in colonizing and becoming 
established (Bremau et al. 1982, Breman and Stroosnijder 1982, 
Westoby et al. 1989, Laycock 1991). 

Under the conditions specified by the biication set, communi- 
ties of perennial grasses can also persist if soil degradation 
processes do not occur. Once established, this type of community 
stabilizes the soil (Kelly and Walker 1976) by forming a network 
of living roots and (underground) stems, through which the plant 
can reproduce vegetatively. The perennial grasses may resprout 
after moderate grazing or a dry period; this is called a “flexible 
response” (De Bie 1991). The rapid sprouting or germination of 
perennial grasses as well as their rapid growth at the onset of the 
wet season, combined with a high biomass per plant give them an 
advantage over annual grasses and annual herbs. Additional fac- 
tors which may help them to outcompete the annual grasses are 
the relatively large amount of dead foliage and stalks among the 
green leaves which protects them against grazing (Westoby 
1979/80, Prins 1988), and their usually inferior forage quality 
(Breman et al. 1980, Stafford Smith and Morton 1990). 

Communities of annual grasses cannot persist under the condi- 
tions specified by the bifurcation set. Annual grasses are inferior 
competitors because these plants are preferred by livestock 
(Breman et al. 1980, Le Houerou 1989). Furthermore, there is 
evidence that their seeds do not remain viable in the soil for more 
than 1 year (Breman et al. 1980, Cisse 1986), which means that 
the seeds produced in the rainy season, their survival rate in the 
soil during the dry season, and their germination rate in the fol- 
lowing rainy season, determine the probability of plants flower- 
ing in that season. A period of several years with low effective 
rainfall, combined with a moderate grazing intensity, prevents 
establishment after germination and leads to rapid depletion of 
the seed bank of these annual communities. The critical impor- 
tance of seed bank dynamics for the stability characteristics of a 
grazing system has already been clearly recognized by Breman et 
al. (1980) and Cisse (1986) for the Sahel and by Hodgkinson 
(1991) for Southeast Australia. 

2) Inaccessibility. The middle sheet of the cusp catastrophe 
manifold is mathematically characterized as an unstable equilibri- 
um (see Appendix, Fig. 4). Therefore, this part of the equilibrium 
surface is referred to as inaccessible. This is illustrated by the 
arrows diverging from the middle sheet (Fig. 1). 

The communities of annual grasses-with the accompanying 
yearly biomass production class of, for instance, an average of 
1.5 to 3.0 t ha-‘.yi’ under a rainfall regime of 550 mm yr-’ 
(Breman et al. 1980) cannot persist under the conditions specified 
by the bifurcation set, as explained in the former section. 
Assuming a constant grazing intensity and effective rainfall 
regime, and depending on possibly very small differences 
between initial values of the state variable, the system will either 
shift to the upper surface (vegetation state of communities of 
perennial grasses with a higher yearly biomass production) or to 
the lower surface (vegetation state of communities of annual 
herbs with a lower yearly biomass production). 

3) Sudden jumps. Sudden jumps are seen when a trajectory 
reaches an edge of the cusp and jumps to the alternative sheet or 
state. Note that the jump is a jump of equilibria and not necessari- 
ly of the state variable. This means that spurts in temporal data 
can be expected. However, this may be difficult to detect because 
the detection of changes is scale-dependent (Friedel 1994) or 
because the state variable may lag. Although the catastrophic 
jump is depicted in the cusp surface as occuring instantaneously, 
an actual change in a state variable will always take a certain 
amount of time. This amount of time might be dependent on 
properties not inherent in the model. 

The rapid disappearance of communities of perennial grasses 
and their subsequent replacement by communities of annual 
herbs as reported by Breman et al. (1980) and Sinclair and 
Fryxell (1985) can be interpreted as a sudden jump of the state 
variable from the upper sheet to the lower sheet of the cusp cata- 
strophe figure. This process is comparable to transition T2a (Fig. 
2 and 3). Transition T2b is the hypothetical reversed transition 
(Figs. 2 and 3). If the vegetation is in the annual herb state and 
effective rainfall is low, a decreasing grazing intensity will lead 
to a transition from that state to the perennial grass state that 
skips the annual grass state. This means that perennial grasses 
may sprout again or recolonize the area through seeds imported 
by wind, water, or animals because the area is relieved from graz- 
ing impacts that result in high plant mortality and soil com- 
paction. Under these conditions the perennial grasses eventually 
establish aud stabilize the soil, and annual communities will no 
longer persist. This process may take decades if the soil first has 
to recover from crust formation or erosion (Le HouCrou 1989, 
Laycock 1991). The lack of evidence of rapid transitions from the 
annual herb state to the perennial grass state in the Sahelian 
region is probably due to this decades-long recovery process, in 
relation to the time-scale of observation. 

4) Divergence. This flag arises when relatively small changes 
(or close starting points) in the control variables result in widely 
separated final states. 

It is not too difficult to conceive of small differences in rainfall 
or grazing at a certain point in time subsequently leading to the 
development of a rangeland vegetation consisting of communities 
of perennial grasses or annual herbs. For example, the perfor- 
mance of the rainy season is critical for the establishment of veg- 
etation (Breman et al. 1980, Frins 1988, Prins and Loth 1988). A 
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rainy season starting with frequent, small showers favours a com- 
munity of rapidly germinating, fast growing annual and perennial 
grasses. One that starts with only 1 or 2 large showers results in 
the germination of both fast and slow growing plants, leading to a 
community of perennial grasses, annual grasses, and annual 
herbs. A thiid possibility is a rainy season that starts with small 
showers, interrupted by long, dry intervals, resulting in communi- 
ties of predominantly annual herbs at the end of that rainy season. 
This, plus small differences in grazing intensities which also 
influence the establishment of vegetation in the beginning of the 
rainy season, has consequences for the long term development of 
the community. 

5) Hysteresis. Jumps at distinct values of the control variables, 
when the latter follow either an increasing or a decreasing path, is 
referred to as hysteresis. There are 2 ways to formulate this prop- 
erty in relation to the rangeland ecosystem (Lockwood and 
Lockwood 1993). The first is the formulation that transitions 
between states are virtually irreversible without substantial 
human intervention (Friedel 1991). As mentioned earlier, the 
transition from a vegetation community of annual herbs to anoth- 
er state is not necessarily possible within a reasonable period of 
time (several years) if the soil has to recover from soil degrada- 
tion such as crust formation or erosion. Soil and water conserva- 
tion measures may then be necessary, as is widely recognized for 
the Sahelian region &e HouCrou 1989, Stroosnijder 1992, Hien 
1995). 

Another way to formulate hysteresis is to envisage “decline” 
and “recovery” as following different paths or trajectories 
(Friedel 1991, Laycock 1991), as was earlier recognized in semi- 
arid pastoral ecosystems [e.g. by Breman et al. (1980), Sinclair 
and Fryxell (1985), Ellis and Swift (1988) and Behnke and 
Scoones (1992)]. This can be illustrated with the following exam- 
ple from the Sahel. The perennial grass Andropogon gayanus 
almost disappeared from a specific site after a disturbance of 2 
dry years (1972-1973) and was subsequently replaced by annual 
herbs like Borreria spp. From 1976 onwards the rapidly germi- 
nating annual grasses Schoenefeldia gracilis and Diheteropogon 
hagempii became increasingly important at that site. From 1979 
young plants of Andropogon gayanus could again be observed 
regularly, but in terms of biomass they were not yet important 
(Breman and Cisse 1977, Breman et al. 1980). Data about grazing 
intensity related to the system dynamics presented in this specific 
example is missing in the literature. Given the system dynamics 
of the example and the model we have presented, the hypothesis 
would be that the dry period coincided with increasing grazing 
intensity and that the subsequent period of higher rainfall coincid- 
ed with decreasing grazing intensity. 

Discussion 

Catastrophe theory offers an interesting framework on which 
ecosystem description and analysis can be based. The application 
of cusp catastrophe theory to the Sahelian rangeland vegetation 
dynamics generates a conceptual model which describes both the 
continuous and the discontinuous processes occurring in this 
ecosystem. Additionally, this application appears to be a useful 
tool for translating rather vague concepts into a verifiable format 
by generating hypotheses about the agro-ecological conditions 
under which the Sahelian vegetation remains in a state of equilib- 

rium and under which continuous or discontinuous changes, 
including threshold values, will take place. 

A key hypothesis in this paper is that communities of annual 
grasses do not persist under the conditions specified by the bit& 
cation set because their seed bank is ultimately eliminated. 

The 5 so-called catastrophe flags will only occur when the val- 
ues of the control variables are within the bifurcation set. There 
are, however, 3 additional flags which can be manifest when the 
control variables are outside the bifurcation set: divergence of lin- 
ear response, critical slowing down, and anomalous variance 
(Gilmore 1981). The divergence of linear response flag implies 
that perturbations of the control variables near an edge of the 
cusp will lead to large oscillations of the state variable. There is 
little doubt that large variations in the state variable of rangelands 
occur. Breman et al. (1980) observed a large year-to-year varia- 
tion in total biomass and in relative importance of dominant 
species at the end of the rainy season. Kelly and Walker (1976) 
and Friedel(l991) observed that yearly biomass and forage com- 
position fluctuates more in areas with a high grazing impact than 
in areas with a low grazing impact. The management implications 
of increased variation in the state variable are obvious. This flag 
would mean that the manager can not reliably predict the extent 
to which grazing must be reduced or increased in order to gener- 
ate a catastrophic transition. Thus, the use of particular case stud- 
ies from sites within the Sahel as a basis for anticipating the 
dynamics in another area within the region is hazardous. The 
grazing intensity that resulted in a catastrophic transition from 
perennial grasses to annual herbs at 1 site could differ markedly 
from that seen at another, seemingly identical, site. 

Critical slowing down means a delayed recovery of equilibrium 
in the case of perturbation of the control variables when these 
approach the bifurcation set. This flag does not concern the mag- 
nitude of change (like the last flag) but the rate of re-equilibrium 
of the state variable. Wissel (1984) proved theoretically that the 
characteristic return time to an equilibrium of natural communi- 
ties in ecosystems increases when the control variables approach 
a bifurcation point. Anomalous variance means that the variance 
of a state variable may increase near a catastrophe. The criteria 
anomalous variance and oscillations due to the divergence of lin- 
ear response have the same expected pattern when the control 
variables approach (and move through) the biication set. Large 
oscillations due to the divergence of linear response will presum- 
ably be manifest as anomalous variance. As the interpretation of 
this flag remains primarily a statistical curiosity without obvious 
additional management implications, this catastrophe flag will 
not be discussed further. It is not known whether the additional 
catastrophe flags mentioned above have any predictive value for 
rangeland vegetation dynamics. 

The cusp catastrophe model does not show the spatial changes 
in vegetation patterns of the rangeland ecosystem following a 
north-south transect from the Sahara desert into the Sudanian 
savannas or vice versa. It is tempting to fit data to the model on a 
spatial basis, because of the gradient of the average amount of 
rainfall per year. But it is the development of the ecosystem in 
time within the Sahel zone which defines the basic properties of 
the system, and not the spatial changes in vegetation patterns. 
Therefore, the conceptual model presented here is location-spe- 
cific. What could be stated, however, is that the chance of gradual 
transitions between vegetation states increases with increasing 
annual rainfall, thus following a north-south transect. 
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The exact boundaries between the vegetation states on the cusp 
manifold (Fig. 3) can only be indicated after long-term empirical 
data have been collected and fitted statistically to the conceptual 
model. However, such an indication is not necessary for under- 
standing the application of the cusp catastrophe theory to the 
dynamics of the Sahelian rangeland ecosystem and its manage- 
ment implications. 

Future research could be based on statistical fitting of data to 
this conceptual catastrophe model. Lockwood and Lockwood 
(1991) developed such a method and accurately predicted (refer- 
ing to the ability of a model output to match observed dynamics) 
changes in grasshopper population dynamics using the cusp cata- 
strophe model and thereby showed that catastrophe theory is 
capable of generating quantitatively testable hypotheses. 
However, the result of this exercise did not provide any biologi- 
cal or ecological insights because catastrophe theory fails to 
explain the underlying causes of catastrophic behaviour. As 
Saunders (1980) points out, the advantage of catastrophe theory 
lies in the modelling of systems with intractable complex inner 
workings. In this case, however, we are more concerned about a 
mechanistic explanation of catastrophic dynamics because we 
think that this would partly answer the urgent management ques- 
tion on the conditions under which catastrophic vegetation 
changes can be expected. Rietkerk and Van de Koppel (submit- 
ted) created a mathematical model showing that some important 
properties of catastrophic behaviour can already be explained by 
common plant-soil relations. 

Another approach in future research would be to test the quali- 
tative hypotheses generated by the conceptual model. A series of 
controlled and systematic studies to determine if the transitions 
described in this paper are empirically demonstrable would be 
very useful. Finally, the detection of additional catastrophe flags, 
such as divergence of linear response and critical slowing down, 
could provide a possible means of devising an early warning of 
approaching thresholds. 
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Appendix 

This is a description of the geometry of the cusp catastrophe 
manifold. The collection of potential functions V(x) deter- 
mining the cusp catastrophe is given by the equation: 

V(x)= 0.25 x4 + 0.50 px’ + qx (1) 
x is the state variable and p and q are the control variables. 
The familiar cusp catastrophe manifold is the configuration 
of the minima and maxima of the potential functions and is 
determined by: 

v’(x)=x3+pxiq=O (2) 
The bifurcation set is the subset of equation 2 for which the 
following equation is also satisfied: 

V’,(x)= 3x* + p= 0 (3) 
In Fig. 4 the potential functions V(x) are presented for 3 dif- 
ferent pairs of values of the control variables p and q which 
are indicated as points with corresponding numbers in an 
illustration of the parameter surface with the bifurcation set. 
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Fig. 4. (a) The curves of the potential function V(x) for 3 different pairs of values of the control parameters p and q. The 3 different pairs of 
values of the control variables are indicated by the numbers 1,2 and 3. The light circle with the diverging arrows represents the location of 
an unstable system equilibrium. The dark circles, with converging arrows represent local minima of the potential function and therefore 
stable system equilibria. @) The pairs of values of the control parameters p and q are indicated on the parameter surface with the bifurca- 
tion set by points with the corresponding numbers 1,2 and 3. 
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Abstract 

Buffaloberry [Shepherdia canadensis (L.) NM.] fruits are the 
usual late-summer food for bears (Ursus spp.) in the Front 
Ranges of Banff National Park, but little is known about the 
effect of tire or other factors on fruit production. I assessed the 
association between fruit production (fruits mm2 of buffaloberry 
shrub) and environmental factors at 76 plots in Banff National 
Park and found a negative association with forest canopy cover. 
Forest canopy cover.accounted for 70% of the variation in fruit 
production. Fruit production also decreased from NNE to SSW- 
facing slopes, but this effect was small compared to the decrease 
associated with increasing forest canopy cover. Forty plots were 
re-established at or near the original 76 sites the following year. 
A strong negative association between fruit production and forest 
canopy cover again occurred, but there was no significant associ- 
ation between fruit production and slope aspect. Fruit produc- 
tion began 5 years after fire in 2 recent burns. In sites burned 23 
and 25 years ago, fruit production was comparable to that 
recorded in older-aged burns, and already was low at one site in 
the 25year-old burn where regenerating lodgepole pine (pinus 
contorta Dougl.) canopy cover measured 72%. Many sites in 
older burns, however, have remained forest-free due to xeric site 
conditions, chinook wind, avalanching, or other factors. These 
open sites were associated with abundant fruit. Managers must 
consider the prolonged effects of fire when assessing relation- 
ships among fiie, forest canopy cover, and buffaloberry fruit 
production. 

Key Words: forest canopy, prescribed burning, range improve- 
ment, Ursus americanus, Ursus arctos, wildfire, Banff National 
Park. 

Fruits and conifer seeds often are high-energy food for bears 
(&us spp.) during the critical late-summer and autumn fattening 
or “hyperphagic” period, when bears have high pre-hibernation 
energy requirements. Conversely, low abundance of fruits and 
conifer seeds can limit bear numbers. Mattson et al. (1991) con- 
cluded that the Yellowstone grizzly bear (V. arcfos) population is 
limited primarily by the lack of fleshy fruits in its ecosystem and 
secondarily by the irregularity of whitebark pine (Pinus albi- 
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cadis Engehn.) seed production. In southwestern Washington, a 
33% decrease in the adult black bear (V. americanus) population 
on Long Island was attributed to declining fruit production as 
clearcuts underwent conifer regeneration (Lindzey et al. 1986). 
Low abundance of fruits and seeds also can lead to foraging 
activities that contribute to increased man-bear conflicts (Rogers 
1976). More bears are killed in years of poor fruit or seed produc- 
tion (Herrero 1985:171, Mattson et al. 1992). 

In the drier, eastern portions of Banff National Park, buf- 
faloberry [Shepherdia canadensis (L.) Nutt.] fruits are the usual 
late-summer food for bears. In 3 of the 4 years of a grizzly bear 
study in the Front Ranges of Banff, buffaloberries were the major 
food in August and September (Hamer and Herrero 1987a). In the 
year of highest fruit production, buffaloberries remained the griz- 
zly bear’s major food until denning occurred in November. 
Comparable results were obtained in a study of black bears in 
Banff (Raine and Kansas 1990), and in other Front-Ranges stud- 
ies (Russell et al. 1979, Wielgus 1986, Holcroft and Herrero 
1991). 

Buffaloberry characteristically is a fire-successional species. 
Fisher and Clayton (cited in Noste and Bushey 1987) classified it 
as moderately resistant to fire because buffaloberry could be 
destroyed by fire in some cases (cf. Stickney 1980). McLean 
(1969), however, considered buffaloberry resistant even to severe 
fire. Buffaloberry resprouts following fire from surviving root 
crowns and dormant buds located on the taproot (Noste and 
Bushey 1987); it also resprouts from buds on lateral roots (pets. 
obs.). Fire maintains extensive lodgepole pine (Pinus contorta 
Dougl.) forests in Alberta, which on drier sites are dominated in 
the shrub layer by buffaloberry (La Roi and Hnatiuk 1980). In 
Banff, Hamer and Herrero (1987b) recorded grizzly bears feeding 
on buffaloberry in fire-successional shrubland and regenerating 
forests originating from 1936,1929,1914, and 1889 wildfires (41 
to 90 years since fire). In contrast to use of these fire successional 
habitats, Hamer and Herrero (1987b) did not record bears feeding 
on buffaloberry in climax stands even though mature spruce 
forests >300 years old covered 29% of their core study area. 

Specific information on buffaloberry fire ecology is lacking. In 
their assessment of the fire-response information available for 21 
shrub species, Noste and Bushey (1987) gave buffaloberry and 
falsebox [Pachistima myrsinites (Pursh) Raf.] the lowest possible 
rating regarding available information. Noble (unpublished ms. 
on file at USDA Forest Serv. Intermountain Res. Sm., Missoula, 
Mont.) measured buffaloberry fruit production in southeast 
British Columbia. Highest production was recorded in 2 sites 
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within a 1928 bum. Noble concluded, however, that because of 
his small sample size (8 transects), a “serious lack of data pro- 
hibits an in depth analysis.” 

Earlier observations of grizzly bear feeding ecology in Banff 
National Park suggested that buffaloberry fruit production 
decreased with increasing forest canopy (Hamer and Herrero 
1987a). Bear feeding areas thus were often associated with fire- 
successional forest openings and less commonly with avalanche 
paths (Hamer and Herrero 1987b). Slope aspect and elevation 
were not obviously related to fruit production, but steep slopes 
sometimes were related, for example, by leading to avalanching 
or slow forest regeneration following fire. 

The objectives of this study were to assess the associations 
between fruit production and environmental variables (forest 
canopy cover, slope aspect, steepness, elevation, plant-communi- 
ty type, time since stand-replacing fire), and to relate the results 
to management of bear habitat. A secondary objective was to 
document the lag between fire and resumption of fruit production 
in recent burns. 

Study Area 

The study area included 4 locations in Banff National Park and 
1 location in the Ghost River Wilderness Area, Alberta, 3 km east 
of the Banff park boundary. All locations were on the eastern 
slopes of the Rocky Mountains in the rain shadow of more west- 
erly ranges. The rain shadow effect is exacerbated by the warm 
chinook (foehn) SW winds that characterize the east slopes. 
These very strong, gusty, desiccating winds occur when Pacific 
air descends the eastern slopes of the Roclq Mountains (Janz and 
storr 1977). 

The primary study area (67% of 1993 study plots) was located 
in the subalpine zone of the Cascade Valley, 45 km east of the 
continental divide. The Cascade plots were located in the upper 
portion of the valley (upstream of Stony Creek) where fires of 
1889,1914, 1929, and 1936 created extensive seral communities 
(Hamer and Hetrero 1987b). In addition, approximately 5 km2 of 
the 1914 bum were prescription-burned by Parks Canada in 1986 
(a low-severity spring burn) and 1990 (a moderate-severity 
autumn bum). The secondary study area (21% of 1993 study 
plots) was located in the subalpine zone of the Spray Valley, 40 
km SSE of the Cascade study area, where the 2 most recent fires 
burned in 1908 and 1928 (M.P. Rogeau, Parks Canada, unpub- 
lished data). Annual precipitation in these 2 Front Range study 
areas is 750 to 1,000 mm (500 to 750 mm for lower-valley por- 
tions) according to extrapolations made by Janz and Storr (1977). 

Two additional Front Range study areas were selected because 
of their more recent fues: the Lake Minnewanka 1988 prescrip- 
tion burn, located 20 km SE of the Cascade Valley study area in 
the lower-elevation montane zone (5% of 1993 study plots); and 
the 1970 Ghost River bum, located in the subalpine zone 20 km 
ESE of the Cascade Valley study area (3% of 1993 study plots). 
Annual precipitation was extrapolated to be 380 to 500 mm in the 
Minnewanka study area (Janz and Storr 1977), and likely is 500 
to 750 mm in the Ghost River area, judging from extrapolations 
for adjacent portions of Banff National Park. 

The fifth study area, also chosen because of its recent fire, was 
on Ahrude Creek in the 1968 Vermilion bum, 25 km SSW of the 
Cascade Valley study area (4% of 1993 study plots). Although in 

the Main Ranges, annual precipitation in the Altrude watershed 
was extrapolated to be 500 to 750 mm (Janz and Storr 1977). 

Vegetation in the Cascade and Spray study areas was predomi- 
nantly seral forest dominated by lodgepole pine, and mature for- 
est dominated by spruce [Picea engelmannii Parry ex Engelm. x 
P. glauca (Moench) Voss]. Although coniferous forest was abun- 
dant, many slopes below the altitudinal treeline were completely 
or partially forest-free, in part because of recent fire, low precipi- 
tation, and strong chinook winds. Avalanches had a relatively 
minor role because of low precipitation. In the Cascade study 
area, coniferous forest covered about 67% of the area and sub- 
alpine grassland and shrubland covered about 33% (Hamer 
1985:108). In the 3 study areas burned in 1988,1970, and 1968, 
vegetation was mostly grassland (1988 bum) or shrubland (1970 
and 1968 bums) although lodgepole pine was regenerating on 
some sites in the 2 older bums. 

Methods 

Plot Location-1993 and 1994 
Field data were collected during July 6 to 27, 1993 (76 plots) 

and July 5 to 13, 1994 (40 plots). In 1993, 51 plots were estab- 
lished in the Cascade Valley and 25 in the 4 secondary study 
areas. In 1994,35 plots were re-established in the Cascade and 5 
in the Vermilion bum. Plot centers were located by walking a 
fixed number of paces into a site. Usually 70 paces (50 m) were 
used, although for small gulley-sides, 24 paces (20 m) sometimes 
were used. In large, homogeneous sites, more than 70 paces were 
used. Thus “edges” were not sampled except when edge was 
inherent to the site (e.g., in spatially-restricted “microhabitat” 
such as gulley-sides). Plots were placed >lOO m apart. 

Sites were chosen subjectively to include a wide range of habi- 
tat where buffaloberry had 2 about 5% cover. In the primary 
study area (Cascade Valley) roughly two-thirds of the sites were 
known from direct sightings or inferred from radio-tracking and 
site examination to have been intensively used by grizzly bears 
feeding on buffaloberries during 1977 to 1979 (Hamer and 
Herrero 1987a, b). Other sites in the Cascade Valley and all sites 
in the secondary study areas were of unknown status as bear feed- 
ing habitat. These sites were selected to include the numerous 
combinations of buffaloberry-containing vegetation types, eleva- 
tion, forest canopy cover, slope aspect, and slope steepness that 
characterize the complex mountain topography of the study areas; 
and sites also were selected to include specific “microhabitat” 
important as bear feeding habitat, such as gulley-sides and nar- 
row (<100-m wide) shrubland ecotones between forest and grass- 
land. Subjective site selection with systematic location of plot 
centers thus was used to facilitate sampling of this diverse array 
of buffaloberry habitat. When sites were not in known feeding 
areas, potential sites were located from .map and valley 
overviews. Sites never were chosen based on subjective appraisal 
of fruit production. It was not possible to establish plots in all 
potential habitat categories because of limited time and because 
certain categories such as north-facing slopes or mature forest 
often lacked buffaloberry cover. 

Because knowledge of grizzly bear feeding sites was used to 
locate many Cascade plots, the 5 1 plots occurred over a relatively 
large portion of the valley (about 50 km2). Comparable data on 
grizzly bear feeding sites were unavailable for the Spray Valley; 
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the 16 Spray plots were located within an area sufficiently large 
to represent various habitat categories (about 4 km*). Plots for the 
3 smaller study areas each were located in ~0.2 km*. 

In July 1994, plots were re-established at or near some of the 
1993 locations. In the Cascade Valley, more accessible locations 
were used. The 1993 plots were not permanently marked, but in 
16 sites with distinctive features it was possible to re-establish 
plots within a few meters of 1993 locations. In the remaining 
sites, plots were located within a few hundred meters of 1993 
locations. 

0 
1‘ 0 

0 I 0 

0 

Plot Location-1995 
To assess whether comparable results would be found using a 

random sampling design, 18 plots were established during 6 to 17 
July 1995 using systematic stratified random sampling in a 14 
km* portion of the Cascade Valley. Two strata were identified: 
extensive, open- to closed-forest typical of the study area, and 
spatially-restricted buffaloberry shrubland. Fourteen plots were 
located in the first stratum by using randomly selected map coor- 
dinates to identify one l-ha site in each of the fourteen l-km* 
blocks. The center of each site was located in the field using a 
1:50,000 topographic map and altimeter, and the plot center was 
established by proceeding an additional 30 m along a randomly 
selected bearing. Locations having ~4% buffaloberry cover were 
rejected and the plot was relocated using a new set of random 
map coordinates. Four plots were located in the shrubland stra- 
tum by delineating 4 shrubland blocks (distance between blocks, 
1 to 6 km, block size, 10 to 70 ha) and randomly selecting one l- 
ha site in each block. Plot centers for these 4 sites were estab- 
lished as above. 

