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Bison grazing patterns on seasonally burned tallgrass 
prairie 

BRYAN R. COPPEDGE AND JAMES H. SHAW 

Auihors are former graduate assistant and professor, Oklahoma Cooperative Fish and Wildlife Research Unit, Department of Zwlogy, Ok&ma State 
University, Stillwater, Okla. 74078. 

Abstract 

Patterns of bin (JIison bison L.) grazing were examined in a 2- 
year study on a tallgrass prairie site in Oklahoma subjected to a 
seasonally and spatially variable burning regime. Mixed groups of 
bin, composed of cows, yearlings, calves, and young (< 5 years 
of age) bulls, comprised 99% of the study population and showed 
selectivity by using burned areas significantly more than expected 
23% of the time. Mixed groups avoided unburned areas 63% of 
the time. In contrast, bull groups of mature bulls > 5 years of age 
selected unburned areas for graxing 29% of the time and burned 
areas only 4% of the tie. Temporal patterns in bin grazing 
were evident; selective use of burns persisted for only a short 
period during the first post-fire growing season, after which 
burns were grazed in proportion to availabiity and then selective- 
ly avoided as bison shifted grazing efforts to newer burns. 
Regression analysis verified that bison grazing was negatively 
related to burn age. Regression also showed that grazing patterns 
were positively related to burn patch size. Although burn types 
varied signitlcantly in biomass and overall vegetative composition, 
bison exhibited only limited preference for any burn type, choos- 
ing those with higher relative cover of annual Bromus spp. and 
sedges. It appears that bin select recently burned areas with rel- 
atively low graminoid biomass for grazing, presumably choosing 
these areas based on forage quality rather than quantity. 

Key Words: bison-fire interactions, temporal trends, bison social 
groups, sedges 

Most North American prairies developed under the influence of 
fire and bison (Bison bison L.) grazing (Axelrod 1985), and 
numerous studies have documented the interaction between these 
phenomenon. Bison are strongly attracted to recently burned 
areas (Coppock and Detling 1986, Shaw and Carter 1990, Vinton 
et al. 1993, Pearson et al. 1995), presumably because of increases 
in forage quality (Coppock et al. 1983) and quantity (Wallace et 
al, 1995). In tallgrass prairie, fires were frequent and seasonally- 
variable (Bragg 1982). However, even slight differences in the 
seasonal timing of burning can have profound effects on vegeta- 
tion response (Towne and Owensby 1984). In general, fires that 
occur during the dormant season favor those species that are not 

Research was supported by a grant from the Nature Cooservancy and by the 
Oklahoma Cooperative Fish and Wildlife Research Unit (U.S. Biol. Res. Div.. 
OkIa Dept. Wildl. Conserv., Wildl. Manage. Inst., and Okla. State Univ., cooper- 
ating.) 
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actively growing, such as the warm-season grasses that now dom- 
inate tallgrass prairie (Collins and Wallace 1990). However, fires 
during the growing season when these warm-season species are 
active reduces their competitive ability and favors cool-season 
species (Howe 1994). What is not well understood is how bum- 
ing tallgrass prairie at different times of the year, during both 
active and dormant growing seasons, affects both the vegetative 
response and the subsequent grazing use by native herbivores. 

This study reports on the grazing patterns of bison in a tallgrass 
prairie landscape subjected to seasonally-variable prescribed 
burns. Study objectives were to investigate spatial and temporal 
patterns of bison grazing in relation to the burning regime. 
Specifically, we were interested in testing hypotheses that 1) sea- 
sonal bums differ significantly in vegetative parameters and 2) 
bison grazing patterns are influenced by variations in burn patch 
parameters such as vegetative, spatial and temporal characteris- 
tics. Because bison on this site are almost exclusively gramnivo- 
rous (Coppedge 1996), we specifically hypothesized that grazing 
preferences would be closely tied to areas with high cover of 
graminoids. We also evaluated grazing patterns of bison social 
groups. Bison, like many ungulates, practice sexual segregation 
where adult males and females remain spatially and/or temporally 
separated for most of the year (McHugh 1958, Main and 
Coblentz 1990). Because differential habitat use in bison social 
groups has received little research attention, we compared graz- 
ing patterns of bison social groups in this study to test the hypoth- 
esis that segregation results in different overall grazing patterns. 

Methods 

The Study Area 
The study was conducted from January 1994 to December 1995 

on the Nature Conservancy’s Tallgrass Prairie Preserve (TPP), a 
15,342-ha tallgrass prairie site in the Osage Hills of northern 
Oklahoma (36”5O’N, 96’25’W). The Osage Hills are a southward 
extension of the Plint Hills region that lies primarily in Kansas. 
The Plint Hills are an upland area characterized by hilly topogra- 
phy and rocky soils that prevented extensive cultivation and con- 
tain the largest remaining tracts of native tallgrass prairie in 
North America. 

Vegetation is dominated by big bluestem (Amfropogon gerurdii 
Vitman), indiangrass (Sorghastrum nutuns [L.] Nash), switch- 
grass (Panicurn virgatum L.), and little bluestem (Schizachyrium 
scoparium [Michx.] Nash). Subdominant graminoids include 
rough dropseed (Sporobolus asper (Michx.) Kunth) and sedges 
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(Carex spp.). Common forbs are western ragweed (Ambrosia 
psilostachya DC.) and annual broomweed (Gutierrezia dracuncu- 
loides (DC.) Nutt.). Average monthly temperatures range from a 
low of -5.0” C in January to a high of 34.4” C in July. Average 
total annual precipitation is 877 mm; 70% occurs between April 
and September (Bourlier et al. 1979). Before establishment in 
1989 the Tallgrass Prairie Preserve was grazed by cattle and 
burned in early spring every 1 to 2 years. It was never plowed. 

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

Burning Regime 
Beginning in September 1993 (1 -month before bison reintro 

duction), preserve management began a prescribed burning pro- 
gram. Burns were conducted during 3 seasonal periods: summer 
(September); fall (November and December); and spring (March 
and early April). During each burning cycle, numerous sites were 
randomly chosen and sampled by preserve personnel; those with 
suitable fuel loads and firebreaks were selected for burning. 
Burns were conducted as headfires under conditions of low rela- 
tive humidity, heavy fuel loads, and relatively high air tempera- 
tures (Table 1). Bum patch juxtaposition and burning history 
through the duration of this study was documented (Fig. 1). 

Table 1. Average burning conditions for the 3 types of seasonal burns 
conducted at the Tallpass Prairie Preserve, 0ldahoma.’ 

Burn type Air Temp. ReI hum. Wmdqxed Fuel load Ave. size range 

(“Cl (46) (km he’) (kg ha-‘) old 
Spring 19 24 16 8,200 86 (66 - 98) 
Summer 28 39 8 7,990 26 (14 - 49) 
Fall 16 43 11 8,920 91(51-137) 

‘Data courtesy R.G. Hamilton and J.S. Crockett. 

Bison Grazing Patterns 
The study area was surveyed during daylight hours 4 to 12 

times per month. To assure temporal independence of observa- 
tions (Swihart and Slade 1985), surveys were conducted only 
once per day, alternating between morning (0600 to 1200 hours) 
and afternoon (1200 to dark). The location, size, and type of all 
bison herds were recorded. Bison generally form 2 types of social 
groups; bull groups of mature (> 5 years of age) bulls and mixed 
groups of cows, yearlings, calves, and young (5 years of age) 
bulls (McHugh 1958). The activity in which the majority of indi- 
viduals in the herd were engaged was recorded, and locations 
mapped on 1:24,000 USGS topographic quadrangles. Because 
grouping behavior in animals may violate statistical assumptions 
of independence (AJldredge and Ratti 1986). it is recommended 
that observations on grouping animals be composed of group 
counts and not counts of individuals (Thomas and Taylor 1990, 
Alldredge and Ratti 1992). However, because bison herd sixes 
varied widely in our study, in some cases by several orders of 
magnitude, we were concerned with the appropriateness of giving 
equal weight to observations on very small and very large herds. 
For example, groups of 2 and 200 animals would each be counted 
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Fig. 1. Burning history of the bison unit of the Tallgrass Prairie 
Preserve, Oklahoma at the conclusion of the study in December 
1995. Numbers refer to the order in which burns were conducted. 

as a single observation, even though their members might not 
exhibit similar levels of selectivity nor the groups have equal eco- 
logical effects. We conducted preliminary analyses using both 
counts of individual animals and herd counts as observations to 
address this concern. Herd and individual counts gave similar 
selectivity results 66% of the time. Because we were interested in 
general population trends in habitat selectivity, and not that of 
individuals, herd count summarized by habitat patch were 
deemed acceptable for this study. In addition, because variation 
in herd sixes were mostly seasonal and we were not specifically 
addressing the effects of grazing in this study, we pooled group 
count data for each year into discrete seasonal study periods for 
analysis, defined as winter (Jan.-Mar.); spring (Apr.-Jun.); sum- 
mer (Jul.-Sep.); and fall @ct.-Dec.). Grazing use of burns and 
the mmaining unburned portion of the study area was assessed in 
relation to overall availability with x2 analysis (Neu et al. 1974). 
To detect selection or avoidance of specific bum types and assess 
the significance of grazing patterns, 95% Bonferroni confidence 
intervals were constructed (Byers et al. 1984). To evaluate patch- 
specific grazing trends, observations were also summarized for 
individual burn patches (Fig. 1). These data were subjected to 
simple linear regression analysis to assess relationships between 
bison group observations and spatial-temporal burn patch charac- 
teristics. We followed the general protocol for regression analysis 
presented by Senft et al. (1983). Characteristics evaluated were 
burn patch age (in months), size (in ha), distance to permanent 
water (in km), and mean inter-patch distance (in km). Because of 
small sample sizes from bull groups, we limited regression analy- 
sis to mixed group data (Neter et al. 1989). Similarly, because 
bulls join mixed groups for the summer mating season, there 
were too few observations on bull groups in the summer period to 
conduct tests on habitat use. 
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Vegetation 
Vegetation was assessed by establishing 20 (1994) and 23 

(1995) l-ha plots in the study area each year. Plot locations were 
stratified to represent as many individual burn patches, burn 
types, and unburned areas as possible: thus, all but 2 bum patches 
present in the study area (Fig. 1) were sampled. Composition of 
the standing crop of current year’s growth was estimated with the 
dry-weight-rank method (Gillen and Smith 1986), with herbage 
components grouped into 7 categories: tallgrasses (big bluestem, 
switchgrass, indiangrass), little bluestem, all other perennial 
grasses, annual grasses, sedges, legumes, and forbs (Table 2). 
Sampling dates represented the broad seasons of plant phenolo- 
gy-early growing season (June) and late growing season 
(August). To estimate biomass, all aboveground herbage in 
20-25 20-x SO-cm quadrats was clipped in each plot each sam- 
pling date. Herbage was separated into current year’s growth, lit- 
ter, and mulch, and dried at 70” C to a constant weight. Total 
graminoid to forb ratios also were calculated by pooling composi- 
tion data. The significance of variation in biomass and ratios was 
tested for each year (1994 and 1995) separately with a 2-way 
ANOVA, using bum type (spring, summer, fall, unburned) and 
sample date (June and August) as independent variables. 
Composition data were similarly tested using a MANOVA model 
with percent composition of the 7 forage groups as a multivariate 
dependent variable. Significance of terms in the MANOVA 
model was tested at c1 = 0.05 with Wilk’s h (Johnson and 
Wichem 1992). 

Table 2. Seasonal grazing patterns in 1994 by bison social groups in rela- 
tion to available bum types and unburned areas on tallgrass prairie in 
Oklahoma. Grazing use is expressed as a percentage of total group 
observations. 

Bum Group Winter Spring Summer Fall 
type type (Jan.-Mar.) (Apr.-Jun.) (Jul.-Sep.)’ (Oct.-Dec.) 

--------------(%)--------------- 
Summer 1993 Bull OS2 25.0 2.2 

Mixed 19.1+ 15.0+ 22.2+ 7.9 

Fall 1993 Bull O.O- 20.0 8.8 
Mixed 2.9- 37.0+ 29.6+ 16.5 

spring 1994 Bull 25.0 24.4 
Mixed 23.3+ 24.1+ 4.7 

Summer 1994 Bull 2.2 
Mixed 9.4 

Fall 1994 Bull . 2.2- 
Mixed 5.5 

Unburned Bull lOO.O+ 3o.cb 60.2 
Mixed 78.1- 24.7- 24. l- 56.0 

:Due to small sample sizes, no analyses were conducted for bull groups during this season. 
Indicates significant selection (+) or avoidance (-) relative to availability as estimated 

from simultaneous 95% Bonferroni confidence intervals (Byers et al. 1984). 

Results 

Grazing Patterns 
Specific grazing trends by bison social groups were evident 

(Tables 2-3). Bull groups selectively grazed bums only 4% of the 
time, while avoiding bums 46% of the time. In contrast, 23% of 
mixed group observations indicated burn selection, with only 
13% showing avoidance of bums. Use of unburned areas also dif- 
fered between social groups. Mixed groups avoided unburned 
areas 63% of the time, and never exhibited selection for unburned 

Table 3. Seasonal grazing patterns in 1995 by bison social groups in rela- 
tion to available bum types and unburned areas on tallgrass prairie in 
Oklahoma. Grazing use is expressed as a percentage of total group 
observations. 

Bum Group Winter Spring Summer Fall 
type type (Jan.-Mar.) (Apr.-Jun.) (Jul.-Sep.)’ (Oct.-Dec.) 

------------.-(%)------.------- 
Summer 1993 Bull 15.2 6.7 0.Cb2 

Mixed 9.5 O.O- 10.0 3.2 

Fall 1993 Bull 15.2 20.0 0.C 

Mixed 10.1 1.4- O.O- 5.3 

Spring 1994 Bull 18.2 0.C O.O- 
Mixed 9.0 5.8 3.3 l-l- 

Summer 1994 Bull 3.0 O.O- O.CL 

Mixed 9.0 18.8+ 13.3 4.3 

Fall 1994 Bull 3.0 40.0+ O.O- 

Mixed 7.4 42.b 13.3 12.8 

Spring 1995 Bull O.O- O.O- 
Mixed 16.0 10.0 6.4 

Summer 1995 Bull 18.2 

Mixed 6.7 9.6 

Fall 1995 Bull O.O- 
Mixed O.Ck 

Unburned Bull 51.4 33.3 81.8+ 

Mixed 55.0- 16.0- 43.4 57.3 

:Due to small sample sizes, no analyses were conducted for bull groups during this season. 
Indicates significant selection (+) or avoidance (-) relative to availability as estimated 

from simultaneous 95% Bonferroni confidence intervals (Byers et al. 1984). 

areas. Bull groups selected unburned areas 29% of the time, and 
avoided them in 14% of observations. Overall, pairwise seasonal 
comparisons for both study years (Table 2-3) showed only 46% 
agreement between grazing patterns of bull and mixed groups. 
Thus, the majority of observations (54%) indicate that grazing 
patterns differed between bison social groups. 

Bison showed limited selectivity for fall bums, with 17% of 
observations showing selection for this bum type, 15% showing 
selectivity for summer bums, and 11% showing selectivity for 
spring bums. Patterns of avoidance, however, were more substan- 
tial. Thirty-five percent of bison observations indicated avoidance 
of fall bums, compared to 28% for spring burns and 15% for 
summer burns. Using the magnitude of differences between 
avoidance and selection observations to gauge bison preferences, 
bison most favored summer bums, followed by fall and spring 
bums. 

Table 4. Results of regression analysis of spatial and temporal trends in 
bison grazing patterns. The percentage of total grazing observations 
from each burn patch was used as the dependent variable, with the 
bum patch age (in months), size (in ha), distance to permanent water 
(in km), and mean interpatch distance (in km) as independent vari- 
ables. Only data from mixed groups were used in the analysis because 
these groups constituted the majority (90%) of the population. 
Observations on bull groups were too few in some seasons and from 
many bum patches to conduct regression analysis. 

Variable Equation P Rx- 

Bum size 9 = 2.5 +0.1x <0.002 0.12 

Mean interpatch 
distance y = 7.3 -0.7x >0.715 0.00 

Distance to 
permanent H20 9 = 5.8+1.8x >0.579 0.M) 

Bum age 9 = 12.6-0.6x <O.OOl 0.31 
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Table 5. Biomass (p/m*) and herbage composition (46) of tallgrass prairie in Oklahoma, 1994, by season (sample date) and bum type (Fig. 1). 

Composition’ 

Biomass TG LB OG AG SE FO LE 

Season 

June 
August 

X SE x SE x SE x SE : SE x SE X SE i? SE 

(g/m*) --- ~~~~~~~~~~...~~~~~~~~~~~~~~~-~--(%)~~~~~~~~~~~~~~~~~~-------~~~~~~~~~~~~~~ 

328 (17) 26.6 (2.7) 29.6 (3.7) 16.2 (1.7) 1.6 (1.2) 3.1 (0.9) 20.0 (3.0) 2.9 (0.7) 

436 (16) 31.9 (3.2) 29.1 (3.5) 10.5 (1.4) 0.2 (0.2) 0.5 (0.3) 25.2 (4.2) 2.5 (0.7) 

Summer 1993 391 (41) 22.1 (3.4) 21.3 (5.2) 12.2 (1.4) 3.8 (2.9) 0.3 (0.1) 35.9 (5.7) 4.4 (1.3) 

Fall 1993 321 (44) 23.8 (3.1) 22.8 (5.7) 15.2 (3.9) 0 (0) 3.1 (1.6) 33.2 (4.1) 1.8 (0.7) 

Spring 1994 400 (40) 38.2 (5.8) 31.0 (2.4) 8.1 (2.6) 0 (0) 0.1 (0.1) 20.8 (5.1) 1.9 (0.8) 

Unburned 399 (11) 31.9 (3.4) 35.3 (4.0) 14.7 (1.6) 0.3 (0.2) 2.5 (0.8) 12.6 (2.9) 2.6 (0.9) 
, 

Component abb=viath m a.s follows: TG - tallgrasses; LB - little bluestem; OG - all other perennid gm.~~; AG - annual grasses; SE - s&ges; ~0 _ forbs; LE _ legumes, 

Temporal trends in grazing patterns were apparent. Older bums 
from 1993 and 1994 were generally used only in proportion to 
availability or avoided by bison during 1995 (Table 3). When 
newer and presumably more attractive burns appeared on the land- 
scape (Fig. l), bison shifted to these newer bums in 1995, regard- 
less of bum season (Table 3). Regression analysis of grazing pat- 
terns on individual bum patches in relation to spatial-temporal 
characteristics verified this temporal trend. Although regression 
accounted for only 12-3 1% of the variation in bison grazing 
(Table 4), grazing observations were negatively related to bum 
age (p < 0.001) and positively related to bum size (p < 0.002). 
There was no significant relationship between bison grazing and 
mean interpatch distance (p > 0.7) or distance to water (p > 0.5). 

Vegetative Characteristics 
As would be expected, biomass was significantly higher 

(p < 0.001) during the latter August sampling than from the 
June sampling date during both study years (Tables 5-6). 
Biomass also varied significantly between burn types. In 
1994, differences were negligible (p = O.OS), with fall 1993 
burns having slightly less biomass than summer 1993 and 
spring 1994 burns and unburned areas (Table 5). Differences 
in biomass between burn types were more substantial during 
1995 (p < 0.001). New burns, those conducted during sum- 

mer 1994, fall 1994, and spring 1995, had significantly less 
biomass than older burns from the previous growing season 
and unburned areas (Table 6). 

Surprisingly, all statistical tests for differences in grass to forb 
ratios between sampling dates and bum types were insignificant 
in both study years (all p > 0.09). 

Vegetation composition varied significantly by sample date 
(p < 0.006) and burn type (p c 0.0004) in 1994 (Table 5). 
Perennial grasses, annual grasses, and sedges were most prevalent 
in June, while tallgrasses and forbs were most abundant in August. 
Annual grasses were much more abundant on summer 1993 burns 
than on other burn types. Sedges were most prevalent on fall 1993 
and unburned areas. Forbs were most common on summer 1993 
and fall 1993 bums. Levels of the 2 most prevalent vegetative com- 
ponents, tallgrasses and little bluestem, were highest on spring and 
unburned areas. Composition trends were similar for seasonal 
(p c 0.03) and bum type (p < 0.0004) differences in 1995 (Table 
6). Annual grasses and sedges were most prevalent during the early 
growing season (June), while forbs and tallgrasses increased during 
the latter growing season (August). Tallgrasses and little bluestem 
levels during 1995 were highest on old bums from 1994 and on 
spring 1995 and unburned areas. Sedge levels remained highest on 
fall bums and unburned areas in 1995. 

Table 6. Biomass (g/m*) and herbage composition (40) of tallgrass prairie in Oklahoma, 1995, by season (sample date) and bum type (Fig. 1). 

Composition’ 

Biomass TG LB OG AG SE FO LE 

x SE fi SE x SE ~7 SE : SE X SE x SE x SE 

Season (g/m’) - - _ _ _ _ --------------------------------(%)---------------------------.-----.----- 

June 300 (27) 23.3 (2.8) 21.4 (3.1) 13.0 (2.3) 2.2 (0.9) 9.3 29.2 1.7 August (2.0) (2.7) 521 (23) 28.1 (3.2) 18.5 (2.6) 15.9 0.1 3.6 32.3 (0.4) 
(1.4) (0.1) (0.8) 1.4 (3.3 (0.4) 

Bum type 

Summer 1993 509 (45) 21.7 (3.4) 18.4 (6.1) 15.9 (5.8) 3.9 2.4 34.3 Fall 1993 (2.2) (0.7) (5.5) 3.4 431 (61) 16.5 (1.9) (‘3.8) 
16.0 (3.3) 18.8 (2.6) 0.9 (0.6) Spring 1994 488 8.6 (3.5) 38.3 (2.5) 1.0 (53) 32.5 (6.2) 32.2 (4.3) 12.1 0 2.4 19.8 (0.4) 

Summer 1994 (2.5) (0) (1.6) 1.1 300 (3.8) (96) 18.3 
(5.8) 9.1 (3.3) 17.9 (4.0) 0.4 (0.1) 5.1 47.9 

(0.4) 

Fall 1994 300 (1.3) (7.2) 1.4 (92) 27.8 (5.6) (1.1) 
12.9 (1.9) 15.4 (6.3) 0 (0) Spring 1995 225 10.3 (4.0) 31.1 (4.2) 2.5 (62) 21.1 (4.3) 28.1 (6.0) 9.1 0 1.8 39.3 (1.7) 

(2.4) (0) (0.9) 0.6 Unburned 429 (2.5) (34) 34.6 (5.5) (0.6) 
20.9 (4.4) 12.0 (1.3) 1.1 (0.7) 1 10.5 (2.9) 20.2 (3.6) 0.8 (0.4) 

Component abbrckhns are as follows: TG - tallgrasses; LB - little bluestem; OG - all other perennial grasses; AG - annual grasses; SE _ sdges; ~0 - forbs; LE _ legumes, 
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Discussion Vinton et al. (1993) reported high grass to forb ratios on patches 
selected for grazing by bison on tallgrass prairie in Kansas. That 

Bison in this study generally showed preferences for grazing on 
burned areas, consistent with previous studies of bison habitat use 
(Coppock and Detling 1986, Shaw and Carter 1990, Vinton et al. 
1993, Pearson et al. 1995). However, what remained unknown 
until this study was how different seasonal burn patches that pos- 
sess varying vegetative properties influence bison grazing pat- 
terns. The trend in grazing preference among burn types appears 
to proceed from summer bums to fall bums to spring bums to 
unburned areas. The only unique vegetative characters of summer 
bums were high forb levels and higher occurrences of the rela- 
tively minor annual grass component. This suggests an increase 
in grazing selection by bison with an increase in forbs. Bison, 
however, are primarily gramnivorous (Plumb and Dodd 1993) 
and usually avoid areas with abundant forbs (Trammel and Butler 
1995). More importantly, our study of food habits for bison on 
this site have shown almost exclusive gramnivory, with 
graminoids comprising L 99% of the diet (Coppedge 1996). This 
finding led to our hypothesis that grazing patterns would be relat- 
ed to high levels of graminoids on the landscape; however, with- 
out significant graminoid to forb ratio differences we cannot fully 
test this hypothesis. There is a possible explanation for this appar- 
ent conundrum. Selective grass herbivory by bison, by removing 
the competition between grasses and forbs, is known to favor forb 
growth and productivity (Fahnestock and Knapp 1993, 1994) and 
increase forb diversity and cover (Hartnett et al. 1996) in tallgrass 
prairie. Because our sampling was done at the midpoint of broad 
phenological periods and used a technique that provided a rela- 
tive measure of composition, we believe that we were measuring 
the ungrazed forb response to the removal of graminoids by bison 
and that bison are not actually selecting summer-burned areas in 
response to an increase in forbs. We hypothesize that it is the sea- 
sonal timing of these burns in early September that is most attrac- 
tive to bison. The tallgrasses that dominate the study area reach 
their nutritive peak much earlier in the growing season, generally 
in June (Waller et al. 1972). Thus, any late growing season 
regrowth on these summer bums is likely to be more palatable 
and digestible than the mature grasses available elsewhere. 
Combined with the fact that summer bums are the first post- 
growing season bums conducted during the burning cycle at the 
preserve, bison selection for these burns is probably a result of 
utilization of the best available habitats present at the time. 