- 
7m-4 

as-=-== 
-7m a 1or v c- 

Fig. 1. Plot layout and closest-plant selection technique using a l&I0 
selection zone (Cole 1963). IUustrated (for fruit production mea- 
surement) are the fii 2 of 10 selections on the left, upsloptxun- 
nlng transect, and the fvst 1 of 10 selections on the right, upslope- 
running transect. Small, open ellipses represent buffaloberry 
plants. The 2 small, closed ellipses represent the starting points for 
the 4 fruit-production transects. 

Fruit Production 
Buffaloberry fruit production [defined in this study as fruit den- 

sity (fruits m”) on buffaloberry shrub] was estimated by modify- 
ing the methods described by Kendall (1986: Method B). The 
buffaloberry fruits in forty 0.04 m* (20 x 20 cm) quadrats were 
counted at each plot by running 4 transects along the fall line and 
placing 10 quadrats along each transect. Transects began 10 
paces (7 m) on contour to each side of the plot center, and ran up 
and down the fall line from each of these 2 starting points (Fig. 
1). Quadrats were located at 2-pace intervals along a transect. If a 
quadrat failed to contain any living part of a buffalobeny plant, it 
was moved to the closest part of the closest buffaloberry plant in 
a 180” selection zone (i.e., moving along, or at right angles to, the 
transect) (Cole 1963; Fig. 1). In either case, the quadrat was then 
repositioned such that buffaloberry shrub covered the entire 
quadrat. The next quadrat was located by returning at right angles 
to the original transect and proceeding another 2 paces along the 
transect. By ensuring that buffaloberry shrub covered the entire 
quadrat, it was possible to convert to fruit production of buf- 
faloberry shrub. 

In each quadrat, all buffaloberry fruits were counted that 
occurred in the imaginary volume projected vertically downward 
from the quadrat frame held above the shrub layer. Counted fruits 
were removed from the shrubs to ensure each fruit was counted 
only once. Most plots (>80%) were analyzed when fruits were 
green (early to mid July). In the remaining cases, fruits were just 
becoming ripe (late July). There thus was little likelihood that 
fruits had fallen or been eaten by animals. Fruits were more easi- 
ly picked and counted when green. 

Plot Analysis 
At each plot center, slope steepness and aspect were deter- 

mined by averaging upslope and downslope measurements using 
a compass/clinometer. Map coordinates and elevation were 
obtained from 1:50,000 topographic maps using, when necessary, 
triangulation from known landmarks and trigonometry from a 
point of known elevation. Slope profile and position were record- 
cd. Fire history was determined using 1:50,000 stand origin maps 
being prepared for Banff National Park (M.P. Rogeau, Parks 
Canada, unpublished data). The vegetation type was assigned 
using the key and descriptions prepared by Achuff (1982) and 
Corns and Achuff (1982a). Soil moisture availability was estimat- 
ed for each plot using Parker’s (1982) Topographic Relative 
Moisture Index (TRMI). Because of the dominant influence of 
chinook wind in the study area, I modified Parker’s index by 
weighting topographic position 0 to 10 and slope steepness 0 to 
20. 

Buffaloberry shrub height was used to index shrub regeneration 
following fre. Height was measured as the mean of the maxi- 
mum heights of 10 shrubs measured along transects running 
along the fall line (5 shrubs up, 5 down). Plants were selected 
using the 180” selection zone described above. The spacing for 
plant selection was 2 paces; however, the nearest plant was 
rejected if 2 paces resulted in selection of the same plant. Height 
was measured vertically between horizontal projections from the 
plant’s rootstock and the tip of the tallest branch. 

Forest canopy cover was estimated using a convex spherical 
crown densiometer (i.e., a convex canopy mirror divided into 24 
cells; Lemmon 1956). In each plot, 8 readings were averaged by 
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Table 1. Associition between fruit production and environmental variables as measured by the Kendall rank-order correleation coefficient (tau) for 71 
plots in Bad National Park, Alberta, where time since fm23 years (1993 data). 

Environmental variables 
Forest canopy cover Slope aspect scalar Slope steepness Elevation Soil Moisture 

ma 
- - _ - - _- - -- - - - - - - - - - - -- --- ---- - - - @J) - - - - --_ -- -- - - - - - - - - - - - - - - - - - - - - - 

Fruit production 
(fruits ti* of shrub) -0.60s*** 0.1s2* 0.306*** 0.223** -0.103 
Slope steepness 0.074 
Elevation 0.024 0.108 
Forest canopy cover 
yPco.os; **Pco.ol; l **Pco.ool (2-tied) 
“r opographic relative moisture index 

-0.017 -0.307*** -0.162* 

taking 4 measurements in each of 2 subplots located 15 paces (10 
m) up and 15 paces down the fall line from the plot center. The 4 
readings at each subplot were taken 5 paces (4 m) from the sub- 
plot center along the 4 right-angle directions oriented to the fall 
line, with the observer facing outward itom the subplot center. 

Shrub Regeneration Following Fire 
Some additional observations and measurements of shrub 

regeneration 1 to 5 years following fire were made in the 1986 
and 1990 Palliser bums during 1987 to 1992 (Hamer, unpub- 
lished reports submitted to Parks Canada, Banff National Park). 
Methods were comparable to those described above, except that 5 
macroplots, spaced either 40 or 50 m apart, were used for each 
site. 

1992394). The relationship between fruit production and forest 
canopy cover also was reasonably approximated using simple lin- 
ear regression (?=67% compared to ?=70% for piecewise linear 
regression), so simple linear regression was used to compare the 
Cascade and Spray study areas. The residuals from the regression 
of log of fruit production on densiometer readings were normally 
distributed (Shapiro-Wilk W=O.985, P&84; null hypothesis of 
normal distribution not rejected). All analyses were done using 
BMDP statistical software (Dixon 1992). 

Results 

Data Analysis 
Analyses were conducted on the larger data set collected during 

the fit year of the study (1993), unless otherwise noted. Further, 
5 of these plots in recent burns (1988,199O; time since fire 5 and 
3 years) were deleted from all analyses except those regarding 
time since fue. The buffaloberry shrubs in these 5 plots were 
immature; their inclusion would have confounded the effects of 
site condition on fruit production. 

Slope aspect was converted from an angular variable to a scalar 
variable which reflected diierent temperature regimes (Reid et 
al. 1991, Parker 1982) by assigning the lowest value, 0, to SSW- 
facing aspect (202”), the maximum value, 180, to NNE-facing 
aspect (22’), and by scaling other sites from 0 to 180 according to 
the number of degrees they differed from 202”. Kendall rank- 
order correlation coefficients were used to assess the association 
between fruit production and environmental variables, obviating 
the assumption of sampling from bivariate normal distributions. 
Kendall partial rank-order correlation coefficients allowed for 
reassessment of the strengths of correlations while holding con- 
stant the effect of a third, intervening variable. A functional rela- 
tionship between fruit production and forest canopy cover was 
developed using regression analysis. Fruit production data (fruits 
m”> were log-transformed for regression analysis to improve the 
linear relationship with forest canopy cover. Because fruit pro- 
duction decreased more rapidly under higher forest cover, the 
relationship was more closely approximated using piecewise lin- 
ear regression (conducted using a mesh length of 5%) (Nakamura 
1986). The ? values from piecewise regression analysis were 
adjusted by subtracting P(l-12)/@&P-l), where P=the number of 
independent variables and N=the number of cases (Dixon 

Site Characteristics and Fruit Production 
Significant associations between buffaloberry fruit production 

and 4 environmental variables were identified (Table 1). Fruit 
production decreased with increasing forest canopy cover (tau=- 
0.608), and this negative relationship remained strong when 
either slope aspect, slope steepness, or elevation was held con- 
tstant (partial tau values -0.567 to -0.615, PcO.001) (Table 2). A 
functional relationship between fruit production and forest 
canopy cover for 71 plots was approximated using piecewise lin- 
ear regression: 70% of the variation in fmit production was 
accounted for by forest cover (rQ.698) (Fig. 2). Above a thresh- 
old of 45% forest cover, fruit production decreased relatively 
rapidly with increasing forest cover. 

Fruit production also increased from SSW to NNE facing 
slopes (tau=O.l82) (Table 1; Fig. 3), and the relationship 
remained strong when forest canopy cover was held constant 
(partial tau=0.216, P-zO.01) (Table 2). High fruit production 

Table 2. Kendall partial rank-order correlation coefficients (tau) for the 
association of paried variables with the effect of a third intervening 
variable held constant for 71 plots in Banff National Park, Alberta, 
where thne since fue ~23 years (1993 data). 

Original Variable held Paritial 
Pairs of variables tall constant tall 

Forest Production and 
Forest canopy cover -0.60s*** Aspect -0.615*** 
Forest canopy cover -0.60s*** Steepness -0.567*** 
Forest canopy cover -0.60s*** Elevation -0..594*** 
Slope aspect scalar 0.1s2* Forest cover 0.216** 
Slope steepness 0.306*** Forest cover 0.158 
Elevation 0.223** Forest cover 0.158 

*P&05; **Pco.ol; ***Pcwoi (2-t&-d) 
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Fig. 2. Piecewise linear regression of the logarithm of fruit produc- 
tion on forest canopy cover measured with a spherical crown den- 
siometer, Banff National Park, Alberta. Y=2.72-0.031&4S)(Z), 
where Y=logarithm of fruits mm*, X=densiometer reading (Z), and 
Z=l if X>45, 0 otherwise. Adjusted 3=0.698; n=71 plots where 
time since fiie 223 years (1993 data). 

(including the highest value for the study) was recorded in 8 
northerly-facing sites occurring in the C37 vegetation type (see 
vegetation type descriptions in Table 3) (Fig. 3). These sites 
influenced the relationship between aspect and tit production; 
the association was weak when these 8 sites were deleted [partial 
tau (forest cover held constant)=O.144, P=O.lO, n=63]. 

Although fruit production was significantly associated with 
both forest canopy cover and aspect, the magnitude of the rela- 
tionship between fruit production and slope aspect was much 
less. Whereas all plots with forest canopy >80% had <lOO fruits 
m”, and all but 1 plot with forest canopy ~60% had >lOO frnits 
mm2 (Fig. 2), no comparable separation occurred with aspect: high 
production was recorded on all aspects (Fig. 3). In conjunction 
with my small sample size and subjective site selection, cautious 
inference is called for regarding the relationship between fruit 
production and slope aspect. 

The topographic relative moisture index (TFWI) showed no 
association with fruit production (Table 1). My data are limited in 
time and space, but this suggests that TRMI (at least as defined in 
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Fig. 3. Buffaloberry fruit production plotted against a slope aspect 
scalar (O=SSW [202”]; lSO=NNE [22”]), Banff National Park, 
Alberta. Fruit production is graphed on a logarithmic scale. 
O=low forest canopy cover (densiometer reading ~50%). W =high 
forest canopy cover (densiometer reading 5 50%). x=plots in C37 
vegetation type. N=71 plots where time since fm 2 23 years (1993 
data). 

this study) may have limited value as a predictor variable. 
Fruit production increased with increasing slope steepness 

(ta~O.306) and increasing elevation (tau=O.223), but these asso- 
ciations were not significant when the intervening effect of forest 
canopy cover was controlled (partial taus=O.158, m.05) (Table 
2). That is, reduced forest cover was associated with steeper 
slopes and higher elevation, and higher fruit production in turn 
was associated with open site conditions. Forest canopy likely 
decreased as slopes became steeper (tau=-0.307) (Table 1) 
because site conditions tend to be more xeric and soils thinner 
with increasing steepness. These less favorable conditions can 
inhibit forest regeneration following fire and thus maintain more 
open communities (Corns and Achuff 1982a, b). On some steep 
slopes, recurring avalances maintain open vegetation. In this 
study, 4 plots were on avalanche paths and 2 others probably 
were subject to avalanching. For comparable reasons, a denser 
forest canopy in lower elevation plots (tau=-0.162) (Table 1) may 
in part be explained because lower-elevation buffaloberry habitat 
in the valley bottoms of my study area typically is forested 

Table 3. One-way nonparametric analysis of variance for the relationship between habitat categories and buffaloberry fruit production in Banff 
National Park, Alberta, where time since fire 123 years (1993 data). Vegetation types with non-specific moisture regimes [HO (2 plots), S12 (2 plots) 
and “other” (4 plots)] were deleted from the analysis. Kruskal-Wallis test statistic = 20.7, P<O.OOl. 

Category 
Moistttre/tempcratare Vegetation Number Forest 

regime types of plots coverd Fruit productiond 

1 xeric’ 
m (fruits mm2 of shrub) 

mesicb 
Ml. c03,017/018 29 17~1~22 500 f 35o#e 

2 CIS, Cl9 26 6Szt26 
3 mesic/coolc 

22Ort34OS 
c37 8 24+26 900*500# 

aBearberry low shmblond (LOI), pine&arbeny open forests (C03qen variant), spruce and pinemearbeny forests (CO3 and 017). and spracelwillow (Snlixglauca L.&airy wild rye 
howlus Bed) open forest (018). 

n&uffalokny/twin flower (Linnoea borealis L) forest of SW aspect (C19) or pineAxtffaloberry/8roaseberry (Vaccinium scoparium Leiberg) forest of various aspects (C18). 
knmatare, regeneratiog spruce open forest with northerly aspect expected to succeed to C37 spmee/baffalolxrcy/fe.athermoss [Hy:locomium sphhs (H&v.) B.S.G.] forest, thus by- 
gassing a senl lodgepole pine forest. 
means I standard deviation. 

eCate80ries with different symbols had si8nikaaUy different fruit production using a multiple comparisons test with overaU significance level ~0.05. 
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whereas higher-elevation buffaloberry habitat on the valley sides Table 4. Association between 1994 fruit production and environmental 
may be either forested or open depending on other factors such as variables as measured by Kendall rank-order correlation coefficient 
slope steepness. (tau) for 39 plots in Banff National Park, Alberta, where time since 

tire 226 years (1994 data). 

Cascade Versus Spray Study Areas 
The Cascade Valley plots had significantly greater fruit produc- 

tion than plots from the Spray Valley when forest canopy cover 
was controlled. The slopes of the regression lines of log of fruit 
production versus forest canopy cover for the Cascade plots 
(n=50) and Spray plots (n=16) were not different (t=0.61, 
fiO.50), suggesting that fruit production decreased comparably 
with increasing forest canopy cover in both study areas, but the 
Cascade regression line was higher on the graph (t=2.86,2-tailed, 
P<O.Ol; Zar 1984292). 

Vegetation Types 
Fruits were abundant in a wide range of vegetation types, from 

xeric bearberry (Arcfostuphylos uvu-ursi L.) low-shrub types 
through mesic north-facing willow (S&x spp. L.)-dominated 
slopes succeeding directly to spruce forest. Xeric shrubland and 
open forests had higher fruit production than mesic forest types 
Cl8 and Cl9 but this was attributable to greater forest regenera- 
tion in the latter (Table 3). Xeric site conditions can inhibit forest 
regeneration in some sites, whereas mesic sites, if not subject to 
cool temperatures nor a seed-removing “double bum,” often will 
regenerate rapidly to lodgepole pine forest. On the other hand, 
abundant fruits also occurred in the mesic/cool C37 vegetation 
type where cool site conditions on slopes facing WNW (300”) 
through ENE (75”) [mean NNE (14’)] may have contributed to 
slow forest regeneration following fire (Table 3). Seven of the 8 
plots in C37 vegetation were in open shrubland in a 1936 burn 
where spruce was regenerating slowly without prior development 
of a seral lodgepole pine forest. Thus, both xeric and mesiclcool 
sites had higher fruit abundance than mesic Cl8 or Cl9 types, 
which I attribute to the inhibiting influence of either xeric or cool 
site conditions on forest regeneration following fire. 

Corroboration-1994 and 1995 
Results from the second field season (1994) were comparable 

to those from the first year. The negative association between 
fruit production and forest canopy cover again remained strong 
when either slope aspect, slope steepness, or elevation was held 
constant (partial tau values 0.399 to 0.493, PcO.001, n&O) (Table 
4). Piecewise linear regression of fruit production on forest 
canopy cover also gave results comparable to 1993, with forest 
canopy cover accounting for 59% of the variation in fruit produc- 
tion for the 1994 plots p=2.72-0.052 (X-70) (Z); compare equa- 
tion in Fig. 21. Surprisingly, the y-intercept (identifying average 
fruit abundance in sites of low or absent forest canopy) was equal 
in both years, 520 fruits rn-* (2.72 loglo units). Evidently buf- 
faloberry fruit production in the sites of low or absent forest 
canopy measured during this study was similar between 1993 and 
1994. Fruit production remained at high levels under a denser for- 
est canopy in 1994. The piecewise linear equation for 1994 did 
not slope downward until a break point of 70% forest canopy 
cover was exceeded, whereas a break point of 45% forest cover 
was identified using the 1993 data. 

The association between fruit production and slope aspect (with 
forest cover held constant) was not significant in 1994 (partial 
tau=O.150, bO.05) (Table 4). 

Pair of variables Original tau Variable held constant Partial tau 
Fruit production and 
Forest canopy cover -0.4so*** Aspect -0.470*** 
Forest canopy cover -0.480*** ste.epness -0.399*** 
Forest canopy cover -0.480*** Elevation -0.493*** 
Slope aspect scalar 0.161 Forest cover 0.150 
Slope steepness 0.328** Forest cover 0.157 
Elevation 0.060 Forest cover -0.140 

Results from the third field season, obtained using random 
sampling, were comparable to results from 1993 and 1994. 
Although small sample size in 1995 necessitates cautious inter- 
pretation, the negative association between fruit production and 
forest canopy cover again held (Kendall’s tau-0.412, PcO.05, 
n=lS). Piecewise linear regression also gave results comparable 
to 1993 and 1994, with forest canopy cover accounting for 55% 
of the variation in fruit production in 1995 [Y=2.9-0.01 l(X- 
40)(Z); compare Fig. 21. The effect of forest cover appeared less 
in 1995 (slope of the piecewise equation=-0.011 in 1995, com- 
pared to -0.031 in 1993 and -0.052 in 1994). This reflects higher 
fruit production values under the forest canopy in 1995: a mean 
of 220 fruits ma (range 116 to 308, n=5 plots) was recorded 
where forest canopy cover was >70% (compare Fig. 2 where 21 
plots with forest canopy >70% averaged 65 fruits mm2 in 1993). 
This difference likely is due in part to small sample size in 1995, 
and also may reflect variation in fruit production between years. 

Buffaloberry Regeneration Following Fire 
1 to 5 Years After Fire 

Shrub regeneration following 3 recent prescribed fires is docu- 
mented in Table 5. The l-year lag in shoot regeneration following 
the 1990 Palliser fire was not due to the double bum: the same 2- 
year interval before resprouting was observed for shrubs first 
burned in 1990. The autumn Palliser fire burned with greater 
severity than the spring Palliser fire (Drought Code for the spring 
fire=138; for the autumn f&=434; Ian Pengelly, Parks Canada, 
personal communication). 

The 5-year interval before fruit production in the Palliser and 
Minnewanka bums agrees with general observations that buf- 
faloberry (when grown from seed) first produces fruit at 4 to 6 
years of age (Young and Young 1992). Five-year-old shrubs in 
the Minnewanka bum were much larger and more productive 
than those in the Palliser bum, but despite their faster recovery no 
fruits were observed in the Minnewanka burn 4 years after fue 
(Table 5). 

23 and 25 Years Afer Fire 
Fruit production in the Ghost and Vermilion bums (Table 6) 

was comparable to that recorded in older-aged bums (Fig. 4). 
Plants in the Ghost River plots were small (Table 6) presumably 
because of the very dry, SW-facing, colluvial site conditions. Re- 
establishment of shrubs 25 years postfire concurs with 
Mueggler’s (1965) observations from seral shrub communities in 
Idaho where intermediate-sized shrubs (0.9 to 2.1 m high) 
reached maximum heights in about 20 years following tire. 
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Table 5. Regeneration of buffaloberry shrubs 1 to 5 years following prescribed fire in Banff National Park, Alberta. Table refers only to shrubs that 
were killed to ground level by the fire except as noted. Unburned or partially burned shrubs within a burn unit would have had heights typical of 
mature shrubs and could have produced fruit in any year. Data were collected during July except as noted. Values for ~1 plot are mean f 1 stan- 
dard deviation. 

1986 

1987 

1988 
1989 

1990 

1991 

1992 

1993 

1994 

1986 Palliser Burn 
late May fix shrobs killed to 
ground level 
shrubs resprouthrg from 
underground stroctures (hfay) 
no hit 
no fruit 
height 26&l cm (n = 10 plots) 

no fruit 

30 hits counted on about 50 
shrubs in small (cl ha) site not 
burned in 1990 
-a 

- 

- 

1990 Palliser Burn 

height of shrubs not 
burned in 1986: 
St8 cm (n=5 plots) 
late September fire: 
&robs regenerating from 
1986 fm killed back to 
ground level 
no resprouting observed 

shrubs resprouting from 
underground structures 
no fruit 
height 17 cm (1 plot) 
2fruitscountedin40 
quadrats (1.2 fruits mm*) 
height 23 cm (1 plot) 

1988 Minnewmka Burn 

late April fire 
-= 

- 

- 

no fruit (4-hr inspection of 
bum) 
11369 fruits m* (n=4 plots) 
height 485~5 cm (n=4 plots) 
- 

The lowest-production Vermilion plot was within a regenerat- 
ing lodgepole pine forest (310 fruits m*; canopy cover of 72%). 
In the remaining 2 plots, where few trees had regenerated 
(canopy cover of <7%), production was >3 times higher (1110 
and 1380 fruits m”). These data suggest that fruit production in 
this 25year-old burn already was declining in sites where trees 
had restocked successfully. This trend was corroborated in the 
second field season by establishing 5 plots in the Vermilion burn 
at sites where the forest canopy varied from 2 to 75%. The data 
showed a negative correlation between fruit production and forest 
canopy cover (Spear-man’s rs=-1.0, P=O.O2). 

90 Years Afer Fire 
In older-aged bums, fruit production varied from 4 to 1770 

fruits m”, primarily according to forest canopy cover (Fig. 4). 
Thus, fruit production depends in large part on the rate of forest 
regeneration following fire, which in turn depends on site and fire 
characteristics. Fig. 4 generalizes the possible outcomes of post- 
fire buffaloberry fruit production, depending on the rate of forest 
regeneration. As already noted, plots in the Vermilion burn, 25 
and 26 years postfire, already demonstrated reduced fruit produc- 
tion associated with lodgepole pine regeneration. 

Discussion 

The negative association between buffaloberry fruit production 
and forest canopy cover is consistent with the negative relation- 
ship observed generally between tree-crown cover and under-story 
production (e.g., Moir 1966, Alaback 1982). Investigators also 
have shown a relationship between forest canopy (or light intensi- 
yi8;d reproductive output in understory plants (Pitelka et al. 

. 
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Wildfire often determines forest cover and hence may affect 
under-story fruit production (Martin 1983, Ross and La Roi 1990). 
The forest over-story may reduce under-story photosynthesis and 
thus the energy that shrubs can allocate to seed and fruit produc- 
tion. Species may vary in allocation, however. Some species 
apparently invest in sexual reproduction only when extra 
resources are available, whereas others may vary vegetative 
growth but maintain relatively constant sexual reproductive effort 
(Pitelka et al. 1980). Although trees reduce light intensity in the 
understory, the influence of trees on soil conditions also may 
reduce understory production (Moir 1966, Riegel et al. 1992). 
This topic was not addressed in my study. 

Because of the negative association between forest over-story 
and fruit production, the rate of overstory regeneration following 
disturbance is important in determining the longevity of produc- 
tive, early-successional sites (Zager et al. 1983). In my study 
area, spruce was very slowly restocking certain NE slopes in a 
1936 burn (open C37 vegetation) possibly because of cool site 
conditions on northerly slopes. Fire severity also may have been a 
contributing factor in that 1936 was an exceptionally dry year in 
North America, with many large, high intensity fires (Heinselmau 
1973, White 1985). Repeated or severe fires can remove conifer 
seed sources and thus lead to persistent shrubland (Wright and 
Bailey 1982:282). Some south-facing slopes in my study area 
also were restocking slowly to conifers. Xeric, south-facing 
slopes typically have more frequent and severe fires, unfavorable 
conditions for conifer seedling establishment, and high grazing 
and browsing pressure from wintering ungulates that can even 
produce a zootic grassland/shmbland climax (Wright and Bailey 
1982262, Stahelin 1943). Frequently disturbed or flooded river- 
bottom alluvium with high coarse-fragment content also may be 
slow to develop forest cover. This potential buffaloberry habitat 
type, characteristic of gravel floodplains, outwashes, and braided 



Years since tire 

Fig. 4. Buffaloberry fruit production plotted against years since fu-e, 
Banff National Park, Alberta. Both variables are plotted on a loga- 
rithmic scale (1993 data). Curves generalize 2 possible outcomes of 
postfm succession: lower fruit production with, and higher fruit 
production without, normal forest regeneration following fue such 
as would occur on mesic sites at moderate elevation with non- 
northerly aspect. Curves fitted by eye. O=low forest canopy cover 
(densiometer reading <SO%). Whigh forest canopy cover (den- 
siometer reading 150%). 

streams (e.g., Pearson 1975:9,30, Murie 1981:13) was rare in my 
study area. 

Given my small sample size and emphasis in the Cascade on 
known bear feeding sites, the extent of geographic variation in 
buffaloberry fruit production within Banff National Park remains 
largely unaddressed. Approximately two-thirds of my Cascade 
sample plots were in known feeding sites. Under the assumption 
that bears are optimal foragers (Hamer 1985), some or all of these 
sites may have had greater fruit production than would character- 
ize randomly-selected buffaloberry habitat-l possible explana- 
tion for the higher fruit production recorded in the Cascade ver- 
sus Spray study areas. Alternatively, the difference between the 
Cascade and the Spray (ii real and not simply the result of sam- 
pling bias) could reflect geographic variation due to environmen- 

Table 6. Buffaloberry fruit production and shrub height 23 and 25 years 
following fm in Banff National Park, Alberta. Data for both plots are 
given for the Ghost bum; other values are mean f standard deviation. 
Buffaloberry shrub height for plots in older burns is provided for corn- 
parison (1993 data). 

Years Number 
Fire Year since fne Fruit production Shrub height of plots 

(fruits m-* of shrub) (cm) 
Ghost 1970 23 380 and 630 33 and 50 2 
Vermilion 1968 25 930 zt 560 106*13 3 
- - zi7 -a 89*19 41 

‘Fruit production varies with forest canopy cover; see Figure 4 for data. 
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tal or genetic differences. However, it is significant that the 
strong negative relationship between fruit production and forest 
canopy cover held for the 3 study areas examined in this regard 
(Cascade, Spray, and Vermilion). 