Bison also may be maintaining graminoids on bum patches at a 
relatively low biomass with frequent regrazing. Because of a gen- 
eral decrease in forage quality with increases in maturity level 
and biomass (Van Soest 1982), grazers in many situations face a 
trade-off between forage quality and forage quantity (Hobbs and 
Swift 1988). The “forage maturation hypothesis” (Fryxell 1991) 
suggests that frequent regrazing by large herbivores maintains 
areas of low to intermediate biomass as “grazing lawns” 
(McNaughton 1984, 1986), which contain forage of both accept- 
able quality and sufficient quantity to meet their foraging require- 
ments (Stephens and Krebs 1986). The tallgrasses that dominate 
our study are quite variable in their nutritive content with changes 
in phenology (Wailer et al. 1972, Adams and Wallace 1985), so 
bison may be selectively regrazing areas with low graminoid bio- 
mass based on nutritional cues and forage quality. Bison have 
been shown to significantly reduce graminoid standing crop on 
burned areas in Sandhills prairie (Pfeiffer and Steuter 1994). 

site, however, possessed only spring burns. It appears that on our 
site, any burn with low graminoid biomass, regardless of burning 
season, is preferentially selected for grazing by bison. 

Burn types varied significantly for most vegetative parameters, 
supporting our hypothesis that bum season results in different 
vegetative characteristics. Bison also showed some selectivity 
among burn types. Most preferred were summer burns, character- 
ized by high forb cover, but also have a relatively high cover of 
annual grasses, namely Bromus spp. These are a common diet 
item for bison on this site (Coppedge 1996), and bison are known 
to choose burned sites in Kansas tallgrass prairie characterized by 
high levels of these exotic, cool-season grasses (Vinton et al. 
1993). It appears that annual grasses are somewhat desired by 
bison, thus partially influencing their choice of grazing location. 
Fall burns also were selectively grazed by bison. The only unique 
vegetative characteristic of fall bums was a higher cover of 
sedges. These are a highly desired forage item for this bison pop- 
ulation (Coppedge 1996). Together, these results support our 
hypothesis that bison do choose areas for grazing based at least 
partially on vegetative composition. 

Two spatial factors shown to be important in similar studies of 
large grazers were not significant in this study. Foraging theory 
predicts that both large patches and patches more isolated or with 
longer travel times (in this study measured by mean interpatch 
distance) tend to have longer residence time by grazers (Stephens 
and Krebs 1986). Instead, we found that only bum size was 
important, supporting only part of the optimal foraging hypothe- 
sis. We suspect that a simple effect of scale may explain the lack 
of importance for mean interpatch distance. The animals can tra- 
verse the study area in only a few hours, thereby likely preempt- 
ing the importance of travel time and its potential influence on 
grazing patterns. Similarly, distance to water, important in some 
studies of cattle grazing distribution (Senft et al. 1985, Pinchak et 
al. 1991), was unimportant to this study. Again, the size of the 
study area and the relatively uniform distibution of permanent 
water (Fig. 1) may have reduced the importance of this variable. 

This study also found an interesting temporal trend in bison 
grazing patterns that had not been documented before-bison 
preference for newer burns while avoiding older patches. 
However, because the study area is an unusual situation with a 
prescribed burning program that is spatially and temporally vari- 
able, it is likely that similar trends could be observed for other 
herbivores in other locations under similar conditions. Our results 
demonstrating a temporal grazing trend for bison supports recent 
suggestions that herbivores have accurate spatial memory based 
on previous foraging experiences and can remember locations of 
and return to productive sites while avoiding unproductive areas 
where foraging experiences were poor (Bailey et al. 1996). Burn 
age, however, may be complicated by the issues of forage quality 
as previously discussed. Unfortunately because we did not make 
forage quality measurements in this study, this questions remains. 
The relationship between forage quality and burn age in tallgrass 
prairie and its effects on herbivore grazing patterns would be an 
interesting topic for future investigations. 

Significantly different grazing patterns between mixed and bull 
groups of bison supports our hypothesis that sexual segregation 
results in differential habitat use. Main and Coblentz (1990) con- 
cluded that sexual segregation among ungulates arose as the result 
of different reproductive strategies, with females selecting areas 
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best suited for rearing offspring and males choosing habitats to 
maxim&e body condition. Differences in grazing patterns between 
bison social groups were most disparate in spring when calves are 
born and nutritional demands on females are highest. This is also 
the period immediately before the rut when males compete vigor- 
ously for breeding opportunities (McHugh 1958). Thus, spring 
grazing patterns of bison in this study certainly suggest that this 
pattern of social segregation may also apply to bison. 

Our results do provide some insight into how standard range 
management practices may or may not apply to bison. For years 
it had been assumed that, for the most part, bison and cattle were 
ecologically similar. Recent increases in bison populations and 
availability have fostered bison ranching interests in the United 
States. Several studies have been conducted recently comparing 
the foraging behavior of cattle and bison. Because of differences 
in foraging and behavior, Plumb and Dodd (1993) concluded that 
significant differences do exist between the foraging ecology of 
bison and cattle, and that, depending on management objectives, 
either herbivore may be appropriate. Steuter et al. (1995) studied 
bison grazing distribution and interactions within a Sandhills 
landscape, and concluded that bison were well adapted to small 
prairie remnants. Hartnett et al. (1996) showed that carefully- 
managed bison within a small landscape are capable of positively 
affecting vegetational diversity. Our study has shown that bison 
grazing patterns are strongly influenced by a temporal and spa- 
tially-variable burning program within a single large area. A sim- 
ilar, well-executed burning program on any Great Plains range- 
land might eliiate the need for multipasture, rotational grazing 
systems in bison ranching efforts, reducing the need for extensive 
cross-fencing and reducing overall maintenance requirements. 

Conclusions 

Bison grazing is influenced by temporal, spatial, and vegetative 
characteristics of the landscape. Temporal variation in the season- 
al burning regime influenced the length of time bison were 
attracted to and grazed on burned patches. Bum patch size i&u- 
enced bison utilization. Timing of seasonal burns influenced the 
vegetative community, which in turn affected bison grazing pat- 
terns as bison selected for newer, recovering patches with lower 
biomass. Bison social groups had different grazing patterns. 
Although bull groups were a small part of the population (<lo%), 
they showed less attraction to burned areas than mixed groups of 
cows, calves, and yearlings. Conversely, bull groups showed 
more preference for unburned prairie while mixed groups avoid- 
ed these areas. 

Literature Cited 

Adams, D.E. and L.L. WaBace. 1985. Nutrient and biomass allocation 
in five grass species in an Oklahoma tallgrass prairie. Amer. Midland 
Natur. 113:170-181. 

ABdredge, J.R. and J.T. Batti. 1986. Comparison of some statistical 
techniques for analysis of resource selection. J. Wildl. Manage. 
50:157-165. 

ABdredge, J.R and J.T. Ratti. 1992. Further comparison of some sta- 
tistical techniques for analysis of resource selection. J. Wildl. Manage. 
56:1-9. 

Axehod, D-1.1985. Rise of the grassland biome, central North America. 
Bot. Rev. 51:163-202. 

Bailey, D.W., J.E. Gross, E.A. Laca, L.R. Rittenhouse, M.B. 
Coughenour, D.M. Swift, and P.L. Sims. 19%. Mechanisms that 
result in large herbivore grazing distribution patterns. J. Range 
Manage. 49:386-400. 

Byers, RC., RK. Steinhorst, and P.R Krausman. 1984. Clarification 
of a technique for analysis of utilization-availability data. J. Wildl. 
Manage. 48: 1050-1053. 

Boorlier, B.G., J.D. Nichols, W.J. Bingwaid, PJ. Worhman, and S. 
Clemmons. 1979. Soil survey of Osage County, Oklahoma. USDA- 
scs. 

Bragg, T.B. 1982. Seasonal variations in fuel and fuel consumption by 
fires in a bluestem prairie. Ecol. 63:7-l 1. 

Collins, S.L. and L.L. Waiiace. 1998. Pike in North American taiigmss 
prairies. Univ. of Oklahoma Press, Norman, Okla. 

Coppedge, B.R. 1996. Range ecology of bison on tallgrass prairie in 
Oklahoma. PhD. Diss., Oklahoma State Univ., Stillwater, Okla. 

Coppock, D.L. and J.K. Detiing. 1986. Alteration of bison and black- 
tailed prairie dog grazing interaction by prescribed burning. J. Wikil. 
Manage. 50~452-455. 

Coppock, D-L., J.E. Eiiis, J.K. Detiing, and M.I. Dyer. 1983. Plant- 
herbivore interactions in a North American mixed-grass prairie. II. 
Responses of bison to modification of vegetation by prairie dogs. 
Oecologia 56:10-15. 

Fahnestock, J.T. and A.K. Knapp. 1993. Water relations and growth of 
tallgrass prairie forbs in response to selective grass herbivory by bison. 
Int. J. Plant Sci. 154:4324tO. 

Fahnestock, J.T. and A.K. Knapp. 1994. Plant responses to selective 
grazing by bison: interactions between light, herbivory, and water 
stress. Vegetatio 115:123-131. 

Fryxell, J.M. 1991. Forage quality and aggregation by large herbivores. 
Amer. Natur. 138:478498. 

Giien, RL. and E.L. Smith. 1986. Evaluation of the dry-weight-rank 
method for determining species composition in tallgrass prairie. J. 
Range Manage. 39283-285. 

Hartnett, D.C., K.R Hickman, and L.E.F. Waker. 1996. Effects of 
bison grazing, fire, and topography on florisitc diversity in tallgrass 
prairie. J. Range Manage. 49:413420. 

Hobbs, N.T. and D.W. Swift 1988. Grazing in herds: when are nutri- 
tional benefits realized? Amer. Natur. 13 1:760-764. 

Howe, H.F. 1994. Response of early- and late-flowering plants to fire 
season in experimental prairies. Ecol. Appl. 4:121-133. 

Johnson, RA. and D.W. Wichern. 1992. Applied multivariate statisti- 
cal analysis. Prentice-Hall, Englewood Cliffs, N.J. 

Main, M.B. and B.E. Coblentz. 1998. Sexual segregation in ungulates: 
a critique. Wildl. Sot. Bull. 18:204-210. 

McHugh, T. 1958. Social behavior of the American buffalo (Bison bison 
bison). Zoologica 43: l-54. 

McNaughton, SJ. 1984. Grazing lawns: animals in herds, plant form, 
and coevolution. Amer. Natur. 1X863-886. 

McNaughton, SJ. 1986. Grazing lawns: on domesticated and wild graz- 
ers. Amer. Natur. 128:937-939. 

Neter, J., W. Wasserman, and M.H. Kutner. 1989. Applied linear 
regression models. Richard D. Irwin, Homewood, Ill. 

Neu, C.W., C.R Byers, and J.M. Peek. 1974. A technique for analysis 
of utilization-availability data. J. Wildl. Manage. 38:541-545. 

Pearson, SM., M.G. Turner, L.L. Wallace, and W.H. Romme. 1995. 
Winter habitat use by large ungulates following fire in northern 
Yellowstone National Park. Ecol. Appl. 5:744-755. 

Pfeiffer, K.E. and A.A. Steuter. 1994. Preliminary response of 
Sandhills prairie to fire and bison grazing. J. Range Manage. 
47:395-397. 

Pinchak, W.E., M.A. Smith, R.E. Hart, and J.W. Waggoner. 1991. 
Beef cattle distribution patterns on foothill range. J. Range Manage. 
44:267-275. 

Plumb, G.E.attd J.L. Dodd. 1993. Foraging ecology of bison and cattle 
on a mixed prairie: implications for natural area management. Ecol. 
Appl. 3:631-643. 

JOURNAL OF RANGE MANAGEMENT 51 (B),May 1999 263 



Seuft, RL., L.R. Rittenhouse, and R.G. Woodmansee. 1983. The use 
of regression models to predict spatial patterns of cattle behavior. J. 
Range Manage. 36553-557. 

Se&t, RL., L.R. Rittenhouse, and R.G. Woodmanse. 1985. Factors 
influencing patterns of cattle grazing behavior on shortgrass steppe. J. 
Range Manage. 38:82-87. 

Shaw, J.H. and T.S. Carter. 1990. Bison movements in relation to fire 
and seasonal&y. Wildl. Sot. Bull. 18:426-430. 

Stephens, D.W. and J.R Krebs. 1986. Foraging theory. Princeton Univ. 
Press, Princeton, N.J. 

Steuter. A.A., E.M. Steinhauer, G.L. Hill, P.A. Bowers, and L.L. 
Tieszen. 1995. Distribution and diet of bison and pocket gophers in a 
Sandhills prairie. Ecol. Appl. 5:756-766. 

Swihart, R.K. and N.A. SLade. 1985. Testing for independence of obser- 
vations in animal movements. Ecol. 66: 1176-l 184. 

Thomas, D.L. and E.J. Taylor. 1990. Study designs and tests for com- 
paring resource use and availability. J. WildJ. Manage. 54:322-330. 

Towne, G. and C. Owensby. 1984. Long-term effects of annual burning 
at different dates in ungrazed Kansas tallgrass prairie. J. Range 
Manage. 371392-397. 

Trammel, M.A. and J.L. Butler. 1995. Effects of exotic plants on 
native ungulate use of habitat. J. Wildl. Manage. 59:808816. 

Van Soest, P.J. 1982. Nutritional ecology of the ruminant. 0 and B 
Books, Corvahis, Ore. 

Vinton, M.A., D.C. Hartnett, E.J. Finck, and J.M. Briggs. 1993. 
Interactive effects of fire, bison (Bison bison) grazing and plant com- 
munity composition in tallgrass prairie. Amer. Midland Natur. 
129:10-18. 

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

WaBer, G-R, R.D. Morrison, and A.B. Nelson. 1972. Chemical com- 
position of native grasses in central Oklahoma from 1947 to 1962. 
Okla. State Univ. Agr. Exp. Sta. Bull. B-697, Stillwater, Okla. 

264 JOURNAL OF RANGE MANAGEMENT 51(3),May 1998 



J. Range Manage. 
51:265-269 May 1996 

Nesting habitat selection by sage grouse in south- 
central Washington 

COLIN M. SVEUM, W. DANIEL EDGE, AND JOHN A. CRAWFORD 

Authors are biological sciences technician, U.S. Geological Survey, Upper Mississippi Science Center, 2630 Fanta Reed Road, La Crosse, Wise. 
54603: associate professor, Department of Fisheries and Wildlife, Oregon State University, Nash 104, Corvallis, Ore. 97331-3803; and professor, 
Department of Fisheries and Wildlife, Oregon State University, Nash 104, Corvallis, Ore. 97331-3803. At the time of the research, the senior author 
was graduate research assistant, Department of Fisheries and Wildlife, Oregon State University, Corvallis, Ore. 

Abstract 

To characterize western sage grouse (Cenkocercus urophusiunus 
phubs Bonaparte) nesting habitat in sagebrush-steppe habitat in 
Washington, we iuitiated a study on the Yakima Trahdng Center 
to determine nesting habitat characteristics and whether these 
characteristics diiered between successful and depredated nests. 
Most nests (71%) were in big sagebrush (Artemesia trkfenfafu 
Nutt.)/bunchgrass communities. Nest habitat was characterized by 
greater shrub cover, shrub height, vertical cover height, residual 
cover, and litter than at random locations. Successful 1-m’ nest 
sites within big sagebrush/bunchgrass iu 1992 bad less shrub cover 
(51%) and shrub height (64 cm) than depredated nest sites (70% 
and 90 cm, respectively). Successful 77-m’ nest areas in big sage- 
brush/bunchgrass in 1993 had more tall grass (2 18 cm) than 
depredated nest areas. Management that protects the big sage- 
brush/bun&grass community is essential for maintain@ nesting 
habitat for sage grouse. 

Key Words: Centrocemus urophasianus, predation, reproduction 

A 40% loss of shrub-steppe and meadow steppe habitat since 
European settlement, combined with habitat alteration, has nearly 
eliminated sage grouse from Washington (Wash. Dept. Fish and 
Wildl. 1995). The Yakima Training Center (YTC), a military 
training ground, contains the largest block of remaining sage 
grouse habitat in Washington. 

The importance of sagebrush (Artemesia spp.) cover for nest- 
ing sage grouse is well documented (Wallestad and Fyrah 1974, 
Connelly et al. 1991). Recent studies have focused on the 
importance of herbaceous cover as a key component influencing 
nest fate of sage grouse. Wakkinen (1990) suggested that grass 
cover and height may be important factors in sage grouse nest- 
site selection and fate in southeastern Idaho. In southeastern 
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Resumen 

Para caracterizar el hhbitat donde el urogallo de artemisa de1 
oeste (Cenfrocercus urophusiunus phuios Bonaparte) construye su 
nido, el cual esti en un h6bitat de artemisa en Washington, inici- 
amos un estudio en el centro de entrenamiento en Yakhna para 
determiuar las caracteristicus de anidar y si estas difiere entre 
10s nidos que tienen 6xito y 10s que han sido depredados. La may- 
oria de 10s nidos (71%) estaban en la gran artemisa (Artemesiu 
trident&u Nutt.) o en regiones de mata de hierba El hibitat de1 
nido se caracteriza por estar mayormente en zonas de arbustos 
de cobertura, arbustos altos, arbustos que cubren verticahuente, 
arbustos de cubierto residual y mL basura que sitios que fueron 
escogidos al azar. Los nidos con kxito 1-m’ dentro de la gran 
artemisa o mata de hierbas, en 1992, estabao en lugares con 
arbustos de menos cobertura (51%) y con arbustos de menos 
altura (64 cm) que 10s sitios de nidos depredados (70% y 90 cm, 
respectivamente). Las keas de nidos con Cxito 77-m’ en la gran 
artemisa o mata de hierbas en 1993 tenian mL hierba alta e 18 
cm) que las &as de nidos depredados. Una politica de protec- 
ci6n de Is gran artemisa o zonas de mata hierba es esencial para 
mantener el hribitat para el urogallo de artemisa. 

Oregon, successful sage grouse nests had greater cover of tall 
grasses (> 18 cm) and medium-height shrubs (40-80 cm) than 
unsuccessful nests (Gregg et al. 1994). On the same study area, 
Delong et al. (1995) found that artificial nests in medium-height 
shrub cover (40-80 cm) and > 10% grass cover were depredated 
less than nests in medium-height shrub cover and I 10% grass 
cover. 

Limited sage grouse nesting information is available for 
Washington (Hofmann 1991) and is needed because the species is 
a Category 2 species for listing under the Endangered Species 
Act, and currently occurs in only 2 populations in Washington. 
Our objectives were to determine use and selection of cover types 
and determine the structure and composition of specific habitat 
components within cover types used by nesting sage grouse on 
the YTC. We tested the null hypotheses of no differential use of 
cover types by nesting hens and no differences in habitat compo- 
nents at nests and random locations, and between successful and 
depredated nests. 
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Study Area March 1992 and 1993. Each hen was fitted with a radio transmit- 
ter. which weighed ~2% of hen mass, and a numbered aluminum 
leg band. We &ed poncho and necklace attachments in 1992 and 
1993, respectively. 

We located radio-collared hens weekly during the nesting sea- 
son, and used caution not to disturb hens during relocations. Each 
location was determined with a global positioning system (GPS) 
in Universal Transverse Mercator (UTM) coordinates. 

We conducted this study in 1992 and 1993 on the Yakima 
Training Center (YTC) (Longitude 120” 20’ Latitude 46” 40’), a 
1,058km’ area in Yakima and Kittitas counties, 12 km northeast 
of Yakima, Washington. The YTC is bordered by the Saddle 
Mountains to the north, Yakima Ridge to the south, the Columbia 
River to the east, and Interstate Highway 82 to the west. 
Elevations range from 183 to 1,249 m. 

The climate of the YTC is characterized by hot, dry summers 
and cool, dry winters. Long-term (1962-1991) growing season 
(Sep.-Aug.) precipitation averaged 20.4 cm (U.S. Department of 
Commerce Climatological Database, Yakima Air Terminal). 
Total growing season precipitation in 1991-92 and 1992-93 was 
16.7 and 22.5 cm, respectively. Precipitation during the 5 grow- 
ing seasons before 1992-93 was 7-25% below the long-term 
mean. Weather on the YTC during the winter of 1992-93 was 
characterized by heavy snowfall and cool temperatures. Below 
normal temperatures and above normal precipitation beginning 
during winter 1992-93 lasted into the summer of 1993. 

Military training intensity in 1992 and 1993 was 288,765 and 
231,302 person-days, respectively. Approximately 5% of the 
YTC is covered by trails due to frequent off-road use during mili- 
tary training (Joachim Stephan, Pac. Northwest Lab., pers. com- 
mun.). This disturbance increased erosion and facilitated estab- 
lishment of knapweed (Cenfaurea spp.) and cheatgrass (Bromus 
tectorum L.). The YTC was grazed by livestock at rates of 0.13 
and 0.15 AUM/ba, during 1992 and 1993, respectively. 

We identified 5 cover types on the YTC using LANDSAT and 
SPOT satellite imagery. A big sagebrush (A. tridentata)ibunch- 
grass cover type (46% of study area) occurred on level and rolling 
topography at low to mid elevations, and was characterized by big 
sagebrush, three-tipped sagebrush (A. tripartita Rydb.), green 
rabbitbrush (Chrysothamnus viscidiforus [Hook] Nutt.), gray rab- 
bitbrush (C. nauseosus Pall.), bluebunch wheatgrass (Agropyron 
spicatum [Rydb.] Scribn.), Sandberg’s bluegrass (Poa sandbergii 
Vasey), and bottlebrush squirreltail (Sitanian hystrix Nutt.). A 
grassland cover type (34% of study area) occurred on sagebrush 
sites that had been burned, removing the sagebrush component. 
Green and gray rabbitbrush were common in this cover type, and 
the grass component was similar to the big sagebmsh/bunchgrass 
type. A stiff sagebrush (A. rigida Nutt.)/bluegrass cover type 
(11% of study area) was found on rocky soils on ridgetops and 
was composed primarily of stiff sagebrush and Sandberg’s blue- 
grass. The altered big sagebmsh/bunchgrass cover type (8% of 
study area) was similar to the big sagebrush/bunchgrass type 
except that it contained high levels of bare ground and reduced 
shrub cover and structure because of military training activities. 
The riparian cover type (1% of study area) occurred along 
ephemeral streams and other wet areas and was characterized by 
willow (Salk spp.), currant (Ribes spp.), hawthorn (Cratageus 
spp.), Baltic rush (Juncus balticus Willd.), sedge (Curex spp.) 
and giant wild rye (Elymus cinereus Scribn. and Merr.). Plant 
nomenclature follows Hitchcock and Cronquist (1987). 

Methods 

We captured sage grouse hens by spotlighting and with walk-in 
traps (Giesen et al. 1982, Schroeder and Braun 1991) during 

Nest fate was determined by condition of eggshell membranes 
or, in 3 instances (2 in 1992, 1 in 1993), observations of a hen 
with young. A nest was successful if 2 1 egg hatched. We classi- 
fied nests containing eggshell fragments with firmly attached 
shell membranes or missing eggs as unsuccessful. Nests aban- 
doned because of our activities (3 in 1992, 1 in 1993) were used 
in 3rd-order selection analyses but were not included in nest suc- 
cess estimates or 4th order analyses. 

We followed the hierarchical structure of resource selection 
developed by Johnson (1980) and examined 3rd order (selection 
of cover types) and 4th-order (selection of habitat components 
within cover types) habitat selection by nesting sage grouse. 
Availability of cover types (3rd-order) for nesting was deter- 
mined within a composite minimum convex polygon home range 
(Odum and Kuenzler 1955) with a Geographic Information 
System. The composite home range was based on radio locations 
collected from all nesting sage grouse from March through June. 
Availability for 4th-order selection was determined by measuring 
randomly generated UTM coordinates (located with a hand-held 
GPS) from the composite home range each nesting season. Only 
the cover types most often used for nesting (big sagebrush/bunch- 
grass, grassland, and altered big sagebrush/bunchgrass) were 
sampled for 4th order availability data during each nesting sea- 
son. We measured successful nests after hatch dates, depredated 
nests on estimated hatch dates, and random locations during May 
through June. 

Vegetation measured within a 1-m’ plot at each nest or random 
UTM coordinate was defined as the nest site, whereas vegetation 
surrounding the 1-m’ plot was defined as the nest area. For area 
measurements, we centered 2 perpendicular 10-m transects at 
each nest or random location; the direction of the first transect 
was determined randomly. We estimated canopy coverage of all 
shrubs along each transect by the line intercept technique 
(Canfield 1941). Cover of grasses, forbs, litter, standing dead 
cover, and bare ground along the transects was estimated within 
ten 0.1-m’ plots (Daubenmire 1959). Residual cover was defined 
as any upright dead vegetation and consisted primarily of Russian 
thistle (Salsola kali L.), sagebrush, knapweed, and tumble mus- 
tard (Sisymbrium altissimum [L.] B&t.). We measured maximum 
height (cm) for shrubs and residual cover based on the tallest 
plant along each transect, and estimated mean droop height 
(excluding flowering parts) for grasses. We classified grass 
height as short (C 18 cm) or tall (2 18 cm). Shrub cover in 1 -m2 
plots was visually estimated. To avoid overlap in shrub cover 
estimates between sites and areas, line intercept measurements 
along the central 2 m were not included in each area transect. We 
measured vertical cover height at nest bowls or random sites with 
a modified Robe1 pole (Robe1 et al. 1970) and recorded vertical 
cover height from 4 readings (2 each along the 2 perpendicular 
10-m transects) taken 4 m from the pole and at 1 m height. 

We used Fisher’s exact test to test the null hypothesis that suc- 
cess of initial nests was the same in big sagebrush/bunchgrass as 
in remaining cover types combined. We used a Z-test with a con- 
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tinuity correction (Zar 1984:395-397) to test the null hypothesis 
that nest success was the same for nests under sagebrush and non- 
sagebrush cover within years. For 3rd-order analysis, we tested 
the null hypothesis of no differential use of cover type by com- 
parison of cover-type use by radio-collared nesting hens 
(observed) to the availability of each cover type (expected) by 
Chi-square analysis. Only first nest attempts were used for this 
analysis. If we detected a significant difference between use and 
availability, Bonferroni simultaneous confidence intervals were 
calculated to determine which cover types were used dispropor- 
tionately (Neu et al. 1974). 