My sampling also was limited in time; 2 years of data constrain 
generalization, especially considering the large annual variation 
that characterizes fruit crops. Although one might hypothesize 
that the same relative relationships would hold during years of 
higher or lower crops, this is not necessarily so. Similarly, differ- 
ent weather patterns could modify relationships between fruit 
production and environmental parameters. 

I have assumed that as long as buffaloberry shrubs are reason- 
ably dense (e.g., ~5% cover), bears will select feeding sites based 
on fruit density on buffaloberry shrubs. This assumption is sup- 
ported by (1) observations that grizzly bears feed on shrubs bear- 
ing numerous fruits, with shrub cover itself varying from dense 
(>75% cover) to scattered (~5% cover) in important feeding sites 
(Hamer and Herrero 1987a); and (2) foraging models: bite size is 
an important regulator of herbivore intake rate, whereas food pro- 
duction per area (e.g., fruits ha-’ or kg fruits ha-‘) may not be sig- 
nificant (compare Gross et al. 1993). I assume that when bears 
feed on buffaloberry, bite size (i.e., the number of fruits bite?) is 
highly associated with fruit production per area of shrub. My 
sampling design and study implications rest on these assump- 
tions. If, however, bears select for overall food availability (fruits 
ha-‘), then habitat quality would be strongly influenced by the 
product of fruit production per area of shrub and the cover of buf- 
faloberry shubs (Noyce and Coy 1990:17). The inclusion of shrub 
cover in the equation to determine fruit availability would lead to 
different relationships between fruit production per area of habi- 
tat and environmental variables than those identified in this study 
for fruit production per area of shrub. 

Management Implications 
Wildfires were instrumental in creating the early successional 

communities where I recorded high buffaloberry fruit production. 
Although not the case for all soft-fruit producing shrubs (Kardell 
1980, Noyce and Coy 1990), buffaloberry evidently produces 
more fruit where trees are few or absent. Prescription bums that 
are stand-replacing crown fires can lead to productive buffalober- 
ry feeding habitat for bears following a 25 year lag required for 
shrubs to regenerate postfire. In the Miiewanka prescribed burn 
unit, moderate fruit production occurred 5 years after fire. 

Since it can be hazardous to attempt a high-intensity controlled 
bum, 2 (or perhaps more) prescribed fires may be required to 
achieve the desired reduction in tree-crown cover. Multiple bums 
may duplicate more closely the effects of a natural fire on fuel 
loads, although ecologically the effects may differ because 
conifers regenerating after the first fire may be burned before 
they have developed viable seed (I. Pengelly, Parks Canada, per- 
sonal communication). A “double prescribed burn” strategy has 
been applied in Banff National Park to the Palliser and 
Minnewanka bum units (Parks Canada, unpublished data). 

Buffaloberry occurs across a wide range of habitat, from ripari- 
an zones to the most xerophytic forest communities of the 
Canadian Rocky Mountains. My most productive plot was a NE- 
facing, willow-dominated slope slowly succeeding directly to 
spruce. More generally, fruit production in my 1993 plots tended 
to increase from SSW to NNE slopes. Limited data collected in 
the Cascade Valley also suggested that NE aspects were more 



productive than SW slopes in 1978 (Hamer 1985:132). Prescribed 
fire, on the other hand, most likely will be applied to southerly 
aspects. When north-facing slopes are sufficiently dry to carry 
fire, then the fire hazard on adjacent southerly slopes likely 
would be unacceptably high. Prescribed fires in Banff National 
Park to date have been applied to slopes with southerly aspect, 
and buffaloberry has successfully regenerated and produced fruit 
on these sites (i.e., the Palliser and Mimrewanka bums, respec- 
tively). However, restricting prescribed fire to southerly slopes 
reduces the portion of the landscape subject to stand-replacing 
fue, and also excludes the possibly more productive, northerly 
aspects. 

In a large park such as Banff (6,600 km’), where forested val- 
leys often are isolated by effective barriers of alpine tundra, rock, 
and snowfields, some large wilderness tracts could be safely 
burned by planned or natural-ignition prescribed fires. Under dry 
conditions, a stand-replacing fire could mn through valley bottom 
and NE aspect forests in addition to the more easily burned 
southerly slopes. This would produce extensive successional 
communities productive not only in buffaloberry fruit but also in 
hedysarum (Hedysarum spp. L.) roots, bearberry, ants, elk 
(Cervus elaphus), and other foods important to grizzly bears 
(Hamer and Herrero 1987b). Alternatively, catastrophic crown 
fires in the subalpine forest, recuniug on a several-hundred year 
cycle and coincident with fuel build-up and critical weather con- 
ditions (Romme 1982, Johnson 1992), such as occurred in 
Yellowstone National Park in 1988 (Blanchard and Knight 1990), 
may eventually create and perhaps maintain highly productive 
bear feeding habitat in Bauff National Park. 
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Abstract 

Three annual applications of a factorial combination of N (0, 
40,8O,l20 kg ha- ), P (0,25 kg ha-‘) and K (0,100 kg ha-‘) were 
applied to Florida flatwoods range where 45 plant species were 
initially present, Addition of P and K had no effect (-0.05) on 
indices of plant diversity, density, or above-ground biomass. 
Both Shannon’s (Y = 1.6 - O.OOSN, where N is kg ha-‘) and 
Simpson’s index (Y = 0.28 + 0.002N) indicated diversity 
decreased with increasing N because the community was being 
dominated by goldenrods (Solidago fistulosa and Euthamia 
minor) and dogfennel (Eupatorium spp.). Density of all forbs 
increased with increasing N (1990 plants rn-’ = 17.4 + 0.4N and 
1991 plants mm2 = 35.1 + 1.4N). Density of beaked panicum 
(Panicum rhizomatum) increased quadratically with increasing 
N, while density of decumbent carpetgrasses (Axonopus spp.) and 
low panicums (Dichanthelium spp.) declined linearly. 
Broomsedge (Andropogon virginicus), wiregrass (Aristidb stricta), 
and bottlebrush 3awn (A. spicifonnis) were eliminated from the 
site. Above-ground biomass of forbs increased with N (1988 kg 
ha“ = 934 + 16.1N and 1990 kg ha-’ = 227 + 60.6N). Grass and 
grasslike biomass increased linearly as N increased, but N effects 
were independent of year, which were different (1988 = 1,530 kg 
ha-* and 1990 = 2,140 kg ha-). The plant community at this loca- 
tion became less diverse when the naturally low soil N was 
increased by 40 kg ha-’ or more. Early successional species 
replaced later successional species, espechdly creeping bluestem 
(Schizachyrium scoparium). 

Key Words: Florida Batwoods range, fertilization, resource allo- 
cation, plant competition, range restoration. 

Fertilization has increased the quantity and nutritive value of 
range forage in the western U.S. (Goetz 1969, Wight 1976). In 
south Florida, Lewis (1970) reported an increase in above-ground 
biomass and nutritive value of desirable grasses growing on wire- 
grass (Aristida stricta Michx.) range receiving raw-rock phos- 
phate. White (1977) reported a 250% increase in above-ground 
biomass of bluestems (Andropogon spp.), which are important 
grasses for cattle production in north Florida, as a result of N, P, 
and K fertilization of pine plantations. Fertilization (N,P, and K) 
of maidencane (Panicum hemitomon Schult.), a preferred grass 
which forms dominant communities in fresh water marshes, 
resulted in greater crude protein concentration and above-ground 
biomass (Kalmbacher and Martin 1988). 
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Other authors have reported undesirable shifts in botanical 
composition as a result of fertilization (Graves and McMurphy 
1969, Wilson et al. 1966). In Florida, fertilization with N and K 
initially increased above-ground biomass and tiller density of 
creeping bluestem [Schizachyrium scoparium (Michx.) Nash var. 
polycladus (Schribner & Ball) Bmner (Syn. S. stoloniferum 
Nash)] in the initial year, but annual fertilization of this preferred 
grass resulted in lower above-ground biomass and tiller density 
after 3 years (Kalmbacher et al. 1993). The present paper 
describes plant community changes that accompanied decreases 
in above ground biomass and tiller density of creeping bluestem 
and seeks to explain why those changes occurred. 

Materials and Methods 

Research was conducted at the University of Florida’s Range 
Cattle Station in south central Florida between April 1988 and 
September 1991 on experimental site A (Kahnbacher et al. 1993). 
Soil was a Pomona fine sand (sandy, siliceous, hyperthermic 
Ultic Haplaquod), which is representative of the nearly level, 
poorly drained, sandy, infertile Spodosols found in peninsular 
Florida. This was a treeless site which had been roller chopped 
for saw-palmetto [Serenoa repens (Bark) Small] control in 1975, 
and it was grazed periodically from 1977 to 1988. The site was 
burned, a common management practice, in February 1988 and 
1990, and was mowed in February 1989 and 1991 to remove pre- 
vious year’s growth and facilitate density measurements. 

The experiment was a split-plot with 4 levels of N (0,40, 80, 
120 kg ha*‘) forming whole plots (6 by 6 m), which were replicat- 
ed 4 times. Whole plots were separated by a 6-m alley to avoid 
lateral movement of N. Paired whole plots were each divided in 
half and these 4 sub-plots were assigned a 2* factorial in P (0 or 
25 kg ha-*) and K (0 or 100 kg ha-‘). Ammonium nitrate, triple 
super phosphate, and muriate of potash were applied by hand on 
15 April 1988,2 June 1989, and 16 April 1990. 

Density of all species growing in 6- by 0.166-m quadrats was 
determined on 18 April 1988,20 April 1990, and 18 April 1991. 
The same quadrats in each plot were examined each year. Tillers 
constituted the counting unit for rhizomatous plants, while an 
entire plant was the unit for bunchgrasses and solitary forbs. For 
stoloniferous carpetgrasses [Axonopus afinis Chase and A. furca- 
tus (Fluegge) Hitch.], which formed 10 to 20-cm diameter patch- 
es, the unit was a cluster of stolons. Effects on density of shrubs, 
forbs, grasses and grassliies were assessed by comparing changes 
between samples at treatment in April 1988 with those in April 
1990 and 1991,2 and 3 years after 3 consecutive annual applica- 
tions of treatments. 
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Diversity indices were calculated using proportional abundance 
of all species at treatment in 1988 and again in 1991. These 
included Simpson’s (Simpson 1949), Shannon’s (Shannon and 
Weaver 1949), and Hill’s numbers (Hill 1973) as cited by 
Ludwig and Reynolds (1988). 

Above-ground biomass was measured by clipping plants at the 
soil surface in the permanent quadrats on 7 September 1988 and 
21 September 1990, 1 and 3 growing seasons after initiation of 
annual treatment. Herbage was separated into shrubs (1988 only), 
creeping bluestem, other grasses and grasslikes, and forbs. 
Samples were oven-dried at 60° C for 96 hours and weighed. 
Data were analyzed using the general linear models procedure 
(SAS 1985) and examined as a split plot in time (years) with the 
repeated measures option. Significant year X N rate interactions 
for density were investigated using contrasts comparing the 0 N 
rate in 1988 with that in 1990 and 1991 in order to determine 
whether changes were due to year or treatment. Changes within 
year and over levels of N were investigated with regression 
analysis using observed subplot values. Calculation of P is given 
by the ratio of regression sum of squares from the ‘best” fitting 
polynomial model to the sum of the total of the N rate and error 
sums of squares for N. When significance is not given in the text, 
it implies at least P<o.O5. 

ReSUltS 

Rainfall 
Rainfall at the Range Cattle Station for April to September 

1988 (1,162 mm) and 1991 (1,336 mm) was greater than the 52- 
year mean (980 mm) for those months (Table 1). Rainfall in 1989 
(797 mm) and 1990 (904 mm) was less than that of the 52-year 
mean for this period. Extremes in rainfall and soil moisture are 
typical for peninsular Florida. Very dry soil is common in April 
and May, while soil is often covered with water or is saturated 
from June to September. 

Species Diversity 
Thirteen grasses, 21 forbs, 6 shrubs, and 5 grasslike species 

were encountered. Neither P nor K affected any measure of 
species diversity, but all measures of diversity were affected by N 
rate and year, which interacted. The first of Hill’s numbers, num- 
ber of species (NO), averaged 10.0 species rn-* at the start in 1988. 
However, NO in 1991 declined (P=O.O03) as N rate increased 
[number of species rn-* = 11.8 - 0.025 N (?=0.43), where N is kg 
ha*‘]. Observed means were 11.5, 11.5,9.3, and 8.8 for 0,40, 80, 
and 120 kg ha-’ of N, respectively. 

Shannon’s index, which is the average degree of uncertainty in 
predicting the species of an individual chosen at random, was 1.2 

in 1988. The index decreased (P=O.O002) in 1991 as N rate 
increased (index = 1.6 - O.O05N, r&0.59). Observed means were 
1.6, 1.4, 1.2, and 1.0 for 0,40, 80, and 120 kg ha-’ of N, respec- 
tively. For comparison, Lewis et al. (1988) reported a range of 
1.2 to 2.6 for Shannon’s index for plant occurrence on ungrazed 
forested range in North Florida. Shannon’s index considers both 
number of species and their distribution and would be zero if 
there was only 1 species present. It is maximum when number of 
species is maximum and all are equally abundant. Shannon’s 
index decreased (diversity decreased) because number of species 
decreased and their proportional abundance (density is discussed 
below) became more dissimilar. 

Hill’s second number, number of abundant species (Nl), is cal- 
culated from Shannon’s index. It averaged 3.6 species m-* in 
1988, and in 1991, Nl declined as N rate increased (Nl = 5.2 - 
O.O2N, &0.54). Observed means were 5.3, 4.2, 3.5, and 2.9 for 
0,40,80, and 120 kg ha-‘, respectively. 

Simpson’s index, which is the probability that 2 species chosen 
at random will be the same species, depended on year and N rate. 
This index averaged 0.43 in 1988, but Simpson’s index increased 
(p=O.O003) with N rate in 1991 (index = 0.28 + O.O02N, r-%.57). 
Observed means were 0.27,0.36,0.44, and 0.50 for 0,40,80, and 
120 kg ha’ of N, respectively. The probability of determining the 
species of an individual decreased (diversity decreased) because 
there were fewer species and some of those that remained were 
less abundant. 

Hill’s third number, which is the number of very abundant 
species (N2) calculated from Simpson’s index, averaged 2.6 
species m” in 1988, and in 1991, N2 decreased as N rate 
increased (N2 = 3.9 - O.O15N, I-2=0.49). Observed means were 
4.0, 3.1, 2.6, and 2.1 for 0, 40, 80, and 120 kg ha-’ of N, respec- 
tively. 

Density 
Shrub and grasslike densities were affected by year, but not by 

N, P, or K fertilization or their interactions. Density of all shrub 
species (average over all treatments) was 5.1 m* in 1988,2.9 me2 
in 1990, and 3.5 ni* in 1991 (data not shown). The most abundant 
shrub (4.3 m*) at the beginning of the study was St. John’s-wort 
(Hype&urn tetrapetah Lam.). Its density declined (P=O.OOOl) 
to 0.42 rn-* in 1991 regardless of fertilization. Queen’s delight 
(Stillingiu sylvaticu L.) increased (P=O.OOOl) in density from 0.7 
mz in 1988 to 2.6 me2 in 1990 and 2.5 mm2 in 1991. Density of 
queen’s delight decreased (P=O.O4) with increasing N fertiliza- 
tion in 1991 (no. m-* = 3.6 - O.O17N, r*=O.21). Density of 
grassliies increased (P=O.OOl) from 5.2 mm2 in 1988 to 7.9 rn-* in 
1990 to 18.5 mm2 in 1991. These changes were due to increases in 
Fuirena scirpoidea Michx. (no common name) and sedges 
(Cyperus spp.), which averaged 2.3 and 0.8 m”, respectively, in 

Table 1. Rainfall at the Range Cattle Station in 1988 to 1991, compared to the 52-year mean. 

YCX 

1988 
1989 
1990 
1991 
hlean 

April May June July Aw SeP Amud 
total 

__________--------_--------------------------- (mm) ---____-----------_ - ______------_____________ 

12 87 234 288 324 217 1652 

57 54 168 182 110 226 1044 
50 95 208 218 196 137 1133 

118 163 475 256 156 168 1619 

60 98 219 218 206 179 1351 
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Fig. 1. Density of total forbs and 2 goldenrods, Solidugofitulosa and Euthumiu minor, in April 1990 and 1991 as affected by N rates. 

Treatment means and predicted vabxs are shown. See Table 2 for comparison of the 0 N rate in these years with pretreatment densities in 
198% 

1988,5.0 and 1.6 me2 in 1990, respectively, and 10.9 and 4.7 m*, 
respectively, in 1991. 

Density of all forbs (3 1.6 m”> and goldenrods (Euthamia minor 
fMichx.] Green and Solidago fistulosa Mill.)(20.0 m”> was high 
at the beginning of the study in April 1988. Their density in April 
1990 or 1991 was not affected by P or K fertilization, nor were 
there any interactions for fertilizer and year. Nitrogen increased 
forb density in both 1990 and 1991, but effects depended on year 
(year x N interactions). Forb and goldenrod density did not 
change over years where no N was applied (Table 2), indicating 
that density was not affected by natural variation. Density 
increased linearly within each year when N was applied (Fig.1). 
In 1990, each kg of N resulted in a 0.4 and 0.32 increase in forb 
and goldenrod density, respectively. In 1991, each kg of N result- 
ed in a 1.42 and 1.24 increase in these respective densities, indi- 
cating that forb density was increasing with time. The proportion 
of the total forb density that was made up by the 2, rhizomatous 
goldenrod species increased with increases in N rate. 

Table 2. Sigaitkance levels of contrasts for density of plants in selected 
categories between 198S @retreatment) aad 1990 and 1991 in control 
(0 N) plots. 

Category 

All forbs 

Goldenrods 

Low pticums 

carpeQJ==S 

Beaked pticum 

YtXU Probability 

1990 0.62 
1991 0.94 

1990 0.34 
1991 0.52 

1990 0.01 
1991 0.01 

1990 0.05 
1991 0.01 

1990 0.87 
1991 0.83 
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Densities of low panicums [Dichunthelium (Hitchc. & Chase) 
Gould spp.] and carpetgrasses were lower at the 0 N rate in 1988 
(9.8 and 4.3 m”, respectively) compared to 1990 (31.1 and 7.1~9, 
indicating that density of these grasses increased naturally over 
years (Table 2). Density of these 2 grasses at the 0 N rate (32.8 aud 
8.1 m”, respectively) was not different between in 1990 compared 
to 1991. Densities decreased linearly as N rate increased in each 
year (Fig. 2). 

Beaked panicum (Panicurn rhizomatum Hitchc. & Chase) den- 
sity remained the same over years without N (Table 2), but 
increased quadratically with increasing N rate (Fig. 2). Beaked 
panicum formed a patchy but dense sod in fertilized plots. 

Bahiagrass (Paspalum notatum Fhregge) was found in 1988 in 
some plots where it had been introduced through cattle feces. 
Average density was 0.5 tillers rn-* in 1988, and increased to 10.3 
me2 in 1991. No treatment effects could be determined because 
bahiagrass was not found in enough plots for a statistical test. 
Common bermudagrass (Cynodon duc2yZo~ L.) was not present in 
1988, but in 1991 it was found in some quadrats receiving N, 
where its average density was 0.6 m’l. 

Other grapes, like wiregrass, bottlebrush 3-awn (Aristida spici- 
formis Eli.), broomsedge bluestem (Andropogon virginicus L.), 
and maidencane were eliminated from plots. None had a density 
greater than 0.3 plants me2 in 1988, so they were minor compo- 
nents of the community initially. 

Above-ground Biomass 
Shrub biomass in September 1988 averaged 160 kg ha-‘, and 

was not affected by N, P, or K fertilizer. Although some shrub 
species were relatively abundant, all shrubs were very small 
because of roller chopping, burning, and mowing. 

Forb biomass was not affected by P nor K fertilizer, and there 
were no P or K interactions with N or years. Forb biomass 
increased linearly over N rates in 1988 and 1990 (Fig. 3), which 
reflects increases in density (Fig. 2). Each kg of N resulted in 
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Fig. 2. Density of low panicums, carpetgrasses, and beaked panicum in April 1990 and 1991 as affected by N rates. Treatment means and 
predicted values are shown. See Table 2 for comparison of the 0 N rate in these years with pretreatment densities in 1988. 

16.1 kg of additional forb biomass in 1988, but this increased to 
60.6 kg of forb biomass in 1990. Both forb density and biomass 
increased with time. Goldenrods and dogfennels (Euparorium 
spp.) contributed most to forb biomass. 

Neither P nor K affected biomass of other grasses and 
grasslikes, and there were no interactions. Above-ground biomass 
of other grasses and grasslikes was affected by N (P=O.O04) and 
year (P=O.OOOl), which did not strongly interact (EO.065). Their 
biomass increased linearly with increasing N rate in both years 
(Fig. 3). Unlike forbs, whose density (Table 2, Fig. 1) and yield 
(Fig. 3) did not change without N fertilizer, above-ground bio- 
mass of other grasses and grasslikes increased in the absence of 
fertilization from 1988 to 1990. This is supported by increases in 
density between 1988 and 1990 for low panicums and carpet- 
grasses (Table 2, Fig. 2) and grasslikes, as was discussed earlier. 

Total above ground biomass, which includes creeping bluestem 
in order to provide perspective to the entire community, was 
affected by year and N rate, and there was no interaction. Total 
biomass averaged 6980 kg ha-’ iu 1988 and 7810 kg ha-’ in 1990. 
Averaged over years, total biomass increased linearly over N 
rates (Fig. 3). Creeping bluestem biomass in September 1988 
increased with N rate (kg ha-’ = 1151 + 39.85N) to a maximum 
biomass at 5900 kg ha’ with 120 kg ha“ of N (Kalmbacher et al. 
1993). Most of the total biomass in 1988 was creeping bluestem, 
but by 1990, biomass of creeping bluestem declined quadratically 
with increasing N rate (kg ha-’ = 520 + 16.4N - 0.14V) with 
maximum at 950 kg ha-’ with 40 kg ha-’ of N. Forbs (especially 
goldenrods and dogfennels) and other grasses replaced the once 
dominant creeping bluestem at N rates above 40 kg ha-‘. 

Discussion 

The decline of diversity with increasing N indicates that, 
although the number of species found on the study area remained 
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about the same over 3 years of treatment, the relative distribution 
of species changed as forbs and beaked panicum became more 
abundant and creeping bluestem became less abundant as N rate 
increased. Range scientists have not focused on species diversity 
in the past, but instead have usually reported positive or negative 
effects on a few plants that were important for livestock produc- 
tion. Community ecologists studying the entire plant community 
have reported reductions in species diversity as a result of N fer- 
tilization of nutrient poor sites (Huenneke et al. 1990, Parish et al. 
1990, Wilson and Shay 1990, and Wilson and Tilman 1991). 

Creeping blue&m had been a dominant grass on this nutrient 
poor site. Creeping bluestem is a strongly rhizomatous ecotype of 
the bunchgrass, little bluestem [Schizachyrium scoparium 
(Michx.) Nash-Gould], and it may differ from little bluestem in 
response to ecosystem fertility. Little bluestem is a strong com- 
petitor for N on an infertile soil (Tilman 1989) due to lower vege- 
tative growth rates, higher root allocation, lower reproductive 
allocation and lower tissue N than other grasses classified as 
early successional species (Tilman and Wedin 1991). 

Goldenrods, dogfennel, and beaked panicum became more 
abundant and dominant on our Florida site when N was applied. 
We believe that the forbs and beaked panicum represent early 
successional species. Old-field herbs that represent early succes- 
sional species were inferior users of N when it was limiting, had 
higher maximal growth rates, and were better colonizers than 
later successional species, such as little bluestem (Tilman and 
Cowan 1989). 

Early successional species are part of the current flora of the 
Florida flatwoods range and may become dominant with addi- 
tions of N into the system. Dogfennel (Eupatorium composirifoli- 
urn Walt.) and goldenrod (Solidago microcephella [Greene] 
Bush), originally present in small amounts, became dominant 
forbs under moderate fertilization on Georgia range (Halls et al. 
1957). 
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Fig. 3. Effect of N rate on above-ground biomass (dry matter) of total forbs and grasses and grasslikes (excluding creeping bluestem) in 
September 1988 and 1990 compared with total above-ground biomass (including creeping bluestem) averaged over 1988 and 1990. 
Treatment means and predicted values are shown. 

The fact that the early successional species on our range were 
rhizomatous may have implications, although no support for this 
was found in the literature. Early successional species with a rhi- 
zomatous habit of growth may be more rapid colonizers because 
they combine an ability to rapidly acquire N when it is abundant 
and use their greater maximum growth rate for vegetative repro- 
duction. 

Light penetration to the soil surface decreased with fertilization 
(Wilson and Tilmau 1991,1993). Reduction in light by forbs may 
have little effect on taller grasses like creeping bluestem, but 
would limit growth of small forbs and decumbent grasses such as 
carpetgrasses, low panicums, or even bottlebrush 3-awn, which is 
a small bunchgrass. 

We cannot recommend any addition of N or other fertilizer ele- 
ments to south Florida rangelauds in an effort to improve above- 
ground biomass. The desirable grasses for livestock production 
are later successional species and are better able to compete on 
sites where soil N is found in low concentrations. 
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Abstract 

The objective of this 2 year study was to identify the optimal 
height to graze Old World bluestem pasture in the Southern 
Great Plains under continuous stocking during the growing sea- 
son. We hypothesized that intensely grazing Old World bluestem 
pasture would increase utilization efficiency by increasing the 
proportion of live leaf in the pasture, enhance forage quality and 
animal performance, and animal performance and root biomass 
would decline if grazing intensity was beyond an optimal level. 

Pastures were maintained at 3 levels of standing crop using 
continuous variable stocking. Stock adjustments were made 
weekly. A dii meter was used to maintain pasture disc heights of 
short (35-40 mm), medium (41-45 mm), and tall (46-55 mm) lev- 
els. Average standing crops of short, medium, and tall pastures 
were 1,500, l,!JOO, and 2,400 kg ha-‘, respectively. On the short 
pasture treatments the proportion of leaf and live stem was high- 
er (P<O.OS) and the proportion of dead stem was less (PcO.05) 
than that on the tall pasture treatments. There were no signifi- 
cant differences (P>O.OS) in crude protein of forage between 
treatments during the vegetative growth phase in spring when 
forage nitrogen levels were fairly high (> 13%). When the grass 
began to produce reproductive organs and when forage nitrogen 
levels were lower (c 1.3%), forage crude protein was greater in 
the short pastures (P<O.OS). 

Individual animal performance was greater on the tag than on 
the short pastures (P<O.lO) over all dates. Individual animal per- 
formance was greatest when management maximiied the pro- 
portion of leaf and live stem while miniimg dead stem. Animal 
performance per hectare was slightly higher on the short and 
medium height pastures. Both the short and medium height pas- 
tures had approximately 70% the root biomass of the tall pas- 
tures (Ps 0.01) at the end of the trial. These results indicate that 
intense continuous variable stocking of Old World bluestem 
increases the utilization efftciency, but increases animal produc- 
tion per hectare only marginally, and reduces root biomass to an 
extent that production may not be sustained from year to year. 

Key Words: Bothriochloa ischaemum, continuous variable stock- 
ing, forage quality, herbage allowance, “Plains” Old World 
bluestem, steer performance. 
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In conjunction with grazed annual cereal grains, Old World 
bluestem (Bothriochloa ischaemum L.) pastures are used to 
enhance production and profitability of range-based beef systems 
in the Southern Plains of North America (Sims and Dewald 1982, 
Coyne and Bradford 1985, Dewald et al. 1985). Old World 
bluestem is easy to establish, drought hardy, resistant to defolia- 
tion and produces quality forage in spring and summer, but for- 
age quality in late summer through winter is very low (Bck and 
Sims 1984; Dewald et al. 1985; Dabo et al. 1987). Rapid growth 
rates in spring are followed by seed production and a decline in 
green leaf proportion (Sims et al. 1983; Eck and Sims 1984; 
Coyne and Bradford 1986). Consequently, unharvested forage is 
of inferior nutritive value. Diet quality and intake of animals 
grazing Old World bluestem is particularly sensitive to the pro- 
portion and density of green leaf mass and the leaf to stem ratio 
(Forbes and Coleman 1986). 

Pasture management principles based on understanding the 
basic biology of grass growth and grazing have been developed 
in areas of the world that are relatively uniform, cool and moist 
(Murphy 1990). These principles have not been well tested in the 
more variable and extreme climate of the Southern Great Plains 
of North America. 

The grazing method of choice in the Southern Great Plains has 
been continuous stocking. Under continuous stocking, the forage 
plants are exposed to grazing continuously through the growing 
season. Since pastures are stocked to the least productive period, 
stocking rates are conservative. This results in overgrazing of 
some plants and patches and undergrazing of others. The heavily 
grazed portions become sparse, unproductive and weedy and the 
ungrazed portions become rank, self-shade, and are less palatable 
and nutritious. Unless growing conditions are relatively uniform, 
these problems are very difficult to control (Blaser et al. 1986; 
Maxwell and Treacher 1986). 

Intense grazing that maintains the pasture in a leafy condition 
can result in greater production efficiency (Johnson and Parsons 
1985; Parsons et al. 1988; Murphy 1990). Photosynthetic rates 
are greater in younger leaf and the respiratory burden and shading 
of older plant material is avoided. In addition, production is fur- 
ther enhanced through more rapid nutrient cycling. These factors 
all result in more growth, an extended growing season and greater 
levels of water-use-efficiency (McNaughton 1979). Harvest effi- 
ciency is increased since a greater percentage of leaf is consumed 
before it dies and diierent pasture structure provides the grazing 
animal greater leaf densities and a diet proportionally greater in 
leaf and nutrients (Grant et al. 1983; Parsons et al. 1983). 
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The objective of this study was to identify the optimal height to 
graze Old World bluestem in the Southern Great Plains to 
achieve efficient use under continuous stocking. We hypothesize 
that grazing Old World bluestem pasture intensely will increase 
the proportion of live leaf and the quality of available forage. 
High intensity grazing beyond an optimal level is hypothesized to 
reduce animal productivity, and root biomass compared to pas- 
ture grazed less intensively. 

Materials and Methods 

The study site is located 5 km east of Vernon (34” 10’ N, 100” 
16’ W) in north-central Texas. The climate is continental with an 
average 220 frost-free, growing days. Mean annual precipitation 
is 550 mm, varying from 490 mm to 1,000 mm, that is biiodally 
distributed with peaks in May (102 mm) and September (81 mm). 
Annual mean monthly temperature is 17.4“ C ranging from 36.4” 
C in July to -2.3” C in January. Evaporation averages 1,835 mm 
per annum (607 mm pan). Elevation is 390 m at the research site 
and slope is l-3%. Soils are a mix of Bukreek loams (fine-loamy, 
mixed, thermic typic Paleustoll), Sagerton clay loams (fine, 
mixed, thermic Typic Argiustoll), and Wichita clay loams (fine, 
mixed, thermic Typic Paleustalf). Soils are moderately alkaline 
(pH = 7.8~8.5), had no measurable nitrogen, moderate levels of 
phosphorus (12 ppm), high potassium (290 ppm), high calcium 
(4,540 ppm), high magnesium (600 ppm), no salinity, and very 
low sodium (< 10 ppm) and sulphur (c 1 ppm). 

The study was conducted on a 4 year-old, weed-free pasture of 
WW-Spar, Old World Bluestem Bothriochloa ischaemum (L.) 
Ken var ischaemum (WW-573). Using continuous, variable 
stocking, pastures were kept at 3 different heights. Stock num- 
bers were adjusted weekly following pasture height measurement 
using a pasture disc-meter (Bransby et al. 1977). The target disc- 
meter heights were short (35-40 mm), medium (4145 mm), and 
tall (46-55 mm). Each treatment had 2 replicates. Pasture repli- 
cate sizes ranged from 3.84 ha to 4.17 ha. In 1992 all pastures 
were fertilized with 112 kg ha-’ of nitrogen, as urea, in 2 equal 
dressings prior to expected rainfall in late April and early June. In 
1993, only the April fertilizer application (56 kg ha’) was applied 
since the trial was terminated at the end of July. To remove resid- 
ual standing crop from the previous season, all pastures were 
either burned (1992) or mowed (1993) in late winter. 

The pastures were stocked with preconditioned stocker steers 
on 4 May 1992 and 19 May 1993. In 1992, the initial group of 
steers was marketed in July and replaced with a second group. 
The number of steers per pasture ranged from 6 to 12. Aniials 
were allocated to ensure a balance of breed type and body maSs 
within each treatment replication. A test group of 6 animals 
remained in each replicate pasture at all times. The mass gains of 
this test group were used to calculate liveweight gain for that 
treatment replicate. The total gain for each pasture replicate was 
calculated using the test group liveweight gain (kg/animal/day) 
multiplied by the total number of animal-days grazed in each 
replicate. The starting mass of each group of animals used aver- 
aged 271 and 266 kg in 1992, and 274 kg in 1993. Cattle were 
weighed at 28-day intervals, were supplied with salt and mineral 
blocks and received Ralgro’ ear implants. 

‘Use of this product does not imply endorsement by the Texas Agricultural 
Experiment Station. 
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Rainfall was recorded on-site and temperature was recorded 15 
km NW at the Vernon airport. Pasture sampling was stratified 
into 3 zones with 4 randomly placed quadrats in each: (1) 
East-furthest from water, (2) terraces, and (3) West-nearest to 
water. Standing crop was estimated and cages were placed when 
the steers initially entered the pasture and monthly thereafter. 
One quadrat was randomly located and a paired quadrat was 
placed on a similar patch of forage. A coin flip determined the 
quadrat to be harvested for standing crop estimation. The paired 
plot was caged and clipped the following month for production 
estimation. Forage production was considered to be the live por- 
tion of the standing crop sample collected when cattle entered the 
pasture, plus the averaged net increase in the 4 cages witbin each 
zone, at each subsequent sampling date. Forage was harvested at 
the soil surface, dried to a constant mass and weighed. Samples 
were combined by zones within a pasture and subsampled to 
determine live leaf, dead leaf, live stem and dead stem. Separate 
sub-samples were analyzed for crude protein (CP) concentration 
using A.O.A.C. (1990) standards. 

To develop the relationship between disc meter (0.25 m’) 
height and forage standing crop, 50 circular quadrats (0.25 m*) 
were clipped in July 1992 and regressed against height. In July 
1993, the same procedure was followed using 20 quadrats per 
treatment. Regressions were developed to describe the relations 
between standing crop and disc meter height. The best iz values 
using this method were 0.92 for 1992 and 1993. Improved ? val- 
ues were obtained using a multiple regression model which 
included disc meter height and the percentages of live leaf, dead 
leaf, and stem. Using this regression, rZ values were 0.93, 0.94, 
and 0.92 for short, medium, and tall pastures, respectively. 

Root biomass was estimated at the end of each growing season 
with soil cores (25 X 900 mm) in the center of 20 randomly locat- 
ed tufts. Coyne and Bradford (1986) found 90% of root biomass 
in the top 400 mm of soil. Soil was washed from roots on a 0.5 
mm sieve (Smucker et al. 1982). Roots were dried at 68” C. 

Data Analysis 
Standing crop, dry matter production, plant organ proportion, 

forage quality, animal performance and root biomass data were 
analyzed using repeated measures analysis of variance to test for 
differences in treatment means. The main effects were similar 
using individual dates or equivalent year periods, so year analy- 
ses are presented. Above-ground standing crop, dry matter pro- 
duction, and plant organ proportion data were analyzed by date 
(months) and year using whole-pasture and zone-per-pasture 
averages. To analyze pasture zone differences, means per zone 
were used since terraces made up approximately 10% of the area 
of each pasture. Multiple regressions were used to predict stand- 
ing crop from disc meter height and relate forage attributes to ani- 
mal production. The intercept in these models was not significant 
so no-intercept models were used. All analyses were carried out 
using the SAS statistical package (SAS 1985). Least significant 
difference tests (Steel and Torrie 1960) were used to separate 
means. 

Results and Discussion 

Climate 
The temperatures in the 1992 growing period were slightly 

lower than the long-term means but 1993 temperatures were close 
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Fig. 1. Mean monthly weather data at the experimental site for 1992 
and 1993 compared to long-term mean monthly (LTMM) data. 
(A) rainfall, (B) temperature, and (C) evaporation. 

to the long-term means. Evaporation in 1992 was similar to the 
long-term mean while that in 1993 was somewhat greater, partic- 
ularly in July and August (Fig 1). 

Precipitation prior to growth in May 1992 and 1993 was above 
average. May was drier than average in 1992 but June was much 
wetter. In 1993, both May and June were slightly above average. 
July through September was average in both years. 

Standing Crop, Dry Matter Production and Plant Organ 
Proportions 

Standing crop was significantly different between tall and short 
treatments (PI 0.05), averaging 2,439 and 1,459 kg ha-‘, respec- 
tively (Table 1). Standing crop was less (PI 0.05) in 1992 than 
1993 (1,468 and 2,378 kg ha-‘, respectively), but live leaf and Jive 
stem standing crop did not differ between years. Diiering pro- 
portions of dead leaf and dead stem in the standing crop (P< 0.05) 
occurred between 1992 and 1993. This was due to the presence of 
dead leaf and stem aftermath in 1993 following mowing com- 
pared to burning in 1992. 

Forage production through July did not differ between 1992 
and 1993 (3,707 kg ha-’ vs 3,167 kg ha-‘) (Table 1). However, it 
did differ between treatments (PI 0.05): (1) 4,520 kg ha-’ for tall, 
(2) 3,160 kg ha’ for medium, and (3) 2,631 kg ha-’ for short pas- 
tures. However, maximum yield per hectare harvested by grazing 
does not depend on maximizing the rate of forage production 
(Grant et al. 1983; Parsons et al. 1983). Harvest efficiency 
depends primarily on the rate of tissue loss (Parsons et al. 1988). 
When whole pastures are considered, grazing intensively 
increased the proportion of live leaf and stem (PI 0.05) and 
decreased the proportion of dead stem (PI 0.05) in the pasture 
Fable 1). Whether this translates into increased animal perfor- 
mance depends on the relative rates of intake of nutrients from 
pastures maintained at different heights (Parsons et al. 1988). 

Within each pasture, the cattle grazed the different zones at 
varying intensities (Table 2). Greater use was made of the ter- 
races. They had lower standing crops but intermediate dry matter 
production compared to the other zones (Table 2). Standing crops 
on the terraces (1,623 kg ha-‘) were less (Pr 0.10) than zones 
closer and further from water (west: 1,841kg ha’ and east: 2,020 
kg ha-‘, respectively). But the standing crop on the terraces (1623 
kg ha-‘: Table 2) was more than that of the short treatment pas- 
tures (1,459 kg ha”: Table 1). There was less range in standing 
crop values between the diierent zones than between the short, 
medium, and tall pasture treatments (cf. Tables 1 and 2). This is 
probably why the proportion of plant parts did not differ between 
the different zones (Table 2). 

Forage Crude Protein 
In both years, forage crude protein (CP) declined significantly 

from relatively high values in May (Table 3). Since these were all 
hand collected samples, CP was much lower than might be 
expected from samples gathered by animals from the same pas- 
ture. In 1992, the second application of nitrogen fertilizer in late 
June CP increased through July and August, before declining to 
low levels in September and October. 

The CP values for May 1993 were significantly lower (Ps 
0.05) than those for May 1992. This is probably due to burning in 
1992 compared to mowing in 1993 which resulted in a greater 
amount of residual dead material in the mowed pastures. Protein 
concentrations were similar in June of both years (P>O.O5). 
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Table 1. Average plant organ proportions, standing crop and production in Old World bluestem pasture under tall, medium, and short grazing. 

Plant Oman 
Live Dead Live Dead 

Treatment leaf leaf stem stem 
8 % % % 

3a.5* 28.0b 10.Ob Short 22.4 
Medium 42.4a 19.2 28.3b 11.2& 
Tdl 35.oc 18.2 33.sa 12.sa 
1992 47.5A 9.2B 33.8 9.3B 
1993 29.sB 30.6A 26.3 13.3A 
hleans with the same lower case letter are not significant at P&05. 
Means with the same upper case letter are not significant at P&OS. 

Live 
leaf 

kg ha-’ 
541b 
756& 
799a 
674 
722 

Standine Crou 
Dead Live 
leaf stem 

kg ha-’ 
353b 

kg ha-’ 
41sb 

396& 515b 
496a so2a 
132 520 
690 634 

Dead Standing Dry matter 
stem crop Production 
k;;;-’ kg ha-’ 

1459b 
kg ha-’ 
2631c 

201b 1s71ab 316Ok 
334a 2439a 4520a 
137n 146sB 3707 
321A 237S* 3167 

Whenever moisture stress caused plant quiescence, CP dropped 
significantly. This occurred in July and October 1992, and in July 
1993. Coyne and Bradford (1984) observed that extreme summer 
drought and high temperatures triggered quiescence, which 
caused a significant decline in forage quality in Old Word 
bluestem (Forbes and Coleman 1986). Dabo et al. (1987) found 
digestibility of immature stems to be similar to leaves, but stem 
digestibility declined more rapidly with advancing maturity than 
that of leaves, and leaf to stem ratios decreased markedly with 
age. 

Animal Performance 
Individual animal performance was greater on the tall than the 

short treatment pastures (PcO.10) over all dates. Gain per hectare 
was greatest in short, intermediate in medium, and least in tall 
pastures but these differences were not significant @O.lO)(Table 
4). The average daily gains (ADG) of 0.64 to 0.75 kg day-’ com- 
pare very favorably with results of Volesky et al. (1994) who 
recorded ADGs of 0.54 to 0.71 kg day“ with end of season stand- 
ing crops of approximately 1,400 kg ha-‘. The gain per hectare of 
120 to 129 kg ha-’ observed in this study, was much lower than 

Table 2. Plant organ proportions, standing crop, and production in different zones within Old World bluestem pasture. 

Plant Oman 
Pasture Live Dead Live Dead 
Zone leaf leaf stem stem 

% % % % 
East 44.1 19.3 23.7 13.0 
Terrace 45.9 19.2 24.1 11.1 
West 46.3 18.4 24.5 10.8 
Means with the same lower case letter are not signiticant at PcO.05. 

Live 
leaf 

kg ha-’ 
818 
716 
782 

Standine Crou 
Dead Live 
leaf stem 

kg ha-’ kg ha-’ 
44P 471 
333b 386 
3s7* 452 

Dead Standmg 
stem Crop Production 
kg ha-’ 
2S5a 202oa 3722 
193b 1623b 3428 
219* 1S41* 3153 

Forage CP was greater in the short and medium pastures in 
August and September of 1992 and for the duration of 1993 
(Table 3). Morris et al. (1993) report increased cattle liveweight 
gain per hectare with increasing pasture height to 8-10 cm but 
further increases in pasture height reduced pasture density, forage 
quality and animal performance. In this study, there were no sig- 
nificant differences @0.05) in crude protein of forage between 
treatments during the vegetative growth phase in spring when 
nitrogen levels were fairly high (> 1.3%). But when the grass 
began to produce reproductive organs and when nitrogen levels 
were lower (< 1.3%), forage crude protein was greater on the 
shorter pastures (PcO.O5), as hypothesized. 

the 260 kg ha’ recorded by Volesky et al. (1994). Differences in 
gain per hectare are probably due to the difference in annual pre- 
cipitation between the 2 locations, viz. 550 mm vs. 800 mm, and 
lower soil productive potential at our study site. 

Regressions of ADG against vegetation variables produced 6 
significant equations (Table 5). The models indicate that manage- 
ment that maximizes the proportion of leaf and live stem while 
minimizing dead stem, results in the highest animal performance. 
This concurs with other work on Old Word bluestem which 
found that digestibility, particularly of stem, declined rapidly 
with maturity (Forbes and Coleman 1986, Dabo et al. 1987). 
Under the short grazing treatments of this study, intensive graz- 
ing to reduce stem and old tissue also reduced forage on offer 

Table 3. The effect of pasttw height of Old World bluestem pasture on forage crude proteia 

Pasture 
Height 6 May 92 10 June 92 6 July92 24 July92 3 Aug 92 11 Sep92 23 Ott 92 21 May93 18 June93 28 July93 X 

----------------------------- -(y+ ----------c----------------- 
Short 10.8 f 0.21 7.7 f 0.37 9.7 f 0.99 9.4 f 0.75 10.5-+0.53 8.5*0.00 3.5 kO.63 8.1 ztO.08 7.4 * 0.20 5.0 f 0.92 S.07A 
Medium 10.7 rt 0.67 7.1 f 0.92 9.1 ttO.60 7.SkO.71 S.lztO.41 7.5rto.55 3.4*0.03 S.liO.17 7.2 i 0.31 5.0 f 0.11 7.41A 
TCdl 10.6 f 0.50 7.7 f 0.42 10.5 f 2.12 7.7 zt 0.52 8.5 k2.53 6.3 rt0.24 3.5zt0.65 7.5 zt0.29 6.9 f 0.78 4.7 f 0.72 7.3SA 
x 10.71a 7.49d 9.77b 8.31cd 9.05bc 7.45d 3.45f 7.9od 7.1Sd 4.9oe 
hfeam with the same lower case letter are not significant at PcO.05. 
hfeans with the same upper case letter are not significant at P4.05. 
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Table 4. Effect of pasture height on steer performance of Old World 
blue&m pastore grazed at short, medium, and tall grazing heights. 

Conclusions 

Parameter Short MdillIll Tall 
Average daily gain (kg hd’ day-‘) O&lb 0.69* 

Iu both years of this study, forage nitrogen declined significant- 
0.75” 

Gain prr animal (kg hday-‘) 49.sb 52.1ab 
ly from the beginning of May to mid-June (Table 6). Nitrogen 

56.1a 
Chin per hectare (kg ha-‘) 

fertilizer levels in this study were moderately low (112 kg ha-’ of 
129.F 122.9= 120.0” N) and nitrogen was, therefore, probably moderately limiting for 

hfeans with the same upper case letter are not significant at PcO.10. the duration. Taliaferro et al. (1975) obtained positive increases 

sufficiently to reduce animal selection and decrease individual 
animal performance. The increase in forage quality was too small 
and for too short a duration to compensate for the reduced avail- 
ability. Consequently, animal production per hectare was only 
marginally greater in the shorter pastures. 

Root Biomass 
The top 300 mm of soil contained most (87%) of root biomass 

compared to the 300600 mm layer (9%) and the 600-900 mm 
soil layer (4%). In 1992, root biomass on all treatments and at all 
soil depths was less (PI 0.05) than in 1993 (Table 6). Both the 
short and medium height pastures had approximately 70% the 
root biomass of the tall pastures (P< 0.01). There was a 16% dif- 
ference in the tall pastures between 1992 and 1993. The diier- 
ence was 34% and 27% for the medium and the short treatment 
pastures between years, respectively. However, these percentages 
are not entirely comparable since grazing ceased in July 1993. 

The WW-Spar root biomass decreased about 30% during 
spring growth cycle and did not begin to recover until the last 
third of the cycle when reproductive tillers were being produced 
(Coyne and Bradford 1986). In the second half of the growing 
season, when canopy was regrowing, root biomass declined fol- 
lowing the medium and short defoliation treatments. Root bio- 
mass increased when growing conditions improved. The results 
of this study indicate that continuous grazing to maintain very 
short pasture height has an adverse effect on Old World bluestem 
root biomass. Maintaining productivity is probably not possible 
using such intensive grazing. Old World bluestem has exhibited 
an ability to rapidly recover reserves and root biomass late in the 
season (Coyne and Bradford 1986). Therefore, with good grow- 
ing conditions and no grazing late in the season depleted reserves 
and root mass could recover. However, rains are more variable in 
fall than in spring, so a late season rest would be only moderately 
reliable as a means of replenishing root biomass. 

Table 5. Regressions of average daily gain (ADG) against standing crop 
and plant proportions on Old World bluestem pasture grazed at dif- 
ferent heights (~48). 

(1) ADG = (2.05k.38) - (.ooO3~t.0002) 
sti-mdiig crop 

(2) ADG = (.0395 f .0026) live leaf % 

(3) ADG = (.0233 f .0016) live % 

(4) ADG = (.0279 f .0022) total leaf% 

(5) ADG = (.0248 f .0023) live 8 - 
(JO39 * .0042) dead % 

(6) ADG = (.0335 f .OOSO) live leaf % + 
(JO02 i .0106) dead Leaf % 

0.0444 

0.8327 
0.8214 

0.7816 

0.8246 

+ (0.114 * .0070) live stem 8 - 
(JO45 f: .0102) dead stem % 0.8426 

in yield following 67~ 135~ 269 kg ha’ of N fertilizer. Greater 
levels of nitrogen would increase photosynthetic efficiency per 
unit leaf area and maintain a more constant growth rate (Coyne 
and Bradford 1987). This would also probably improve and has- 
ten energy reserve and root biomass recovery in the latter half of 
early and late regrowth cycles (Coyne and Bradford 1986) and 
increase forage quality for most of the growing season. 

Table 6. Root carbon mazs (x1000 = g m”) of Old World bluestem at 3 
soil depths under short, medium, and tall grazing heights. 

Pasture Height Topsoil hlidsoil Bottom Soil Total 
(O-1OOmm) (lOO-200mm) (200-4OOmm) 

-_- -----__---_ (x1CJo=8mmz) -----__-----__- 
Short 0.549b 0.048 0.021 0.618b 
MeditlUl 0.492ab 0.062 0.027 0.581b 
Td 0.726a 0.076 0.041 0.843a 
x 0.590 0.062 0.030 
1992 0.518 0.041 0.025 0.584B 
1993 0.660 0.083 0.034 0.777A 
Means with the same lower case letter are not significant at Pd.05 
hleaos with the same upper case letter are not significant at PcO.05. 

Continuous variable stocking has been shown to overcome the 
inefficiencies of set stocking (Johnson and Parsons 1985). When 
moisture or fertility are not limiting, pastures maintained at a rel- 
atively low leaf area index using continuous variable stocking 
produced less reproductive tissue than pastures kept at greater 
leaf area index. In these circumstances, greatest animal produc- 
tion was associated with treatments that had lower leaf area index 
and plant productivity (Grant et al. 1983; Parsons et al. 1983). 

In this study, where both moisture and nutrients were limiting, 
Old World bluestem displayed the same response but of lesser 
magnitude. Grazing intensively increased the proportion of live 
and dead leaf in the pasture. Animal performance per hectare was 
only marginally greater in the medium and short pasture treat- 
ments. It is possible that with a greater range in forage allowance 
a greater difference would have been obtained regarding the pro- 
portion of leaf, quality of forage and animal performance per 
hectare with increasing forage allowance. Continuous variable 
stocking as practiced in this study would usually be impractical 
under commercial grazing circumstances. The same effect can be 
achieved by using temporary fencing to adjust the grazeable area 
and cutting the balance for hay. 

Forage crude protein did not differ between treatments during 
the vegetative growth phase in spring when forage nitrogen levels 
were relatively high. When the grass began to produce reproduc- 
tive organs and when forage nitrogen levels were lower, forage 
crude protein was greater on the shorter pastures. By splitting fer- 
tilizer applications, as in this study, forage growth, forage quality 
and root and energy reserve replenishment could be significantly 
enhanced. Such management may allow pastures to be grazed 
less intensively to achieve efficient and profitable production that 
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is sustainable from year to year. Volesky (1994) and Volesky et Murphy, B. 1990. Pasture Management. In: CA. Francis, C.B. Butler 
al. (1994) demonstrate that rotational stocking increases utiliza- and L.D. Ring (eds.). Sustainable Agriculture in Temperate Zones. 
tion and production efficiency and may provide a means of main- Wiley-Interscience, N.Y. 

taining root biomass, a high proportion of live leaf and utilization Parsons, A.J., 1.R Johnson, and A. Harvey. 1988. Use of a model to 

efficiency. To improve the utilization and productive efficiency 
optimize the interaction between frequency and severity of intermittent 

of Old World bluestem pastures, it will be necessary to iuvesti- 
defoliation and to provide a fundamental comparison of the continuous 
and intermittent defoliation of grass. Grass and Forage Sci. 43:49-59. 

gate combining rotational stocking and better soil fertility man- Parsons, AJ., E.L. Leafe, B. Coiiett, P.D. Penning, and J. Lewis. 
agement while identifying how these plants respond physiologi- 1983. The physiology of grass growth under grazing. II. 
tally to such treatments. Photosynthesis, crop growth and animal intake of continuously grazed 

swards. J. Appl. Ecol. 20:127-139. 
Sims, P.L. and CL. Dewaid. 1982. Old world bluestems and their for- 
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Abstract 

We evaluated the impact of packstock grazing on a dry, upper 
timberline meadow. Horses were picketed on 15 m ropes for dif- 
ferent durations, months, and frequencies over 3 summers. 
Before horse grazing, we estimated vegetal, bare soil, litter, rock, 
and moss cover, measured grass and forb plant heights, counted 
grass and forb stems per area, and determined the percent of 
plants grazed. These measurements were repeated 1 growing sea- 
son later. More bare ground and less litter and vegetal cover 
were recorded 1 year following single S- or B-hour grazing 
events. Single grazing events of &hour duration had no effect on 
cover. Decreases in vegetal cover were associated with reduced 
stem numbers. Eighteen hour picket durations reduced subse- 
quent year production of grass and forb stems. We discuss the 
diffkulties encountered in this study, including estimates of nec- 
essary sample sizes, to help in the design of future studies. 