We used 4thorder data to develop a Multivariate Analysis of 
Variance (MANOVA) model for each spatial level (sites and 
areas) to test annual variation. Each model had 2 main effects, 
year (1992, 1993) and location (nest, random), and an interaction 
term (year x location). We used 1st nest and renest locations for 
4th-order analyses. The null hypotheses for 4th-order analyses 
were (1) vegetation characteristics of nest and random locations 
did not differ, and (2) vegetation characteristics of successful 
nests were not different from depredated nests. Significant year 
differences were detected in preliminary tests in forb cover, short 
grass, and litter in both the nest site and nest area 4th-order 
MANOVA models, so we analyzed nest data by year with analy- 
sis of variance (ANOVA) for unbalanced data and protected least 
significant difference mean separation tests (Proc. GLM, SAS 
Inst. 1989). Vegetation variables with nonnormal distributions 
were transformed (logit transformation for proportional data and 
log transformation for height data). However, we report nontrans- 
formed means and standard errors. All statistical tests were 2- 
tailed and considered significant at c1= 0.10. 

Results 

We fitted 45 and 40 sage grouse hens with radio transmitters 
during the first 3 weeks of March in 1992 and 1993, respectively. 
Nest success, including renesting, was 31% (11 of 35) in 1992 and 
47% (27 of 58) in 1993. Eight of 29 hens (28%) and 11 of 47 hens 
(23%) renested in 1992 and 1993, respectively. We determined 
sage grouse cover type selection from 27 and 45 first nest attempts 
in 1992 and 1993, respectively. We also measured 90 random 

locations during the 2 nesting seasons (60 in 1992,30 in 1993). 
The majority of first nest attempts each year were found in big 

sagebrush/bunchgrass (56% in 1992,70% in 1993). During 1993, 
sage grouse nested in big sagebrushfbunchgrass more than 
expected. Each year, sage grouse nested in stiff sagebmshlblue- 
grass and grassland cover types less than expected; both altered 
big sagebrush/bunchgrass and riparian cover types were used in 
proportion to availability. 

In 1992, 36% (5 of 14) of first nests in big sagebrush/bunch- 
grass were successful, but only 9% (1 of 11) of all first nests in 
remaining cover types were successful (P = 0.18, Fisher’s exact 
test). In 1993, 45% (14 of 31) of first nests in big 
sagebrush/bunchgrass were successful, whereas nests in the 
remaining 3 cover types were successful 46% (6 of 13) of the 
time (P = 0.99, Fisher’s exact test). 

In 1992, 71% of sage grouse nests were under big sagebrush, 
and 29% under residual and nonshrub cover. In 1993, 66% of 
nests were under big sagebrush, 8% under three-tipped sage- 
brush, and 26% under residual and nonshrub cover. Nest success 
under sagebrush was not different from success under nonsage- 
brush cover in 1992 (36% sagebrush, 10% nonsagebrush, Z = 
1.11, P = 0.27) or 1993 (45% sagebrush, 42% nonsagebrush, Z = 
-0.09, P = 0.57). 

Sage grouse nest sites and nest areas had greater shrub cover, 
shrub height, and litter than present at random locations (Table 
1). Nest sites had greater vertical cover height each year and 
greater standing dead cover than random sites in 1992. Each year 
random sites had greater short grass cover and bare ground than 
nest sites, whereas random nest areas had greater short grass 
cover in 1992 and greater bare ground in 1993. 

Only big sagebrushmunchgrass had a sufficient sample size for 
within cover-type analysis each year (21 nests in 1992, 45 nests 
in 1993). Nest sites in big sagebrushkunchgrass each year had 
greater shrub cover, shrub height, vertical cover height, and litter, 
and less bare ground, compared with random big 
sagebrushibunchgrass sites (P < 0.01). Nest areas in 1992 had 
greater shrub cover and height than random areas (P < 0.01). Nest 
sites had less short grass cover than random sites in 1992 and 
1993 (P 2 0.02). 

Successful nest sites and nest areas in 1992 had greater resid- 
ual cover and height than depredated nests (Table 2). Successful 

Table 1. Mm (SE) habitat characteristics of sage grouse nest vs random sites, and nest vs random areas on the Yakima Training Center, yakima aad 
Kittitas counties, Washington, 199233. 

Nest Sites 
1992 

Nest Random Nest 
Variable (n=35) (n=60) P” (n = 58) 

Shrub cover (%) 5W) 6(l) < 0.01 59(4) 
Shrub height (cm) 59(7) 15(2) < 0.01 63’3) 
Grass cover (%) 

Short, < 18 cm 8(3) 22(3) < 0.01 t7(2) 
TaR,>18cm 260) 1 f-W 0.13 2W) 

Forb cover (8) WV 1x2) 0.95 2W 
Residual cover (46) 8(3) 31) 0.02 4(l) 

Residual cover height (cm) 7(3) 3(l) 0.15 7(2) 
Vertical cover height (cm) 44(4) @I) c 0.01 32(2) 
Bare ground (96) 250) 57(3) < 0.01 15(2) 
Litter (8) 57(6) 24(2) < 0.01 7X2) 
aP-vatues of ANOVA within year and location (site or area). 

Nest Areas 
1993 1992 1993 

Random Nest Random Nest Random 
(n= 30) P (n=35) (n=60) P (n=58) (n=30) P 

X2) c 0.01 20(2) 7(l) < 0.01 1W 7(2) < 0.01 
13(3) < 0.01 W3 9(l) < 0.01 2w lO(2) < 0.01 

W3) 0.02 13(2) 19(l) < 0.01 20(l) 2w 0.31 
17(3) 0.07 16(2) 1W) 0.52 15(2) ll(2) 0.2 
1W 0.18 1W) 9(l) 0.54 2W) 13(l) 0.23 

l(1) 0.23 31) 0.42 2(0.4) 3(l) l(O.3) 0.15 
‘X3) 0.88 20) l(O.2) 0.35 31) 2(0.5) 0.93 
7(l) < 0.01 

5X4 < 0.01 4X9 44m 0.55 36(2) 4X3) 0.01 
W4) < 0.01 =CV 2W) 0.04 9(2) 34(3) < 0.01 
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Table 2. Mean (SE) habitat characteristics of successful and depredated sage grouse nest sites and nest areas on the Yakima Training Center, Yakima 
and Kittitas counties, Washington, 1992-93. 

Variable 
Successful 

(n = 9) 

Nest Sites Nest Areas 
1992 1993 1992 1993 

Depredated Successful Depredated Successful Depredated Successful Depredated 
(n = 23) (n = 26) (n = 30) (n = 9) (n = 23) (n = 26) (n = 30) 

Shrub cover (%) 
Shrub height (cm) 
Grass cover (%) 

Short, < 18 cm 
Tall, > 18 cm 

Forb cover (%) 
Residual cover (%) 
Residual cover height (cm) 
Vertical cover height (cm) 
Bare ground (%) 
Litter (%) 

46(1 l)Aa 
57(1l)A 

8(4)A 
24(11)A 
18(8)A 
19(10)A 
15(7)A 
44(7)A 
22( 10)A 
55( 11)A 

50(8)A 
56(9)A 

7(3)A 
26(6)A 
lO(3)A 

5(3)B 
4(3)B 

42(6)A 
28(6)A 
53(7)A 

fw)A 
63(6)A 

14(3)A 
29(5)A 
19(4)A 

5(3)A 
7(3)A 

36(3)A 
18(3)A 
73(4)A 

58(7)A 
64(7)A 

21(4)A 
24(5)A 
22(4)A 

3(1)A 
WM 

30(3)A 
13(2)A 
83(3)B 

22(5)A 
27(6)A 

9(3)A 
16(6)A 
14(6)A 

7(4)A 
6(4)A 

44(5)A 
31(5)A 

17(3)A 
21(4)A 

16(3)B 
16(3)A 
W)A 
l(0.3)B 
l(0.3)B 

43(4)A 
31(4)A 

19(2)A 
23(3)A 

18(2)A 
17(3)A 
20(4)A 

3(1)A 
XlM 

35(3)A 
51(3)A 

17(2)A 
21(3)A 

22(2)A 
12(2)A 
19(3)A 
2UM 
3(1)A 

35(3)A 
48(3)A 

aMems within mw, year, and location (site or area) with different letters are significantly different (P 2 0.10) by ANOVA. 

nest areas in 1992 had less short grass cover than depredated 
areas. Residual cover was greater at successful nest sites than at 
depredated nest sites in 1992. In 1993, tall grass cover at success- 
ful nest areas was greater than at depredated nest areas (P < 0.1). 

Discussion and Conclusions 

Hulet et al. (1986) in Idaho found greater shrub cover and height 
at nest sites than nest areas and noted 7% of nests under Russian 
thistle (a major component of residual cover on the YTC). Nest 
sites in Oregon had greater vertical cover height than random 
locations (Gregg 1992), and Klebenow (1969) found greater grass 
cover at nests than at random sites in Idaho. Short grass may not 
provide enough nest concealment, which may explain why so lit- 
tle of this cover was found at nest sites and areas each year. 

Nesting success estimates from sage grouse radio-telemetry 
studies range from 10% in Oregon (Gregg 1992) to 70% in 
Montana (Wallestad 1975). Sage grouse nest success compiled 
from 12 studies with 699 nests was 35% (Bergerud 1988). In 
comparison, based on 2 years of data, sage grouse on the Yakima 
Training Center (YTC) had moderate to high nesting success. 

Overall, 71% (66 of 93) of nests on the YTC were in big sage- 
brush/bunchgrass. Nesting sage grouse in Oregon selected cover 
types with greater medium (40-80 cm) shrub cover than cover 
types used less than their availability (Gregg 1992). In Idaho, 
sage grouse selected nest sites in sagebrush stands with tall grass- 
es (Wakkinen 1990). Sage grouse during this study may have 
used big sagebrushlbunchgrass for nesting because it was abun- 
dant and because both overhead (sagebrush) and horizontal cover 
(herbaceous vegetation) occurred there. 

Sage grouse on the YTC apparently selected nest locations 
based on vegetative characteristics at both the nest-area and the 
nest-site levels. We found consistent vegetative differences 
between nest vs random sites, and nest vs random areas and 
apparent differences between nest sites vs nest areas. Similar 
results in Oregon led Gregg (1992) to conclude that sage grouse 
selected nest locations based on a small area (3m’). We suggest 
that hens on the YTC may first have selected nest areas of above 
average cover and, within those areas, nested at sites of even 
greater cover. 

Each year, most hens on the YTC nested under sagebrush. 
Sagebrush nesting cover was important to sage grouse in Idaho, 
where nest success under sagebrush was greater than under non- 
sagebrush vegetation (Connelly et al. 1991). During both years, 
we found no differences between success rates for nests under 
sagebrush compared with nonsagebrush nests. Abundant alternate 
cover (especially tall grass and residual herbaceous cover) on the 
YTC possibly provided ample nest concealment in both sage- 
brush and nonsagebrush overstories. 

Successful nest areas in the big sagebrushlbunchgrass cover 
type had greater tall grass cover than depredated nest areas each 
year. Tall grass cover and medium height (40-80 cm) shrub cover 
were 2 factors that distinguished successful from depredated sage 
grouse nests in Oregon (Gregg et al. 1994). The abundance of tall 
grass on the YTC may have been related to frequent fire and low 
livestock stocking rates. 

Sage grouse on the YTC selected nest sites and nest areas with 
greater shrub cover, shrub height, and less short grass cover than 
random locations. Sage grouse also selected sites with greater 
vertical height each year, greater residual cover in 1992, and 
greater tall grass in 1993 than available at random sites. We could 
not compare vegetation measurements between nest sites and nest 
areas because plot sizes differed, but shrub cover and height 
appeared greater at nest sites than nest areas. Other studies report- 
ed greater mean shrub heights at sage grouse nests compared with 
surrounding vegetation (Wakkinen 1990, Musil et al. 1994). 

During this study most hens nested under big sagebrush within 
the big sagebrush/bunchgrass cover type. Management that pro- 
tects both the shrub and herbaceous components of the big sage- 
brush/bunchgrass community is essential for maintaining nesting 
habitat for sage grouse on the YTC. Disturbance (i.e., fires, road 
construction, grazing, trampling or uprooting caused by military 
training, herbicide spraying) that damages shrubs, reduces herba- 
ceous cover, and allows exotic plants (e.g., cheatgrass and knap- 
weed), to invade will negatively impact sage grouse nesting habi- 
tat on the YTC. Although sage grouse used Russian thistle for 
nesting in this study, we believe that restoring native sagebrush 
communities would provide better habitat. Within the big sage- 
brush cover type, maintaining a balance between shrub and 
herbaceous understory cover should be a management objective. 
Sagebrush communities with abundant herbaceous cover appear 
to have the highest probability of concealing sage grouse nests. 
Increasing native perennial bunchgrasses and forbs would 
enhance both cover and food in sagebrush cover types. 
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Abstract 

Diet botanical composition, fecal nitrogen percent, and fecal 
phosphorus percent were determined seasonally during 1991 and 
1992 for 3 cattle breeds (Barzona, Brangus, Beefmaster) grazing 
late-seral Chihuahuan Desert rangeland in southcentral New 
Mexico. These 3 cattle breeds are considered to be well adapted 
to harsh envirouments. Cattle breed main effect was non-signift- 
cant (P > 0.05) for diet botanical composition. However, season 
main effects (P < 0.05) did occur for some diet botanical composi- 
tion components. Total grasses in cattle diets were highest in 
January and lowest in June. Dropseeds (Sporobolus sp.), black 
grama (BouteZoua eriopoda Torr.), and threeawns (Aristido sp.) 
were the primary grasses consumed by cattle. Forb consumption 
was highest in June lowest in January. Honey mesquite (Proso@ 
glandulosa Tot-r.) consumption by cattle was highest in August 
and lowest in January. It was the primary shrub in cattle diets. 
Breed X season interactions (P < 0.05) occurred for a few diet 
botanical composition components, but the small magnitude of 
the values and lack of consistency prevented drawing definite 
management implications. Fecal nitrogen values showed differ- 
ences (P < 0.05) among breeds in some seasons. However due to 
lack of consistency no definite conclusions could be drawn 
regarding superiority of 1 breed compared to another in diet 
nutritional quality. Both fecal nitrogen and phosphorus concen- 
trations showed cattle diets to be lowest in quality in winter and 
highest in summer. From a practical standpoint, this study 
showed no defmite advantage of any breed studied in diet botani- 
cal composition or in diet quality. 

Key Words: ruminants, forage, nutrition, grazing management, 
cattle breeding 

In the Chihuahuan Desert, large amounts of grazing land are 
required per animal unit due to low forage productivity 
(Holechek 1992, 1996). Under these conditions investment in 
fence and watering points to improve grazing distribution must be 
minimized to improve the economic viability of livestock grazing 
(Holechek 1992). However Chihuahuan Desert ecosystems are 
very susceptible to damage from spot overgrazing and(or) species 
selectivity by grazing beef cattle (Paulsen and Ares 1962). 
Research by Herbel and Nelson (1966a, 1966b) and Winder et al. 

This research was supported by the New Mexico Agr. Exp. Sta., Las Cruces, 
N.M. 88003 and was part of project 1-5-27414. 
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Resumen 

La composition botanica de la dieta, el porcierto de nitrogeno 
fecal, y el porcierto de fosforo fecal fueron determinados en 
diierentes epocas de1 aiio durante 1991 y 1992 para tres razas de 
gauado (Barzona, Brangus, Beefmaster) en pastizales en buenas 
condiciones en la region centro-sur de1 e&ado de Nuevo Mexico. 
Se considera que estus tres razas esta bien adaptadas a las sev- 
eras condiciones de1 medio ambiente. El efecto medio de la raza 
sobre la composition botanica de la dieta no fue signiiicativo (P > 
0.05). Sm embargo, la Cpoca de1 afio afectaron (P < 0.05) algunos 
compoenetes de la composition botanica de la dieta. La cantidad 
de pastas en la dieta fne mas alta duraute Enero y mas baja en 
Junio. Los principales pa&s consumidos fueron zacaton (espp. 
Sporobolus), navajita megra (Boutelouu eriopoda Torr.), y tred 
aristas (espp. iAristida). El consume de hierbas fue mas alto 
durante Junio y mas bajo en Energo. El consume de mesquite 
(Prosopis glandulosa Tort-) fue mayor en Agosto y menor en 
Enero. Mesquite fue el principal arbusto consumido por el gana- 
do. Interacciones entre raza X epoca de1 aiio (P < 0.05) ocur- 
rleron solamente para algnnos componentes de la dieta, pero la 
pequeiia magnitud de 10s valores y la falta de consistencia impi- 
den derivar implicaiones de manejo defnitivas. Los valores de 
nitrogen0 fecal mostraron diierencias (P < 0.05) entre razas en 
algunas epocas de1 aiio. Sin embarog, debido a la falta de consis- 
ten& no se pudo concluir sobre la ssuperiordad de una raza en 
calidad nutritional de la dieta Las concentraciones de nitrogen0 
y f6sforo fecal nostraron una inferior calidad dietetica durante el 
inviemo y superior durante el verano. Desde un punto de vista 
practice, este estudio no mostro ninguna ventaja defmitiva de 
algnna de las razas en composition botanica de la dieta o en la 
calidad dietetica. 

(1996) has indicated breed selection may be a mechanism to 
achieve more uniform utilization of Chihuahuan Desert range 
sites and forage plants. 

Research on diet selectivity comparisons among breeds of cat- 
tle is limited. In eastern Colorado, Walker et al. (1981) observed 
no important differences among diets of Hereford, Hereford X 
Charolais, and Hereford X Angus cattle. However, Herbel and 
Nelson (1966b) observed some important differences between 
diets selected by Hereford and Santa Gertrudis cows in the 
Chihuahuan Desert. In another Chihuahuan Desert study Winder 
et al. (1996) found important breed differences among Hereford, 
Angus, and Brangus cattle. Brangus cows had a stronger prefer- 
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ence for shrubs than either Hereford or Angus cows. Brangus 
cows also showed a greater preference for dropseeds (Sporobous 
sp.) than Hereford or Angus cows. It was concluded that genetic 
composition of the animal is an important factor determining the 
utilization of key forage species on Chihuahuan Desert ranges. 

Today, more than 85 breeds of cattle are known to exist in the 
U.S. (Taylor 1994). This represents a tremendous reservoir of 
germplasm and potential genetic variation. Range forage utiliza- 
tion might potentially be improved through selection of cattle 
breed (Winder et al. 1996). The objectives of our study were to 
evaluate diet botanical composition and fecal nitrogen and phos- 
phorus concentrations of 3 breeds of cattle (Barzona, Brangus, 
Beefmaster) during different seasons and years on Chihuahuan 
Desert rangeland in southcentral New Mexico. 

Study Area 

Materials and Methods 

The study area (3,130 ha) used for this experiment is located on 
the NMSU Chihuahuan Desert Rangeland Research Center 
(CDRRC) 37 km north of Las Cruces, New Mexico in Dona Ana 
County. It is in the southern portion of the Jomada de1 Muerto 
Plains between the San Andres Mountains to the east and the Rio 
Grande Valley to the west. Elevation varies from 1,188 to 1,371 
m with level or gently rolling hills. 

Soils of the study site are mainly light loamy sandy loams 
underlain by calcium carbonate hardpan (caliche) at depths vary- 
ing from a few centimeters to 1 m or more (Valentine 1970). In 
areas where the ground cover is sparse, sand dunes are formed 
around invading mesquite plants (Wood 1969). 

The climate on the CDRRC is arid with an average frost-free 
period of 200 days. The only permanent water sources are wells 
and pipelines used to water livestock. Temperatures are high in 
summer, with a mean maximum of 36°C during June, and a mean 
maximum of 13’C during January (Pieper and Herbel 1982). 
Diurnal variation in temperature is often 20°C. The annual pre- 
cipitation is bimodal with peaks in January and August. The total 
annual precipitation in 1991 was 410 mm (171% of X) and 395 
mm (165% of X) in 1992 (Table 1). 

Table 1. Monthly precipitation (mm) during the study on the 
Chihuahuan Desert Range Research Center in southcentral New 
Mexico. 

Month 

January 
February 
March 
April 
May 
June 
July 
August 
September 
October 
November 
December 
Total 

1930-1990 
1991 1992 Average 

-------------_-- (-) -__-____________ 
10.7 40.4 11.9 
12.0 3.6 10.4 
17.1 6.7 6.3 

0.0 20.6 5.4 
4.7 79.4 8.3 
4.8 11.7 12.2 

91.3 26.5 43.0 
65.2 102.9 48.4 
63.6 11.7 38.3 

0.0 32.2 23.3 
24.8 12.5 13.7 

114.7 46.4 17.8 
408.9 394.6 239.0 

Primary grass species on our study pasture include black grama 
(Bouteloua eriopoda Tot-r.), dropseeds (Sporobolus sp.), three- 
awns (Aristida sp.), bush muhly (Muhlenbergiu porteri Kunth.), 
fluffgrass (Erioneuron pulchellum Tateoka), and tobosa (Hilaria 
mutica Buckley). The most commonly encountered shrub species 
is honey mesquite (Prosopis glandulosa Torr.) which dominates 
the overstory (Pieper and Herbel 1982). Other shrubs commonly 
found are snakeweed (Gutierrizea sarothrae Pursh), souptree 
yucca (Yucca elata Av.), creosote (Larrea tridentatu [Pursh] 
Nutt.), and fourwing saltbush (Atriplex canescens [Push] Nutt.). 
Leatherweed croton (Crofon poffsii Lam.) is the primary forb 
occurring on the CDRRC and is an important food for livestock 
and pronghorn. Data on forage standing crop, relative plant 
cover, ecological condition, and forage use for the study area 
were collected in 1991 and 1992 by Smith et al. (1994). We have 
used data from Smith et al. (1994) on standing crop and relative 
cover in Table 2. 

Ecological condition of the study area is late seral (good) with 
about 65% remaining climax vegetation using the quantitative 
climax approach (Dyksterhuis 1949) based on standing crop and 
cover data (Smith et al. 1994). Utilization of key forage species 
(black grama, mesa dropseed) by cattle during the study period 
(1991, 1992) was 2535% (Smith et al. 1994). 

Table 2. Vegetation botanical composition on the study area and mean 
cattle diet botanical composition for data pooled across seasons and 
cattle on good condition Chihuahuan Desert rangeland. 

&ding Relative Cattle diet composition3** 
crop’ cove? B-na Brangus Beefmaster 

O&a) (%) -------- (%) ----_--_ 

240 26 13.9 13.8 16.2 
213 21 28.2 28.0 28.1 
175 10 18.3 16.5 17.9 

t t 3.8 3.9 3.4 
t t 1.4 1.2 1.8 
t t 0.2 0.1 0.1 
t t 5.9 6.9 6.1 
t t 0.3 0.1 0.2 

31 2 3.8 4.1 4.2 
659 59 75.7 74.6 78.0 

Grasses: 
Black grama 
Dropseeds 
Thrceawns 
Tobosa 
Fluffglass 
Lovegrass 
MAY 
Vine mesquite 
Other grasses 
Total grasses 

Forbs: 
Leatbetweed croton 
Globemallow 
Other forbs 
Total forbs 

Shrubs: 
Broom snakeweed 
Honey mesquite 
Soaptree yucca 
Mormon tea 
Total shrubs 

10 t 6.3 7.4 5.1 
3 t 3.3 2.6 2.3 
8 2 6.2 6.6 6.2 

21 2 15.8 16.6 13.6 

246 15 0.1 0.0 0.0 
NS 18 6.0 4.9 4.6 
NS 5 1.6 2.8 1.1 
NS t 0.5 0.7 0.5 
NS 38 8.2 8.4 6.2 

;Data pooled across fall 1991. spring. and fall 1992 (Smith et al. 1994). 
,Data pooled across spring 1992. and fall 1992 (Smith et al. 1994). 
Data pooled across August 1991, November 1991. January 1992, June 1992, and 

November 1992. 
%lme were no significant (P > .05) breed effects for any component of cattle diet botao- 
ical composition. 
NS = Not sampled. 
t=tracc 
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Experimental Animals Statistical Analyses 
The 3 breeds of cows used in this study were Barzona, 

Brangus, and Beefmaster. Barzona cattle have a red color and are 
a combination of Hereford, Angus, Santa Gertrudis, and 
Africander breeds (Ensminger 1976). Brangus cattle include 5/8 
Angus + 318 Brahman and are characterized by black color, mod- 
erate size, and moderate milk production. Beefmaster include l/4 
Hereford, l/4 Shorthorn, and l/2 Brahman (Ensminger 1976). 
Cows used in the study were l-2 years of age. They calved in the 
spring (March-April of 1992) and calves were weaned in the fall 
(October). 

There were 5 periods of fecal sampling: August 1991, 
November 1991, January 1992, June 1992, and November 1992. 
Cattle used in this study were a subsample of a larger population 
(50 animals per breed) that was used to evaluate productivity of 
Brangus, Barzona, and Beefmaster cattle (Winder and Bailey 
1995). In each sampling period 30 cows (10 cows per breed) 
were used for fecal sampling with the exception of the last period 
(November 1992) when only 18 cows (6 cows per breed) were 
sampled. The same 30 cows were used for sampling throughout 
the experiment. Cattle were moved to the corrals early in the 
morning of each collection date. Fecal grab samples were collect- 
ed between 9 a.m. and 12 p.m. After sampling, cows were 
returned to the pasture. 

Statistical analyses were conducted using ANOVA and GLM 
procedures of SAS (1988). Plant species, forage classes, and 
chemical components of feces were analyzed in a repeated mea- 
sures design with cattle breeds and seasons as main effects. 
Botanical and chemical components of feces were analyzed using 
GLM procedures to detect differences among breeds, season 
and/or interactions. The LSD test was used to separate the means 
at the 5% significance level (Steel and Torrie 1980). 