Key Words: horse, grazing response, ground cover, plant growth 

Management of wilderness or natural areas is no longer a ques- 
tion of whether it is necessary but how it should be carried out. 
Although wildland ecosystems may sustain some human or 
domestic animal use without altering the processes that sustain 
the native plant and animal communities, the need to manage 
such areas (hereafter referred to as wildland areas) has been rec- 
ognized for many years (Kmmpe and McLaughlin 1987). Policy 
makers and managers of wildlands are faced with the paradox of 
protecting unique ecosystems or areas with little human develop- 
ment while allowing recreational use (Kuss and Graefe 1985, 
Cole 1987, McClaran 1989, McClaran and Cole 1993). 

One impact of wildland recreational use is packstock grazing. 
The level of grazing impact is affected by the intensity, frequen- 
cy, and season of defoliation and the status (grazed or ungrazed) 
of neighboring plants. In areas with short growing seasons, graz- 

This project was funded by the Intermountain Research Station, Forest Service, 
USDA. and the Montana Agricultural Experiment Station. We appreciate the 
advice from David Cole (USFS. hfissoula. Mont) and the helo of all the field 
workers. We thank Joho f&y, Matt Lavin, Ji pfister, and 2 joarnal of Range 
Management reviewew for their comments. 

hlanascript accepted 20 Dec. 1995. 
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ing impacts on plants may not be expressed until the following 
growing season (Olson and Richards 1988). From livestock graz- 
ing studies, we know that heavy and multiple defoliations will 
result in changes that are apparent the following growing season 
such as reductions in biomass production (Cook et al. 1958, 
Trlica et al. 1977, Miller and Donart 1981), leaf or culm length 
(Cook et al. 1958, Trlica et al. 1977, Edwards 1985, Olson and 
Richards 1988), number of seed heads or flowers (Cook et al. 
1958, Mueggler 1975, Edwards 1985), crown size, root and 
crown TNC concentrations (Trlica et al. 1977, Miller and Donart 
1981), root growth (Cook et al. 1958, Richards 1984), and num- 
ber of tillers per area (Stout et al. 1981). Declines in some or all 
of these measures suggest an adverse affect on plant growth and 
reproduction which can create opportunity for invasion or expan- 
sion of other species (Forcella and Wood 1986, Silvertown and 
Smith 1989). Invasion of wildland plant communities by species 
that are not native to the area or expansion of species restricted to 
certain habitat types will change the character of the area, possi- 
bly reducing its pristine wilderness value. 

While the principles of livestock grazing may apply to pack- 
stock grazing, the response of high elevation plant communities 
has received lime study. Also, management objectives of wild- 
land areas often differ from those of livestock production systems 
(McClaran and Cole 1993). Wildland management objectives 
may include maintenance of species diversity or to protect specif- 
ic organisms. The ideal may be to manage for no change, yet lim- 
its of acceptable change should be defined (Krumpe and 
McLaughlin 1987). Grazing management research in wildland 
areas needs to address how such areas respond to use, and which 
community responses can be used to indicate acceptable or unac- 
ceptable change (McClaran and Cole 1993). Our objective was to 
determine the tolerance of a mountain meadow plant community 
to packstock grazing. Such information can help managers devel- 
op packstock grazing guidelines. 

Methods 

The study site is a dry, southwest sloping, upper timberline 
meadow at 2660 m on the Bumtfork of the Bacon Rind drainage 
in the Lee Metcalf Wilderness Area in southwestern Montana. 
The area is classified as a Festuca idahoensis/Elymus trachy- 
caulus habitat type (Mueggler and Stewart 1980) with fine tex- 
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tured soils of the Cryoboroll or Cryochrept group (Montagne et 
al. 1982). Records of the Hebgen Ranger District, Gallatin 
National Forest, indicate that the area was never part of a live- 
stock grazing allotment. There are no lakes or streams and the 
area is closed to hunting, therefore, the meadow is used little by 
recreational pa&stock, but is used frequently by elk (Cervus elu- 
phus eluphus). 

By picketing horses (Equus caballus) on this meadow we were 
able to impose a known amount and season of horse use. In 1988, 
horses were picketed on a set of circles for 4 durations (0,4,8, 18 
hours) in each of 3 months (early July, mid August, mid 
September). The 4-hour circles were grazed for 4 consecutive 
hours, the 8-hour circles for 4 hours in both morning and evening, 
and the l&hour circles for 9 hours a day for 2 consecutive days. 
There were 4 replicate picket circles per grazing treatment (dura- 
tion by month) for a total of 48 circles. Horses were initially 
assigned randomly to duration and replicate. When possible, the 
same horse was assigned to the same duration in subsequent 
months. 

In 1989 we repeated the treatments on another ungrazed part of 
the same meadow. In addition to the earlier grazing duration by 
month treatments, we added another treatment involving repeated 
use of the same picket circles. To achieve this treatment, 4 circles 
were grazed for 4 hours and another 4 were grazed for 8 hours 
each month (July, August, and September). This treatment was 
identified as JAS. Jn 1990, the 1989 circles were regrazed with 
the same grazing treatment as applied in 1989. 

Circles were 15 m in diameter. Four transect lines (bearing N, 
S, E, W) were marked in each circle. A 2 X 5 cm frame (Morris 
1973) was placed perpendicular to the transect line at 0.30 m 
intervals. Twenty-five such frames were read on the N and S 
transects. Only the outer 4 m of the E and W transects (14 frames 
each) were sampled to avoid oversampling the circles’ centers. 

Before grazing the following data were collected from each 
frame: 1) estimated percent cover of mineral soil, rock, 
moss/lichen, litter, and basal vegetation in 10% increments, 2) 
separate stem counts of grasses and forbs, 3) height class (0 = no 
plants, 1 = &2 cm, 2 = 2-4 cm, 3 = 4-12 cm, 4 = 12-24 cm, 5 = 
> 24 cm) of the tallest plant material of the dominant (according 
to stem count) vegetation type (grass or forb) in 1988, and of the 
tallest grass and forb thereafter, 4) whether grasses or forbs were 
grazed to quantify elk grazing (except in 1988), and 5) penetra- 
tion resistance of the top 1 cm soil layer with a pocket ring pen- 
etrometer. We collected four, 20 cm soil cores from each circle to 
determine percentage of soil water content. In September 1988,6 
inches of snow prevented us from taking pregrazing measure- 
ments. 

All parameters were remeasured in August 1989 on the circles 
grazed in 1988, and in July 1990 and 1991 on the circles grazed 
in 1989 and regrazed in 1990. All data were summarized to a 
mean measurement per circle. We calculated the proportion of 
frames with plants in each height class and the percent of frames 
with grazed plants. Cover, height class, and grazed plant frequen- 
cy were arcsine-squareroot transformed to achieve a near normal 
data distribution to accommodate analysis of variance. 

Initially we calculated a relative index of change (Cole 1987) 
from pregrazing values to measurements taken 1 year later. 
However, high standard errors and high index values for the con- 
trols (sometimes greater than 7,000 when they should be 1), made 
the validity of this index for these data questionable and the index 
was not used. To control for external environmental variables and 

differences among circles before grazing, we calculated the dif- 
ference between the initial, and 1 or 2 year later values (1989- 
1988, 1990- 1989, 1991-1989). These values include an effect of 
month when pregrazing data were collected, therefore we can 
only compare grazing durations within a month. 

We used analysis of variance with duration (hours on picket), 
vegetation type (grass or forb), and vegetation type by duration 
interaction in the model. Replication within duration was used as 
the error term. We included soil moisture, soil penetration resis- 
tance, and soil, vegetal, and litter cover as covariates in the analy- 
ses of stem counts. Covariates were excluded if they were not 
significant or parameter estimates (slope or intensity of the infhr- 
ence) were biologically insignificant. We used CL = 0.10 for all 
tests. 

We failed to find statistically significant differences among 
treatments. Therefore, we calculated power curves (Rotenberry 
and Wiens 1985) to estimate the number of replicate picket cir- 
cles (N) necessary for us to detect differences among grazing 
durations (o! = 0.10, 8 = 0.25, effect size selected according to 
variable tested) or the difference among durations (effect size) 
necessary for us to detect a grazing effect with 75% probability 
(a= 0.10, N = 4, I3 = 0.25). 

ReSUltS 

Four picket circle replicates were insufficient to detect a statis- 
tically significant effect of grazing duration on bare soil, litter, 
vegetation, rock, and moss cover, and stem counts the year fol- 
lowing grazing. Therefore, we present treatment means and stan- 
dard errors (Table 1, Table 2, Fig. 1) and discuss patterns of 
change which are consistent among years and with known possi- 
ble influences of grazing on plant communities. 

Ground Cover 
To detect a difference among grazing durations of a change in 

cover of 10 % (e.g. treatment A changed from 10 to 20% litter, 
while treatment B changed from 10 to 30% litter), we would have 
needed 4 to 190 replicate circles, depending on cover type, 
month, and year grazed. However, the means suggest a pattern of 
grazing induced change (Table 1). Eighteen hours grazing in 
August 1988, and 4, 8, and 18 hours grazing in August and 
September 1989 reduced the percentage of vegetal cover relative 
to the ungrazed circles the following year. There was a corre- 
sponding increase in percentage of bare soil. Grazing did not 
affect litter or rock cover differently from the ungrazed controls. 
Changes in moss cover varied from year to year but were not 
influenced by grazing. Circles grazed repeatedly through the 
summer (JAS) were not impacted more than circles grazed only 
once. 

After 2 years of grazing (Table 2) most grazing treatments had 
more bare soil with a corresponding loss of litter rather than veg- 
etal cover. All treatments (grazed and ungrazed) had less moss 
cover in 1991 than in 1989, but slightly more vegetal cover. Rock 
cover did not change over this period. 

Plant Stem Numbers 
Stem counts on the ungrazed circles averaged 4 per 10 cm2 for 

grasses, and ranged from 3 to 7 for forbs, depending on month. 
To detect differences among grazing durations in the change in 
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Table 1. The change in % of ground cover from year grazed to the fol- 
lowing summer by year, month, and duration (hours) grazed (mean + 
=a. 

(How 
1988 0 
Jul 4 

8 
18 

Aw 0 
4 
8 

18 
Sep’ 
1989 0 
Jld 4 

8 
18 

Aw 0 
4 
8 

18 
Sep 0 

4 
8 

18 
JAS4 4 

8 

---_-- 
8*3’ 

15 *-9 
l&6 
9 *-1 
5*4 
627 
8i6 

18zt4 

-6k.5 -6i8 
-11*3 -3 zt 6 
-12*2 -2rt5 

I*7 -15*3 
0*5 8i4 

-1*15 -9i5 
-12zt5 -10*7 

YfSU Duration Cover 
&Month Grazed soil Vegetal Litter Rock Moss 

-____-__---- 
O&O 2*4 
1+2 -5 f 6 
I+1 1*9 
4+1 1*5 
Ok.1 932.7 
2+1 2zt6 
3+2 -1*2 
3+1 2zt4 

10 f 93 
14i8 
5ilO 

IO*8 
3*6 

13i6 
12i5 
ll*5 
9*4 

1112 
16sz.9 
22*4 
7i5 

1216 

5*1 -8ztl 
7*1 -2~~14 
8zt.2 -7ttll 
4*2 -7k.2 

1014 -5*7 
2*1 -6*8 
2*2 -1 f 12 
322 -5*7 
6ztl -7*4 
2 Et-1 -8i6 
313 -10 f 10 
2*1 -14i4 
4*1 -7 f 7 
6* 2 -1lrt9 

I+1 -7 *-3 
-2+1 -18*7 
O&l -6&t_3 
O&l -7 f 8 
O+l -7*3 
o+o -9324 
I+1 -14~1~8 

-I+1 -8zt5 
-1 f. 1 -9*4 
l*l -9 zt 6 
O&O -7*14 

-l*O -9*2 
O&O -4i3 
O&l -6i4 

‘These values were calculated by subtracting the 1988 tIom the 1989 cover values. 
A negative value indicates a dee- in cuver fmm 1988 to 1989. 
2Scptembcr 1988 pregrazing data mhig. 
%hes.e values were calculated by subtracting the 1989 from the 1990 cuver values. 
A negative value Indicates a decrease io cover fmm 1989 to 1990. 
4Circles were grazed each month, July - September. 

stem counts, 1 grazing treatment would have to change by more 
than 3.5 stems than another treatment during the year. For exam- 
ple, a grazing treatment would have to increase from 4 stems per 
10 cm2 1 year to 12 stems the next year to be significantly differ- 
ent from a treatment which changed from 4 to 8 stems. To reduce 
the detectable difference (3.5 stems) to 1 stem would require 10 
to 50 replicate circles depending on vegetation type, month, and 
year grazed. 

There were, however, trends in grazing impacts on grass and 
forb stem counts (Fig. 1). Forb stem counts declined from 1988 to 
1989 on all July circles, but the decline was less on the grazed 
than on the ungrazed circles (Fig. la). Eighteen hours of grazing 
in August 1988 reduced both grass and forb stem counts the fol- 
lowing year (Fig. la). 

The meadow grazed in 1989 responded similarly. Eight and 18 
hours of grazing in July increased the number of forb stems rela- 
tive to the ungrazed circles. Forb stem counts were not affected 
by grazing in August and September (Fig. lb). Grazing for 18 
hours in July 1989, any grazing in August and September 1989, 
and repeated grazing during the summer 1989 (JAS) reduced 
grass stem counts in 1990 when compared to ungrazed circles 
(Fig. lb). Changes in stem counts from 1988 to 1989 and 1989 to 
1990 were not influenced by soil moisture, soil penetration resis- 
tance, or ground cover. 

After 2 consecutive years of grazing, the July 8- and IS-hour 
circles had less grass and more forb stems (Fig. lc) than the con- 
trols. August and September grazing had little influence on forb 

numbers. However, 8 hours of grazing in August and 8 and 18 
hours of grazing in September reduced grass stem counts (Fig. 
lc). Two summers of repeated grazing during the summer (JAS) 
did not affect grass or forb stem counts (Fig. lc). 

The grazing treatments did not influence elk grazing the fol- 
lowing summer. Elk grazed 14.7 + 1.1% (mean + standard error) 
of the grasses and 9.9 i 1.0% of the forbs by August 1989 across 
all circles grazed by horses in 1988. By July 1990, elk had grazed 
7.7 + 0.8 and 8.9 f 0.7% of the grasses and forbs, respectively, 
on circles grazed by horses in 1989. After 2 years of horse graz- 
ing the elk grazing was uniform across all circles. By July 1991, 
elk had grazed 6.9 -I 0.6% of the forbs and 7.3 it 0.7% of the 
grasses. 

Discussion 

While the meadow we worked on appears to be resilient to 2 
summers of moderate to heavy grazing, our abiity to detect sig- 
nificant grazing effects may have been limited by too few picket 
circle replicates. Yet, consistent patterns among grazing treatment 
means indicate that picketed horses could cause some changes on 
grazed areas depending on season and duration of grazing. 

Picketing for 8 or 18 hours in mid- to late summer increased 
bare soil the following year and decreased vegetal or litter cover. 
The decrease in basal vegetal cover was reflected in reduced 
grass stem counts. Grasses grazed during flowering produce 
fewer tillers per unit area (Stout et al. 1980, Stout et al. 1981) or 
have lower tiller replacement (Olson and Richards 1988) than 
ungrazed plants. Forbs similarly produce fewer inflorescence if 
defoliated just before or during flowering (Blaisdell and 
Pechanec 1949, Mueggler 1967, Edwards 1985). 

Mid-summer 1988 was extremely dry (NOAA 1988) and the 
grasses were flowering in July. Grazing at this time may have 
given the forbs a competitive advantage, thus the smaller 
decrease in forb stem counts from 1988 to 1989 on the grazed 
than the ungrazed circles (Fig. la). By August the forbs were 
either flowering, and thus sensitive to defoliation, or dried and 

Table 2. The change in % of ground cover from 1989 to 1991 by month 
and duration @ours) grazed (mean + SE). 

Y&X Duration Cover 
&Month Grazed Soil Vegetal Litter Rook Moss 

(Ho”6 
Jill 0 

-;;61 ----------- (%) -_-----_------- 
6*6 4*7 -lio -8zt4 

4 12*6 lOi -2zt6 -2rtl -18*8 
8 3i3 5*6 -3*4 2*2 -623 

18 9rt6 5*5 0+9 O*l -13 f 14 
Aw 

I: 
0*2 7*5 4*5 O*l -11*5 
8*7 7*5 -2zt4 -211 -1*5 

8 10*7 6*5 -2~t4 Ii0 -15329 
18 5*3 6*6 0*7 -1 i 1 -9*5 

W 0 5*5 8i5 -5 + 6 -I*1 -714 
4 18i5 8*9 -8*5 o*o -18*11 
8 9i5 3*6 3~t8 010 -15*5 

18 20*4 6*5 -16tt3 -l*O -9*2 
JAS’ 4 1*3 6*7 -I*7 010 -6+4 

8 lOzt.3 9*7 -8zt5 -I*0 -8i6 
hese values were calculated by subtracting the 1989 fmm the 1991 cover values. 

4% 
negative value indicates a decrease cover from 1989 to 1991. 

ese circles were grazed each month, July -September. 
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brittle, and thus broken by trampling. The grasses were more 
resistant. After 18 hours of grazing both grasses and forbs were 
defoliated by grazing or trampling and produced fewer stems the 
following year (Fig. la). 

Even though grazing in July 1989 occurred during the flower- 
ing phase of most grasses the number of grass stems were not 
reduced until the grazing duration reached 18 hours (Fig. lb). 
Forbs appeared to benefit from heavy grazing (8 and 1X hours) in 
July (Fig. lb), but were not influenced by grazing in August or 
September. In contrast, grazing during August and September or 
repeated grazing (JAS circles) reduced the number of grass stems 
per 10cmz when compared to the ungrazed controls during 1990. 

Defoliation may reduce leaf (Mueggler 1972, 1975, Edwards 
1985) or stem lengths (Mueggler 1967, 1972, Trlica et al. 1977, 
Stout et al. 1980, Stout and Brooke 1987, Olson and Richards 
1988) the following growing season. However, our height class 
categories were too broad (~2, 2-4, 4-12, 12-24, and >24 cm) 
for us to detect changes in plant heights in response to grazing the 
previous year. Plant height reductions following defoliation in 
other studies (Mueggler 1972, 1975, Trlica et al. 1977, Stout et 
al. 1980, Stout and Brooke 1987) would not have resulted in plac- 
ing the plants in lower height classes in our study. We also had 
high variability among circles, making data interpretation dii- 
cult. Therefore, these data were not presented. 

We encountered several diiculties in the design, analysis, and 
interpretation of this study. First, stem counts and plant heights 
vary through a summer and among species. By counting stems 

5.0 8) 1080 r&m 1088 

2 5.01 b) 1000 minus 108Q 

5.0 

25 

0.0 

a.51 ' ' ' ' 
I I I I I I I t I 

0 4 616 0 4 616 04616 46 

JI1 krg -P JAS 
Month and duration of grazing 

Fig. 1. Change in stem counts (following year minus initial year) per 
lOcm* by year, month and duration grazed. a) pregraziog 1988 to 
1989, b) pregrazing 1989 to 1990, and d) pregrazing 1989 to 1991. 
Lines depict 1 standard error. 

and measuring height classes across species within a vegetation 
type, the data had high variance. Grazing and sampling the num- 
ber of picket circles required to adjust for such variance is not 
feasible. This point is critical because wilderness rangers often do 
not have the time to measure more than a few points within a 
meadow of interest during any given year. Although managers 
hope to set grazing guidelines which minimize community 
changes, we may need to select keystone genera or species 
because the systematic categorization of all plant community 
types’ response to grazing may be an unrealistic goal. Use of a 
keystone species would allow a more rigorous evaluation of the 
effects of intensity, timing, and frequency of defoliation on 
selected plant species in high elevation plant communities. 
Measuring changes in ground cover over time may require less 
intensive sampling but may miss impacts on critical plant species. 

Evaluation of community response becomes difficult from a 
statistical perspective. Ideally, measures on all grazed circles 
would be taken at the same time, regardless of month grazed. 
However, high elevation meadows change rapidly through the 
summer. Some species such as those in the Liliaceae family go 
through their life cycle within weeks and may not be accounted 
for if the meadow is “measured” at only 1 point during the grow- 
ing season. Yet, by taking pregrazing measurements at different 
times during the summer, we could not statistically compare 
effects of grazing in different months. 

The cumulative impact of several years’ grazing depends on 
plant phenology at the time of grazing. Our circles were grazed 
according to calendar dates rather than plant phenology because 
of logistical constraints. Plant phenology on a given date diiers 
from year to year. Therefore, we did not get a strong cumulative 
effect after just 2 years grazing. From an ecological perspective, 
grazing by calendar dates makes interpretation of plant response 
difficult. However, wildland area managers have limited 
resources and may be unable to manage packstock grazing 
according to plant phenology. Therefore, from a manager’s per- 
spective, studying community response based on calendar dates 
may be most appropriate. Either way, the plant communities must 
be monitored over more than 2 years to assure objectivity when 
determining packstock grazing effects. 

Finally, some plant communities have evolved with distur- 
bance, for example by heavy elk grazing or burrowing animals. 
These communities may show little change in response to the 
added disturbance of 2 or 3 years of packstock grazing. The 
meadow we worked on may be such a type and many years of 
packstock use may be necessary before demonstrable changes 
occur. 

Conclusion 

We had insufficient replication (N = 4) per grazing treatment to 
detect statistically significant changes in stems counts, ground 
cover, and plant heights after 1 and 2 years of grazing. The 
required sample sizes, as well as other difficulties encountered in 
a study are probably indicative of the monitoring limitations 
wildland managers face. The data do, however, suggest that a sin- 
gle period of heavy grazing (18 hours per picket circle) or moder- 
ate (8 hours) repeated grazing through a summer can reduce veg- 
etal and litter cover, increase bare soil cover, and reduce grass 
stem counts. These changes could be the precursors to a shift in 
plant community composition. 
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Measures of plant productivity which best indicate plant 
response to grazing vary among species (Cook and Child 1971, 
Mueggler 1975). While the appropriate plant response to measure 
depends on the management objective, plant stem counts or 
ground cover may bc useful indicators of the effects of packstock 
grazing on wildland plant communities. These measures integrate 
all direct and indirect effects of grazing on a plant species or veg- 
etation type. The critical consideration is how many measure- 
ments can be taken within each grazing area with the resources 
available to the local manager. 

By controlling when, how long, and how frequent packstock 
graze a meadow, recreational horse use may be managed to meet 
desired wildland management objectives. The challenge of man- 
aging wildland packstock use is to develop a mutually supported 
packstock management plan which can then be monitored with 
the resources available to the local wildland manager. 
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Abstract 

Recreational packhorse grazing is one of many uses of high ele- 
vation wildland meadows. We quantified the behavior of horses 
grazing on an upper timberline meadow in southwestern 
Montana and the immediate impact on the plant community. 
Horses were picketed on 15-m diameter circles for different 
durations (0,4,8,X3 hours), months (July, August, September), 
and frequencies (1 month only, all 3 months) over 3 summers. 
We recorded the amount of time horses spent grazing or resting, 
horse movement while grazing, plant height, and grazed plant 
frequency before and after grazing. Grazing was the dominant 
activity throughout the trial. After an initial 3-4 hour feeding 
bout, horses continued to graze intermittently. When not graz- 
ing, horses rested more than walked. Horses grazed a higher per- 
cent of grasses at fmt (4 hour picket duration) but the percent of 
forbs grazed increased with increased time on picket. After 18 
hours of use, or after repeated use on the same picket circle 
through the summer, more than 50% of the grasses and 20% of 
the forbs had been grazed and tallest plant material was less than 
12 cm tall. Recreational packhorse management should include 
previous training (picket grazing experience), limiting time on 
specific circles to 8 hours or less, and using picket circles only 
once each season. 

Key Words: diet selection, forage removal, horse, mountain 
meadow 

Range management practices have been developed largely to 
enhance or maintain a sustained level of productivity from range- 
lands. Thus, the change in plant community composition induced 
by grazing is usually balanced with economic concerns. Such 
management philosophy is generally accepted for use on most 
rangeland, but it may be unacceptable for Wilderness Areas (Cole 
1989, McClaran and Cole 1993). Changes in vegetation composi- 
tion would be unacceptable regardless of the potential economic 
output because the loss or diminution of the “naturalness” of a 
wilderness site reduces its value as wilderness (Stankey and 
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Schreyer 1987). Most grazing literature addresses plant or animal 
production issues which may not be pertinent to wilderness man- 
agement problems (Cole 1987, McClaran and Cole 1993). 

In July 1988 we began a field study to quantify horse (Equus 
cuballus) grazing impacts on an upper timberline meadow in a 
federally designated wilderness. We simulated recreational pack- 
horse management by grazing horses on picket circles and tying 
them to a high-line when they were not grazing or being ridden. 
We quantified horse behavior while on pickets and recorded pro- 
portion of grasses and forbs grazed and plant heights immediately 
before and after horses grazed. Comparisons of grazing induced 
changes were made with similar measurements taken on nearby 
ungrazed areas and may be useful in assessing horse grazing 
impacts and developing wilderness management guidelines. 

Methods 

Study Site 
Grazing experiments were conducted in a 40-50 ha 

meadow/timber complex in the headwaters of Bacon Rind Creek. 
This stream lies within the Lee Metcalf Wilderness of southwest- 
em Montana at approximately 111”10’ longitude and 44% lati- 
tude. The study site is characterized as an upper timberline mead- 
ow (2,700 m elevation) with fine, textured soils of the Cryoboroll 
or Cryochrept group (Montagne et al. 1982). The plant communi- 
ty is classified as a Festuca idahoensis/Elymus trachycaulus habi- 
tat type (Mueggler and Stewart 1980). While large numbers of 
elk (Cervus eluphus eluphus) use the area during summer and 
early fall, records of the Hebgen Ranger District, Gallatin 
National Forest, indicate that the area was never part of a live- 
stock grazing allotment. In addition, there is little recreational 
horse use in the area because of limited hunting and fishing 
opportunities. Thus, we considered the plant community at our 
study site undisturbed by human or domestic animal activity. 

Grazing Treatments 
Horses were constrained to a given area for grazing by a 15 m 

picket rope. By attaching 1 end of the rope to a horse’s front foot 
and tying the other end to a metal stake in the ground, each horse 
grazed a circular area of 175 m’. The grazing treatments were a) 
the duration a circle was grazed (0 = ungrazed control, 4,8, or 18 
hours) and b) the month the circle was grazed (July, August, or 
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September). In 1988, there were 4 replicate circles per month by 
duration combination for a total of 48 circles which were ran- 
domly interspersed on a 3 ha portion of the meadow. 

In 1989, we applied the same treatments to a different 3 ha por- 
tion of the same meadow. We included circles which were grazed 
repeatedly during the summer (frequency) to assess the impact of 
repeated visits to a given site. These circles were grazed for 4 or 
8 hours in July, again in August, and for a third time in 
September (hereafter referred to as JAS circles). All 56 circles 
used in 1989 were regrazed in 1990 with the same month, dura- 
tion, and frequency treatment. 

We used mature Quarter Horses trained to grazing on pickets 
while on pack trips in previous summers. The 4-hour circles were 
grazed a continuous 4 hours. The 8-hour circles were grazed 
twice each for 4 hours. Horses grazing these circles were placed 
on the pickets in mornings and again at evening. The 18-hour cir- 
cles were grazed for 9 continuous hours on each of 2 consecutive 
days, beginning in the morning. The horses watered after their 
grazing time, except those grazing for 9 hours which were also 
watered mid-way through their 9 hour grazing time. Horses were 
maintained on a high-line when not on a treatment picket or being 
ridden. Individual horses were assigned to the same duration of 
grazing in ah months. There were 4 to 12 horses grazing at any 
given time and all grazing treatments were applied over a 3 day 
period. 

Horse Behavior and Plant Measures 
Picketed horses were observed in 1988 and 1989. Horses were 

not observed while grazing the repeatedly grazed (JAS) circles. 
Beginning l/2-hour after picketing, each horse was watched for 
15 continuous seconds every 5 minutes for the next l/2-hour. The 
l/2-hour observation periods were alternated with l/2-hour of no 
observations. During the 15 second observation we noted whether 
the horse grazed, traveled, or rested, and the number of grazing 
stations used. Grazing stations were defined as areas grazed that 
were separated by at least 2 steps taken by the horse. This obser- 
vation method was a combination of a focal animal and instanta- 
neous sampling method (Altmann 1964). The 15 second focal 
period was necessary to get information on grazing stations, but 
short enough to enable observing all horses within a few minutes, 
therefore similar to an instantaneous sampling method. Jacobsen 
and Wiggins (1982) found instantaneous sampling to have the 
highest correspondence between estimate and actual time-in- 
activity if the intervals between sampling were less than or equal 
to 5 minutes, which ours were. However, because of the 15 sec- 
ond observation period, more than 1 activity could occur and be 
recorded at 1 observation time. 

To determine whether month or duration of grazing influenced 
horse behavior on the picket circles, we calculated the average of 
the proportion of observations in which grazing, resting, or trav- 
eling occurred during each lIZhour observation period, per 
horse. These data were analyzed as an AOV (SAS 1988) with 
month and duration of grazing as main effects and replicate 
(horse) within grazing duration as error term for duration. 

To determine whether horses rest quietly or walk when finished 
with grazing, we used a step-wise regression to test the correla- 
tion between hourly proportion of observations in which horses 
were grazing and hourly proportion of observations where horses 
were resting. The model was, 

graze = hour + hoti + month + stint + rest (1) 

where graze and rest are hourly proportions of the respective 
behaviors, hour is the actual hour on the picket circle (l-9), 
month is the month of grazing, and stint is the time the horse was 
on the picket (1 for all 4-hour horses, 1 or 2 for the 8 and 18-hour 
horses depending on whether the horse was on the circle for the 
first or second half of the total duration of grazing). 

We tested for a linear and quadratic relationship between 
hourly grazing observations and time (h) on picket circle (GLM, 
SAS 1988) by month of grazing. Number of grazing stations was 
analyzed in the same manner. 

Plant measurements were recorded before and after horses 
grazed. Measurements were made in 2 X 5 cm frames at 0.30 m 
intervals along N to S and E to W diameter transects. Only the 
outer 4 m of the E and W transects were measured to avoid over 
sampling circle interiors. In 1988 we noted the height class (0, no 
plant present; l, O-2 cm; 2,2-4 cm; 3,P12 cm; 4,12-24 cm; 5, 
> 24 cm) of the tallest plant material. In 1989 and 1990 plant 
height classes were recorded for the tallest of each plant type 
(grass and forb) and we noted whether any grasses or forbs had 
been grazed within the 2 X 5 cm frame. 

To describe the immediate impact of horse grazing on plant 
heights, we analyzed both the post-grazing and the change in 
(post- minus pregrazing) the proportion of plants in each height 
class with an AOV. The model had grazing duration, grazing 
month, and vegetation type (grass or forb) as main effects with all 
2- and 3-way interactions. There were many significant interac- 
tions, which are hard to interpret. Therefore, we present the mean 
monthly means and standard errors of the proportion of plants in 
each height class after horse grazing. 

The percentage of plants grazed before horses grazed the cir- 
cles was attributed to elk grazing. To determine how much the 
horses grazed, these pregrazing values should be subtracted from 
the percentage of plants grazed after the horses were removed. 
However, to contrast the impact of a single grazing with 3 graz- 
ings per summer we had to analyze the percentage of plants 
grazed after the horses fished grazing, because on the repeated- 
ly grazed circles (JAS), once the horses had grazed the circles, we 
could not, in subsequent pregrazing measurements, distinguish 
between elk and horse use. On those circles grazed only once 
during the summer, month of grazing did not influence plants 
grazed, therefore we present the means of monthly means and 
monthly standard errors. Values presented for the JAS4 and 
JAS-8 circles represent percentage of plants grazed after the 
September grazing treatment. 

We used stepwise regression (SAS 1988) to analyze the propor- 
tion of grasses and forbs grazed by horses as a function of actual 
hours horses grazed, proportion of plants taller than 12 cm before 
grazing, and proportion of plants taller than 24 cm before graz- 
ing. We expect fewer plants to be grazed in tall than short vegeta- 
tion. Also, a tight relationship between plants grazed and time 
spent on pickets or hours grazed would indicate grazed plant fre- 
quency could be used by managers to estimate how many addi- 
tional hours horses could graze an area to reach a given level of 
plant use. These analyses were done with the 1989 data, the only 
year we collected both proportion of plants grazed and horse 
behavior data. 

With all data, years were analyzed separately. To meet normali- 
ty assumptions, proportions and percents were arcsine square- 
root transformed for analyses, but arithmetic means and standard 
errors are presented. We chose a= 0.10 for ah tests. 
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Horse Behavior 
In 1988 horses grazed during 7O%ti.6 (i average monthly SE 

among horses) of the observations, rested during 34.5%~6.5, and 
walked during 3.9%+1.5. These do not add to 100 because more 
than 1 behavior could be noted during a 19second observation 
period. The month or duration spent on picket circles did not sta- 
tistically influence how horses spent their time. 

In 1989, horses spent more time grazing, and less time resting 
or walking than in 1988. In July and August 1989, horses spent 
more time grazing (88.1%&g) and less time resting (10.7%&g) 
than in September 1989 (78.6%&.5 and 20.3%ti.5 respective- 
ly). Time spent walking was the same all 3 months (1.5%&.8) of 
1989. 

There was a moderate negative correlation between grazing and 
resting in 1988 (Partial correlation coefficient = 0.56, slope esti- 
mate = -0.69). The correlation was lower in July than in August 
and September (data not shown). The correlation was stronger in 
1989 (Partial correlation coefficient = 0.97, slope estimate = 
-1.05) than in 1988 and consistent across months. The correlation 
did not change over the course of time on the picket line. 

Time spent grazing and grazing stations used over time on the 
picket circle did not fit a linear or quadratic pattern. The horses 
tended to graze avidly during the first 3 to 4 hours and intermit- 
tently during the rest of the time on the picket circle (Fig. 1). 
Number of grazing stations was consistent between years (data 
not shown), among months, and throughout the duration on the 
picket circle (Fig. 1). 

Plant Impact 
Plant height class distributions changed with grazing (Fig. 2). 

In 1988 more plants were measured in short (~4 cm) than tall (A 
cm) height classes as grazing duration increased (Fig. 2a). 
Although a similar relationship was found in 1989 (Fig. 2b), 
more hours of grazing were required in 1989 to produce a similar 
post-grazing plant height distribution as in 1988. In 1989, grass 
heights appeared to be reduced more than forb heights. The 
impact of grazing was similar in 1990 (Fig. 2~). Grass heights 
were reduced as grazing duration increased, however, forb 
heights changed little even after 18 hours of grazing. In 1990 
there were more tall grasses and forbs than in 1989 (Fig. 2b,c O- 
hour). 

The cumulative impact of repeated grazing through the summer 
(JAS-4, JAS-8) on plant height class distribution was severe (Fig. 
2b,c). By the end of the summer most plants on the repeatedly 
grazed 8-hour circles (JAS-8) were shorter than 12 cm (height 
classes 4 and 5), which is lower than on the circles grazed once 
for 18 hours. After repeated grazing, grasses and forbs in the 8- 
hour circles appeared to have the same height class distribution. 
In contrast, after repeated Chour grazing most forbs were less 
than 2 cm tall while most grasses were in the 4-12 cm height 
class (class 3). This can be misleading, since the controls (O-hour) 
also had a greater proportion of forbs than grasses in small height 
classes and we measured the tallest remaining plant material 
rather than average plant height. 

Percent of grasses grazed increased with duration of grazing 
(Table 1). Forb use was the same after 4 and 8 hours of grazing, 
but increased with 18 hours of grazing. This indicates that horses 
prefer not to graze forbs until they are forced to remain on an area 
for longer than 8 hours. The cumulative impact of repeatedly 

Fig. 1. Hourly proportion of time horses spent grazing and the mean 
number of grazing stations horses used during 15 second observa- 
tion periods. Horses were on pickets for; a) 4, b) 8, and c) 18 
hours. Means are of 4 horses, grazing new picket circles in each of 
3 months over 2 summers. 

grazing 4 and 8 hours through the summer was equivalent to 8 
and 18 hours grazing as single events respectively. The pattern of 
use was the same in both years except that fewer plants were 
grazed in 1990 than in 1989. 

Forb and grass use increased with actual hours spent grazing 
(Equation 2 and 3, H = actual grazing hours, P = proportion 
plants taller than 12 cm), however, grass use did not increase lin- 
early with time. 

forbs = 36.0 + 1.0 H + 242.6 P adj. R* = 0.40 (2) 
grass=28.0+8.5H+0.4W adj. R* = 0.56 (3) 

The proportion of forbs grazed was infhrenced by the proportion 
of forbs taller than 12 cm, whereas grass use was independent of 
grass height. 

Discussion 

Our picketed horses behaved similarly to free ranging horses 
(Archer 1973, Mayes and Duncan 1986, Ralston 1984). They 
grazed during every hour and kept a constant rate of forward 
motion (number of grazing stations) while grazing. Our animals 
spent slightly more time grazing than free ranging horses (Mayes 
and Duncan 1986) and the initial “meal” was slightly longer than 
the 2 to 3 hour initial feeding bouts reported by Ralston (1984). 
This is probably because horses do not voluntarily fast more than 
3 to 5 hours (Ralston 1984). 
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Fig. 2. The proportion of plants in each height class (l, l-2 cm; 2,2-4 cm; 3,4-X2 cm; 4,l2-24 cm; 5, XI4 cm) after 1 graziug event of 0,4,8, 
or 18 hours and repeated grazing of 4 or 8 hours through the summer (JAS-4, JAS-8). The picket circles were grazed in; a) 1988, b) 1989, 
and c) 1990. Means and standard errors are the average monthly means and standard errors (N=4 in each of 3 months). The LSD = 0.08. 

As the horses became accustomed to the area, they spent more 
time standing and resting rather than walking around on the pick- 
et line when not grazing. Exercised horses also tend to be more 
relaxed and move around less while on picket lines (Dnren et al. 
1989). Horses that stand quietly when not grazing could be left 
on picket lines, whereas those horses that are restless may 
increase damage to meadow communities through trampling. 

Our data describe the behavior and impact of horses on 15 m 
picket ropes. Handling or picketing methods may influence hors- 
es’ grazing behavior. Horses picketed on ropes less than 3 m may 
not graze because they believe they are tied (Dnren et al. 1989). 
Electric ribbon fence may become popular for containing horses 
because horses train easily to its use and there is little risk of 
injury. If properly managed such fencing could distribute a small 
amount of impact over a large area. However, the temptation 
would be great to treat the area as a pasture to hold horses when- 
ever they are not in use. Pastured horses can impact up to 90% of 
the forage on pasture with trampling, urination, or defecation 
(Carson and Wood-Gush 1983). Such impacts may not be com- 
patible with other wilderness uses (Moore and McClaran 1991, 
McClaran and Cole 1993). 

The impact of horses grazing an area may also be infhrenced by 
plant species composition and structure. Horses are selective 
grazers when forage quality and availability is high (Mayes and 
Duncan 1986). Our horses consistently preferred grasses over 
forbs until forage became limiting, sometime after 8 hours on the 
picket. Reiner and Umess (1982) reported similar dietary selec- 
tion by horses grazing an intermountain foothill grass-forb-shrub 
community. Their horses took more grass than forb bites until the 
amount of grass biomass removed reached 65%. When grass bio- 
mass removed was at 75%, forbs dominated the diet. 

We assumed that fewer plants would be grazed in areas where 
the vegetation was taller. Taller plants would provide more for- 
age per plant and be more susceptible to being bent down by 
picket ropes, making them undesirable and covering other plants. 
The data did not support this perhaps because the long durations 
on the picket circles encouraged horses to graze bent over forage 
or because more than 80% of the vegetation was less than 12 cm 
tall before grazing. Short vegetation is less susceptible to being 
bent down and more available for grazing. In areas with taller 
vegetation, plant damage from picket ropes may be a considera- 
tion. 

Table 1. Percent of grasses and forbs grazed after picketing horses once 
for 1,4,8, or 18 hours, or repeatedly iu July, August, and September 
for 4 or 8 hours each time. Means and standard errors on the 0,4,8, 
and 18 hour treatments are the average monthly mean and SE (iV = 4 
horses). 

Duration 
YfXU GIXSS Forbs 

(Hours> (W m 
1989 0 23.5zt5.9 8.7zt.2 

4 41.5i5.8 16.Od.9 
8 52.9k4.1 23.ok4.5 
18 72.4i6.1 36.5iS.O 

JAS-4 56.7i4.1 21.5zt77.1 
JAS-8 77.6ti.l 3Xkt8.0 

1990 0 13.3k5.5 10.76.5 
4 26.4zt7.2 14.3i4.3 
8 41.oi7.0 20.6zt5.8 

1s 54.9k7.1 30.7i7.1 
JAS-4 50.4212.3 25.6i10.4 
JAS-8 69.1iS.9 29.4Lt7.5 
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Our data support a positive relationship between grazed plant 
frequency and hours spent grazing, but we do not recommend 
graze plant frequency be used as the sole indicator to regulate 
horse grazing. Circles grazed either once for 18 hours or grazed 
repeatedly through the summer received heavy use. The immcdi- 
ate impact of such use on a plant community is varied. Since 
some plant communities evolved with disturbance, for example, 
by elk grazing or burrowing animals, horse grazing may have an 
immediate visual impact but not influence the meadow comnumi- 
ty or may influence the meadow at a rate too slow to measure 
during a 2 to 3 year study. 

Picketed horses fed avidly for 3 to 4 hours and continued to 
graze intermittently thereafter throughout their time on picket cir- 
cles. They moved continuously while grazing, even when pre- 
ferred forages were available. 

When given a choice, the horses preferred grasses over forbs. 
Forb use increased with more than 8 hours on the picket as grass 
became less available. Our horses tended to stand and rest rather 
than pace when not grazing, thus reducing trampling damage. 

With more than 8 hours of grazing or repeated grazing through 
the summer, most plants were grazed to less than 12 cm tall. 
While horse grazing has an immediate influence on wildland 
meadows its long-term impacts have yet to be identified. 
Wildland managers must balance the potential immediate and 
long term impacts of packhorse grazing with the other uses and 
management objectives of wildland areas when setting packhorse 
use guidelines. 
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Abstract 

Rangeland seedings of spiny hopsage (Gruyia spinosa EHook.1 
Moq.) may be made with either bracted utricles or seeds. 
Problems have resulted from inconsistent use of terminology 
describing these 2 structures and the fact their germination and 
seedling emergence is not the same with similar environmental 
conditions and seeding techniques. We examined the flower, 
fruit, and seed morphology of spiny hopsage microscopically to 
resolve these discrepancies and provide a basis for discussing the 
functional roles of bracted utricle and seed components. The 
spiny hopsage fruit is a utricle consisting of a single disk-shaped 
seed contained within a thin pericarp. The utricle is enclosed in 2 
papery bracteoles. Failure to recognize the obscure pericarp plus 
inaccurate use of terminology appear responsible for confusion 
in the literature. The presence and condition of seed and fruit 
structures can affect seeding requirements and embryo response 
to environmental conditions. Consequently, accurate identifica- 
tion of all structures associated with the fruit or seed combined 
with a review of seed biology and seedling establishment litera- 
ture is essential for designing effective wildland seeding prac- 
tices. 

environmental conditions. Thus, proper identification of the 
structure to be planted is essential. For spiny hopsage, either 
bracted utricles (diaspores) or threshed seeds may be planted. 
Since threshing removes the bracts plus the papery pericarp, utri- 
cles are not available. Confusion occurs because, in the commer- 
cial trade world, both bracted utricles from which debris has been 
removed and seeds that have been threshed and separated from 
the pericarp, bracteoles, and other debris are marketed as cleaned 
seed. In addition, the terms seed and seeding are frequently used 
by rangeland planting specialists in presentations and literature 
without specifically identifying the structures being discussed. 

Key Words: chenopod, d&pore, Grayiu spinosa, seed germina- 
tion, utricle 

Literature on seed biology and seeding technology is limited 
for most native species. Appropriate terminology for describing 
fmit and seed structures should be used to accurately communi- 
cate this information, thus maximizing its value. Knowledge of 
fruit and seed morphology and available information on seed 
biology can aid in tailoring more effective seeding systems for 
individual species and ecotypes. 

The objectives of this paper are to describe the pistillate flower, 
fruit, and seed morphology of a chenopod shrub, spiny hopsage 
(Grayia spinosa [Hook.] Moq.); to clarify some confusion in lit- 
erature describing these structures; and to review the functional 
roles of spiny hopsage fruit and seed structures relative to design- 
ing seeding systems for successfully reestablishing the species. 

Failure to use terminology accurately orto define terms with 
alternate meanings complicates discussions of rangeland seed- 
ings. As discussed by Booth (1988) definitions of the fruit vary 
from the mature ovary containing 1 or more seeds (Copeland and 
McDonald 1985) to broader definitions which include the ripened 
ovary and: any floral par&s that may be associated or united with 
it in the fruiting stage (Esau 1965); all of its accessory parts 
(Welsh et al. 1987); any other structures that enclose it at matmi- 
ty (Han-&on and DnrreU 1957); or any other structures which 
ripen with it and form a unit with it (Cronquist et al. 1972, 
Hitchcock and Cronquist 1973). Consequently, mention of the 
spiny hopsage fruit, without further explanation, does not indicate 
whether the utricle alone or the utricle and its enveloping bracte- 
oles are being discussed. To reduce confusion, Booth (1988, 
1990) encouraged use of the term diaspore to describe the dis- 
persed reproductive unit. Thus, for spiny hopsage, the d&pore is 
the utricle and its enveloping bracteoles (the bracted utricle). 

Problem 

Further complications result from inconsistent use of terminol- 
ogy used to categorize fruits. The spiny hopsage fruit has been 
variously defined as a pod, achene, nutlet, utricle, a utricle con- 
sisting of or containing a nutlet, and as being 2-winged and 
formed from bracts (Bidwell and Wooten 1925, Peck 1961, Smith 
1974, Kay et al. 1977, Belcher 1985, Stubbendicck et al. 1986). 
References to fruiting bracts, bracted seed, and sac-like fruits 
(Munz and Keck 1959, Kay et al. 1977) and failure to observe the 
obscure pericarp have led some readers to equate the bracteoles 
with the pericarp of the utricle. Failure to detect the pericarp has 
also resulted in the seed coat being described as the per&up. 
Thus the term utricle, in addition to its proper use, has been used 
to describe both the bracted utricle and the seed. 

Field germination is affected by many factors in addition to 
microenvironment. The presence and condition of tissues sur- 
rounding the embryo can affect its perception of and response to 

Materials and Methods 

Manuscript accepted 9 Nov. 1995. 

A description of spiny hopsage flower, fmit, seed, and embryo 
morphology has been prepared using observations made during 
our work with this species, taxonomic descriptions, and a review 
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Fig. 1. Drawing of spiny hopsage flower (left) and utricle (right), each enclosed in hracteoles. Note differences in scale between the 2 drawings. 

of chenopod seed anatomy (Moquin-Tandon 1849, Hitchcock et 
al. 1964, Esau 1965). Mature fruits were hand harvested at 
Sponge Springs, Malheur Co., Ore. (43’48’N 117”26W) in June 
1988, air dried, and stored in sealed containers at room tempera- 
ture. Flowers and developing fruits were collected at Reynolds 
Creek, Owyhee County, Ida. (43”16’N 116”43’W) from March to 
June 1992. Photographs and drawings were made using a stereo- 
scopic zoom microscope with camera and drawing tube attach- 
ments. Fruits and seeds were imbibed in distilled water for 24 
hours prior to dissection. Tissue viability was examined using 
tetrazolium staining techniques (Grabe 1970). 

RC!SLdtS 

Spiny hopsage is generally dioecious. Pistillate flowers develop 
in dense, terminal spicate inflorescences. Each flower consists of 
a unilocular ovary with a single persistent style bearing 2 or 3 
stigmas (Fig. 1). The perianth is lacking. A single ovule develops 
within the ovary. 

Each pistillate flower is enclosed in 2 small bracts or bracteoles 
that are folded along their midribs and united along their margins 
except for a minute apical opening. The thin, papery bracteoles 
form an elliptic to cordate sac that is strongly flattened except for 
a bladder-like cavity that surrounds the ovary. Wings containing 
a thick, spongy layer of hygroscopic cells develop along the mar- 
gins of the sac from the midvein of each bracteole. Pedicel elon- 
gation during flowering and fruiting maintains the developing 
ovary near the center of the expanding bracteoles; degree of pedi- 
ccl elongation and resulting placement of the mature fruit, how- 
ever, are highly variable. Mature bracteole sacs, including the 
wings, are 6-15 mm in diameter. They sometimes turn pink or 
red when nearly mature, drying to white, green, or straw-colored. 
Varying percentages of the bracteoles may be empty or contain 
withered flowers or aborted fruits. 

The fruit is a compressed utricle (Fig. 1). The ovary wall devel- 
ops into a thin, papery, translucent fruit wall or pericarp similar in 
texture to the bracteoles and difficult to distinguish from them 
without magnification. As defined by Hitchcock and Cronquist 
(1973), the utricle is a small, thin-walled, l-seeded, more or less 

Micropyle’ 0 1 -2 
mm 

Fig. 2. Drawing of threshed, imbibed spiny hopsage seed with portions of the seed coat layers removed (left) and imbibed, excised embryo 
(right). 
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inflated fruit. When dry, the pericarp adheres to the seed coat; 
following imbibition the pericarp is easily peeled away. 

The disk-shaped seed is about 2 mm in diameter (Pig. 2). The 
smooth, outer, dark-brown layer of the seed coat often ruptures 
during imbibition. The light-brown inner layer and translucent, 
living endosperm, however, are elastic and become distended 
during imbibition. In germinating seeds, these layers are disrnpt- 
ed by radicle extension (Shaw 1992). Cleaning techniques that 
scarify or rnpture the seedcoat enhance. germination of some oth- 
erwise nongerminable seeds, but excessive treatments may dam- 
age the vulnerable radicle tip (Shaw 1992). 

The ring-shaped embryo (Pig. 2) consists of yellowish cotyle- 
dons that green rapidly on imbibition and exposure to light and an 
embryonic axis composed of the hypocotyl and radicle. The 
embryo is ring-shaped, consequently the hilum or basal attach- 
ment point of the seed is adjacent to the micropyle, the opening at 
the apex of the ovule. The embryo encircles a disk of starchy, 
mealy, nonliving, white perisperm, the major storage tissue of 
chenopod seeds. 

Discussion 

Woody and herbaceous species representing taxonomically 
diverse plant families are currently used in rangeland plantings. 
The number of species employed is likely to grow due to increas- 
ing emphasis on ecosystem management and the conservation of 
biodiversity. Species currently planted exhibit wide variation in 
flower, fruit, seed, and embryo morphology. 

Tissue layers surrounding the embryo can play important roles 
in regulating seed dormancy and germination (Bewley and Black 
1984, Copeland and McDonald 1985, Booth 1990). Harvesting 
and conditioning procedures and germination pretreatments may 
alter or remove some of these tissues. Thus, fruit or seed condi- 
tion must be carefully appraised when determining appropriate 
planting technology, including such factors as seeding method, 
planting date, and planting depth, for individual species and eco- 
types. Consequently, an understanding of morphological terms is 
essential in all discussions of seed biology and technology. 

The importance of understanding what structures one is plant- 
ing can be illustrated with the following examples. Percentage 
pure live seed may differ greatly for bracted utricles and seeds as 
many bracteole sacs are empty or contain poorly developed seeds 
that are not easily removed during cleaning. Bulk is considerably 
greater for bracted utricles, while purity and viability are general- 
ly greater for threshed seeds. Thus, one needs to consider require- 
ments to reduce clogging of seed tubes with bracted utricles, and 
the addition of a diluent to aid in planting the proper density of 
seeds. Shaw (1992) reported that under favorable conditions for 
germination, prechilling enhanced germination of seeds com- 
pared with bracted utricles from southwestern Idaho and south- 
eastern Oregon. Shaw (1992) speculated enhancement might be 
due to improved oxygen uptake by seeds. By contrast, Wood et 
al. (1976) reported the presence of bracteoles did not affect ger- 
mination of Nevada and California collections over a wide range 
of constant and alternating germination temperatures. The pres- 
ence of bracteoles enhanced germination of bracted utricles com- 
pared with seeds at low water potentials. In addition, the presence 
of bracteoles also appeared to improve seedling emergence of 

bracted utricles (18%) compared with seeds (0%) when both were 
broadcast on a rough seedbed (Wood et al. 1976). Emergence 
was similar for both bracted utricles and seeds when planted 5 
mm deep. 