Results and Discussion 

Diet Botanical Composition 
Cattle breed main effects were not significant (P > 0.05) for any 

diet botanical composition component (Table 2). However season 
main effects (Table 3) and breed X season interactions (P < 0.05) 
did occur for some diet components. 

Laboratory Methods 
Samples were dried at 50°C on a forced air oven for 72 hours. 

Feces were then ground in a micro-Wiley mill with a l-mm 
screen. Dry matter and ash content were determined using stan- 
dard procedures (AOAC 1984). The Kjeldahl method was uti- 
lized to obtain nitrogen content in feces (AOAC 1984). The 
Spectrophotometric calorimetric system was used to determine 
phosphorus concentration (AOAC 1984). 

Cattle diets were dominated by perennial grasses, primarily 
black grama, threeawns, and dropseeds which were also primary 
plants in the standing crop (Table 2). Shrubs accounted for 38% 
of the plant canopy cover on the study area but comprised only 
8% of mean cattle diets (Table 2). Cattle showed a preference for 
forbs based on consumption relative to availability. Other cattle 
diet studies in the Chihuahuan Desert have shown cattle prefer 
forbs with some avoidance of shrubs in most seasons (Hakkila et 
al. 1987, Daniel et al. 1993, Smith et al. 1994). Leatherweed cro- 
ton has consistently been important in cattle diets. 

Significant (P c 0.05) seasonal shifts occurred in cattle diet 
botanical composition (Table 3). Grass consumption was highest 
in winter and lowest in spring and summer. Cattle consumed pri- 
marily dropseeds, black grama and threeawns in the winter. This 
is in agreement with other cattle food habit studies from good 

Dietary composition was determined using fecal microhistolog- 
ical procedures (Holechek et al. 1984). Five slides were prepared 
from each sample using the method developed by Sparks and 
Malechek (1968), as modified by Holechek (1982). Hoyer solu- 
tion was used as the mounting medium. Two tablespoons of 
ground sample were soaked in 20 ml hot water for 10 minutes to 
soften cell tissues, drained and rinsed in a 200 mesh tyler stan- 
dard screen. Next, the sample was soaked in 20 ml chlorine 
bleach for 5 minutes to remove pigments and nondiagnostic parti- 
cles, then rinsed again. Bleach was rinsed from the sample to 
avoid latent lightening of fecal material. The sample portion was 
drained and spread on microscope slides. 

Table 3.Seasonal cattle diet botanical composition main effects (data 
pooled across cattle breeds) on good condition Chihuahuan Desert 
rangeland. 

August November January 
1991 1991 1992 

Slides were analyzed systematically with a compound, phase- 
contrast binocular microscope until 100 fragments were identified 
and quantified by point sampling on pre-determined stops 
(Holechek and Vavra 1981, Holechek and Gross 1982b). The 
observer was trained with formulated diets using procedures by 
Holechek and Gross (1982a). Size and shape of stomata, general 
cell patterns and structural peculiarities were used to distinguish 
cell tissues (Baumgartner and Martin 1939). Frequency addition 
procedures described by Holechek and Gross (1982b) were used 
to calculate the percentage composition of digested dietary com- 
ponents in the feces. Plant composition was categorized by 
species when possible. In some cases, however, only genera 
could be determined. 

Blackgrama 
Dropseeds 
Threeawns 
Tobosa 
Fluffgrass 
Lovegrass 
Muhly 
Vine mesquite. 
Other grasses 
Total grasses 

Forbs: 
Leatherweed croton 
Globemallow 
Other forbs 
Total forbs 

ll.4b 
34.7& 
17.4b 

0.2” 
1.7 
0.0 
o.2d 
0.0 
3.5 

69.1d 

9.3” 
2.0b 
6.9 

18.2b 

Shrubs: 
Broom snakeweed 
Honey mesquite 
Soaptree yucca 
Mormon tea 
Total shrubs 

0.3 
10.6a 

O.Sb 
0.7 

12.4a 
*Means within rows with different superscripts are significantly different (P < 0.05). 
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June November 
1992 1992 

ll.9b 
26.0b 
19.ob 

9.6” 
1.1 
0.0 

15~6~ 
0.0 
3.4 

87.3b 

3.9b 
OSb 
2.8 
7.2’ 

0.1 
2.6d 
2.0” 
0.4 
5.1h 

22.2a 
32.0’ 
21.4a 

1.2” 
2.3 
0.2 
4.8’ 
1.1 
5.2 

90.4” 

2.9b 
0.5b 
2.3 
5.7= 

0.0 
0.Y 
2.6= 
0.5 
3.8’ 

15.0b 
22.5a 
12.0C 

6.4b 
1.2 
0.0 
0.7d 
0.0 
4.2’ 

62.1’ 

10.6a 
8.5” 
8.9 

28.0” 

0.0 
4.9c 
0.9b 
0.8 
6.6b 

12.3b 
25.3b 
17.Sb 

1.0’ 
1.0 
0.2 

lO.Ob 
0.0 
3.8” 

71.9 

4.7b 
2.3b 
9.7 

13.7b 

0.0 
7.lb 
2.Sa 
0.5 

10.4a 



condition Chihuahuan Desert rangelands (Rosiere et al. 1975, 
Daniel et al. 1993, Smith et al. 1994). Cattle diets were highest in 
forbs in summer and lowest in winter (Table 3). 

Shrub consumption by cattle in our study was greatest in sum- 
mer and lowest in winter. Other Chihuahuan Desert cattle diet 
studies have been inconsistent regarding consumption of shrubs. 
Smith et al. (1994) found cattle diets were highest in shrubs in 
summer and fall while Daniel et al. (1993) found shrub use to be 
highest in winter. Rosiere et al. (1975) found shrub consumption 
was highest in spring. Shrub consumption is generally lower than 
grasses and forbs throughout the year (Hakkila et al. 1987, Daniel 
et al. 1993, Smith et al. 1994). 

Honey mesquite was the most important shrub consumed by 
cattle in our study. It was most heavily used in the summer. Other 
studies on Chihuahuan Desert rangelands have generally shown 
honey mesquite to be the dominant shrub in cattle diets during 
spring and summer (Hakkila et al. 1987, Smith et al. 1994) with 
one inconsistency. Rosiere et al. (1975) found cattle made heavy 
use of soaptree yucca blooms during the spring. 

Significant (P c 0.05) breed X season interactions occurred for 
some diet constituents. The importance of these interactions is 
difficult to interpret because of inconsistency among seasons and 
low magnitude of differences. Barzona cattle did consume more 
(P c 0.05) honey mesquite than Brangus or Beefmaster during 
summer 1991 (13%, 9%, and 9% of the diet, respectively). This 
may indicate they have greater potential to use honey mesquite 
than the other 2 breeds. Repeating this study on mid seral and 
early seral condition rangelands with higher shrub and lower 
grass levels would permit more thorough testing of shrub con- 
sumption by the 3 cattle breeds. 

Fecal Nitrogen and Phosphorus 
Breed main effects were not significant (P > 0.05) for either fecal 

nitrogen or phosphorus concentration. However season main effect 
was significant (P < 0.05) for both fecal nitrogen and phosphorus 
concentration (Table 4). A significant interaction (P c 0.05) 
occurred between breed and season for fecal nitrogen concentration. 

Brangus had a higher (P < 0.05) fecal nitrogen concentration 
than Barzona in August (1991). However, an increase in diet 
quality was not confirmed by fecal phosphorus concentration. 
Therefore we doubt it has practical significance. Winder et al. 
(1996) found no difference in fecal nitrogen or phosphorus con- 
centrations among Angus, Brangus, and Hereford cattle on New 
Mexico Chihuahuan Desert rangeland similar to that in our study. 
It appears there are no meaningful nutritional differences in diet 
selected by different cattle breeds in the Chihuahuan Desert. This, 
however, needs to be studied using other rangeland ecological 
condition classes and sites. 

Fecal nitrogen and phosphorus concentrations in our study 
showed cattle diet quality was highest in spring and summer, 
lowest in winter, and intermediate in fall. This has been the gen- 
eral pattern of seasonal trend in cattle diet quality on the 
Chihuahuan Desert based on studies with tistulated animals and 
fecal chemical components (Hakkila et al. 1987, 1988, King 
1991, King et al. 1993, Smith et al. 1994) with some exceptions 
due to climatic fluctuations (Rosiere et al. 1975). 

Linear correlation and regression analyses showed significant 
(P < 0.05) correlations between fecal nitrogen and phosphorus 
concentrations. Correlation coefficients (r) for Beefmaster, 
Brangus, and Barzona cattle were 0.94, 0.90, and 0.83, respec- 
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Table 4. Fecal nitrogen and phosphorus concentrations for 3 breeds of 
cattle for 5 seasons on good condition Chihuahua0 Desert rangeland. 

Breed 
Fecal phosphorus 

(OMB) z.3 

August 1991 (Summer) 
Barzona 
BGUlgUS 
Be&master 
MWt 

November 1991 (Fail) 
Batzona 
BiXlgUS 
Beefmaster 
Mean 

January 1992 (winter) 
Barzona 
Brangus 
Beefmaster 
MGUI 

June 1992 (Spring) 
Batzona 
Brangus 
Beefmaster 
MMtl 

November 1992 (Fall) 
Barzana 
BtZtgttS 
Beefmaster 
Mean 

2.24b 
2.67a 
2.31b 
2.41A 

1.35a 
1.31a 
1.34a 
1.33BC 

1.15a 
1.07a 
l.Wa 
l.lOC 

2.18a 
2.48ab 
2.85b 
2.5OA 

1.25a 
1.35a 
1.22a 
1.88AB 

0.31a 
0.33a 
0.31a 
0.32A 

0.21a 
0.20a 
0.18a 
0.2OB 

0.12a 
0.13a 
0.13a 
0.13c 

0.33a 
0.33a 
0.34a 
0.33A 

0.15a 
0.17a 
0.16a 
0.16C 

‘OMEt = organic matter basis. 
2M~ for cattle breeds within columns and seasons with different small letters are dif- 

3Meaa~ for seasons within columns with different capital letters are different (P < 0.05). 
ferent (P < 0.05). 

tively. Hakkila et al. (1988) also found fecal nitrogen and phos- 
phorus concentrations were well correlated (r = .83) for cattle on 
Chihuahuan Desert rangeland. 

Concentrations of nitrogen in the feces are related to the nutri- 
tional status of the ruminant animal (Moir 1960, Holechek et al. 
1982, Squires and Siebert 1983, McCollum 1990). The concen- 
tration of nitrogen in the fecal organic matter of ruminants shows 
a strong linear association with diet crude protein content (Moir 
1960, Holechek et al. 1982, Hakkila et al. 1988, McCollum 
1990). Weight changes by cattle have also been correlated with 
fecal nitrogen concentration (Holechek et al. 1982, Squires and 
Siebert 1983). Diet and fecal phosphorus concentrations are also 
strongly correlated for cattle (Moir 1960, Holechek et al. 1985). 
On Chihuahuan desert rangeland similar to that in our study, 
Hakkila et al. (1988) found both fecal nitrogen and fecal phos- 
phorus concentrations were well correlated with diet crude pro- 
tein concentrations (r = .81 and r = .92, respectively). 

Studies conducted and reviewed by Nunez-Hemandez et al. 
(1992) show that animals consuming browse diets high in essen- 
tial (volatile) oils or tannins can have elevated fecal nitrogen lev- 
els relative to diet nitrogen values. However, cattle and sheep on 
most ranges generally will starve before consuming forages high 
in essential oils and/or tannins. Browse species palatable to cattle 
and sheep generally do not cause elevated fecal nitrogen values 
(Holechek et al. 1982, Arthun et al. 1992, Rafique et al. 1992). 
The primary plant species consumed by cattle in our study have 
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low levels of essential oils and tannins (Arthun et al. 1992, 
Rafique et al. 1992). 

Management Implications 

Our study showed little difference in diet botanical composition 
and fecal nitrogen and phosphorus concentrations among 
Bnrzona, Beefmaster, and Brangus cattle over a 2-year period on 
good condition Chihuahuan Desert rangeland. Although signiti- 
cant (P < 0.05) breed X season interactions did occur for a few 
diet botanical composition components, their practical impor- 
tance is doubtful due to low magnitude and lack of consistency 
among seasons. Our results are somewhat inconsistent with 
Herbel and Nelson (1966b) and Winder et al. (1996) who indicat- 
ed cattle breeds do have differences in diet selection that are of 
practical importance. Winder et al. (1996) found Brangus cattle 
had higher shrub consumption in winter than Hereford or Angus 
cattle on Chihuahuan Desert rangeland similar to that in our 
study. They also found Angus consumed more forbs in summer 
than Hereford or Braugus cattle. 

AL1 breeds in our study are “synthetic” containing at least some 
Brahman influence. These breeds were developed in hot arid 
(Barzona) or hot humid (Brangus, Beefmaster) climates. It is con- 
ceivable that adaptations to semidesert environment may be simi- 
lar among these breeds. Thus, differences observed by Herbel and 
Nelson (1966b) and Winder et al. (1996) in studies of biological- 
ly diverse breeds may not be present in this study population. 

We also believe differences among breeds in our study might 
have been observed if the study were to be repeated on rangeland 
lower in ecological condition with more shrubs. During summer 
1991, Barzona consumed more honey mesquite than Brangus and 
Beefmaster cattle indicating they may have some potential to 
improve use of rangelands with a high mesquite component. 

Initial results from the population of Brangus, Beefmaster, and 
Barzona cattIe being studied on the CDRRC have shown 
Beefmaster cows produced more calf weaning weight than 
Brangus or Barzona cows (Winder and Bailey 1995). Individual 
animal behavior and physiology rather than diet botanical compo- 
sition and quality would appear to explain any productivity dif- 
ferences that exist among the cattle breeds we studied. 
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Abstract 

Although Thurber needlegrass (Stipu thurberiuna Piper) is au 
important component of Palouse, sagebrush:steppe, and pine:for- 
est rangelands, little is known of its qualitative and quantitative 
responses to defoliation. At I&day intervals one of 7 cohorts of 
Thurber needlegrass plants was defoliated to a 2.5-cm stubble to 
describe initial growth rates, determine defoliation effects on sub 
sequent regrowth accumulations, relate regrowth potential to 
available soil moisture, and determine the nutritional value of ini- 
tial growth and regrowth for livestock. The study was conducted 
in 1985 and 1986 with a different group of plants used each year. 
Although crop-year precipitation for the 1985-86 treatment years 
was 77 and 111 %, respectively, of the long term mean (252 cm), 
growth rates of tussocks were similar between years (P > 0.05). 
Seasonal yield of regrowth varied between years, however, and 
was well correlated (3 = 0.76 to 0.80 P < 0.05) with soil moisture 
content when treatments were applied. Among 7 defoliation dates 
(24 April-17 July) only the fmt 5 yielded regrowth in 1985, and 
all produced regrowth in 1986. Among treatments regrowth aver- 
aged 22 % of total herbage yield in 1985 and 50 46 of total yield in 
1986. In both years total herbage accumulations were most sup 
pressed (4763% reduction) by defoliation during the early-boot 
stage of phenology. In 1985 when conditions were drier, any defo- 
liation before mid-June depressed (P < 0.05) total herbage yield. 
Crude protein (CP) of needlegrass herbage was high (19-2246) 
when growth began in April but declined (P < 0.05) to marginal 
levels for cattle (6.7-7.746) by mid-July. Regrowth harvested on 
31 July ranged from 7 to 9% CP for the earliest (24 April) treat- 
ments and as high as 17% for the latest (17 July). Although 
Thurber needlegrass can produce highly nutritious regrowth for 
la&season use, managers face diminishing levels of regrowth as 
the initial cropping date is delayed later into the growing season. 
Managers contemplating 2-crop grazing regimes for Thurber 
needlegrass should base scheduling on plant phenology, soil mois- 
ture considerations and historic use rather than specific calendar 
dates. Further work is needed, however, to definitively determine 
Thurber needlegrass responses to long-term manipulative grazing 
regimes. 

Key Words: Stipa thurbetina Piper, herbage production, graz- 
ing, livestock nutrition, regrowth, soil moisture, forage condition- 
ing, rangelauds 
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Resumen 

A pesar de que Thurber needlegrass (Stipa thurberianu Piper) 
es un importante componente en pastizales de las regiones 
Palouse, sagebrush steppe, y en bosques de piuo, poco se sabre de 
sus respuestas cualitativas y cuantitativas a la defoliaci&. Uno de 
7 tallos de plantas de Thurber needlegrass fue defoliido a lnter- 
valos de catorce dias, a una altura de 2.5 cm para describir 
indices de crecimiento iniclal, determinar 10s efectos de la defo- 
liacion en la acumulacion posterior, relacionar el potential de 
regeneration con la humedad disponible de1 suelo, y determinar 
el valor nutritivo de1 crecimiento initial y 10s rebrotes para el 
ganada. Este estudio fuel realizado en 1985 y 1986 usando difer- 
entes grupos de plantas cada afio. Aunque la precipitation 
durante el ciclo de crecimiento fue 77 y 111% respectivamente, 
de la media anual (25.2 cm), el hrdice de crecimiento de las plan- 
tas entre aiios fue similar (P > 0.05). Sin embargo, la regen- 
eracion fue diferente entre adios, y fue ahamente correlacionada 
(8 = 0.76 a 0.80, P < 0.05) con el contenido de humedad de1 suelo 
cuando 10s tratamientos de defoliation fneron aplicados. Entre 
las 7 fechas de defoliation (24 de Abril - 17 de Julio) solamente 
las primeras cinco produjeron rebrotes en 1985, y todas produ- 
jeron rebrotes en 1986. La regeneration promedio entre 
tratamientos fue de 22 % de la produccidn total en 1985 y 50 % de 
la production total en 1986. La production total en ambos aiios 
fue mas reducida (reducida entre 47-63%) por la defoliation 
durante la etapa fenologica de elongacibn. En 1985 bajo condi- 
ciones mas secas, cualquier defoliation antes de mediados de 
Junio redujo (P < 0.05) la production total. La proteina cruda 
(CP) de1 follaje de needlegrass fue alta (19-22%) cuando el crec- 
imiento inicio en Abril, pero decline (P c 0.05) a niveles mar- 
ginales para el ganado (6.7-7.7%) a mediados de Julio. Los 
rebrotes colectados el31 de Julio variaron entre 7 y 9 4% CP para 
10s tratamientos iuiciales (24 de Abril) y hasta 17% para el tilti- 
mo tratamiento (17 de Julio). A pesar de que Thurber needle- 
grass puede producir rebrotes altamente nutritivos para uso a 
fmales de la temporada, 10s admiuistradores enfrentan niveles de 
regeneration reducidos conforme se pospone la fecha initial de 
defoliation. Los administradores considerando dos ciclos de pas- 
toreo para Thurber needlegrass deben basar sus programas en la 
fenologia de las plantas, las condiciones de humedad de1 suelo y 
la historia de uso, en lugar de fechas especifcas. Sin embargo, es 
necesario mas trabajo para determinar deflnitivamente la 
respuesta a sistemas de pastoreo a largo plazo de Thurber 
needlegrass. 

The goal of this research was to explore the potential of manip- 
ulative grazing to enhance late-season forage quality of Thurber 
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needlegrass (Sripu thurberiana Piper). Thurber needlegrass is 
native to Palouse, sagebrush-steppe, and pine-forest rangelands 
from northern California northeast into Wyoming and as far north 
as eastern Washington. In some areas it dominates the herbaceous 
layer (Hironaka et al. 1983), and in others it is subordinate to 
bluebunch wheatgrass (Agropyron spicatum (Pursh) Scribn. & 
Smith), Idaho fescue (Festucu iduhoensis Elmer), or needle-and- 
thread grass (Stipa comatu Trin. & Rupr.) Daubenmire 1970). In 
drier environments a single season of heavy grazing or severe 
defoliation of Thurber needlegrass can cause subsequent reduc- 
tions in annual herbage production, basal area, root mass, and 
plant height (Ganskopp and Bedell 1981, Eckert and Spencer 
1987), and effects are most pronounced when leaf area is 
removed during the early-boot stage of phenology (Ganskopp 
1988). In more mesic environments, where it coexists with blue- 
bunch wheatgrass, a single season of heavy grazing may have no 
effect on plant vigor (Eckert and Spencer 1987). 

Hickman (1975) and Cruz-Guerra (1994) have provided the 
only nutritional evaluation of Thurber needlegrass in conjunction 
with several other forages, and both observed that its crude pro- 
tein (CP) content after mid-growing season remained slightly 
higher than associated perennial grasses (i.e. bluebunch wheat- 
grass, Idaho fescue, bottlebrush squirreltail (Situnion hystrix 
(Nun.) Smith), or Junegrass (Koeferiu cristuta Pers.). By mid- 
August, however, its CP content was below maintenance require- 
ments for beef cattle (Hickman 1975 and Cruz-Guerra 1994). 
Past research has suggested that manipulative defoliation of 
grasses, by either mechanical or animal means, can be used to 
alter plant phenology and improve forage quality (Hyder and 
Sneva 1963, Pitt 1986). Recent attempts, however, to demon- 
strate the potential for forage conditioning have been less conclu- 
sive (Westenskow-Wall et al. 1994). This study was initiated 
because there is no information available on the interactions of 
seasonal defoliation with forage yield and forage quality of 
Thurber needlegrass. Specific objectives were to: 1) describe the 
growth and regrowth potentials of seasonally defoliated needle- 
grass, and 2) determine the seasonal nutritive value of initial 
growth and regrowth components of Thurber needlegrass as phe- 
nology advanced. This was accomplished by progressively defo- 
liating needlegrass cohorts at 2-week intervals during 2 growing 
seasons, harvesting regrowth after plants had ceased production, 
and subsequently determining the CP and neutral detergent fiber 
(NDF) contents of both components. 

Materials and Methods 

Research was conducted at the Northern Great Basin 
Experimental Range 119”43’W, 43’29’N) about 72-km west- 
southwest of Bums, Ore. Mean annual precipitation 1952-1995), 
arriving primarily as snowfall in winter and spring months, is 
28.2 cm; and mean annual temperature is 7.6” C with extremes of 
-29 and 42” C. Forage growth in the region is typically arrested 
in mid-July by soil moisture depletion, and herbage yield is most 
strongly correlated with September-June precipitation (Sneva 
1982) which averages 25.2 cm. 

In 1982 after range grasses entered quiescence, 150 Thurber 
needlegrass tussocks were excavated from areas supporting a 
Wyoming big sagebrush (Artemisia tridentutu subsp. wyomingen- 
sis Beetle)-Thurber needlegrass community (Doescher et al. 

1984; Lentz and Simonson 1986). Tussocks were transplanted to 
polyethylene bags having a 25-cm diameter and 61-cm depth that 
had been filled with a sifted alluvium (77% sand, 9% silt, and 
14% clay). This medium facilitated recovery of roots, which has 
been reported elsewhere (Ganskopp 1988). Two samples of the 
alluvium were retained for development of moisture release 
curves by Oregon State University’s Soil Testing Laboratory. 
Bags were placed in 61-cm deep trenches and interspaces tilled 
with soil. The 61-cm planting depth was used because it 
approached the depth of unweathered bedrock in the plant’s nat- 
ural habitat (Lentz and Simonson 1986). A one-time addition of 2 
liters of water was furnished each tussock to facilitate soikroot 
contact, and plants received no supplemental moisture or fertil- 
ization thereafter. Tussocks were allowed 2 growing seasons 
(1983 and 1984) to establish and acclimate to containers. During 
those 2 years September-June precipitation was 109 and 119% of 
the long-term average. 

Fifty-six randomly assigned tussocks were scheduled for treat- 
ments in 1985 and the balance retained for replication of the pro- 
ject in 1986 or as replacements if plant mortality occurred before 
treatment application. Tussocks scheduled for 1985 treatments 
were clipped to a 2.5-cm stubble in Oct. 1984 to remove old- 
growth materials, and the 1986 treatments were similarly pre- 
pared in the fall of 1985. Each treatment consisted of a single 
defoliation to a 2.5-cm stubble on one of 7 dates during the grow- 
ing season. Treatments spanned the vegetative through quiescent 
stages of growth and were applied at successive 14 day intervals 
beginning 24 April and ending on 17 July each year. The final 17 
July treatment was viewed as a control because seed had shat- 
tered, nearly all foliage was dry and brown, and little regrowth or 
impact on plant vigor was expected from defoliation at that time. 
Plant materials initially harvested in treatment applications were 
retained and oven dry weights (48 hours at 40” C) obtained with 
an analytical scale to provide a measure of seasonal growth. 
Concurrent with treatment application, basal areas of plants were 
determined by measuring major and minor axes of the crowns to 
the nearest 1 mm and solving for the area of an ellipse. To com- 
pensate for variability in basal area among tussocks, all foliage 
weights were expressed on a mg/cm’ basal area basis. Concurrent 
with treatment application, soil samples (5 to 40-cm) were col- 
lected from 5 tussocks and soil moisture content derived gravi- 
metrically. Soil sampling at lower depths was attempted but con- 
founded by contamination from the drier and often unstable upper 
portions of the profile 

On 31 July post-treatment regrowth was harvested from all 
plants. Dried plant materials were ground to pass a l-mm screen 
and initial growth and regrowth samples were analyzed for crude 
protein (AOAC 1980) and neutral detergent fiber (NDF) 
(Goering and Van Soest (1970). 

An experimental unit in this project was an individual tussock. 
Project arrangement was a completely randomized design with 7 
treatments and 8 replications. Response variables included: initial 
biomass, regrowth biomass, total biomass (sum of initial and 
regrowth), soil moisture content, and CP and NDF measures of 
initial growth and regrowth. Completely randomized design 
analysis of variance was used to test the null hypotheses (Ho) of 
no differences among treatment means, and years were analyzed 
separately. When significant treatment effects were detected in 
analyses of variance, mean separations were accomplished with 
single degree of freedom contrasts. Statistical significance was 
assumed at P 20.05. 
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For each year biomass of initial growth for each treatment 
(dependent variable) was related to treatment Julian date (inde- 
pendent variable) with regression analyses. The slopes of the 
resulting equations depict relative growth rates of the needlegrass 
and allow for comparison of rates between years by testing the 
null hypothesis that slopes were equal (Neter and Wasserman 
1974). Percent soil moisture content for treatment dates (indepen- 
dent variable) was also related via regression analyses to biomass 
of subsequent regrowth (dependent variable) to develop equations 
for predicting the regrowth potential of Thurber needlegrass. An 
F-test was used to compare 1985 and 1986 regression lines (Neter 
and Wasserman 1974). Finally, crude protein content of regrowth 
(dependent variable) was related via regression analyses to soil 
moisture content and biomass of regrowth (independent vari- 
ables) via regression analyses to assist in graphically illustrating 
the interactions among these variables. 

Results 

Initial Growth Patterns 
Crop-year precipitation for the 1985 and 1986 treatment years 

was 77 and 1 1 1%, respectively, of the long-term average, and 
plants began producing new growth by mid-April each year. 
Early growth in 1985 (24 April-22 May) appeared to be slightly 
ahead of biomass accumulations for the same period in 1986 (Fig. 
1A and B), as no significant change in initial biomass occurred 
until 5 June in 1986. This was perhaps due to slightly cooler 
weather in 1986 when mean daily temperatures ((maximum+min- 
imum) X 0.5) for 25 April-22 May were 3.7” C cooler than the 
same period in 1985. Equations relating initial yields of treat- 
ments to their corresponding Julian dates for 1985 and 1986 
were, respectively, 
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y = 2.49Julian date - 251 (? = 0.97) and 2.85Julian date-332 (t = 0.95). 

Regression lines for these equations am included in Fig. 1A and B. An 
F-test for comparing the 2 lines revealed no difference (p > 0.05) 
between the equations (F = 3.68 with 2 & 10 df), and a t-teat compar- 
ing slopes of the 2 equations suggested growth rates were essentially 
equivalent for the 2 years. When the data were pooled to develop a 
single model, the equation was: initial biomass = 2.675Julian 
date-291 with an 3 of 0.93. In both years growth had nearly ceased by 
3 July. Initial growth peaked at 232 mgkm’ of basal area in 1985 (Pig. 
1A) and attained a high of 220 mg/cm basal area in 1986 (Fig. 1B). 

Regrowth aud Total Biomass Accumulations 
In 1985 only the first 5 defoliation dates exhibited regrowth (Fig. 

lA), with the greatest amount (79 mgkm’) occurring with the ear- 
liest (24 April) defoliation and the smallest produced by plants 
defoliation on 19 June. Soil moisture content declined to less than 
4% after 19 June. Across all 7 defoliation dates in 1985, regrowth 
contributions to total biomass averaged 22%. Plants defoliated 
between 8 May and 5 June averaged about 37 mgkm’ of regrowth 
with no difference (P > 0.05) among the 3 dates, and no regrowth 
occurred on plants defoliated in the month of July after seed began 
to harden. Relative to the 17 July treatment, any defoliation prior to 
19 June significantly reduced total herbage accumulation (initial 
growth + regrowth) for the growing season with the early-boot (8 
May) treatment causing the most substantial depression (63%) in 
total biomass. 
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Defoliation date & phenology 

gig. 1. Biomass of initial growth (* SE), regrowth harvested on 31 
July (* SE), and total herbage yields of Thurber needlegrass tus- 
socks defoliated to a 2Sem stubble on ‘Idates during the 1985 (A) 
and 1986 (B) growing seasons on the Northern Great Basin 
Experimental Range near Burns, Ore. Dotted lines (-) depict 
growth rates of needlegrass determined by regressing Julian date 
of the initial defoliation (independent variable) against initial 
growth accumulations. Letters at the top of each bar are used for 
comparison of total herbage yield (initial growth + regrowth) 
among treatments. Graph components sharing a common letter 
across dates are not signiticantly different (P > 0.05). 

With higher levels of soil moisture in 1986 regrowth occurred in 
all 7 treatments (Fig. lB), and across treatments regrowth made a 
greater contribution 6 = 50%) to total biomass than occurred in 
1985. Regrowth contributions were roughly equal (sz= 129 mgkm’) 
among the first 4 &foliation dates with the first significant (P c 0.05) 
depression in regrowth occurring with the 19 June defoliation. The 
smallest regrowth accumulation (19 mgkm’) occurred with the final 
17 July treatment. Among tmatments peak total herbage production 
(278 mg) occurred with the 3 July treatment with 21% of that con- 
tributed by regrowth. The lowest level of total herbage accumulated 
in 1986 again occurred with the early-boot defoliation (8 May, 146 
mgkm’). In that instance total biomass was only 53% of the 1986 
maximum of 278 mgkm’. 

Relationship Between Residual Soil Moisture and Regrowth 
Regression analyses revealed significant (P < 0.01) linear rela- 

tionships existed between soil moisture content on the date of ini- 
tial defoliation and subsequent accumulations of regrowth during 
both years (Fig. 2). Because soil moisture was higher in 1986, 
regrowth rates and amounts across treatments appeared to be 
higher, and the F-test for comparison of regression lines rejected 
(P < 0.05) the null hypothesis that the 2 models were equivalent 
(F = 12.02 with 2 and 10 df). 
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Fii. 2. Linear regressions (* 95% CI) relating soil moisture content 
on the date of initial defoliation to subsequent yiekls of regrowth 
harvested on 31 July in 1985 (filled triangles A) and 1986 (hollow 
circles 0) from Thurber needlegrass tussocks on the Northern 
Great Basii Experimental Range near Burns, Ore. 

Forage Quality of Initial Growth 
As the growing season advana the crude protein content of the 

initial growth component exhibited a progressive decline (Fig. 3A) 
typical of cool-season grasses in an arid Mediterranean climate 
(Raleigh and Lesperance 1972, Hickman 1975, Angell et al. 1990). 
In 1985, as reproductive portions of the plants developed and 
matured, CP fell below 7.5% by early July and then stabilized at 
about 6.7% when plants entered quiescence. In 1986 with more 
moisture available, CP content of Thurber needlegrass remained 
above the suggested 7.5% maintenance level for beef cattle through 
the mid-July sampling (Fig. 1A). Neutral detergent fiber, a measure 
of the cell wall components of forages, increased progressively as the 
needlegrass matured (Fig. 4A). NDF values for initial growth ranged 
between 40 and 70% in 1985 and between 46 and 67% in 1986. 

Forage Quality of Regrowth 
Generally, crude protein content of regrowth gave the appear- 

ance of being negatively associated with age of the foliage (Fig. 
3B). Regrowth of plants defoliated on 24 April 1985 averaged only 
7.2% CP which was only slightly higher than the 6.8% value of ini- 
tial foliage of the final 2 treatments (Fig. 3A). Regrowth of the 22 
May and 5 June treatments averaged 11% CP in 1985, but material 
obtained from subsequent treatments that year was insufficient for 
chemical analyses. In 1986 the CP content of the 24 April treat- 
ment was slightly above minimum maintenance requirements of 
beef cattle at 8.9%, and the last 2 defoliation dates furnished 
foliage of nearly 17% CP. 

Regrowth NDF values varied between 50.7 and 67.3% and 
appeared to be positively correlated with age of herbage (Fig. 4B). 
Intuitively, one might expect the youngest regrowth (17 July) to 
provide NDF values more closely aligned with those of early initial 
foliage (Fig. 4A), perhaps somewhere in the 40% range, but since 
most of the regrowth was also cured foliage when harvested on 31 
July, scores were slightly higher than anticipated. 

initial growth 

24A$r. 8 May 22May 5Jun 19Jun 3 Jul 17Jul 

Defoliation date 

T/%1=1 5 
Regrowth 31 Jul. 

24Apr BMay 22May 5 Jun 13Jun 3Jul 17Jul 

Defoliation date 

Fii. 3. Crude protein content (* SE) of initial growth at 14 day inter- 
vals (A) and subsequent regrowth harvested on 31 July (B) from 
Thurber needlegrass tussocks growing on the Northern Great 
Basin Experimental Range near Burns, Ore. in 1985 and 1986. 
Bars within years sharing a common letter are not significantly 
different P > 0.05. 

Discussion and Conclusions 

Despite substantial differences in crop year precipitation 
between years (77 and 111% average), rates of initial growth 
accumulation for Thurber needlegrass were approximately equal 
for both years. Total herbage accumulations among treatments 
were higher, however, in 1986 than in 1985 due to greater precipi- 
tation and the resulting greater potential for regrowth in 1986 (Fig. 
3). Maximum herbage production (232 mg/cm’) in 1985 consisted 
entirely of initial growth, whereas maximum herbage production 
(278 mg/cm*) in 1986 contained a 20% regrowth component. 
Eckert and Spencer (1987) noted that Thurber needlegrass was 
more affected by grazing on xeric than mesic sites, and this study 
suggested that similar responses can be expected when comparing 
effects between above- and below-average precipitation years on a 
given site. In both years of study, however, total biomass accumu- 
lations were depressed by defoliations on or before 8 May. The 
patterns for both years suggested the 8 May treatment, when 
Thurber needlegrass was in the early boot stage of phenology, had 
the greatest impact on total biomass. 

Hyder and Sneva (1963) initially proposed a 2-crop grazing pro- 
gram in the region for crested wheatgrass to generate high quality, 
leafy regrowth for late-season use. Typically the nutrient content 
of season-long deferred forages falls below the maintenance 
requirements for cattle by the time the grasses have ceased 
growth. In both years of this study the CP content of regrowth 
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Fig. 4. Neutral detergent fiber content (i SE) of initial growth at 14 
day intervals (A) and subsequent regrowth harvested on 31 July 
(B) from Thurber needlegrass tussocks growing on the Northern 
Great Basin Experimental Range near Burns, Ore. in 1985 and 
1986. Bars within years sharing a common letter are not signifi- 
cantly diierent P > 0.05. 

generated by Thurber needlegrass initially defoliated on or after 8 
May exceeded the needs of beef cattle on 31 July. Regrowth CP 
content of the latest defoliations was as high as 17%, but one is 
simultaneously faced with diminishing production of regrowth as 
the initial defoliation date is postponed and soil moisture levels 
decline to less than 8% (Fig. 5). In dry years any attempt at a 2 
crop grazing regime may result in less total forage being harvested 
from a pasture. In wet years a slight gain in total forage harvest 
might be realized if soil moisture remains available for regrowth 
late in the growing season. The elevated nutritional value of the 
regrowth would certainly benefit lactating or growing cattle that 
typically cease to gain on late-season forages in the region 
(Raleigh and Lesperance 1972), and other wild herbivores may 
also be attracted to the less stemmy and more nutritious foliage 
(Anderson and Scherzinger 1975, Wilhns et al. 1980, Vavra and 
Sheehy 1996). 

For many livestock managers the real challenge is to design a 
sustainable grazing program maximizing returns to their opera- 
tion. This can perhaps be facilitated by multiplying regrowth bio- 
mass (Fig. 1) and its corresponding crude protein content (Fig. 
3B) to generate an estimate of harvestable crude protein. In both 
years of this study harvestable crude protein was maximized with 
the earliest (24 April) defoliation. If the goal is to maintain a max- 
imum number of animals on adequate forage, then grazing 
Thurber needlegrass when it is vegetative and subsequently 
returning to graze the cured regrowth will probably serve this pur- 

Fii. 5. The interactions among soil moisture content when Thurber 
needlegrass tussochs were initially defoliated, biomass of subse- 
quent regrowth, and corresponding crude protein content of 
regrowth harvested on 31 July. Open triangles (A) depict disper- 
sion among treatment means for both years. Filled circles (0) 
illustrate predicted values derived from regression analyses relat- 
ing crude protein content of regrowth (dependent variable) to soil 
moisture content when the plants were initially defoliated and the 
biomass of subsequently accumulated regrowth @dependent vari- 
ables). 

pose. Regrowth from this approach was of marginal quality in 
1985 (7.2% CP), but grazing animals can typically select a higher 
quality diet than our measures of standing crop suggest, and live- 
stock performance would probably be adequate. 

Given the annual variability in climate, growth patterns, and 
regrowth potentials of Thurber needlegrass, one should base graz- 
ing management decisions on plant phenology and knowledge of 
available soil moisture rather than specific calendar dates. While 
manipulative cropping of Thurber needlegrass has the potential to 
stimulate highly nutritious regrowth for livestock or wildlife, the 
long term effects of intensive 2-crop grazing regimes on Thurber 
needlegrass have not been evaluated. From a conservative stand- 
point, any Thurber needlegrass community exposed to a 2-crop 
grazing program probably should be deferred for at least one 
growing season afterwards. If grazed during the early-boot stage 
of phenology, on xeric sites, or under droughty conditions, a 
longer deferment may be required. A rotation-grazing regime in 
conjunction with several other pastures would probably provide 
the greatest potential for management flexibility. Additional stud- 
ies are needed, however, to further quantify Thurber needlegrass 
responses to manipulative grazing practices. 
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Abstract 

Liipogras (Hemarthria altissima [pair] Stapf and C.E. Hubb) 
and hymenachne (Hymenachne amplexicaulis Budge] Nees) may 
reduce weight loss of cows grazing Florida range from 
September to March. These grasses were grown on maidencane 
(Panicum hemitomon Schult) pond margins and were evaluated 
as stockpiled forage (ungrazed 6-10 months) at 2 locations over 4 
years. Floralta limpograss received 0 or 3,000 kg dolomite ha (2 
whole plots) and N-P-K fertilizer (5 subplots): 50-25-50,50-25-O, 
50-o-50, 50-o-0, O-O-O kg/ha. Eymenachne was grown without 
dolomite, N, P, or K Hymenachne failed to establish at Ona in 
central Florida, but persisted for 1 year at Immokalee near the 
Everglades where dry matter production in October to January 
was 1,540,2,160, and 2,910 kg/ha at 35,70, and 105 days after N 
fertilization, respectively. Crude protein (56 &kg) was highest at 
70 days and IVOMD (47.4%) was highest at 105 days. 
Liipograss established without dolomite, N, P, or K fertilization, 
and forage available for winter grazing often exceeded 7,000 
kg/ha. Application of 50 kg N/ha to stockpiled limpograss 
increased yield (compared to no N) in 1 of 4 years at Ona and in 
both years at Immokalee. Applying N to stockpiled limpograss 
always increased crude protein and IVOMD above that of grass 
receiving no N, but increases were slight (10 g crude protein/kg). 
Crude protein seldom exceeded 50 g/kg with 50 kg N/ha applied 
in late August at Ona or in October at Immokalee. In vitro 
organic matter digestion often exceeded 45%, which could help 
limit weight loss of cows grazing range in winter. Neither grass 
was observed to be invasive, as growth was confmed to plots after 
5 and 8 years at Immokalee and Ona, respectively. 

Key Words: Hemarthriu altissima, Hymenachne amplexicaulis, 
supplementation, fertilization 

Cows grazing range year-round in Florida typically calve in 
alternate years because excessive weight loss in winter and fail- 
ure of cows to regain weight in spring limits rebreeding (Hughes 
1974). Rotation burning of range and feeding molasses-based 
supplements helps reduce winter weight loss, but these practices 
are often not enough (Kahnbacher et al. 199.5). Just as pasture in 
spring helps cows regain weight lost in winter (Lewis and 
McCormick 1971), selected introduced grasses used as nutrient 
banks may reduce cow weight loss from September to March 
when cows graze range. 

Manuscript received 23 Dec. 1996. 
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Resumen 

El pasto limpo (Hemarthria altissima [Pair] Stapf and C.E. 
Hubb) y paja de agua (Hymenachne amplexicadis (Kudge Nees) 
puede reducir la perdida de peso de las vacas pastando praderas 
nativas en la Florida de Septiembre a Marzo. Estos pastos 
crecieron en las margenes de las lagunas o pantanos donde esta- 
ba establecido maidencane (Panicurn hemitomon Schult) y fueron 
evaluados coma heno en pie (sin pastorear 6-10 meses) en dos 
locatidades por mas de 4 aiios. El pasto liipo recibio 0 o 3.000 
kg dolomita/ha (2 parcehts completas) y se fertihzo con N-P-K (5 
subparcelas ): 50-25-50, 50-50-0, 50-O-50, 50-o-0, O-O-O kg/ha. 
Paja de agua crecio sin dolomita, N, P, o K. Paja de agua no cre- 
cio en Ona, localiida en la parte central de la Florida, pero per- 
sistio por 1 aiio en Immokalee cerca de 10s Everglades donde la 
producci6n de materia seca de Octubre a Enero fue de 1.540, 
2.160, y 2.910 kg/ha en 35,70, y 105 dias desput!s de ser fertiliza- 
da con N. La proteina cruda (56gFg) fue mas alta a 10s 70 dias y 
DMOIV (47%) fue mas alta a 10s 105 dii. El pasto limpo se 
establecio sin fertilization con dolomita, N, P, K y el forraje 
diiponible para el pastoreo en invierno a menudo excedio 7,000 
kg&a La aplicacion de 5Okg N/ha al past0 limp0 coma heno en 
pie increment6 el rendimiento (al compararlo sin N) en 1 de 10s 4 
aiios en Ona y en ambos aiios en Immokaiee. Aplicando N al 
pasto limpo coma heno en pie siempre increment0 la proteina 
cruda y DMOIV por encima de 10s pastos que no recibieron N, 
pero 10s incrementos fueron ligeros (log proteina cruda/kg). La 
proteina cruda raras veces excedio SOg/kg para SOkg/N/ha apli- 
cado a finales de Agosto en Ona o en Octubre en Immokalee. La 
digestion de materia organica in vitro a menudo excedio el45%, 
lo cual podria ayudar a limitar la perdida de peso en las vacas 
pastando durante el iuvierno. Nmgun past0 observado fue inva- 
sivo, su crecimiento de mantuvo en parcelas durante 5 y 8 adios 
en Immokalee y Ona, respectivamente. 

Throughout the acid, infertile upland flatwoods are shallow 
depressions known as maidencane (Panicum hemitomon Schult.) 
ponds. Between flatwoods and ponds are transitional areas that 
are usually brush-free, have relatively fertile soils, and could be 
planted easily to adapted forages (Fig. 1). There are 2 grasses 
with potential. 

Limpograss (Ziemarthria altissima [Pair] Stapf and C.E. Hubb) 
was introduced into Florida in 1964, and the cultivar Floralta is 
now widely grown on pasture with poorly drained soil 
(Quesenberry et al. 1984). It maintains a level of digestibility 
with maturity that is well above that of other mature tropical 
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Fig. 1. Lay-out for Experiments I-IV at the Range Cattle Research 
and Education Center illustrating the concept of nutrition hanks 
for cows grazing Florida range in winter. 

grasses (Schank et al. 1973), which makes it ideal for stockpiling. 
In plot studies simulating pasture, limpograss was staged in early 
August and fertilized with 64 kg N/ha, and it yielded 4,500 and 
8,000 kg dry matter (DM)/ha at 60 and 90 days after fertilization, 
respectively, with 64 and 58% invitro organic matter digestion 
(IVOMD), respectively (Quesenberry and Ocumpaugh 1980). 

Hymenachne amplexicaulis ([Rudge] Nees) (no common 
name), a native of the West Indies, is used in ponded pastures in 
Australia (Wildin and Chapman 1988). It has not been planted in 
Florida for pasture, but can be found in the Everglades area in 
freshwater ponds characterized by standing water (up to 3 m) for 
at least 9 months. Hymenachne is productive (3,000 to 20,000 kg 
DM/ha) (Tejos 1980, Dirven 1962) and has relatively high crude 
protein (90 to 230 g/kg) (Dirven 1962). 

On range, these grasses would not be grazed from March to 
early September because cow-calf pairs are moved from range to 
pasture until September when calves are weaned. Research on 
stockpiled limpograss has focused on time of deferral and N fer- 
tilization after its use during the growing season and before the 
stockpiling period (Davis et al. 1987, Kretschmer and Snyder 
1979, Quesenberry and Ocumpaugh 1980, Ruelke and 
Quesenberry 1983). Managing these grasses on range would 
require improvement of nutritive value uj2er stockpiling. 

The purpose of this research was to determine: (1) if lim- 
pograss and hymenachne could be grown on pond margins with 
little or no dolomite, P, or K fertilizer beyond establishment, and 
(2) if N fertilizer increased yield and nutritive value of stockpiled 
grass. At the Range Cattle Research and Education Center (REC), 
this later aspect was expanded to include time of N fertilization. 

Materials and Methods 

Four experiments were conducted at the Range Cattle REC in 
central Florida between 1989 and 1993 (Fig. 1 and Table l), and 
1 experiment was conducted at the Immokalee Ranch near the 
Everglades between 1991 and 1993. 

Range Cattle REC 
Soil was a transition between a Pomona fine sand (sandy, 

siliceous, hyperthermic Ultic, Alaquod) and a Floridana mucky 
fine sand (loamy, siliceous, hyperthermic Arenic Argiaquoll). 
The experimental design was 4 replications of a split plot of 2 
dolomite treatments (0 and 3,000 kg/ha), which formed whole 
plots, and 5 fertilizer treatments, which formed subplots arranged 
as randomized, complete blocks within dolomite treatments. Each 
whole plot was 6 X 15 m, and subplots were 6 X 3 m. Only 6 X 
1.5 m was fertilized in each subplot, leaving a 6- X 3-m unfertil- 
ized border between each subplot. Fertilizer treatments (kg/ha of 
N-P-K) for limpograss were: (1) 50-25-50, (2) 50-o-0, (3) 50-25- 
0, (4) 50-o-50, and (5) O-O-O (check). Phosphorus and K fertiliz- 
ers were applied by hand once at limpograss planting. Nitrogen 
fertilizer was applied once annually, and the timing of N fertiliza- 
tion in relation to date of sampling established a series of experi- 
ments (Table 1). Ammonium nitrate, triple superphosphate, and 
muriate of potash was used to supply N, P, and K, respectively. 
Micronutrients were not applied. Hymenachne plots consisted of 
4 replications of no dolomite, no fertilizer. 

Table 1. Four experiments were conducted at the Range Cattle REC 
between 1990 and 1993. Experiments diiered as to date when 50 kgjha 
N fertilixer was applied (A) and limpograss was sampled (S). 

Year J J A S 0 N D unit Days A-S 

I 1990’ A S NW-2 105 
II 19912 A S NW-2 63 
III 19923 A s s s NW-3 35.78, 105 

199Lz4 A S S NW-2 35.68 
Iv 19935 A S NW-2 30 

l9936 A S NW-3 30 

‘Few 30 June and sampled 19 Sept. 
zFertilixd 30 Sept. and sampled 2 Dec. 
3Fert*zed 31 Aug. and sampled 5 Oct., 17 Nov., and 14 Dec. 
ktilized 15 Oct. and sampled 19 Nov. and 22 Dec. 
kriilti 3 1 Aug. and sampled 29 Sept. 
%a 15 Nov. and sampled 15 Dec. 

Two sites were planted to Flora&a limpograss (Fig 1.): NW-2 
(August 1989) and NW-3 (August 1991) which were in adjacent 
range units grazed beginning in October or December through 
February. Both sites were disked twice on the day before planting 
and dolomite was applied by hand at 3,000 kg/ha. Plots were 
disked to incorporate dolomite and then to incorporate about 
2,000 kg/ha (fresh weight) of vegetative planting material. 
Planted areas were rolled to firm the seedbed. Hymenachne was 
planted vegetatively in August and replanted November 1991 in 
NW-3 using the same procedures as those for limpograss but 
without dolomite. 

Grass was clipped at ground level in a 1-m’ quadrat in each 
plot. Forage was dried 96 hours at 60°C for dry matter determina- 
tion. When sampled over time after N fertilization, the quadrat 
was placed on areas not previously clipped. On the day of sam- 
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pling in 1990, 1991 and 1992 (35day sample only), native plant 
species present in 7 to 10, 1-m’ quadrats in the adjacent transition 
area (no dolomite, no fertilizer) were recorded and clipped. 
Grasses and grasslikes were combined, while forbs were clipped 
as a separate group. About 100 g of dried forage was ground and 
analyzed for crude protein (Gallaher et al. 1975, Hambleton 
1977) and IVOMD (Moore and Mott 1974). 

Soil in each NW-2 plot was sampled (O-15 cm) in March 1990, 
October 1991, and August 1993 and in February 1992 and 
December 1993 in NW-3. Soil was analyzed for pH, Ca, Mg, P, 
and K (Mehlich I extractable [0.05 M HCl and 0.01 M H$04]) at 
the Analytical Research Laboratory at the University of Florida 
(Hanlon and Devore 1989). 

Cows grazed surrounding range and limpograss plots from the 
date they were last sampled until February when cows were 
moved to pasture to begin their breeding season. Limpograss was 
always completely utilized by February and did not require stag- 
ing.Limpograss was allowed to grow all summer without grazing. 

Immokalee Ranch 

Range Cattle REC. Soil pH and concentrations of Ca and Mg 
were greater in plots where 3,000 kg/ha dolomite had been 
applied to NW-2 and NW-3 (Table 2). Soil pH and concentra- 
tions of these minerals in soil did not change over years. The 
increase in pH and concentrations of Ca and Mg as a result of 
dolomite application were similar to increases in pH and Ca and 
Mg concentrations observed after addition of 3,000 kg/ha of 
dolomite to an unlimed Pomona tine sand (Rechcigl et. al 1993). 
Concentrations of P and K were not affected by dolomite or fer- 
tilizer treatments or sample dates and averaged 3 and 11 mg/kg, 
respectively. 