The importance of correctly assessing the condition of the 
structure being planted and matching it with the proper seedbed 
preparation and seeding practices cannot be overemphasized. 
Without incorporation of this information into management 
strategies, many range seedings utilizing spiny hopsage and other 
species may be doomed from the initiation of the project. 
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Abstract 

Range improvement practices have been criticized by scientists 
and the public because of negative impacts on biodiversity. I pre- 
sent a conceptual model based on ecological theory for designing 
and planning woody plant control to maintain plant and wildlife 
species richness and diversity. Broad areas of rangeland have 
been impacted by overgrazing by livestock and attempted brush 
control in a manner that has resulted in dense woody plant com- 
munities that are resistant to natural disturbances such as fne. 
State-and-transition models of vegetation dynamics predict these 
biotic assemblages to be temporally stable and not responsive to 
successional trends. Cultural energy input in the form of woody 
plant control is required to change the vegetation configuration 
of these ecosystems. Anthropogenic input conceptualized and 
designed based on the intermediate disturbance hypothesis can 
maximize landscape diversity and may result in a landscape 
mosaic that supports greater species richness, provides increased 
forage for livestock, and enhances habitat for many wildlife 
species. A problem with this approach is that continuing inputs 
are required to maintain the selected landscape architecture. 
Development of models to predict the effects of woody plant con- 
trol patterns on biodiversity will enable range managers to 
implement management strategies that maintain or increase 
plant and vertebrate species richness and diversity. 

Key Words: edge, intermediate disturbance hypothesis, land- 
scape architecture, species richness, state-and-transition model, 
succession, wildlife. 

Maintaining biodiversity, a multifaceted concept that includes 
species richness (the number of species in an area) and species 
diversity (species richness and the degree of numerical similarity 
among species) (West 1993), is a priority in the scientific com- 
munity and in public policy (Cairns and Lackey 1992). 
Maintaining biodiversity is a desirable objective for range and 
wildlife managers because (1) society values biodiversity and (2) 
primary productivity in more diverse plant communities is more 
resistant to perturbations such as drought and recovers more fully 
following such perturbations (McNaughton 1985, Tilman and 
Downing 1994). 
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Woody plant control is widely applied on western rangelands to 
increase forage for livestock and to improve habitat for specific 
wildlife species, such as white-tailed deer (Odocoileus virgin& 
anus Raf.) and northern bobwhites (Colinus virginianus Met-r.) 
(Guthery 1986, Adams et al. 1992, Reynolds et al. 1992). 
Concern is increasing about the effects of woody plant control 
and other range improvement practices on species richness and 
biodiversity (Lewis et al. 1988, West 1993). For example, 
Fleischner (1994) pointed out that agency management priorities 
often overemphasize livestock needs at the expense of wildlife. 
Cooper-rider (1991) pointed out that range improvement projects 
typically emphasize increasing livestock forage and reduce plant 
and animal species diversity. 

My objectives are to review literature on the effects of woody 
plant control on plant and vertebrate species richness and diversi- 
ty, and present the argument that ecological theory supports the 
hypothesis that woody plant control can be applied in a manner 
that maintains or increases plant and vertebrate species richness 
and diversity. I present a conceptual model for planning woody 
plant control to maintain or increase species richness and diversi- 
ty that aggregates theoretical concepts regarding animal and veg- 
etation responses to disturbance. 

A Conceptual Model for Planning Woody Plant Control 

Importance of Theory 
Management practices should be based on sound theory on 

which predictions about the outcome of the practices are based 
(Joyce 1993). A sound theoretical basis is essential to improve 
the ability of range managers to plan woody plant control to 
maintain species richness and diversity and to counter arguments 
that woody plant control is not compatible with maintainmg bio- 
diversity. Accepted theories of vegetation function and ecosystem 
dynamics strongly influence public policy and law, and the effi- 
cacy of such policy and law depends upon the soundness of the 
theory (Johnson and Mayeux 1992). 

Effects of Woody Plant Control on Ecological Processes 
Effects of woody plant control on plant community composi- 

tion and ecological processes depend on various factors including 
the treatment method, composition of the plant community before 
treatment, soil series, and rainfall before and after treatment. The 
effects of woody plant control on plant species richness and 
diversity depend on spatial and temporal scale. For simplicity, my 
discussion is limited to 2 spatial scales, i.e., landscape versus 
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patch, with the recognition that a heirarchy of patches at several 
spatial scales can be delineated in many ecosystems. Petraitis et 
al. (1989) defined a patch as a contiguous area in which the 
effects of a disturbance are uniform and the subsequent biotic 
community dynamics are similar. Patches created by woody plant 
control are, in general, spatially and temporally discrete in con- 
trast to patches created by natural processes (White and Pickett 
1985). 

Plant species richness and diversity within a patch created by 
woody plant control may be similar to, lower than, or greater than 
plant species richness and diversity on nonmanipulated rangeland 
following treatment. Plant species richness and diversity in 
ephemeral drainages in the western Rio Grande Plain chained 
about 40 years earlier or chained (about 40 years earlier) and then 
root plowed (about 30 years earlier) was similar to nontreated 
rangeland (Nolte et al. 1994). Forb and shrub species richness 
and diversity are often temporarily reduced following application 
of herbicides (Beasom and Scifres 1977). 

Effects of woody plant control on vertebrate species richness 
and diversity within a patch also vary. Gruver and Guthery 
(1986) found no differences in bid species richness and diversity 
on rangeland treated with herbicides to control mesquite 12-13 
years previously. Nolte (1995) applied Grazon ET+PC (triclopyr 
and picloram) to 13-ha plots to selectively kill mesquite and cacti 
(Opuntia spp.) without harming other brush species. Bird, small 
mammal, and plant species richness and diversity did not differ 
on treated and untreated areas 1 and 2 years posttreatment. Vega 
and Rappole (1994) examined bird species richness in roller- 
chopped or disced strips 55-61 m wide that alternated with 244- 
m-wide nontreated strips in southern Texas thorn woodland. Bird 
species richness was greater in the nontreated strips than in treat- 
ed strips. Twenty-three species were captured exclusively in non- 
treated strips and 2 species were captured exclusively in treated 
strips. Chaining 16-ha pinyon (Pinus spp.) -juniper (Junipenrs 
spp.) plots in Colorado reduced bird species richness and diversi- 
ty but resulted in greater small mammal species richness 
(Sedgewick and Ryder 1987). 

Although woody plant control may reduce species richness and 
diversity at the patch level, woody plant control may increase 
species richness and diversity at the landscape scale and increase 
beta diversity (variation among habitats in the landscape) and 
landscape mosaic diversity (landscape complexity) (Scheiner 
1992) if applied in a mosaic of cleared and untreated patches 
across a landscape. A landscape that included chained and 
untreated patches of Ashe juniper (Juniperous u.rheii Buchholz) 
in central Texas contained lower total bid density but increased 
richness and diversity (Rollins 1983). Cleared rangeland may 
support a greater proportion of rodents characteristic of grassland 
habitats whereas untreated shrubland may support rodent species 
that prefer woodland habitats (Kruse et al. 1979, Sever-son 1986). 
Thus at the landscape scale, a mosaic of smaller, mechanically or 
chemically manipulated patches interspersed within a woodland 
matrix may support greater species richness and diversity than 
homogeneous shrubland or woodland, in part because of differ- 
ences in adaptations among wildlife species (Smith and Umess 
1984). 

Brushland is commonly cleared in strips or patches to maintain 
wildlife populations, particularly game species (Brothers and Ray 
1975). The theoretical basis underlying patch or strip clearing is 
commonly the Principle of Edge. Clearing brush in patches or 

strips creates ecotones where herbaceous and woody communi- 
ties abruptly merge. The fundamental concept in the Principle of 
Edge is that edges may contain organisms that are edge-depen- 
dent, in addition to those characteristic of each of the adjacent 
plant communities, resulting in greater species richness and 
diversity in ecotones. This increased species richness and diversi- 
ty is commonly termed “edge effect” (Reese and Ratti 1988). 

Although strongly entrenched in wildlife science and applica- 
tion since its conception by Leopold (1933), the edge concept has 
not been rigorously tested (Guthery and Bingham 1992). 
Ecosystems are dynamic and the edge concept does not account 
for temporal changes in vegetation. For example, if a patch with- 
in a shrub-dominated ecosystem is cleared of woody vegetation, 
abrupt edges are created where the remaining shrubs and the 
herb-dominated community resulting from woody plant control 
meet. Succession of the herb-dominated community toward shrub 
dominance proceeds following woody plant control and the edge 
becomes progressively less abrupt as time passes. If succession 
proceeds in a manner similar to Clementsian concepts of succes- 
sion, the 2 communities may ultimately converge in plant species 
composition resulting in the disappearance of edge. 

The edge concept is spatially narrow in that it focuses on eco- 
tones, the transitional boundaries between communities, rather 
than landscapes. Landscapes may contain a mosaic of patches in 
various successional stages, in additional to different plant com- 
munities resulting from soil heterogeneity and other physical fea- 
tures of the landscape. The edge concept does not explain how 
biotic diversity may be affected by presence of a mosaic of biotic 
communities in diierent stages of succession interspersed across 
the landscape. In comparison to the Principle of Edge, the inter- 
mediate disturbance hypothesis takes into account temporal 
changes in vegetation and can be conceptualized on a landscape 
scale. 

I propose that the intermediate disturbance hypothesis provides 
dynamic and robust theoretical underpinnings on which to base 
woody plant control. According to this model, species richness 
and diversity within ecosystems are maintained by natural distur- 
bances within patches in the ecosystem (Petraitis et al. 1989). For 
example, natural disturbances such as periodic fires caused by 
lightning may burn patches, or stands of shrubs may be killed by 
frost or by insects. Habitats have maximal species richness and 
diversity at intermediate levels of disturbance. Level of distur- 
bance is determined by intensity and frequency of disturbance. I 
define intensity as severity of disturbance, i.e., the more intense 
the disturbance the greater the destruction of existing vegetation. 
Intense disturbances may result in patches that are initially occu- 
pied by a few low-successional plant species (Connell 1978). 
Frequency of disturbance is the number of events per unit time 
(Petraitis et al. 1989). Frequent intense disturbances will result in 
the habitat being occupied only by those plant species that mature 
quickly (Connell 1978). 

Woody plant control methods (mechanical, chemical, or pyric) 
are also disturbance mechanisms that affect species richness and 
diversity. I will first consider how intensity and frequency of dis- 
turbance by woody plant control influence vegetation dynamics 
at the patch scale, and then expand these concepts to landscape 
scale. Root plowing is an intense disturbance that creates patches 
initially occupied by low-successional species’(Fig. 1). In south 
Texas thomscrub discing is a less intense disturbance because 
few woody plants are killed, resulting in a more species-rich post- 
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Fig. 1. A conceptual diagram of how frequency and intensity of dis- 
turbance by woody plant control might affect species richness at 
the landscape level, based on the intermediate disturbance hyputh- 
esis (modeled after Connell 1978). 

treatment plant community because of increased herbaceous 
species richness and lack of a reduction in woody plant richness 
and diversity (Bozzo et al. 1992). 

As the frequency of disturbances within a patch decreases, 
plant species richness and diversity increases, at least for a time, 
because more time is available for the invasion of new species 
(Connell 1978). Bird species richness and diversity may increase 
in roller-chopped or disced strips as brush sprouts continue grow- 
ing (Vega and Rappole 1994). Plant species richness and diversi- 
ty increased for about 4 years following roller chopping in a lon- 
gleaf (Pinus paZusfris Milk) -slash pine (P. elliottii Engehn.) for- 
est in north Florida but then declined to pretreatment levels 
(Lewis et al. 1988). 

The increase in plant species richness and diversity stops and 
begins to decline at some point following disturbances because 
either the most competitive plants eliminate the rest or the plants 
most resistant to damage by physical extremes or natural enemies 
eventually occupy most of the space (Connell 1978). Intermediate 
frequencies and intensities of disturbance maintain species rich- 
ness and diversity; however, if disturbances are infrequent 
species richness and diversity decline. 

Expanding these concepts to the landscape scale, intermediate 
disturbance frequencies and intensities create a broad range of 
successional habitats (patches), with some recently disturbed, 
some of intermediate time since disturbance, and some being late 
successional (lXlrnan and Pacala 1993). This mosaic of patches at 
different successional stages allows numerous species to coexist. 
In contrast, low disturbance frequencies and intensities result in 
habitats that are almost entirely late successional, whereas with 
high disturbance frequencies and intensities almost all areas are 
newly disturbed. Thus, the intermediate disturbance hypothesis 
provides a theoretical basis for applying woody plant control 
(mechanical, chemical, or pyric) to create a mosaic of succession- 
al habitats to maintain or promote species richness and diversity. 

The concept that intermediate disturbances caused by woody 
plant control may maintain or increase species richness and diver- 
sity may be particularly applicable in ecosystems where natural 

disturbances that impact woody plants, such as fire, have been 
suppressed. Many shrub communities are so dense because of 
overgrazing by livestock and failed attempts at brush control 
(Fulbright 1991) that fire is not a practical tool to reduce brush 
density. Overgrazing by cattle in certain arid and semiarid land- 
scapes has resulted in severe soil compaction and manipulations 
such as heavy discing are required to promote infiltration of 
water and reestablish herbaceous vegetation. 

Applying the paradigm that creating a mosaic of different suc- 
cessional stages by woody plant control will benefit or maintain 
species richness and diversity has several potential pitfalls. For 
example, although intermediate disturbance may result in greater 
biotic richness and diversity, in certain habitats application of the 
model with mechanical woody plant control may result in reduc- 
tion or elimination of certain species that require large areas of 
undisturbed habitat. As pointed out by Bailey (1984), not all 
wildlife species respond similarly to habitat disturbance under all 
situations. Species that respond positively to disturbance may be 
gained, whereas species that respond negatively to disturbance 
may be lost from the landscape. 

Further, the vegetation complexity at abrupt edges, such as 
those created by mechanical woody plant control, attracts passer- 
ines but the bids experience greater nest parasitism and predation 
in edge habitats (Gates and Gysel 1978, Reese and Ratti 1988, 
Noss and Cooperrider 1994). Reese and Ratti (1988) speculated 
that predation rates may be high in early successional stages and 
decline as vegetation complexity increases with age and the con- 
trast at the edge declines. 

Another potential problem with basing woody plant control on 
the intermediate disturbance concept is that continuing cultural 
inputs are required to maintain a broad range of successional 
habitats ranging from recently disturbed to late successional. 
These continuing cultural inputs may or may not be cost-effec- 
tive, depending on various factors such as method of woody plant 
control employed. Conner (1985) provided a hypothetical exam- 
ple wherein roller chopping followed by maintenance burning in 
south Texas was projected to earn a 9.4% rate of return from live- 
stock grazing. The long-term effect of repeated cuhural inputs on 
diversity are not well documented, but they may result in reduced 
species richness and diversity. Shannon’s diversity index values 
were lower in a shrub community dominated by guajillo (Acacia 
berkzndieti Benth.) that was repeatedly shredded at 3-year inter- 
vals compared to untreated habitat (Fulbright 1987). 

Although woody plant control in patches interspersed in a 
woodland matrix may increase species richness and diversity, 
exceptions exist. For example, the areas cleared may be too large 
or the method applied may severely disturb the existing vegeta- 
tion. If the method used causes high mortality of existing vegeta- 
tion, secondary succession following disturbance assumed by the 
intermediate disturbance hypothesis may not occur. The interme- 
diate disturbance hypothesis is an equilibrium model based on 
Clementsian concepts of plant succession (Tihnan 1994). The 
concept underlying this model of succession is that a repeatable 
sequence of seral stages leading to a climax community will 
occur following disturbance. This model may often not be applic- 
able on semi-arid rangeland. 

In arid and semi-arid habitats, vegetation change may not fol- 
low repeatable paths as predicted by Clement’s model and distur- 
bance may push the system into a new state that is not readily 
reversed (Friedell991). The state-and-transition model is a para- 
digm that severe disturbance triggers a transition from one state 
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to another, the latter of which may be relatively stable and differ- 
ent in species composition from the original state (Archer 1989, 
Laycock 1991). A probable example is the species-poor shrub 
communities that reestablish after root plowing (Pig. 2). 

Root plowing upland habitats in south Texas appears to trigger 
a transition from shrub species-rich mixed brush communities 
across a threshold to shrub species-poor communities dominated 
by leguminous shrubs (mesquite and acacias [Acacia spp.]). 
Huisache (Acacia smallii Isely) and mesquite (Prosopis ghdu- 
loss Ton=) composed 95% of the woody plants on rangeland in 
the Texas Coastal Bend that was root-plowed and raked 14 years 
earlier, compared to 25% on nontreated rangeland (Lutz et al. 
1978). In the Texas Rio Grande Plain, species richness and diver- 
sity were 23-35% lower on rangeland root plowed 25-30 years 
earlier than on nontreated range (Fulbright and Beasom 1987). 
Nontreated areas in the eastern Rio Grande Plain of Texas con- 
tained an average of 19 woody species compared to 7 woody 
species on areas root-plowed and raked 16-17 years earlier 
(Ruthven et al. 1993). Species composition of these leguminous 
shrub communities may remain stable for an indefinite period of 
time (Fulbright and Beasom 1987, Fulbright and Guthery 1995). 
Root plowing would be a poor choice as a mechanical method to 
create an intermediately disturbed landscape if the treatment 
results in a stable state with low species richness and diversity 
rather than a lower successional community that will sequentially 
be replaced by higher-successional communities. Rather than cre- 
ating a broad range of successional habitats only 2 (disturbed and 
undisturbed) would be present and the goal of achieving a broad 
range of successional habitats would not be achieved 

In comparison to root plowing, roller chopping and cabling are 
less intense disturbances and do not appear to trigger the tmnsi- 
tion from a mixed brush community to a leguminous shrub com- 
munity. Following these treatments, vegetation appears to return 
to a composition similar to the community that existed before 
treatment (Fulbright and Beasom 1987, Fulbright and Guthery 
1995). Shrub species richness and diversity were similar 10 or 16 
years after treatment in thomscrub disced once to nontreated 
thomscrub in southern Texas (Montemayor et al. 1991). Forb 
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Fig. 2. A conceptual diagram of how different woody plant control 
practices may operate under state-and-transition models of vege- 
tation dynamics (modeled after Archer 1989). Root plowing may 
push plant community composition across a threshold resulting in 
a stable communitiy that does not undergo ecological succession in 
the traditional sense. 

species richness was greater during the first year after discing 
than on nontreated areas in southern Texas (Bozzo et al. 1992). 
Woody species richness of thomscrub that reestablished follow- 
ing roller chopping or repeated shredding did not differ from 
untreated rangeland in southern Texas (Pulbright 1987, Fulbright 
and Beasom 1987). Because woody plant species richness and 
diversity are not reduced and herbaceous species richness and 
diversity may temporarily increase, treatments such as discing 
and roller chopping may result in posttreatment plant communi- 
ties that are temporarily greater in species richness and diversity 
than nontreated communities. 

Landscape Architecture to Maximize Landscape and Species 
Diversity 

I propose that woody plant control conceptualized and designed 
based on the intermediate disturbance hypothesis can increase 
landscape diversity (Loehle and Wein 1994) and may result in a 
landscape mosaic that supports greater species richness and 
diversity, provides increased forage, and enhances habitat for 
many wildlife species. I am not arguing that woody plant control 
should be used as a tool to increase diversity. Certain scientists 
argue that natural openings are a more prudent management strat- 
egy for maintaining wildlife diversity than maintaining artificial 
openings (Ness 1991). Rather, I argue that when woody plant 
control is applied to increase forage for livestock or improve 
habitat for game that with proper design it can be applied in a 
manner that also maintains or increases diversity. Applying this 
concept will require that woody plant control is planned to create 
a mosaic of intermediately disturbed patches treated at varying 
intervals of time spatially distributed within a matrix of shrub- 
land. Timing of treatments should be based on rates of succession 
following treatment so that a variety of communities at varying 
stages of succession are developed. Additional factors that must 
be considered in woody plant control planning to increase diver- 
sity are size and dimensions of undisturbed habitat required by 
various plant and vertebrate species; effects of habitat fragmenta- 
tion and dispersion of fragments; spatial distribution of corridors 
for movements and interchange among undisturbed portions of 
the landscape, and corridors to move to and away from disturbed 
patches; and habitat connectivity requirements of various plant 
and vertebrate species. 

Applying woody plant control in a patches within a matrix of 
shrubland will result in a large degree of connectivity for shrub- 
land habitats (Fig. 3). Common approaches to clearing patterns 
that leave shrubland for wildlife habitat are cleared strips that 
alternate with strips of shrubland or patches of brush in a 
checkerboard pattern within cleared rangeland. These approaches 
often result in a paucity of brushy corridors to connect strips or 
squares of remaining brush. 

Cleared patches are essentially habitat “islands” in my model of 
cleared patches within a shrubland matrix. The size of the cleared 
patches and the amount of remaining shrubland may largely 
determine species composition of the patches and species rich- 
ness at the landscape level. Deciding how large to make the 
cleared patches and how much shrubland to leave intact will 
require knowledge of the minimum size of the grassland frag- 
ments required to sustain populations of grassland-adapted 
species and minimum size of the remaining brushland to maintain 
brushland species. Specialist species require “interior” habitat and 
may not be sustained if the habitat is too fmely fragmented (Lord 
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and Norton 1990). Woody plant control planning to maintain Computer models were then used to project abundance for each 
species richness at the landscape level may result in tradeoffs species under different management regimes. Managers then 
wherein certain “interior” species are eliminated but overall choose the regime that best meets their objectives. Hof et al. 
species richness is maintained by the combination of grassland (1994) developed an approach for spatially and temporally opti- 
and woodland species. mizing wildlife populations that indirectly models habitat fmg- 

The appropriate size of cleared patches and amount of remain- mentation and connectivity. 
ing shrubland to maintain species richness may vary dramatically 
in different habitats. For example, Soul6 et al. (1992) found that 
scrub habitat remnants ranging from 10 to 100 ba did not retain 
all of their native wildlife species for longer than a few decades. 
Certain species can persist in a region as a metapqulation, even 
if patch ~uladons are extirpated. However, metapopu~ation SYS- 

The intermediate disturbance hypothesis may provide a concep- 
turd model on which to plan wocdy plant control in a manner that 

terns are sensitive to changes in rates of immigration and cola- 
nization and a system can collapse when immigration rates fall 

&n&ins or ~su1t.q in an increase in plant ad vabmte spe&s 
richness and diversity, while increasing forage for livestock and 

below a certain threshold. Toth et al. (1986) stated that in a mixed wild ungulates. Effects of wdy plant control on speciw rich- 

ness and diversity depend on a variety of factors, including the 
method of WC& p&t control emplo&d, breadth of treated and 
untreated patches relative to the requirement of various wildlife 
species, and the degree of fragmentation of stands of plant com- 
munities required by unitype-adapted species. The effects are. 
scale dependent--species richness and diversity may be lower in 
cleared patches but may be greater in a landscape mosaic consist- 
ing of cleared patches interspersed in bmsbland. 

Long-term research in a variety of habitats is needed to test and 
further refine the conceptual model presented in this paper. 
Development and validation of computerized models to predict 
the effects of woody plant control on species richness and diver- 
sity in various habitats and to predict the effects of patterns of 
woody plant control on landscape diversity will enable range 
managers to plan wcmdy plant control to maintain or maximize 
biodiversitv. The effects of maintainine a landscaoe mosaic con- 
sisting of &ared patches interspersed~n a mar&. of bmsbland 
on ecosystem productivity and resilience also warrant investiga- 

Kg. 3. A hypothdlcal at of how woody ptant cc&ml miStIt be tion. 
applied in patches wtthin a shrubland matrix in P manner that 
maintains or incmasw plant and vertebmte species diierstty. 
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Abstract 

China, with one of the largest grassland and pastoral areas of 
the world, is placing major effort on sustainable modernization 
of its rangehmd livestock industry. One widely discussed struc- 
tural change involves development of a cattle feedlot industry 
with grazing lands oriented to a cow/calf system. However, eco- 
nomic analyses of alternatives have not been carried out. The 
objective in this article is to evaluate the economic feasibility and 
benefits to sustainability from shiimg from fattening cattle on 
rangelands in Inner Mongolia to fattening in feedlots in the 
Beijing area. The method is economic budgeting of costs and 
returns for both systems combined with comparison of protein 
and energy requirements for each of them. It is concluded that 
grazing land producers would obtain more net income fi+om sell- 
ing weaned calves rather than fattened animals. Furthermore, 
although 14,230 Meal of metabolizable energy and 738 kg of 
crude protein are required per 4-year old male sold at slaughter 
weight by grazing land fattening, a feedlot fattened male would 
require only 5,670 Meal of energy and 371 kg of protein. 
Additional evaluations of improved cow/calf systems indicate 
that considerable advances can be made by improving the effi- 
ciency of China’s cattle industry. 

Key Words: China, grazing land, beef, economics, cow/calf, 
feedlot, rangeland 

A major concern of the Chinese government is how meat and 
other livestock products can be produced more efficiently. This 
translates to optimizing the amount of feedstuffs required to pro- 
duce a given product. Alternatively, it means determining how 
more product can be produced with a given amount of input. 
Feedstuffs are the focus of this article as they are the major limit- 
ing factor preventing transition from subsistence grazing to an 
integrated livestock production system on China’s grasslands. The 
problem dealt with is evaluation of cattle feedlots as a substitu- 
tion for grass fattening to slaughter weights. 

China has one of the largest grassland and pasture areas in the 
world, covering nearly 2.9 million km*. A wide variety of graz- 
ing land environments are included, from tiny pastures in the 
agricultural areas comprising less than one hectare on which a 
farmer might keep a sow or a goat, to the roadside communal 
areas where a producer grazes a half dozen dairy cows or milk 
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goats, up to the vast windswept areas of Inner Mongolia. Equally 
important are the deserts and rangelands of Western China and 
the mountainous regions, home to minority ethnic groups and 
yaks. Roughly half of China is designated as pastoral and grass- 
land, as opposed to agricultural area (Simpson et al. 1994). The 
grasslands per se are immense, accounting for about 30% of the 
nation’s total area. About 2.4 million km* or 85% of China’s 
grassland and pastures are in the temperate zone (Zhu et al. 
1985). 

Livestock production and pastoral systems in China are as var- 
ied and complex as the grazing areas are ecologically diverse. For 
example, a substantial portion of cows in all grassland areas are 
milked, used for draft and consumed for meat. In the pastoral 
grazing areas, herdsmen generally own both cattle and sheep. 
Furthermore, beef in China has traditionally been a by-product of 
draft animals rather than being a principal output of cattle. In 
1990 there were 81 million head of cattle in China (called “yel- 
low cattle” in China to differentiate them from buffalo, but 
including single purpose dairy cattle). Of the yellow cattle, 93% 
in Chinese statistics are termed ‘draft”. About l/4 of all cattle are 
found in the grassland area. Beef production in all China has 
grown at an average rate of 20% annually since China opened to 
the West in 1978 (Simpson et al. 1994). About a quarter of 
China’s beef and 40% of the lamb and mutton come from the 
grassland area. However, due to mechanization, greater reliance 
will be placed on rangelands as a source of beef cattle. 

A critical factor for analysis of livestock, and grassland area 
production systems in China in particular, is that they are 
diverse-and for very good reasons. There is no one solution to 
the so-called “pastoral problem” of relatively low offtake rates 
per hectare, but there are a number of viable, logical interventions 
which could result in considerable improvement in productivity. 
The objective in this article is to explore economic relationships 
of China’s grassland cow/calf and fattening operations and feedlot 
fattening as a way to better understand ways in which efficiency 
and use of national feedstuffs can be improved. Emphasis is 
placed on an ex-ante economic analysis of the feasibility of fat- 
tening cattle in feedlots located in cropping areas in place of 
rangelands and transition of rangelands toward cow/calf systems. 

Factors Iufluencing Livestock Productivity 

There are a number of reasons for the low productivity of cattle 
in China, some of which can be overcome, while there is little 
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possibility for changing others. Climate and land are factors over 
which humankind has little control and thus must adapt systems 
and management to expand output. One way is to shift from a 
system in which cattle are raised to slaughter weight on grass 
(sometimes being sold at 4 to 6 years of age) to a cow/calf system 
in which calves are shipped to agricultural areas for fattening at 
weaning time. In this way the vagaries of climate, which lead to 
weight loss in the winter or during periods of drought, can at least 
be partially overcome. Other factors are grazing land location in 
relation to croplands and urban cities. Tradition and social condi- 
tions play a large part in management decisions just as cost/sell- 
ing price ratios affect economic viability. Certainly, the nation’s 
level of economic development affects the level of productivity 
(Simpson and Fan-is 1982). 

Overstocking of China’s grazing lands is a frequent theme in 
discussion with agricultural officials. Stocking rates can only be 
reduced if some management mechanism is developed which 
allows offtake to remain the same or perhaps even expand when 
animal numbers are reduced. Therefore, there is need to design 
and implement systems that can accomplish that goal. 
Recognition of the need to improve rangeland management is not 
new, for it was recognized by the late 1970’s that something had 
to be done (Simpson et al. 1994). Despite considerable invest- 
ments in infrastructure, resettlement of herders, commendable 
management training and legal reform, overgrazing continues. 

The household responsibility system initiated in 1985 for the 
grassland has had a very positive impact on the behavior and atti- 
tude by herdsmen on grassland conservation. One major policy 
has been assignment of animal ownership and land use rights. 
Part of this has been an initiative which has also led to a more 
settled lifestyle and transformation from a nomadic to semi- 
nomadic existence. Finally, the policy has led to desire for 
improved productivity and further participation in the marketing 
system. As a result, herdsmen now have great interest in develop- 
ment of inter-regional trade and adoption of the production sys- 
tem described in this article. There has been an increase in cattle 
and sheep herds in pastoral areas while numbers of other animals, 
and goats in particular, have remained about the same (Li et al. 
1993). The household responsibility system has been thought to 
be an effective way to make it all work but, without proper con- 
trol, the situation may be aggravated and not alleviated with this 
system. 

In many areas, particularly in the early 1980’s, the household 
responsibility system assigned herds, but not land, to individuals. 
In effect, this land remained a public good or a “commons”. As a 
result, there was even more pressure to overgraze in these areas. 
However, in recent years land use rights have been assigned. 
There has been a widescale settlement program in which nomadic 
and semi-nomadic herders live in villages or permanent houses as 
a means to more effectively control their grassland and herd man- 
agement practices. In earlier years livestock were given to pro- 
ducers under a contract system which required repayment in kind, 
i.e., live animals, within a specified period usually 5 years (Li et 
al. 1993). Now most animals given to producers are repaid by 
cash and have a repayment period of 10 or more years. To the 
extent that producers are under such a contract system and graze 
their livestock on communal pastures, there will be heavy pres- 
sure to overgraze. Some specialists have emphasized that over- 
grazing can be solved by reallocation of animal species. Still oth- 
ers place their faith in capital investments. 

An unfortunate longer term impact of overgrazing and the crop- 
ping of inappropriate areas is that despite commendable efforts 
mentioned above, little scope exists for significant widespread 
rejuvenation of degraded grasslands due to relatively high cost, 
although much can be done to prevent further problems. In effect, 
the problem is of such massive proportions and rangeland pro- 
ductivity so low compared with agricultural areas, that massive 
investment alone is not the answer to greatly expanded red meat 
production from China’s grasslands. 

Another problem related to current grassland systems is that 
most cattle in sedentary agricultural areas have been selected as a 
dual purpose animal, albeit with relatively low’ milk output (less 
than 3,000 kg per lactation and usually only 1,500 kg or so). One 
major reason is the short growing season which results in fresh 
forage being available for only a limited period (120-150 days). 
Most range grasses cure well and do not suffer great drops in pro- 
tein content as happens in tropical and semi-tropical areas. 
Nevertheless, protein is short for much of the year whether live- 
stock graze, are fed hay, or are provided crop residues. In other 
words, from the technical side, nutrition coupled with limited 
production, and most important winter feed, is the most serious 
constraint to expanded production. But, for a nut&ion improve- 
ment program to be successful, there must be changes in produc- 
tion systems and in management as a whole. 

Methods 

A computer spreadsheet program based on standard economic 
enterprise budgeting procedures (Simpson 1988) was developed 
for this study. The analysis of a large problem like development 
of China’s northern grasslands involves various aspects of pro- 
duction and marketing. Ideally, it would be possible to have 
physical analyses available of the various systems as well as 
associated costs and returns studies based on extensive interviews 
and surveys. Unfortunately, such surveys are not available. Thus, 
the authors were forced to fall back on logical and theoretical 
conceptualization of problems and from there on rather straight- 
forward quantitative analyses to support extensive personal inter- 
views and experiences. Investments are involved which, if carried 
out by private individuals are called capital budgeting analysis. 
The term project analysis (what was previously called cost/bene- 
fit analysis) is used for public investments. 

The term systems analysis, as used by economists, is a com- 
monly used research tool which is a goal-oriented process of 
study through specification of the relevant system, performance 
of the system and variables (McGrath et al. 1973). Dillon (1976) 
has written that the research process essentially involves 4 stages; 
development of a research model, synthesis and information 
interpretation, development of amended or redesigned models, 
and evaluation of the system’s performance. This view, which is 
typical of systems methodology, moves scientific research from a 
reductionistic and mechanistic approach to an expansionistic one 
based on synthesis. It is an attempt to gain understanding of a 
system’s structure or parts by understauding the way in which the 
whole system operates (Wright et al. 1976, Johnson and Rausser 
1977). 

The approach used in this article is to focus on problem identi- 
fication, evaluation of appropriate technologies, identification of 
current and potential output mix and development of appropriate 

JOURNAL OF RANGE MANAGEMENT 49(6), November 1996 561 



means to adopt them. In this sense, improvement of a livestock 
industry, and China’s in particular, is basically a human oriented 
one (Simpson 1983). In brief, the problem focused on in this arti- 
cle is for Inner Mongolia and involves quantitatively specifying a 
typical cattle operation and then utilizing judgments by grassland 
and livestock experts acquainted with the area about an improved 
system. 

There are about 45 variables in the model, as shown in Table 1. 
These include economic units such as cost of minerals and price 
per kg for each class of cattle. Multiplication of these economic 
units times physical units provides totals for cost and income. 
These data reflect economic conditions in 1992. A second part of 

Table 1. Economic and feedstuffs w analysis for grass fattening versus sell- 
ing calves to a feedlot, China, 1992. 

Parameters and results 
Grass fatteninu calves to fcedlot 

cln-mlt Improved current Improved 

calf crop (weaned) (Pet) 

Kilos of cattle produced/ha 

Death loss, progeny (Pet) 

Non reproductive cattle (Kg) 

Death loss, cows (Fct) 
Landperanimalunit 

All animals marketed (Kg) 

Improved (Ha) 
Native (Ha) 

Laud available 
Improved (Ha) 
Native (Ha) 

Total animal units 
Potential (AD) 
Actual (AD) 

Total breeding cows (Hd) 
Average land Per Au (Ha) 
(actual) 

Sales weights 
cull rxws (Kg) 
Heifer calves (Kg) 
Male cnlves (Kg) 
Yearling heifers (Kg) 
a-year heifers (Kg) 
Yearling males (Kg) 
a-year males (Kg) 
3-year males (Kg) 
4-Year males (Kg) 

Animalsmarketed 
Cull cows @Id) 
Heifers @Id) 
Male calves (Hd) 

Total calves (Hd) 
Yearling males (Hd) 
2-year heifers (Hd) 
Yearling males (Hd) 
2-year males (Hd) 
J-year males @Id) 
4-year males (Hd) 

Total weight marketed (Kg) 
(Kg) 
Total. basic prod. costs ($) 
Total. all costs ($) 
Sale price 
Grass fattened 

3-year old males ($/Kg) 
4-year old males ($/Kg) 

Calves to feedlot ($/Kg) 
Total income ($) 
Net income above 
Basic prod. cost ($) 
All costs 6) 

Cost per kg produced (a) 
Basic prod cost ($/kg) 

All costs ($/kg) 

Cow/calf oocratiou 
45 65 4s 

10 
5 

2.0 
10.0 

0 
2,~ 

zi 
168 
9.6 

10 
5 35 

2.2 
10.0 

0 20 
2,~ 1,980 

z 
120 
9.1 

207 
208 
105 
9.6 

65 
5 
3 

2.2 
10.0 

20 
1980 

207 
208 
168 
9.6 
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Two systems, and 2 alternatives in each one, are provided in 
the results section in Table 1. One alternative, titled “current”, is 
typical of the low efficiency found in China’s grasslands. The 
other, titled “improved”, in which cattle are still grass fattened, is 
based on considerably improved management. The parameters 
for the improved operations were determined by discussion with 
animal husbandry and range management specialists at Beijing 
Agricultural University and local specialists in Inner Mongolia as 
well as evaluation of existing operations by the authors. For 
example, in the current operation there is a 45% weaned calf crop 
and a 10% death loss of calves while the improved system 
embodies a 65% calf crop and a 5% progeny death loss. In the 
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Table 1. Continued. 

Parameters and results 
Crass fattenine Calves to fcedlot 

Current Improved Current Improved 
F&lot oocration 

Number purchased (Hd) 35 52 
Weight in (rJmmk) (Kglhd) 134 156 
Weight out (Kgbd) 450 450 
Days on feed (Days) 290 255 
Average daily grain (Kg/daily) 1.09 
Feed conversion (as fed) (Kg) 9.1 
Feed wusumptioruhead/day (Kg) 6.0 5.3 
slmmk cost + death @ lot ($/kg) 0.58 0.59 
Sale price ($/kg) 0.62 
Net income per head sold ($/kg) 1.41 
Cost per kg sold ($/kg) 0.65 
Cost per kg sold ($/kg) 0.92 
Cost per head sold ($) 292 
Breakeven price on 
Purchase., feeder cattle ($/kg) 0.47 
Sale of finished cattle ($/kg) 0.62 

Source: Author’s field work Results are summary from computer program. 
(a) Heifers aad male calves or fattened males only. 

1.15 
8.5 

0.62 
15.59 
0.61 
0.94 
276 

0.58 
0.59 

the model for a feedlot located near Beijing is based on data 
developed by researchers at Beijing Agricultural University as 
shown in Simpson et al. (1994). 

Four analyses of the model grassland cattle operation are devel- 
oped. There are 2 systems, each with a current typical operation 
quantitatively evaluated and an improved operation. One of the 
systems is based on the current practice of fattening cattle to 
slaughter weight on grass while the other one is a simulation in 
which weaned calves are shipped to feedlots. The objective is to 
determine if the improved system is economically viable and if it 
would be superior to the traditional system in terms of feedstuffs 
Utilized. 

ReSUltS 

Cow/calf Operation 
The model breeding cow enterprise is based on 2,000 hectares 

(Table 1). The scale may seem rather large, but does reflect a sit- 
uation of a larger producer, or in which several smaller producers 
operate together. It is recognized that most producers in Inner 
Mongolia raise sheep as well as cattle. However, even though the 
2 species are often grazed together, conceptually the cattle can be 
considered a separate enterprise and the costs which pertain to 
them partitioned out and allocated to the cattle enterprise. In any 
event, there are relatively small economies of scale in cattle graz- 
ing so that the unit costs would not vary significantly regardless 
of the size. 



current operation fattened progeny are sold as 4-year olds while 
in the improved system they reach market as 3-year olds. 

The current system assumes overstocking, with 220 animal 
units (AU) compared to an “ideal” or recommended carrying 
capacity of 200 AU. The improved system has 20 ha of improved 
land used to provide winter feed. The actual carrying capacity of 
208 AU in the improved model is nearly equal to the optimal car- 
rying capacity of 207 AU. The current alternative has 120 cows 
while the improved one only has 105 breeding cows. The differ- 
ence in breeding cow numbers in the grass fattening alternative is 
due to a greater number of progeny canicd to slaughter weight iu 
the improved operation. 

Results in Table 1 show that 28 3-year old males and 21 year- 
ling and Zyear old heifers are sold in the improved cow/calf- 
grass fattening operation compared with seventeen 4-year old 
males and 10 heifers in the current operation. Basic production 
costs (i.e., mainly cash costs) are greater in the improved system 
($7,014 versus $4,076) due to added supplementation, labor cost, 
improved pasture, fuel, etc. But, much greater income leads to 
nearly double net income; $3,923 iu the improved system com- 
pared with $2,068 in the current system when only basic produc- 
tion costs are considered. If all costs are taken into account 
including opportunity cost on capital invested but with no charge 
to labor, there is negative net income of $846 in the improved 
operation which, while still a loss, is less than in the current oper- 
ation ($1,404). Evaluation of worldwide beef operations indicates 
that very seldom are all costs covered (Simpson and Fanis 1982). 

The cost per kg produced is $0.30 for the current operation 
when only basic production costs are considered and $0.32 in the 
current system. These costs are not much higher than in similar 
areas of Cauada and the United States; however, the cost iu the 
drier cow/calf areas of Australia would be lower. 

The second grassland system, results of which are provided in 
the third and fourth columns of Table 1, represents a situation in 
which calves are shippped after weaning to a feedlot in the agri- 
culture area. Two alternatives, also called current and improved, 
are analyzed. The current system rests on the basic production 
parameters in the grass fattening systems except that progeny are 
sold as weaned calves rather than fattened animals. There are 168 
total breeding cows in each alternative, susbstantially more than 
in the grass fattening alternative, because the only progeny held 
to the second year are replacement heifers. There are 88 calves 
sold in the improved alternative compared with 52 if the current 
production methods were continued. Net income to producers 
above basic production costs is $3,430 in the improved altema- 
tive compared to $2,123 in the low efficiency or current one. 
Production costs per kg produced are less than in the grass fattcn- 
ing system. 

The net income of the improved operation in which calves are 
sold at weaning is 13% less than the improved grass fattening 
alternative. The reason is that China does not have a beef grading 
system, feedlot fattening is still in its nascent stages and trans- 
portation costs of calves are high. Consequently, as in all coun- 
tries where cattle are grass fattened, heavier animals sell for a 
higher price per kg than calves. Although the grass fattening is 
the higher income alternative in the improved model, the feedlot 
alternative produces more net income if current production meth- 
ods were to be continued ($2,123 versus $2,068). 

Feedlot 
The feedlot operation is modeled as a continuation of the 

weaned calf sales from the cow/calf operation. Thus, the numbers 
purchased include 35 head from the current level of management 
and 52 head from the improved one (Table 1). There are 2 alter- 
natives in the fcedlot, calves from current and improved altema- 
tives. Management, type feedstuffs, etc., is the same in both of 
them. However, because the calves from the current cow/calf 
operation are of a lower quality than in the improved cow/calf 
alternative, the average daily gain is lower (1.09 kg versus 1.15 
kg). The weight into the lot (shrunk weight) is also less (134 kg 
versus 156 kg) although the weight at sale of 450 kg is the same. 
The result is that 290 days are required for cattle from the current 
management cow/calf operation compared with 255 days with the 
higher grade cattle. Transportation cost is reflected in the differ- 
ence between selling price of calves and purchase price. For 
example, in the improved system, transportation costs would be 
$0.13, the difference between $0.46/kg calf sale price in Inner 
Mongolia and $0.59lkg purchase price at the feedlot in the 
Beijing area. 

The cost per kg sold is $0.61 for the higher grade cattle versus 
$0.65 for the calves from the current cow/calf operation. There is 
$16 net income from each head of the higher grade cattle sold 
compared with $1 from the lower grade cattle. 

Feedstuffs Utilization 

One of the most dramatic parts of the analysis, and of particular 
iuterest for macro level planning, relates to a comparison of feed- 
stuffs use as measured on an energy and protein basis. Results in 
Table 2 show that while 14,230 Meal of metabolizable energy 
(ME) and 738 kg of crude protein are required per 4-year old 
male sold at slaughter weight in the current alternative, a feedlot 
fattened animal from the current alternative cow/calf operation 
needs only 5,670 Meal of ME and 371 kg of crude protein (CP). 
In the improved operation, only 5,410 Meal of ME and 351 kg of 
CP are required. In effect, less than half as much ME and CP are 
required when the fcedlot system is introduced. The ME and CP 
in the grass fattened operation are an accumulation of utilization 
by the calf as well as the amount attributable to each year of lie. 
Grass fattened cattle in China gain during the summer months but 
then lose during the winter. The ME and CP are calculated dry 

Table 2. Metabolizable energy and crude protein per bead sold 

Grass fattening Calves to feedlot 
Paraa~etcrs and results Corrent Improved Current Improved 

Cow/calf ooeration 
M&I-Id finished to slaughter 
weight 

Grass fioishcd 
3-year old males (Meal) 13,320 
4-year old males (Meal) 14,230 

Fcedlot finished (I&al) 5,670 5,410 

CP/Hd finished to slaughter 
weight 
Grass finished 

3-year old males (Kg) 730 
4-year old males 738 

Feedlot finished (Kg) 371 351 

Source: Autho~‘s field work. Results are summary from computer progmm. 
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matter based requirements for minimal growth. The feedlot ME 
and CP are based on dry matter based equivalents of feedstuffs 
consumed (Simpson et al. 1994). 

Discussion and Conclusions 

The economic and feedstuffs use models presented clearly indi- 
cate that considerable advances can be made in improving the 
efficiency of China’s cattle industry. A shift to a cow/calf orienta- 
tion would also free up some rangeland for renovation. 
Furthermore, although the analysis was done for cattle, the princi- 
ples hold for sheep production as well. One conclusion is that 
feedlots are a viable alternative. However, use of them will take 
time due to the need for improved transportation and communica- 
tion systems and knowledge about management. Fed cattle prices 
are not particularly favorable for feedlot finishing but, as the 
economy develops and demand grows, prices will improve. 
Meantime, for wide adoption of feedlots, a number of market and 
institutional changes will be necessary. For example, sale price of 
slaughter cattle may be bid up to reflect higher quality, or 
cow/calf operators and feedlot operators might form joint ven- 
tures. In this type of business venture cow/calf operators would 
gain by selling calves rather than grass fattened animals. Another 
possibility is that advances might be made in feeding efficiency 
or in reducing feedstuffs cost in the feedlot. 

Development of China’s beef industry has to be evaluated from 
a micro as well as macro viewpoint. The micro, or producer ori- 
ented analysis, indicates that a substantial increase in profitability 
could be obtained from an improved system, even when fattening 
on grass. Additionally, shipment of calves to feedlots is more 
profitable than the present grass fattening oriented system. 
Naturally, there are considerable differences among producers, 
part of which is based on management and part on location. Some 
producers are so isolated that calf production will not be a viable 
alternative for many years. In other cases, where producers are 
located near rail lines or major roads, many of them could shift 
over to a cow/calf system if a viable marketing system were 
developed. To date, the rail, road, and communication i&astruc- 
ture has been inadequate to support the proposed feedlot system. 
But, rapid development of infrastructure is taking place and, by 
the end of the 1990’s, is expected to be sufficiently adequate that 
some grassland producers could participate. 

On the macro or national level, the analysis indicates that a 
substantial savings is possible in feedstuffs per kg of meat pro- 
duced (on a protein and energy basis). China has a surplus of ani- 
mal feedstuffs and is one of the world’s largest exporters of feed- 
stuffs. This surplus situation is expected to continue well into the 
next century (Simpson et al. 1994). Furthermore, there is an 
abundance of low quality roughage in farming areas such as rice 
and other straws as well as stovers such as maize residues which 
can, and do, serve as a basis for feeding cattle. China has a very 
large program in farming areas for treatment of low quality 
roughages with ammonia and urea. This will expand ,with 
demand for higher quality feeds. Research has been carried out 
on feedlots, especially by Beijing Agricultural University and 
through the Food and Agriculture Organization of the United 
Nations (FAO) programs. The government has a self sufficiency 
food policy that is oriented to importation of technology rather 
than feedstuffs or food. This policy, articulated through both tar- 
iff and non-tariff means, will stimulate development of the feed- 
lot industry. Beef imports and exports about offset each other. 

One impediment to development of a large scale feedlot indus- 
try is knowledge, i.e., a technical problem. In general, capital is 
not a constraint, especially to villages and cities, which are 
already major owners of hog and chicken operations. However, 
lack of grading systems for live cattle and carcasses are major 
barriers, especially when considering tourist trade outlets. As 
incomes increase, quality aspects of carcasses via a grading sys- 
tem, especially those related to grain feeding, will have to be 
instituted for feedlots to really flourish. 

Continual land tenure changes will be required which draw 
people from grassland areas to urban settings. The grasslands are 
overpopulated in the sense that expansion of holdings-and thus 
greater incomes-through size, scale economics and more sophis- 
ticated management requires human depopulation. An example of 
measures being taken is experimentation of land use rights sales 
in Anhui province (in central eastern China). The last impediment 
is need for a marketing program that will facilitate sales from 
grassland areas to crop areas. One innovation being experimented 
with at Beijing Agricultural University is a contract system in 
which cow/calf producers retain ownership of calves through the 
fattening process and/or a contract system. 

Sustainable production of China’s grazing lands-and continued 
improvement of them--means that in addition to programs related 
to livestock owners, infrastructure development such as roads, 
marketing channels and transportation mechanisms are critical. 
Massive programs are being carried out. If China continues the 
high rates of economic growth recorded over the past decade 
(8-12% annually), there will be potential for a profound impact 
on China’s grazing lands. 
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Book Reviews l!!Ll 
The Wild Silk Moths of North America. A Natural History 

of the Suturnidae of the United States and Canada. By Paul 
M. Tuskes, James P. Tuttle, and Michael M. Collins. 1996. 
Cornell University Press, Ithaca, New York. 250 p., with 30 
color plates. US$75.00 cloth. ISBN 0-8014-3130-l. 
Elusive, ephemeral, and impressive, moths of the family 

Sutumidue are the entomological equivalents of astronomical 
comets. Yet many people have never seen them, and many others 
who have seen them have failed to observe or recognize what 
they have seen. Although the Saturnids have long been much 
appreciated by devotees, few aspects of nature so aesthetic and 
widespread have escaped the attention and adoration of the public 
at large. And, based on a recent entomology Ph.D. exam I attend- 
ed in which the candidate was not even familiar with the family 
Satumidue, and in which the examiners could not agree on 
whether an adult Acfias Zunu moth could feed, the Satumidae evi- 
dently remain a non-economic aside to much of entomological 
academia. (Postscript: the candidate passed and the examiners are 
still on staff.). 

Books on the Satumidue have been about as challenging to net 
as the moths in flight. Academic references have been largely 
limited to journal papers on individual species. Some popular or 
semi-technical books lie Villiard’s Moths and How to Rear 
Them, and Wild Silk Moths of the United States by Collins and 
Weast have long been out of print, and hobbyists have relied 
mainly on regional field guides. So The Wild Silk Moths of North 
America fills a hugh void in the literature of this family, not only 
in its behavior and ecology but in its basic systematics. 

The text of the book consists of 2 major parts. The first part on 
behavior and ecology contains 7 short chapters. Chapter 1 exam- 
ines the general life history strategies of the family, and includes 
such topics as metamorphosis, pheromone mating, oviposition, 
caterpillar survival strategies, pupation, and cocoon spinning. 
Chapters 2 and 3 are on parasitism and diseases, respectively. 
Aspects of populations, species and taxonomy are the subject of 
Chapter 4, which includes discussions of speciation, hybridiza- 
tion, and polymorphism. Chapter 5 covers the general aspects of 
collecting the Satumidae at the different life cycle stages, includ- 
ing where and when to look for larvae, cocoons, and adults, and 
how to attract adults. The general rearing requirements for the 
family at the diierent stages are described in Chapter 6. This 
chapter is of special interest to individuals interested in commer- 
cially breeding these moths. Chapter 7 discusses the long and 
multi-faceted relationship between silk moths, including the 
domestic silk moth, Bombyx mori, and human culture. 

Part 2 consists of species accounts within the family’s 3 sub- 
families and 18 genera, and includes descriptions of subspecies 
and hybrids. These accounts provide details of many aspects of 
the individual species, including such diverse and interrelated 
matters as taxonomy, distributions, rearing requirements, larval 
host plants, life stage biology, adult variation, and hybridization. 
A distribution map is provided for each species. The accounts are 
admirably detailed, even though much is still unknown about 
many of these species. Two appendices follow, one on host-para- 
sitoid relationships in the Satumidae, and the other on Saturnid 
hybrids. The literature cited section is extensive, and will be of 

great value to others in assembling the dispersed writings on 
these moths. A subject index, a taxonomic index, and an index of 
host plants follow. 

A section consisting of 30 color plates with captions is found 
between the 2 major sections of text. Twenty-four of the 8.5 X 11 
in. plates are of the adult moths, with anywhere from 6 to 24 full- 
size moths per plate. The adult moths are wonderfully photo- 
genic. The other 6 plates are of the caterpillars in their final 
instar, anywhere from 7 to 18 to a page, 75%-85% life size. They 
are photogenic too, especially if you like your caterpillars in 
translucent greens and blues, maybe with some hairs, urticating 
spines, or colorful tubercles, and on the large side. 

The authors of this book must be pleased with it because as 
specialists in this area, they realize how much it has been needed. 
As someone with experience rearing and collecting some of these 
species, and being familiar with published work on them, I am 
sure The Wild Silk Moths of North America is the superior refer- 
ence on both the ecology and the systematics of North America 
Satumidue for the academic, breeder or hobbyist. All of them 
will find it skillfully written, pleasingly readable, and highly 
informative. Ecosystem scientists, including forest and range sci- 
entists may be interested in these low-density insects as indicators 
of ecosystem health. In fact, anyone with an active interest in 
nature should be fascinated by this attractive, scholarly presenta- 
tion of these extraordinary, increasingly threatened animals. And, 
based on my experience, academics in the ecological fields may 
find the book useful if they ever sit in on a Ph.D. exam in ento- 
mology. Just open it to the photograph of the caterpillar of 
Citheronia regalis, show it to the candidate, and wait for a 
squirm--David L. Scumecchiu, Washington State University, 
Pulhnan, Washington. 
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