The Immokalee Ranch, which borders the Everglades, is much 
wetter than the Range Cattle REC. Soil was a transition between 
a Boca fine sand (loamy, siliceous, hyperthermic Arenic 
Ochraqualf) and a Winder (fine-loamy, siliceous, hyperthermic 
Typic Glossaqualf), Chobee (fine-loamy, siliceous, hyperthermic 
Typic Argiaquoll), and a Gator (loamy, siliceous, euic, hyperther- 
mic Terric Medisaprist). Floralta Iimpograss and hymenachne 
were planted in November 1991. The experimental design, treat- 
ments, and fertilizer materials for limpograss were the same as 
those at the Range Cattle REC. 

Table 2. Soil pH, Ca, and Mg (mgF& in NW-2 and NW-3 at the Range 
Cattle REC and Immokalee Ranch. 

Dolomite NW-2’ Nw-32 Immokalee3 
OWW 

Phosphorous and K fertilizers were applied annually in April 
1992 and 1993, and N fertilizer was applied armuaIly in October. 
Plots were sampled by clipping grass to ground level in a differ- 
ent 1-m’ quadrat within each plot at 35,70, and 105 days after N 
fertilization. At each harvest in both years, native plant species 
growing in a 0.5-m’ quadrat in 4 plots, which had no planted 
grass, no dolomite, and no fertilizer were recorded and clipped 
(grasses and grasslikes together, forbs separately). Forage sam- 
ples were dried, ground, and analyzed for nutritive value as listed 
above. Soil was sampled in each plot (O-15 cm) before treatment 
in November 199 1 and December 1993 and analyzed the same as 
soil from the Range Cattle REC. Cows were excluded from the 
experimental area from April to January but were allowed to 
graze the surrounding area throughout the year. Limpograss and 
hymenachne were allowed to grow all summer without grazing. 

PH 0 4.8 4.8 5.0 
3mo 5.9 5.8 5.3 

** ** 

Ca 0 174 159 4:: 
3,ooo 364 365 574 

** ** ** 

MIS 0 46 38 36 
3mJ 113 100 40 

** ** ** 
lAvera&ed over samples taken 9 Mar. 
2 

1990.1 Oct. 1991, and 30 Aug. 1993. 
Averaged over samples taken 7 Feb. 1992 and 28 Dec. 1993. 

3Sample taken December 1993,2 years after dolomite application. 
** F-test for dolomite treatment significant (P = 0.01) 

Immokalee Ranch. In 1993, soil pH was not affected by 
dolomite, but concentrations of Ca and Mg were greater where 
3,000 kg/ha dolomite had been applied in 1991 (Table 2). Soils in 
this region are underlaid with calcareous material, giving the soils 
a higher pH than soils at the Range Cattle REC. Concentrations 
of P (25 mglkg) and K (35 mg/kg) were not affected by dolomite 
or fertilizer treatments, but both were greater than P and K con- 
centrations in the soil at the Range Cattle REC. 

Data Analyses 
Data were analyzed by a generalized linear model (SAS 1985). 

Effects due to year or sample date within year were determined 
with repeated measures option. Significant (P < 0.05) fertilizer 
treatment effects were investigated with Duncan’s Multiple Range 
test at the Range Cattle REC and the Waller-Duncan test at the 
Immokalee Ranch. 

Results and Discussion 

Rainfall 
Range Cattle REC. Total annual rainfall in 1989 to 1993 was 

1,052, 1,133, 1,619, 1,203, and 1,262 mm compared to a %-year 
mean of 1,683 mm. In spite of lower than average rainfall in each 

year, there were typical periods of saturated soil during each June 
to September wet season. Plots were occasionally covered with 2- 
3 cm of water for up to 7 days. 

Immokalee Ranch. Rainfall for 1992 and 1993 totaled 1,197 
and 1,381 mm at the Southwest REC, which is located about 9.6 
km north of the Immokalee Ranch. Water covered the plots as 
late as mid October 1993. 

Soil pH and Minerals 

Native Forages 
Range Cattle REC. Grasses included (most to least) 

broomsedge (Andropogon virginicus L), chalky bluestem (A. 
capillipes Nash), giant carpetgrass (Axonopus fircatus [FIugge] 
Hitchc.), low panicums (Dichanthelium spp.), sour paspalum 
(Paspalum conjugatum Berg.), and maidencane. Grasslies were 
sedges (Curex spp.), rushes (Rhynchospora spp.), razor sedge 
(Scleria reticularis Michx.), and rush fuirena (Fuirena scirpoidea 
Michx.). Yield of grasses and grasslikes in the unfertilized, native 
transition area in NW-2 averaged 2,230 kg DM/ha over 1990 to 
1993. In NW-3, native grasses yielded 780 kg/ha 1992. Forbs 
were Solidagofistulosa Ait. (no common name), Mohr’s eupato- 
rium (Eupatorium mohrii Greene), flat-topped goldenrod 
(Euthamia minor [Michx.] Greene), and meadow beauty (Rhexia 
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nutatalli James). Their yield averaged 450 kgiha in NW-2 and 
630 kg/ha in NW-3. Crude protein for grasses and grasslikes 
(combined) and forbs both averaged 44 g/kg, and their IVOMD 
averaged 33.9% and 31.8%, respectively. 

Immokalee Ranch. Grasses included little carpetgrass 
(Axonopus affinis Chase), broomsedge, maidencane, and 
Paspalum spp. Grasslikes included Carex spp. and Scleria spp. 
Forbs included Solidago, Eupatorium, Hydrocotyl spp, and 
Hypericum spp. Dry matter yield of native grasses and forbs aver- 
aged 360 and 88 kg/ha, respectively, over both years. 

A transition area similar to the ones at the Range Cattle REC 
and Immokalee Ranch yielded 1,890 kg DM/ha of grasses and 
840 kg/ha of forbs at the start of grazing in January (Kalmbacher 
et al. 1984). Diets of steers grazing this transition area from 
December to February contained an average 70 g crude 
protein/kg and 34.0% IVOMD (Long et al. 1986). 

Hymenaclme 
Range Cattle REC. Both attempts to establish hymenachne 

failed at the Range Cattle REC. Hymenachne requires alternating 
periods of flooding and dryness for optimum growth, seed pro- 
duction, and persistence (Wildin 1988). Periods of flooding 
occurred at the Range Cattle REC, but pond margins typically 
became very dry in April and May before the rainy season, which 
may have been a problem because hymenachne is not drought 
tolerant (Medina and Motta 1990). Soil pH, and P, K, and Ca 
concentrations were low at the Range Cattle REC compared to 
Immokalee Ranch (Table 2). We planted hymenachne in 3 other 
ponds around the Range Cattle REC, including the muck in the 
center of a maidencane pond. After 5 years, hymenachne had 
spread little from the area in the 1 pond where it survived. 

Immokalee Ranch. Yield of hymenachne was 1,540 
(November), 2,160 (December), and 2,910 (January) kg/ha at 35, 
70, and 105 days, respectively, after stockpiling began in 
October. Hymenachne persisted for 1 year on the sandy pond 
margin, but hymenachne planted on muck for observational pur- 
poses in the center of the pond in 15 to 30 cm water still persisted 
after 3 years. Crude protein concentration in hymenachne was 
highest for the 70&y harvest (56 g/kg), followed by the 35-(45 
g/kg) and the 105-day (37 g/kg) harvests. Values for IVOMD 
were highest for the 105&y (47.4%) followed by the 35-(46.5%) 
and 70-day (43.9%) harvests. In an earlier study, hymenachne 
grown on the muck in the center of a pond was 52.1, 5 1.9, and 
50.3% IVOMD when cut on 30-, 60-, and 90-day intervals, 
respectively (unpublished dam, K.U. Hill). Yields during summer 
in Hill’s study ranged from 6,000 to 14,900 kg DM/ha at 30-to 
90&y clipping intervals, respectively. 

Limpograss 
Range Cattle REC, Experiment I. There were no differences in 

limpograss yields (average 6,800 kg/ha) due to dolomite or fertil- 
izer treatments. The large mass of limpograss present at N fertil- 
ization in June (not measured), time between N fertilization and 
sampling (105 days), and probable leaching of N during the June 
to September rainy season were considered responsible for lack 
of treatment differences. 

Limpograss is noted for its ability to accumulate large amounts 
of dry matter with little or no N fertilizer. With no N, limpograss 
produced 5,950 and 10,490 kg/ha with 63 and 126 days growth, 
respectively (Christiansen 1982 as cited by Quesenberry et al. 

1984). Limpograss fertilized with 75 kg/ha of N produced 10,500 
kg DM/ha over a 130&y period (Ruelke and Quesenberry 1983). 

No information on the effect of P and K fertilization on lim- 
pograss establishment was found. Established limpograss in a 
plot study was found to increase in yield with K fertilization with 
maximum yield at 37 kg K/ha after each harvest (Snyder and 
Kretschmer 1986). Under grazing conditions, there was no differ- 
ence in total annual yield of limpograss receiving P (0 or 30 
kg/ha) or K (0 or 56 kg/ha) alone or in combination (Rechcigl 
and Kalmbacher, unpublished data). 

Crude protein (20 g/kg) and IVOMD (46.9%) were not affected 
by dolomite or fertilizer treatments in Experiment I. Our values 
were similar to crude protein (30 g/kg) in limpograss fertilized 
with 75 kg of N/ha 120 days before sampling (Ruelke and 
Quesenberry 1983) and in vitro dry matter digestion IVDMD 
(47%) in limpograss fertilized with 67-7-26 kg/ha of N-P-K, 
respectively, about 120 days before sampling (Davis et al. 1987). 

Range Cattle REC, Experiment II. On 2 December, 63 days 
after N fertilization, there were no differences in yield due to 
dolomite or fertilizer treatments (average 11,850 kg/ha). Crude 
protein and IVOMD were not affected by dolomite, P, or K. 
Treatments containing N fertilizer were not different among 
themselves and averaged 25 g crude protein/kg and 47.2% 
IVOMD. Treatments with N fertilizer were higher in crude pro- 
tein and IVOMD than the check, which was 15 g crude 
protein/kg and 43.7% IVOMD. 

Range Cattle REC, Experiment III. There was no effect due to 
dolomite, but fertilizer treatments affected limpograss yield, 
crude protein, and IVOMD (no interaction with sample dates) 
(Table 3). With application of N in August on NW-3, N + P, N + 
K, and N + P + K treatments were not different from each other 
in yield, but were greater than N + 0 + 0 and the check. On NW- 
3, limpograss yield declined linearly over sample dates (13,200, 
11,900, and 10,370 kg/ha at 35, 78, 105 days, respectively). With 
application of N in October on NW-2, N + P and N + P + K treat- 
ments resulted in greater yield than N + K and the check with the 
N + 0 + 0 treatment intermediate. On NW-2, there was no differ- 
ence in yield between sample dates (average 11,150 kg/ha). 

Crude protein and IVOMD were greater in treatments contain- 
ing N compared to the check, with little or no difference due to 
fertilizer P or K (Table 3). In NW-3, effect of sample date was 
significant with average crude protein concentrations of 22, 16, 
and 18 gikg and IVOMD 49.5, 42.9, and 42.8% at 35, 78, and 
105 days after August fertilization, respectively. Both crude pro- 

Table 3. Dry matter yield, crude protein, and IVOMD in limpograss for- 
age that accumulated from Ma&b to October with annual a&&ion of 
N fertilizer in August (NW-3) or October (NW-2). Values are means 
over 35478, and 105 days after fertilization with N in NW-3 and 35 and 
68 days in NW-2. Experiment III, Range Cattle REC. 

Yield Crude yote’ IVOMD 
N P’ K’ NW-3 NW-2 NW-3 N:-2 NW-3 NW-2 

_ _ _ _ _ (kg/ha) _. . _ _ ---(gncg)-------(%)---- 

50 25 50 13,CGOa2 12,290 a 20ab 22a 45.5 a 44.3 a 
50 25 0 12,820 a 12,280 a 20ab 21a 45.7a 45.8 a 
50 0 50 12,500a 10,290b 17b 18ab 45.5a 45.2a 
50 0 0 11,020 b 11,630 ab 23 a 23 a 45.5 a 45.6 a 

0 0 0 9,900 b 9,230 c 12b 13 b 43.1 b 41.4 b 
‘P and K were applied once at grass establishment. 
%eans within columns followed by the same letter are not different (Duncan’s multiple 
range test P4.05). 
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tein and IVOMD declined between 35 and 78 days, but did not 
decline further at 105 days. Crude protein in limpograss declined 
from 80 g/kg at 35 days after August fertilization (67 kg of N/ha) 
to 30 g/kg at 112 days after fertilization (Ruelke and Quesenberry 
1983). In NW-2, the effect of sample date was not significant for 
nutritive value with average (35 and 68 days after fertilization) 
crude protein at 21 g/kg and IVOMD at 44.4%. 

Range Cattle REC, Experiment N. Dolomite had no effect on 
yield, crude protein, or IVOMD. There were no differences in 
yield due to fertilizer treatments with N applied in August (NW-2 
yielded 7,750 kg/ha) or November 1993 (NW-3 yielded 12,200 
kg/ha). Application of 50 kg of N/ha increased yield (compared 
to no N) in 1 out of 4 experiments at the Range Cattle REC. 
When limpograss is allowed to grow all summer, the maximum 
amount of grass that the site can produce may have accumulated 
by the date that N is applied.Ruelke and Quesenberry (1983) and 
Quesenberry and Ocumpaugh (1980) found that limpograss 
reached a yield plateau (9,000 kg/ha) where DM losses equaled 
gains, Applying N to mature pangolagrass (Digitaria decumbens 
Stent.) in December did not increase yields, but did raise crude 
protein concentration when grass was sampled 28 days later 
(Kretschmer 1965). August application of N fertilizer to grass 
that had been cut, followed by 56 to 70 days regrowth was rec- 
ommended for limpograss stockpiled for fall-winter pasture in 
north Florida (Quesenberry and Ocumpaugh 1980, Ruelke and 
Quesenberry 1983). 

On both Experiment IV sites, there were no differences in 
crude protein among treatments receiving N (average 27 g/kg), 
but these treatments resulted in greater limpograss crude protein 
than the check (average 16 g/kg). There were no differences in 
IVOMD among treatments receiving N (average 41.3%), but lim- 
pograss from these treatments had greater IVOMD than the check 
(average 37.5%). In 3 of 4 experiments at tlte Range Cattle REC, 
applying N to stockpiled grass from August to December 
increased crude protein and IVOMD above no N fertilization. 
Since stockpiled limpograss is extremely low in crude protein and 
the increases due to N fertilization were seldom more than 10 g 
crude protein/kg, it may not amount to a practical improvement; 
however, our laboratory estimates of nutritive value were based 
on whole plant samples, not grazed forage. 

Immokalee Ranch. Dolomite had no affect on limpograss yield, 
crude protein, or IVOMD in either year. Year, fertilizer treat- 
ment, and sample date interacted for yield (Table 4). Generally, 
yield increased as clipping interval increased, especially when N 
was applied, and even more when P or P + K was applied. Unlike 
the Range Cattle REC, where yield declined over Experiment III 
sample dates, yield of N fertilized limpograss increased over 
1992 sample dates at the Immokalee Ranch. Limpograss growth 
continued longer into the winter at the Immokalee Ranch, which 
is about 135 km south of the Range Cattle REC. In 1993, the 
change in yield over sample dates depended on treatment, with 
the check and 50 + 0 + 50 declining in yield with other treatments 
not changing. 

Year, fertilizer treatment, and sample date interacted for crude 
protein and IVOMD (Table 4). Generally, nutritive value 
improved with application of N (compared to no N) and more so 
when P or P + K was applied. This was especially apparent in 
1993. Unlike Experiment III at the Range Cattle REC where 
nutritive value declined over sample dates, there was no clear cut 
pattern in nutritive value among treatments over sample dates at 
Immokalee Ranch. Both crude protein and IVOMD in the N + P 

Table 4. Effect of fertilization on dry matter yield, crude protein, and in 
vitro organic matter digestion (IVOMD) of limpograss forage that 
accumulated on a pond margin at the Immokak Ranch from April to 
October. 

Davs followine N fertilizer auolication in October 
35 70 105 35 70 105 

N P’ K’ ______ 1992-----v- _ _ - - _ _ _ 1993 - - - - _ - 

____--_---_--_ ----(yield,kg/ha) ______--__-___-- 

50 25 0 5,270a2 7,120a 7,510a 5,490ab 5,700b 5,780a 
50 25 50 4,910a 7,280a 7,720a 6,550a 7,420a 6,840a 
50 0 0 3,350a 5,210ab 4,950b 4,170b 3,180d 3,910b 
50 0 50 3,340a 3,760b 5,410b 5,140b 4,060cd 3,880b 
0 0 0 3,620a 3,690b 4,070b 4,620b 5,380Lx 2,650c 

_ _ _ _ _ _ _ _ _ _ _ _ _ (crude protein, Pncp) _ _ _ _ _ _ _ _ _ _ _ _ _ 
50 25 0 46abc 43a 46a 45a 44la 45ab 
50 25 50 48ab 44a 42a 47a 42a 44ab 
50 0 0 53a 45a 47a 46a 45a 49a 
50 0 50 33bc 42a 37a 33b 28b 38bc 
0 0 0 32c 45a 37a 31b 31b 35c 

----------------(IVOMD,%)----------------- 

50 25 0 44.7a 44.5a 45.0a 48.3a 44.9a 45.0a 
50 25 50 45.5a 42.8a 42.8ab 46.8ab 45.4a 42.8a 
50 0 0 44.5a 45.3a 41.8a 44.7bc 44.7a 41.8a 
50 0 50 38.6b 44.6a 39.8b 42.8~ 41.2b 39.8a 
0 0 0 39.5b 43.la 41.lb 42.9~ 42.5b 41.la 

‘P and K were applied annually in April. 
2Mrleans within columns followed by the same letter are not different (Walk-Duncan 
multiple range test, P < 0.05). 

+ K treatment declined over dates in both years, while nutritive 
value of other treatments varied but remained about the same 
over dates. The check treatment increased in crude protein over 
sample dates in both years. 

Invasive Grasses 
After 5 years at the Immokalee Ranch and 8 years at the Range 

Cattle REC, limpograss was confined to plots and had not spread. 
Limpograss must be vegetatively propagated and essentially pro- 
duces no seed. Hymenachne was not found on pond margins 
where it was planted or elsewhere at the Range Cattle REC. 
Hymenachne, which produces seed, has been spreading on organ- 
ic soils which remain flooded for long periods in the Everglades 
area. Further north, it may not be an invasive grass outside of 
stream channels. 

Summary and Application 

Hymenachne was not adapted to soil at the Range Cattle REC 
and lasted only 1 year on a pond margin at the Immokalee Ranch. 
Fertilizer N, P, K, and dolomite were not needed for establish- 
ment of limpograss on pond margins at either location. Nitrogen 
may increase yield of limpograss that has been stockpiled for 6 to 
8 months, but this increase was consistent only at Immokalee 
Ranch. Application of N fertilizer consistently improved crude 
protein and IVOM at both locations. At the Immokalee Ranch, P 
and K increased yield in both years. Application of P or K had no 
effect on crude protein or IVOMD at either location. 

In central and south Florida, maidencane ponds generally vary 
from 2 to 4 ha, and they constitute about 15% of the range. A 2 
ha pond with a 15 m border planted to limpograss provides about 
0.8 ha of limpograss, which could produce about 8,000 kg 
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DMiha. A section of range with 40 ha of ponds whose margins 
(16 ha) were planted to limpograss, could produce about 128,000 
kg. Native vegetation on transition areas in a section of range 
would produce about 43,000 kg. Planting pond margins to lim- 
pograss can provide a well distributed supply of economical, rela- 
tively digestible forage for winter grazing. Limpograss is low in 
crude protein regardless of N fertilization, and cows will require 
protein supplementation. 
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Abstract 

Most farms in the semi-arid region of Morocco are mixed cere- 
al-livestock producers. Livestock, dominated by sheep, account 
for more than one third of farm income but production is far 
below potential. Low quality cereal straw and weeds from fallow 
land are the main sources of forage, but provide inadequate 
nutrition. Fall planted wheat is usually grown in rotation follow- 
ing a year of weedy fallow. The replacement of the weedy fallow 
by sowing a self regenerating annual Medicago spp., a system 
known as ley farming in Australia, was tested in Morocco to 
determine if it could increase livestock production. Ewe and 
lamb liveweight gain, wool yield, and forage standing crop dur- 
ing grazing were compared between medic and weedy fallow pas- 
tures. Large significant differences (P < 0.05) in forage standing 
crop and both lamb and ewe liveweight gain occurred in 1990/91 
but no differences occurred the previous 2 years when medic was 
initially sown nor the following 2 years during severe drought. In 
1991 lambs gained 67% and ewes gained 60% more liveweight, 
plus wool yield was 23% higher on medic as compared to weedy 
fallow. In addition, 3,000 kg ha“ of forage remained after grazing 
medic as compared to 568 kg ha-’ after weedy fallow. 

Key Words: ley-farming, annual Medicago spp., weedy fallow, 
cereal medic rotation 

Weaning rates of lambs in the semi-arid region of central 
Morocco are low, only 4065% (Berger et al. 1989). Almost all 
land is grazed by livestock but forage production and quality are 
low, well below potential. The main sources of forage in the 
semi-arid region are: a) cereal residues including straw and stub- 
ble (2.8 million ha), b) weedy fallow (1.4 million ha), and c) 
rangeland (6 million ha) (Watts and El Mom-id 1988). 

Many farmers in Morocco grow cereal in rotation with weedy 
fallow. Of the 7.7 million ha of arable land, 2 million ha are left 
to weedy fallow annually following a cereal crop (World Bank 
1979). In a survey conducted in the semi-arid region, 25% of the 
arable land was weedy fallow (Derkaoui 1989). Farmers claim 
that they practice cereal/weedy fallow rotation because they can- 
not continuously crop cereals, and need the weeds as forage for 
their livestock. This is done in spite of low forage production 
from weeds, many of which are not palatable to livestock. 

Ley farming is a system where self regenerating annual 
legumes are grazed in rotation with cereal crops. Sufficient seed 
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reserves of hard seeded legumes are built up in the soil after sow- 
ing the first year, so that there is no need to sow the legume again 
in subsequent years. The technology has been practiced in south- 
ern Australia since 1930 (Puckridge and French 1983). The 
Ministry of Agriculture in Morocco has promoted the ley farming 
techology directly from Australia before being able to adapt it to 
local conditions. Since 1985, over 47,000 have been sown to 
annual legumes, mostly medic (Medicago spp.) cultivars from 
Australia (Benyassine 1991). 

This experiment was conducted from 1988 to 1993 in a semi- 
arid area of Central Morocco where the cereal/weedy fallow rota- 
tion is common. The objective was to compare the sheep produc- 
tion and forage availability from weedy fallow pasture to pasture 
sown with self regenerating annual medic. 

Materials and Methods 

The study was conducted on 12 one-hectare sized pasture plots 
on sloping land at the Ain N’zagh Agricultural Experiment 
Station near Settat, Morocco. The soil is a gravelly clay loam, 
deep Vertisol in the depressions and a shallow Mollisol with an 
underlying calcarious sandstone of decomposed bedrock below 
30 cm depth on the ridgetops. At the onset of the experiment 
there were no differences (P > 0.25) between treatment plots in 
soil nitrates and organic matter, with moderate (5 ppm) and high 
(4%) levels respectively. Phosphorus (PzO,) levels were high but 
different (P = 0.05) between medic (16.2 ppm) and weedy fallow 
plots (12.5 ppm). This region of central Morocco is semi-arid 
with mean annual precipitation of 386 mm as recorded at Settat 
based upon 67 years of record (Watts and El Mourid 1988). 
January is the coldest month with a minimum of 4” C whereas 
August is the hottest with a maximum of 45” C. 

The experimental design was a randomized complete block with 
2 treatments and 3 replications. The treatments were medic and 
weedy fallow pastures, each in rotation with bread wheat Triticum 
aestivum L. Animal liveweight gain and available forage biomass 
collected periodically were analyzed using a split plot in time. The 
experiment was 2-phased where pasture or cereal phases of the 
experiment were both present in any given year. Each replication 
included 2 plots of each treatment in either the pasture or wheat 
phase of the rotation for a total of 4 plots per replication as fol- 
lows: wheat phase of medic/wheat rotation, wheat phase of weedy 
fallow/wheat rotation, medic phase of the medic/wheat rotation 
and the weedy fallow phase of the weedy fallow/wheat rotation. 
Each plot was 1 ha in size and fenced. The plots that were medic 
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or weedy fallow 1 year were sown with wheat the following year 
to complete the 2-year rotation. During the third and subsequent 
years the medic and weedy fallow plots were allowed to regener- 
ate spontaneously after the cereal crop. 

Medic pastures were established on a seedbed prepared with an 
offset disk harrow. Medic seed was broadcast in early November 
1988 on 3 plots at the rate of 22 kg ha-’ of a mixture of Australian 
cultivars that consisted of equal weights of burr medic (M. poly- 
molphu L. cv ‘Serena’) and barrel medic (M. truncatula Gaertner 
cv. ‘Jemalong’). Plots that were in the wheat phase of the rotation 
in 1988/89 were sown with medic the following year in 
November 1989. A cultipacker was used to cover the seed and 
pack the seedbed. Medic seedlings were counted 1 month after 
planting by randomly placing 50 quadrats (20 X 40 cm) in each 
plot. Because of low seed reserves during the regeneration years 
(54 kg ha-r in July 1990 and 40 kg ha-’ in July 1991), medic plots 
were resown in November 1990 and October 1991 at-the rate of 
40 kg ha-‘. The medic sown in 1990 was a mixture composed of 
45% M. polymorpha L. cv ‘Doukkala’ (a local variety), 10% M. 
polyrruqha L. cv ‘Serena’) and 45% M. truncatula Gaertner cv. 
‘Jemalong’. The medic sown in 1991 was M. truncatula Gaertner 
cv. ‘Cyprus’. Medic seed reserves were measured in July at the 
soil surface and to a depth of 5 cm from 20 random 10 cm diame- 
ter soil cores in 1990 and from 20 randomly placed quadrats (20 
X 40 cm) in 1991. The same procedure was used in 1992 but to a 
depth of 10 cm. Soil was washed through 1 and 2 mm sieves to 
remove seed pods and seeds of medic. 

Each fall, 6 plots for the cereal phase of the trial were planted 
with bread wheat (Triticum aestivum L. cv. ‘Saada’). This variety 
is resistant to the Hessian fly (Mayetiola destructor) which is a 
common insect of the region. The seedbed was prepared by culti- 
vation with an offset disk harrow. Seed was broadcasted by hand 
at the rate of 130 kg ha“ then covered with an offset disk harrow. 
During the first 2 years an application of 20 kg ha“ of N as 
ammonium sulfate (21-O-O) was broadcasted at planting of the 
cereal but not the medic or weedy fallow, and a top dressing of 
20 kg ha-’ of N as ammonium nitrate (33-O-O) was applied to the 
cereal 1 month after seeding. 

Growing lambs of the Sardi and Timahdit breeds were statitied 
by weight, and equal numbers of each breed randomly assigned 
to each of the 6 pasture plots. The l-hectare pasture plots were 
stocked using “put and take management” with a maximum of 13 
growing male lambs (15 kg, 2-3 months of age) during the first 2 
growing seasons of 1988/89 and 1989/90. The pasture plots were 
stocked with a fixed stocking rate of 6 ewes (33 kg) and their 
lambs (8 kg, 4-8 weeks of age) during the 1990/91 and 1991/92 
growing seasons, and 6 male lambs (23 kg) during the 1992/93 
growing season. Ewes with lambs were used because lambs were 
too young to be weaned (2-6 weeks of age) when the pastures 
were ready for grazing (1990-92) and ewes are more aggressive 
at grazing the less palatable weeds than lambs. Sheep were rou- 
tinely drenched against internal parasites and vaccinated for 
enterotoxemia. 

Grazing began after fall rains brought on the medic and weeds. 
After wheat harvest, the sheep were moved to stubble pasture. The 
date of each grazing period is listed in Table 1. Lambs and ewes 
were weighed weekly after an overnight shrink. Total liveweight 
gain, expressed in kg ha-’ was calculated as the sum of liveweight 
gain of either lambs or ewes that grazed the pasture plots. Wool 
was clipped and weighed at the end of the grazing season. 

Table 1. Lamb liveweight gain (kg/ha) OII medic as compared to weedy 
fallow. 

Year Medic Weedy Fallow 

1988189 Spring pasture 
1 Feb. 89-15 Jun. 89 

1989190 Spring pasture 
21 Dec. 89-l Jun. 90 

1990/91 Spring pasture 
19 Dec. 9@-7 May 91 

Summer pasture 
7 May 91-16 Jul. 91 

1991/92 Spring pasture 
18 Feb. 92-26 May 92 

1992/93 Spring pasture 
13 Apr. 93-20 Jun. 93 

(kg ha-‘) (kg ha-‘) 
269a 279a’ 

178a 191a 

164a 98b 

-24a 13b 

84a 86a 

5Oa 43a 

‘Means within a row followed by the same letter are not significantly different at the 
0.05 level. 

Botanical components of aboveground biomass (medic, other 
legumes, diotyledonous weeds, and grasses) were measured at 
intervals of 3-6 weeks during each grazing season. Forage stand- 
ing crop was clipped to ground level from 20 randomly placed 
quadrats 20 X 40 cm) that were combined to form 1 composite 
sample for each plot. These samples were separated into botani- 
cal components the same day clipped, then oven dried at 60” C 
for 48 hours before being weighed. 

In 1991, the quantity of forage in the pasture was low because 
of late rains. Thus from 30 January to 9 April the sheep grazed a 
common reserve pasture in the morning, the medic or weedy fal- 
low pastures in the afternoon and ewes were supplemented with 
300 g day.’ of barley grain and straw ad lib. Sheep were moved to 
a reserve pasture when the biomass of the pasture dropped below 
300 kg ha-‘. Lambs were weaned on 7 May 1991 when ewes were 
removed from the pastures. Lambs continued grazing the pastures 
until moved onto stubble. 

The drought during 1992193 was so severe that grazing did not 
begin until April and wheat was not sown for the cereal phase. 
Since wheat was not sown, lambs were moved to these pastures 
to utilize the regenerating medic and weeds after fully utilizing 
the forage from the medic and weedy fallow phase. 

Results 

Precipitation 
Precipitation was below average throughout the study (Fig. 1) 

but far below average the 2 drought years of 1991192 and 
1992193. There were early rains in 1991/92 but then very little 
until mid-February. In 1992/93 there was very little rain until 
after March, much dryer than the previous year and the driest 
year on record. 

Medic Establishment and Seed Reserves 
In medic plots, medic density was 263 f 8 seedlings me* in the 

fust establishment year and 384 & 86 seedlings m-* in the second 
estabhshment year. The density was low compared to 400 plants 
m-* as recommended in Australia by Carter (1982) and very low 
compared to the values of l,OOO-2,000 established seedlings m-* 
as recommended by Puckridge and French (1983) necessary to 
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Fii. 1. Precipitation (mm) as recorded in Settat during 1988-1993. 

allow the medic to compete against weeds. Medic seed reserves 
on medic pastures in July prior to the grazing season were 54,40, 
and 135 kg ha-’ for the years 1990, 1991, and 1992 respectively; 
well below the 200 kg ha“ recommended by Carter (1982). 

Animal Production 
Each year lamb liveweight increased on both treatments reach- 

ing a plateau near the end of the grazing season (Fig. 2). Large 
significant increases in both lamb and ewe weight occurred in 
1991 (P c 0.05) (Table 2) but no differences in lamb gain were 
detected in the previous 2 medic establishment years, nor the last 
2 drought years (Table 1). The year 1990/91 was the first year 
medic regenerated from seed reserves (built up in the soil from 
the previous rotation), and where medic was well established 
after supplemental seed was sown in the fall. Ewes with lambs 
were also used as the grazing animal rather than weaned lambs. 
In 1991 lambs gained 67% more and ewes gained 60% more 
liveweight (P < 0.05) on the medic than on the weedy fallow pas- 
tures (Table 2). There was also more than twice as much forage 
remaining after the grazing in the medic pastures as compared to 
the weedy fallow pastures (P < 0.05). Lambs on the ,medic pas- 
ture produced more wool (7.6 kg ha“) than on the weedy fallow 
pasture (6.2 kg ha-‘) (P < 0.05). 

After weaning, lambs lost weight on the medic treatment but 
not on the weedy fallow pasture in 1991. However the lambs on 
the medic remained significantly heavier than those on the weedy 
fallow. 

Forage Production 
There were no differences in forage availability between treat- 

ments during any year except 1990191 when grazed medic pas- 
tures maintained more than double the forage biomass throughout 

Table 2. Liveweight gain in 1991 of ewes and lambs, lamb wool yield and 
residual forage on medic as compared to weedy fallow (F’ c 0.05). 

Medic Wee& Fallow 

Ewes (kg ha-‘) 80 50 
Lambs (kg ha-‘) 164 98 
Wool (kg ha-‘) 1.6 6.2 
Residual forage (kg ha-‘) 3000 568 

Table 3. Forage standing crop (kg/ha) and legome composition of grazed 
medic and weedy fallow (W.F.) pastores 1988-93. 

Season Fom_ee Legumeo/ 
Medic W.F. Medic ‘W.F. 

----(kgh,=-I)---- ____ (kghr') ____ 

13 Jan. 89-27 Apr. 89 2407 2313 24 23 
9 ht. 90-24 Apr. 90 1171 1597 39 1* 
21 Jan. 91-25 Jul. 91 1706 593* 36 1* 
5 Feb. 92-20 May 92 551 620 21 13 
7 Apr. 93-16 Jun. 93 362 388 27 13* 
*Significant at the 0.05 level. 

the year (Table 3). This was the only year a difference in 
liveweight gain was observed where medic pastures produced 
more than the weedy fallow. The year, 1990/91 was of favorable 
precipitation compared to the severe drought years of 1991-93 
(Fig. 1). 

Legume biomass was a major component of the vegetation on 
medic plots but a minor component on weedy fallow plots every 
year except the first (Table 3). During the 1989190 season the 
percent composition of medic in the total biomass of the grazed 
medic plots ranged from a high of 44% in early spring to a low of 
21% in May by the end of the season. A similar legume composi- 
tion was measured during the 1990/91 season with a high of 48% 
in early spring to a low of 30% by the end of May. Less than 1% 
legume biomass was measured in weedy fallow in 1989190 and 
1990/91. In late April 1991 the composition of medic was 34% in 
grazed medic plots compared to 1.5% in grazed weedy fallow 
plots. Legume composition on medic pastures was maintained at 
about double that of the weedy fallow during the drought years of 
1991-93. 

Discussion 

Since a fixed stocking rate was used after 1989190, the greater 
amount of residual forage on the medic pastures in 1990/91 could 
not be converted to animal gain. An increase in stocking rate 
should increase the liveweight produced per hectare on the 
medic, but seed reserves that are currently below recommended 
levels would be further reduced. After weaning, lambs should be 
sold or be placed on fattening rations since they may lose weight 
if pastured without supplements during summer. The increased 
forage availability is most likely the reason for the higher live- 
stock gains on the medic in 1990/91. In only 1 year out of 5, live- 
stock gain was higher on medic than weedy fallow, the same and 
only year that forage availability was the highest on medic. 
Improved forage quality as reflected in the high legume composi- 
tion of the medic pasture could also contribute to animal gain. 
However no differences were detected the other 4 years even 
though legume composition was highest on the medic pastures. It 
appears that medic is not better than weedy fallow during severe 
drought years. 

One can only speculate as to the reasons weight gain and forage 
biomass differences were detected the third year but not the pre- 
vious 2 years where precipitation patterns were low but near nor- 
mal. There are 2 possibilities. Ewes with lambs were used in 
1990191 and may have been more efficient users of medic forage 
than weaned lambs used the first 2 years. Another reason may 
have been that medic was not sufficiently established until the 
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Fii. 2. Lamb liveweight at weekly intervals during the grazing seasons 1988-93. 

third year, the year the stand developed from residual seed in the 
soil plus supplemental seed sown in the fall of 1990. Ewes with 
lambs should be used as the grazing animals for research and ade- 
quate seed reserves should be maintained in the soil. 

After a good year of production in 1990/91 the seed reserve in 
the upper 5 cm of the soil surface was 135 kg ha-’ which is still 
below the level of 200 kg ha-’ as recommended by Carter (1982) 
to produce at least 400 plants per me2 for successful establish- 
ment. However the seed at the soil surface from current years 
production exceeded the 20 kg ha-’ needed per year to replenish 
the seed reserve (Tow 1989). It appears that the establishment of 
a satisfactory seed reserve in the soil is one of the major con- 
straints to the system. Cocks (1992) suggested a minimum of 150 

kg ha-’ of seed reserves to produce 1,000 seedlings ma as a com- 
promise between summer grazing needs and long-term persis- 
tence of medic in pasture. It was observed that many farmers in 
our area grow cereal 2 continuous years before weedy fallow. 
This practice would further reduce the medic seed reserves in the 
soil. The problem of low seed reserves is not unique in Morocco. 
In Australia, Carter and Lake (1985) found only 4 fields out of 35 
where seed reserves approached 400 kg ha-’ and plant densities 
approached 1,000 mm2. Under local grazing and cultivation prac- 
tices, it is doubtful that medic seed reserves would be maintained 
at these recommended levels. 

Some farmers plow deep which is thought to reduce the success 
of medic during the fallow phase. This theory has not been tested. 
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Deep plowing will bury seed deeper than 10 cm which has been 
shown to prevent emergence. Derkaoui (1986) demonstrated that 
the best seeding depth (1984/85) was at 3-4 cm but no major 
reduction in emergence occurred at the maximum depth of 10 cm. 
Once the seed reserves are built up in the soil profile, deep plow- 
ing will bury surface seed pods but at the same time bring to the 
surface some of the seeds buried in previous years. In 1990191 we 
observed a high rate of medic germination after fall rains (75 mm) 
wet the soil surface. Most of the germination was from the current 
year’s seed crop that remained on or near the wet soil surface. 
Most of these plants died during the following months of drought. 
If these fields had been deep plowed before the rains, some of 
those seeds would have been buried below the level of moisture 
penetration and would not have germinated until adequate mois- 
ture was available. In addition burial protects medic seed from 
fluctuating temperatures which reduce hardseed breakdown. In 
Australia buried seed remained hard longer than seeds not buried 
(Taylor and Ewing 1988). Further research needs to be conducted 
to evaluate the effect of deep plowing on medic establishment. 

Medic varieties or other legumes that have a high level of hard 
seeds may be better suited to conditions in Morocco than soft 
seed varieties. Varieties that have small seed are more likely to 
escape damage when sheep consume pods and may pass through 
the animal and remain viable. Carter (1980, 1981) found that only 
2% of the seed that was consumed remained viable but that small 
seed varieties passed through with less damage than large seeds, 
and small pods with fewer seeds escaped grazing longer than 
larger pods. Varieties such as those of snail medic [Medicago 
scutellufu (L.) Miller] have large seeds more likely to be dam- 
aged in digestion. Snail medic also has less hard seed than most 
other varieties so much would germinate and be lost during the 
cereal phase. Hard seed varieties with small seeds such as the 
local burr medic are more appropriate than snail medic for the 
semi-arid region. Other legume species should be considered. 
Astrugalus boeticus L. is a highly palatable legume present in all 
of our pastures. Many seeds of this plant passed through the 
digestive tract undamaged as evident in a dense stand that germi- 
nated from the manure in the outside holding pens. Local medic 
and other legume species with small hard seeds that remain 
viable after passing through the digestive system of sheep need to 
be identified and developed. 

Melilotus sulcatu Desf. is another legume that persists in our 
pastures and is abundant in the weedy fallow throughout the 
region. A similar species Melilotus ofSicinalis (L) lam. was used 
as a green manure crop in rotation with wheat in the Palouse 
region of Washington state before commercial fertilizers became 
readily available to farmers. 

Proper grazing management is needed to assure the success of 
the medic rotation. Moderate grazing levels early are needed to 
control weeds especially the grasses that begin growth earlier than 
medic. Only light grazing should occur during the flowering and 
seed pod development stage. Grazing should be stopped before all 
current year’s seed pods are consumed. Once the reserves are well 
established, at least 40 kg ha-’ of current year’s seed production 
should remain to replenish the seeds that germinated or were 
destroyed during the previous 2 years of the rotation. 

This research has demonstrated that once medic is well estab- 
lished and precipitation is favorable, substantial increases in for- 
age biomass and livestock production can be achieved where 
weedy fallow is replaced with medic. This response occurred in 
only 1 out of 5 years. No differences were demonstrated during 2 
years of establishment or during 2 years of drought. 
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Abstract 

The effects of fall and spring sheep use on cover components 
and recovery following a change in seasonality of grazing prac- 
tices, were studied within long-term grazing treatments of three- 
tip sagebrush (Artemisia tripartitu Rydb.) steppe on the U.S. 
Sheep Experiment Station near Dubois, Ida. Few significant dif- 
ferences existed among treatments within the litter, moss, lichen, 
and soil components, but several differences in vegetational cover 
categories occurred. More live shrub and annual grass cover 
were observed in the long-term (since 1924) and new spring 
(since 1950) treatments than in the long-term fall (since 1924), 
new fall (since 1950), old exclosure (since 1940), and new exclo- 
sure (since 1950) (P < 0.01). More perennial grass and forb cover, 
and less dead shrub cover existed in fall-grazed treatments (P < 
0.01). The new fall- grazed treatment previously grazed in the 
spring failed to reach a more uniform mixture of perennial 
growth forms after 46 years such as was evident in the long-term 
fall, which suggests low resilience following spring grazing. The 
exclosure which was heavily spring and fall-grazed prior to 1950 
had even less perennial forb cover than the new fall treatment, 
indicating that the cessation of sheep grazing did not promote 
herb recovery any better than continued fall use. The direct 
impact of sheep herbivory and its indirect effects on the competi- 
tive relationships among major plants appear to have affected 
the cover of sagebrush steppe components at thii study site. 

Key Words: Artemisia tripart&, grazing season, rangeland indi- 
cators, resilience 

Mueggler (1950) and Laycock (1967), studying a set of pad- 
docks and exclosures estabhshed in 1924 at the U.S. Sheep 
Experiment Station near Dubois, Idaho (Craddock and Forsling 
1938), found that sheep grazing during the fall rather than spring 
on three-tip sagebrush (Artemisia tripartita Rydb.) steppe range- 

Funding for this project was provided by the Utah Agricultural Experiment 
Station, Utah State University, Logan, Utah 84322-4810, and was approved as 
journal paper no. 4981. Additional support was provided by the U.S. Sheep 
Experiment Station. The authors thank Scott McKay and Kevin Price for their 
assistance during data collection, and Susan Durham for help with the statistical 
analysis. The authors also thank Jay Anderson, Bill Laycock, and Scott Werner 
along with 2 anonymous reviewers for their comments on earlier versions of the 
manuscript. 

Manuscript Accepted 5 Jul. 1997. 

JOURNAL OF RANGE MANAGEMENT 51 (d),May 1998 

Resumen 

Fueron estudiados 10s efectos en 10s componentes de cobertura 
y recuperacidn del uso por las ovejas en otoiio y prlmavera sigu- 
iendo un cambio en una temporada de pdcticas pastorales. Se 
estudiaron estos efectos dentro de un per&lo de tratamientos de 
pastoreo de largo-plaza de estepa Artemisia tripartitu Rydb. en 
areas situadas al U.S. Sheep Experimental Station cerca de 
Dubois, Ida. Existieron pocas diferencias signilicativas entre 10s 
tratamientos dentro de1 mantillo, muso, liquen, y componentes 
de1 suelo. Pero se encontraron varias diierencias en las catego- 
rias de cobertura de la vegetation. Se observaron m&s arbustos 
vivos y cobertura de past0 annual de tratamientos de largo plazo 
(desde 1924) y de 10s nuevos tratamientos de primavera (desde 
1950) quen en 10s tratamientos de1 largo plazo de ototio (desde 
1924), otoiio nuevo (desde 1950), exclusiones m&s viejas (desde 
1940), y exclusiones m&s nuevas (desde (1950) (p < 0.01). En 10s 
tratamientos de otodo, mas pasto perenne y cobertura de matas 
y menos cobertura arbusto muerto existieron en 10s tratamientos 
en areas de pastoreo en otofio (P c 0.01). El tratamiento nuevo de 
areas pastores en otoilo que anterlormente habiin sido pastadas 
en la primavera, fall6 en alcanzar una mezcla m&s uniforme de 
formas de perennes cultivadas despub de 46 aiios coma fue evi- 
dente en el otofio de largo-plazo. Estos resultos sugieren la elasti- 
cidad minima siguiendo areas de pastoreo en primavera. La 
exclusion que estaba muy pastada en primavera y otoiio antes de 
1950 tuvo menos cobertura de matas que el tratamiento nuevo de 
otoiio. Estos resultos indican que la cesacion de past0 de ovejas 
no adelant.6 la recuperation de hierbas mejor que el uso continua 
de otoiio. El impact0 directo de ovejas herbivoras y sus efectos 
dlrectos en las relaciones competidoras entre las plantas princi- 
pales, aparecieron tener efectos en 10s componentes de estepa 
artemisa de cobertura en este investigation. 

land, decreases the production of sagebrush and increases that of 
native perennial herbs. We were interested in whether these dif- 
ferences had persisted until 199.5-96 and could be better inter- 
preted under the more contemporary notions of vegetation 
response to disturbance, as expressed by the cover of individual 
rangeland components such as plant growth forms. In this study, 
data were collected and compared among grazing treatments 
(paddocks and exclosures) to reveal how resilient various ground 
cover components are to differences in the seasonality of past 
sheep use. On rangelands, resilience is the speed at which a plant 
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community recovers from a disturbed condition towards its origi- 
nal state (Archer and Smeins 1991). Resilience is determined by 
the original community as well as by the type and magnitude of 
disturbance (e.g., Belnap et al. 1994). A better understanding of 
resilience would help managers identify time frames during 
which management changes are likely to alter the condition of 
rangelands. The objectives of this investigation were (1) to assess 
the vegetation differences among various seasonal grazing treat- 
ments within the study area, and (2) to examine the resilience 
(i.e., recovery) of three-tip sagebrush steppe vegetation previous- 
ly spring and fall-grazed (prior to 1950), and currently ungrazed 
or fall-grazed by sheep. 

Study Site 

Research was conducted during 1995 and 1996 at the U.S. 
Sheep Experiment Station, 10 km north of Dubois, Ida. 
(44”14’44” N. Latitude, 112”12’47” W. Longitude). Station head- 
quarters is situated at 1,650 m elevation in the northeastern por- 
tion of the sagebrush steppe ecosystem type (West 1983). 
Vegetation is dominated by three-tip sagebrush, bluebunch 
wheatgrass (Pseudoroegnaria spicata [Pursh] A Love), and 
arrowleaf balsamroot (Balsamorhiza saggitata [Pursh] Nutt.) 
(Laycock 1963, preferred latin names of Kartesz 1994). Three-tip 
sagebrush is found on approximately 3.4 million ha of the 
Northern Rocky Mountains and Great Basin of the U.S., typically 
at locations elevationally above Wyoming big sagebrush 
(Artemisia tridentata Nutt. ssp. wyomingensis) but below moun- 
tain big sagebrush (Artemisia tridentata Nutt. ssp. vaseyana) 
(Blaisdell et al. 1982). 

Climate of the study area is semiarid with cold winters and 
warm summers. Annual precipitation has averaged 301 mm over 
the past 71 years, including about 700 mm of snow. Average 
annual temperature is 6.1’ C (Anon. 1993) with extreme tempera- 
tures ranging from 37.8” C in summer to -31.7” C in winter. 
Average frost-free period is 120 days (Laycock 1963). 

Soils in the area are derived from wind-blown loess, residuum, 
or alluvium on slopes ranging from O-12%, and are dominated by 
fine-loamy, mixed, frigid Calcic Argixerolls (Natural Resources 
Conservation Service, 1995). Soil characteristics are variable 
across the landscape because of the varying thickness of parent 
material overlying the basalt bedrock. The complexity of soil 

depths makes landscape stratification difficult. A related investi- 
gation of the spatial patterns of parent material depth (Bork et al. 
in press) showed that soil depths among the treatments appear to 
be, on the whole, very similar. 

The 6 grazing treatments, between 4 and 12.5 ha in size, were 
established between 1924 and 1950. They included 2 long-term 
spring-grazed, 2 fall-grazed, and 2 exclosure treatments (Fig. 1). 
These treatments were initially used to differentiate between the 
impact of annual sheep grazing only during the fall (November 
and December) (paddocks 1, 2, and 3) versus spring and fall 
(May) (paddocks 4, 5, and 6) (Table 1). Paddock 3 was exclosed 
from sheep in 1940 following 17 years of fall-only grazing. The 
subsequent findings of this first phase of the study (e.g., 
Craddock and Forsling 1938, Mueggler 1950) were used to 
derive guidelines for managing sheep use of these rangelands 
(Pechanec and Stewart 1949). 

In 1950, another exclosure was constructed within the former 
spring treatment (paddock 6). Also at this time, the 2 original fall 
and spring treatments were each subdivided into 2 new paddocks. 
While 2 of the paddocks continued to be fall and spring-grazed as 
before, the remaining pair of paddocks were switched to the alter- 
nate season of use. The new exclosure and new fall-grazed treat- 
ment were subsequently used to evaluate three-tip sagebrush steppe 
recovery following a change in the seasonality of sheep use. 

Although the long-term grazing history of each treatment differs 
(e.g., see stocking rates; Table l), the seasonality of use since 
1950 has been consistent within paddocks. The longevity of the 
treatments on this particular site (ca. 72 years) offers a unique 
opportunity to document the long-term response of these range- 
lands following the changes in seasonal grazing practices in 1950. 
To facilitate the comparison of cover components among treat- 
ments, paddocks were not grazed by livestock in 1995 or 1996. 

Methods 

Vegetation Sampling 
Previous studies have collected primarily density, frequency, 

and production data from the area. In this study, cover data were 
collected during 1995 and 1996 from plots located within al1 6 
treatment paddocks and exclosures (Fig. l), using a modified 
point sampling method (Floyd and Anderson 1982, 1987). Cover 
was chosen because this variable best relates the abundance of 

SPRING & FALL - GRAZEQ from 1924 to 1950 

New Exclosure 

I (#6) ; (#5) i w 4) 

1 F&L - GRAZED from $924 to 1950 

Old Exciosure 

(est. 1940) 
Spring-Grazed i Continued Fall 

6ifter1960 ; useafk1950 

Main Road 

Fig. 1. Layout of the seasonal grazing paddocks at the USDA/ARS Sheep Experiment Station, Dubois, Ida, summer 1995 (adapted from 
Laycock 1%7). 
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Table 1. Summary of the historical timing of grazing and mean stocking rates* on the long-term seasonal grazing trial at the U.S. Sheep Experiment 
Station, near Dub&i, Ida. Seasonal grazing treatments are spring-graced (Spring), fall-grazed (Fall), spring and fall-graxcd (Sp & Fa), and excloscd 
(Excl). See Fig. 1 for paddock locations. 

Paddock* 1 2 3 4 

Timing of Grazing 
1923-1940 Fall Fall Fall Sp & Fa 
1941-1949 Fall Fall Excl. Sp&Fa 
1950-1996 Fall Spring Excl. Spring 

Stocking Rates: 

1923-1929 61.8 61.8 61.8 34 S 
13 Fa 

1930-1935 40 40 40 17 SP 
6.8 Fa 

1936-1940 38.2 38.2 38.2 9.6 Sp 
8 Fa 

1941-1949 30.6 30.6 0 14 SP 
11 Fa 

19X-1996 60 40 0 40 

*Approximate average stocking rates are in Sheep-Days per Acre. from Mwggler (1950) and Laycock 1967). 

5 

Sp&Fa 
Sp h Fa 

Fall 

34 SP 
13 Fa 

17 SP 
6.8 Fa 
9.6 Sp 
8 Fa 
14 SP 
11 Fa 

60 

6 

Sp&Fa 
Sp & Fa 

Excl. 

34 SP 
13 Fa 
17 SP 
6.8 Fa 
9.6 SP 
8 Fa 
14 SP 
11 Fa 

plant growth forms to spectrometer data, which were collected in 
a related investigation (Bork, unpubl. data). Cover data were col- 
lected during peak green plant growth between 20 and 24 June 
1995, and 2 and 16 June 1996. Eight randomly placed, 1.75 mz 
plots (i.e., sampling units) were sampled within each paddock in 
1995. This number was increased to 30 in 1996 to improve the 
statistical power of the comparison among treatments. 

Each plot was circular to accommodate the footprint of a spec- 
trometer used in the related studies (Bork, unpubl. data). Based 
on the results of a pilot study, a minimum of 150 points per plot 
were necessary to stabilize cover component values. As a result, 
each plot was sampled using 164 systematic points located 10.5 
cm apart. Two sets of cross wires, 20 cm apart vertically, were 
used to minimize parallax when reading each point (Floyd and 
Anderson 1982, 1987). 

Features directly below each point (i.e., exposed rock, bare soil, 
moss, lichen, litter, dead shrub, or live vegetation by species) was 
recorded. While herbaceous standing dead matter was treated as 
litter because it usually becomes flattened by snow packs during 
the next winter, standing dead shrub was recorded separately as 
an indicator of shrub mortality. In addition to the cover data, 
repeat density data for arrowleaf balsamroot were collected from 
a series (the number ranged from 15 to 25 per treatment) of per- 
manent circular 9.3 m* (100 ft*) plots established in the original 
fall and the spring and fall paddocks prior to 1950, and in the 
remaining treatments after that time. Although sagebrush stems 
were counted in earlier studies (e.g., Laycock 1967), the impre- 
cise definition of an individual ‘plant’ made temporal compar- 
isons unreliable. 

Data Analysis 
All point data were summarized for each plot into 6 vegetation- 

al and 5 soil surface-based components for statistical analysis 
among grazing treatments. Vegetation components included total 
live vegetation, perennial and annual grass, perennial and annual 
forb, live shrub, and standing dead shrub. Growth forms were 
examined instead of species because they represent the primary 
source of historical change within the study area (Mueggler 1950, 
Laycock 1967), are practical indicators of range condition 
(Friedel et al. 1988), and statistically, yield more-reliable data 
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than individual species. Soil surface-based components were con- 
sidered because of their strong relationship to current range con- 
dition theory (National Research Council 1994), and included the 
cover of litter, lichen, moss, bare soil, and rock. 

Cover data were analyzed using a two-way factorial analysis of 
variance. For each of the 11 cover components, 6 pre-planned, 
single degree of freedom contrasts were evaluated among the 
treatments. Time of sampling (i.e., year) and treatment by time 
interactions were also examined to determine the reliability of 
any significant main treatment effects found. Because treatments 
were unreplicated, the results will be treated as a case study, with 
statistical inferences applying only to the study area in order to 
avoid misinterpretation (Hurlbert 1984). 

Of each set of 6 contrasts, 3 were tested for differences among 
the 2 spring-grazed, 2 fall-grazed, and 2 exclosed (ungrazed) treat- 
ment paddocks. These pooled comparisons among the 3 primary 
treatments determined the general effects of seasonal sheep her- 
bivory (i.e., timing) since 1950. The 3 other contrasts tested for 
differences between the 2 ‘replicates’ within each primary type of 
treatment. Cover component differences in these pairwise compar- 
isons showed the residual effect of seasonal grazing incurred prior 
to 1950, by indicating each treatment’s relative response since that 
time. Different significance levels were used for the pooled (N = 
76; P < 0.01) and pairwise (N = 38; P < 0.05) contrasts. 

Mean balsamroot densities were compared among the grazing 
treatments for the years 1949, 1964, and 1996, with the latter 
facilitating comparison to the cover data. Statistical analysis was 
impossible because individual plot data were unavailable for the 
first 2 sampling dates. 

Results 

Significant differences were found within most of the 11 range- 
land cover components examined for both the pooled and pair- 
wise contrasts (Table 2, Fig. 2). However, fewer differences were 
found for the soil surface-based components. Although no signifi- 
cant differences were apparent for total live vegetation cover, all 
of the other vegetational components (i.e., growth forms) did 
show differences among treatments (Table 2, Fig. 2). The time 
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Table 2. Mean cover values (for the period 1995 to 1996) and standard errors (SE) for growth forms and soil surface-based components within the sea- 
sonal fall, spring, and exclosed treatments (N = 78 treatment-‘). 

Pooled Treatment:: Fall-Grazed Spring-Grazed Exclosed 
Mean SE Mean SE Mean SE 

Vascular Vegetation: (%) (%) (%) 
Total Live Vegetation 49.3 a’ 1.44 50.1 a 1.19 46.2 a 1.32 
Live Shrub 19.0 b 1.12 27.2 a 0.97 21.4 b 1.29 
Standing Dead Shrub 5.1 b 0.53 9.6 a 0.68 8.0 a 0.60 
Live Herb 30.3 a 1.27 22.9 b 0.92 24.8 b 0.98 
Live Grass 17.0 a 0.85 14.6 a 0.85 15.7 a 0.74 

Annual Grass 0.8 b 0.21 5.1 a 0.84 1.4 b 0.39 
Perennial Grass 16.2 a 0.86 10.6 b 0.81 13.2 a 0.71 

Live Forb 12.3 a 1.17 7.2 b 0.60 10.2 b 0.86 
Annual Forb 3.8 a 0.58 4.9 a 0.50 1.8 b 0.32 
Perennial Forb 8.5 a 1.04 2.3 b 0.26 8.4 a 0.82 

Soil Surface-Based Components: 
Litter 15.8 a 0.91 18.4 a 0.74 17.4 a 0.79 
Moss2 1.3 b* 0.22 1.7 b 0.26 4.2 a* 0.40 
Lichen 5.8 a 1.30 3.3 a 0.92 3.9 a 0.83 

:Sik 21.3 1.3 a a 0.34 1.51 15.7 1.1 b a 0.26 1.29 19.4 0.8 ab a 0.16 1.23 
‘Within components. treatment means with the same letter were not significantly different (P < 0.01). 
2w.th t In components, treatment means with an ‘*’ were significantly different when tested against the year by treatment interaction (P < 0.01). 

(i.e., year) of data collection was not important in any compar- having at least 0.5% cover within a treatment are listed in Table 3 
isons, although a few significant treatment by time interactions for the 6 individual paddocks and 3 primary treatments, led by 
did occur. the predominant shrub, three-tip sagebrush. The most common 

Totals of 58 and 57 vascular plant species were documented in annual forb species included pepperweed (Lepidium montanum 
1995 and 1996, respectively. The canopy cover of all species Nutt.) and blue-eyed Mary (Collinsia parvifora Lindl.), while 

Table 3. Mean canopy cover (for the period 1995 to 1996) by major (b 0.5% cover) plant species within the 6 sessonal grazing treatments at the 
USSES, Dubois, Ida Latin names are according to Kartesz (1994). Pooled means are for the fall-grazed (Fall), spring-grazed (Spring), and exclosed 
(Excl) treatments. Individual comparisons are for the long-term fall grazed (LTF), spring to fall in 1950 (Sp-Fa), fall to spring in 1950 (Fa-Sp), fall 
to spring in 1950 (Fa-Sp), long-term spring grazed (LTS), the old exclosure (OEx, created in 1940), and the new exclosure (NEx, created in 1950). 

Pooled Treatment’ 
Fall Spring Excl LTF 

Individual Paddocks 
Sp-Fa LTS Fa-Sp OEx NEx 

Shrubs 
Artemisia tripartita 
Chrysothamnus viscidiflorus 
Eriogonum heracleoides 
L.eptodactylon pungens 
Purshia tridentata 
Tetradymia canescens 
Other Minor Shrubs 

Annual Forbs 
Collinsia parviflora 
Lepidium montanum 
Other Minor AMU~ Forbs 

Perennial Forbs 
Arnicafulgens 
Balsamorhiza sagittata 
Crepis acuminata 
Erigeron caespitosus 
Lomutium dissectum 

Other Perennial Forbs 

Annual Grass 
Bromus tectorum 
Other Annual Grasses 

Perennial Grass 
Elymus lanceolatus 
Koeleria macrantha 
Poa secunda 
Oryzopis hymenoides 
Pseudoroegnaria spicata 
Other Perennial Grasses 

; ;~------------------- . - - ----------------(%)--------------- . - - -----------------------  

23.5 15.1 13.4 14.8 21.3 25.7 14.8 15.3 
1.5 0.9 0.8 1.2 1.8 1.3 0.4 0.5 1.0 
0.2 Y 0.5 0.3 0.1 T 0 0.7 0.3 
1.1 1.3 0.7 1.4 0.8 1.6 1.0 0.4 1.0 
1.1 1.2 2.8 0.7 1.5 1.3 1.1 2.3 3.2 
0.7 0.1 1.2 0.5 1.0 T 0.2 1.3 1.0 
0.5 0.2 0.3 T 0.5 0.1 0.3 0.5 0.4 

0.8 0.7 0.4 T 0.7 0.6 0.7 0.4 0.4 
2.7 3.4 0.8 2.8 2.6 2.7 4.3 1.5 0.1 
0.3 0.8 0.6 0.5 0.9 0.9 0.7 0.5 0.7 

0.5 T 0.1 0 0.9 T T 0 0.3 
4.8 T 5.3 8.0 1.7 T T 8.8 1.8 
0.8 0.1 0.6 0.6 1.0 0.1 0.1 0.5 0.6 
0.5 _ 0.3 0.1 0.4 0.5 0.3 0.3 0.1 0.1 
0.4 0.1 0.1 0.2 0.5 0.1 0.1 0.1 0.1 
1.5 1.7 2.2 2.1 3.1 1.7 1.7 1.4 3.0 

0.8 5.1 1.4 0.5 1.1 6.6 3.9 1.7 1.1 
T 0 0 0 T 0 0 0 0 

0.4 0.3 0.4 0.2 0.5 0.2 0.5 0.3 0.5 
0.9 0.2 0.5 1.0 0.8 0.2 0.2 0.4 0.6 
5.9 5.5 3.4 6.0 5.8 7.6 3.4 2.8 4.1 
0.3 0.5 0.4 0.3 0.2 0.6 0.3 0.6 0.2 
8.4 4.0 8.4 7.7 9.1 4.7 3.3 7.5 9.4 
0.3 0.1 0.3 0.5 0.3 T 0.2 T 0.1 

:Denotes mean cover values from cross-over ‘replicate’ paddocks. 
Denotes trace amounts, less than 0.05% by cover. 
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Fii. 2. Mean ground cover and standard errors for the comparisons 
between ‘replicate’ grazing treatments for all components. 
Sigaificant contrasts are against treatment (A) and treatment by 
time (B), respectiveiy (minimum P < 0.05). 

balsamroot, amica (Arnica fulgens Pursh), hawksbeard (Crepis 
acuminata Nutt.), and groundsel (Senecio integerrimus Nutt.) 
were common perennials (Table 3). Cheatgrass (Bromus tectorwn 
L.) was the primary annual grass. Perennial grass cover was dom- 
inated by bluebunch wheatgrass, with lesser amounts of Sandberg 
bluegrass (Poa secunda J. Presl), needle and thread (Stipa cornata 
Trin. & Rupr.), Indian ricegrass (Oryzopsis hymenoides [Roemer 
& J.A. Schultes] Ricker ex. Piper), and prairie junegrass 
(Koeleria macruntha [Ledeb.] J.A. Schultes) (Table 3). 

Post-1950 (Pooled) Comparisons 
Live shrub cover was significantly greater within the spring 

treatment than within the fall and exclosed treatments (Table 2). 
However, less standing dead shrub cover occurred in the fall 
compared to the other 2 pooled treatments. Three-tip sagebrush 
accounted for most of the shrub cover, with bitterbrush and 
horsebrush subdominants (Table 3). 

Live herb and forb cover were greater on the fall treatment than 
on either the spring or exclosed areas (Table 2). However, grass 
cover did not differ among any of the 3 pooled treatments. 
Further differences were apparent when annual and perennial 
grasses were examined separately (Table 2). Annual grass cover 
was greater within the spring treatment than in the fall and 
exclosed treatments (Table 2). In contrast, perennial grass cover 

within the spring treatment was significantly lower than in the 
other 2 (Table 2). 

Annual and perennial forbs exhibited a similar pattern to grass 
cover, with less perennial forb cover in the spring treatment rela- 
tive to the other 2 pooled treatments (Table 2). However, annual 
forb cover was lower in the exclosures compared to both the 
spring and fall-grazed treatments. 

In general, few differences occurred within the soil surface- 
based components (Table 2). However, the fall treatment had sig- 
nificantly more bare soil than the spring, and exclosures had 
greater moss cover than the spring treatment. More moss cover 
occurred in the exclosures than in the fall treatment, but this com- 
parison had a significant treatment by time interaction as well. 

Moss cover in the fall treatments remained relatively stable 
from 1995 (1.4%) to 1996 (1.3%), but increased in the exclosures 
from 2.1% to 4.7% over the same period. Because moss cover 
could be expected to respond relatively slowly in this semiarid 
rangeland (West 1990), the observed interaction may be of little 
biological significance, and could be an artifact of the difference 
in sample sizes between years (8 vs 30 plots per paddock in 1995 
and 1996, respectively). 

Comparative balsamroot densities among the pooled grazing 
treatments (Table 4) generally appeared to follow a similar trend 
to the perennial forb cover data. The greatest densities were 
found in the fall-grazed paddocks and exclosures (Table 4). 
Balsamroot densities in each of the 3 pooled treatments have gen- 
erally continued to decline from 1949 through 1996. 

Table 4. Mean balsamroot density for 1949,1964, aad 1996 for iadivid- 
aal and pooled paddocks. 

Paddock 
Long-Term Fall 
Spring to Fall in 1950 

Pooled Fall 

Long-Term Spring 
Fall to Spring in 1950 
Pooled Spring 

Old Exclosure 
New Exclosure 

Pooled Exclosures 

Year (No. of plants 9.3 mm2 [ 100 ft.*]) 

1949 1964 1996 
20.8 14.5 9.1 
N/A’ 0.7 1.1 
20.8 7.6 5.1 

0.6 0.2 0.1 
N/A 5.8 0 

0.6 3 0.2 

N/A 13.1 8.1 
N/A 1.5 2.3 
N/A 97 54 

‘In 1949, only the long-tam paddocks were in existence. 

Pre-1950 (Crossed-Over) Comparisons 
Comparisons between pairwise treatment ‘replicates’ indicated 

less live and dead shrub cover occurred witbin the long-term fall 
paddock (i.e., since 1923) than in the paddock switched to fall 
only-grazing in 1950 (Fig. 2). The long-term spring paddock had 
more live grass cover than the new spring only paddock, and live 
forb cover was greater in the old exclosure relative to the new 
one (Fig. 2). 

Both annual and perennial grass cover were significantly differ- 
ent between the 2 spring treatments in a treatment by time inter- 
action (Fig. 2). Annual grass in the original spring treatment 
declined from 13.0% to 4.9% from 1995 to 1996, but remained 
relatively constant at 3.5% in the new spring-grazed paddock 
over both years, thereby supporting the main treatment effect. 
The lack of a main time effect indicates the interaction is proba- 
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bly due to the unequal sample sizes within years. Perennial grass 
cover also had a significant treatment by time interaction (Fig. 2) 
as it increased from 6.9% in 1995 to 15.1% in 1996 on the long- 
term spring paddock, but declined from 8.5% to 7.8% on the new 
spring-grazed paddock. The old (established in 1940) exclosure 
had more perennial forb cover than the new (established in 1950) 
exclosure (Fig. 2). Perennial forb cover was also greater in the 
long-term fall treatment than in the new fall. 

Pairwise comparisons within the soil surface-based components 
showed few significant differences (Fig. 2). The long-term spring 
paddock and new exclosure had more moss cover compared to 
the new spring paddock and old exclosure, respectively (Fig. 2). 

Differences in balsamroot densities among paddocks grazed 
similarly since 1950 (Table 4) closely paralleled the forb cover 
data. For example, the spring to fall paddock continues to have 
fewer balsamroot plants than the long-term fall, while the old 
exclosure has a greater number of balsamroot plants than the new 
exclosure. In 1964, balsamroot density in the spring to fall pad- 
dock was 4% of its density in the long-term fall. By 1996, bal- 
samroot density in the spring to fall had increased to 12% of that 
in the long-term fall paddock. Similarly, balsamroot density 
increased in the new exclosure from 11 to 28% of the old exclo- 
sure over this period. In contrast, the new spring-grazed paddock, 
which still had moderate balsamroot numbers in 1964, appears to 
have lost most of this forb, making it similar to the long-term 
spring paddock in 1996. 

Discussion 

Although total live vegetation cover was similar among the 
grazing treatments, the cover of growth forms (e.g., forb, grass, 
and shrub) varied. This suggests that growth forms, rather than 
total cover, are more sensitive to the past seasonality of sheep 
grazing in this area. The data also show that although vegetation- 
al recovery may be continuing on the areas spring-grazed prior to 
1950, residual effects from this period remain evident on both the 
fall-grazed and ungrazed areas. These differences may indicate 
that the resilience of this semiarid sagebrush steppe rangeland to 
spring sheep grazing is quite low, especially the relative abun- 
dance (or balance) of growth forms among treatments. It may 
also indicate that the vegetation in these paddocks has changed to 
a new steady state (Laycock 1991), with hysteresis resulting in 
recovery to a new vegetational endpoint. The fact that recovery 
appears to be continuing, however, albeit slowly, may also sug- 
gest that the vegetational changes within the grazing treatments 
are reversible over the long-term. 

Slow recovery of vegetation on this rangeland may also be 
partiy due to the semi-arid moisture regime and poorer opportuni- 
ties for growth compared to more mesic rangelands. 
Examination of the yearly (September to August) precipitation 
totals since 1925 for the Sheep Station headquarters (data not 
shown) indicated that fluctuations were commonplace. The 
1994-1995 water year was the wettest ever recorded at the Sheep 
Station (608 nun; 202% of average). While this may account for 
the few significant treatment by time interactions observed within 
the data, the limited number of significant interactions suggests 
that the vegetational components within the study area were quite 
stable despite variation in precipitation. Fortunately, the largest 
proportion of the study data (180 of 228 plots) were collected in 
1996, following a normal precipitation year (e.g., 291 mm; 97% 
of average). 

The lower live shrub cover found in the fall treatment may 
reflect the reduced longevity of the predominant shrub, three-tip 
sagebrush, under this grazing regime (West et al. 1979). Two spe- 
cific mechanisms may further explain the reduction in shrub 
cover. Preferential use of shrubs by sheep during the fall was 
thought to be the mechanism responsible (Mueggler, 1950, 
Laycock 1967), particularly because three-tip sagebrush is mod- 
erately susceptible to defoliation during the fall and winter 
(Wright 1970). This process would be exacerbated by the lack of 
available herbs during November and December (i.e., due to 
senescence and snow cover). However, direct use fails to account 
for the unexpectedly similar low levels of live shrub cover 
between the fall and exclosed (ungrazed by sheep) treatments. 

Several alternative mechanisms may account for the exclosures 
containing less live shrub cover relative to the spring treatment. 
For instance, other disturbances may be occurring within the 
exclosures to reduce shrubs (e.g., insects and disease). Another 
possibility is that the relatively lower shrub cover in the fall treat- 
ment (versus the spring) may have resulted from the combined 
effect of direct shrub defoliation by sheep within this area, and 
the concomitant removal of herbs from spring grazing. The latter 
may reduce competition with the shrubs in the spring treatment, 
allowing shrub cover to increase relative to both the fall and 
exclosed treatments. The greater shrub cover in the spring pad- 
docks may also have been facilitated by the improved microcli- 
mate for sagebrush seedling establishment found in the understo- 
ry of older sagebrush plants (Wight et al. 1992). Because the dif- 
ferences in shrub cover among all 3 pooled treatments are likely a 
result of both direct herbivory and localized changes in plant 
competition, each merits further investigation. 

The lower live shrub cover in the long-term fall treatment com- 
pared to the new fall treatment indicates that the increase in shrub 
cover via spring and fall grazing from 1924 to 1950 has not been 
fully ameliorated by fall-only grazing since 1950. This suggests 
that overall reductions in shrub cover continue to reflect the 
amount of shrub present at the onset of fall grazing. Although 
average stocking rates within each type of grazing treatment were 
similar prior to and after 1950 (Table l), the lower shrub cover 
may nevertheless be partly associated with the earlier intensity of 
sheep use. According to Mueggler (1950), the original treatments 
were occasionally used during the early years of the study as 
breeding pens and holding pastures. As a result, yearly fluctua- 
tions in stocking rates may have been very great, with unusually 
high years leading to greater shrub reductions, thus accounting 
for the differences in shrub cover among the 2 fall-grazed pad- 
docks. Dead shrub cover parallelled that of live shrub cover, indi- 
cating that current attrition of shrubs may be relatively stable 
among treatments. 

The differential cover of perennial and annual herb components 
among the grazing treatments suggests that independent tracking 
of these potential indicators may facilitate future monitoring 
within sagebrush steppe rangelands. Perennial forb cover was less 
abundant in the spring-grazed treatment. Significant yield reduc- 
tions and increased mortality from spring or early summer defoli- 
ation have been documented for arrowleaf balsamroot (Blaisdell 
and Pechanec 1949), the dominant perennial forb. Spring grazing 
can also increase the mortality of bluebunch wheatgrass (Stoddart 
1946), but the decrease in this species appeared to be offset by 
increases in other species that are more grazing tolerant, such as 
Sandberg bluegrass (Table 2). These results further support the 
conclusion of Mueggler (1950) and Laycock (1967) that spring 
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grazing is detrimental to perennial herbs, especially the forb com- 
ponent. This conclusion though, may again underestimate the 
potential effect of shrub suppression on herb growth within the 
spring-grazed treatments. The level of competition and intensity of 
defoliation have both direct and interactive effects on herb growth 
(e.g., Mueggler 1972). Because the fall and exclosed treatments 
were similar in shrub cover, but dissimilar in live herb cover, 
changes in interspecific competition probably augment the effects 
of defoliation. The increased availability of resources for herba- 
ceous growth following shrub suppression by fall grazing may be 
why Laycock (1967) concluded that continued fall grazing actual- 
ly aids herb recovery compared to total livestock exclusion. 

not account for the low annual forb cover in the 2 relatively small 
exclosures. An alternative explanation is that soil crusts within all 
the grazed paddocks have been sufficiently disturbed, via tram- 
pling, to enable annual forbs to germinate and establish, regard- 
less of the vegetation overstory composition (Mack and 
Thompson 1982). This change towards greater annual herb (and 
shrub) cover under previous spring grazing may represent a shift 
in the plant communities’ herbaceous component over a competi- 
tive threshold and into a state where perennials can no longer 
thrive (Friedel 1991, Laycock 1991). 

Incomplete recovery of perennial forb cover was evident in 
both the new fall-grazed paddock and the new exclosure, indicat- 
ing that cessation of sheep grazing failed to facilitate recovery 
more than continued fall grazing. In contrast, perennial grass 
cover was similar among these treatments and therefore more 
resilient, perhaps due to the increased longevity of grasses when 
ungrazed during the growing season (e.g., bluebunch wheatgrass, 
see West et al. 1979). Perennial grasses may also have seed pro- 
duction characteristics and dispersal mechanisms that are more 
conducive to rapid establishment following a change in season of 
grazing. The uniform grass cover among treatments could also 
reflect the tendency of shrub crowns in the spring treatment to act 
as refugia for grasses. By comparison, forbs, which were 
observed more often in the interspaces between shrubs, may be 
more susceptible to repeated grazing. Although sagebrush under- 
story may provide a favorable microclimate for herb seedling 
establishment (Wight et al. 1992). herb recovery was greater in 
the new fall-grazed paddock (with fewer shrubs) compared to the 
new exclosure. Thus, three-tip sagebrush primarily appears to be 
a competitor rather than a nurse plant for young herbs. Perennial 
grass and forb cover, and balsamroot density continue to be simi- 
lar within the 2 spring-grazed paddocks. Thus, heavy spring graz- 
ing by sheep degrades these rangelands not only quickly 
(Laycock 1967), but perhaps, for a very long time. 

Reduced balsamroot densities on these sites over the last 46 
years could be a concern if this species is desired (e.g., for spring 
sheep grazing). However, because the reductions took place across 
all treatments, including the exclosures, these reductions do not 
appear to be related exclusively to sheep-grazing, and may repre- 
sent natural stochasticity in balsamroot populations over time. 

The annual grass and forb components had the opposite 
response to that of perennials (i.e., greater within spring treat- 
ments). Cheatgrass, the dominant annual, is a strong competitor 
because it continues to grow a root system in winter and monopo- 
lizes available moisture in spring (Harris 1967). Greater annual 
grass cover within spring-grazed areas may be caused by the 
reduction in competition associated with the decrease in perennial 
forb cover. The greater annual grass cover found on the long-term 
spring treatment compared to the new spring suggests that, sin& 
lar to the discussion on shrub cover, the average documented 
stocking rates prior to 1950 (Table 1) may not accurately reflect 
the absolute maximum yearly use levels. A single year or 2 of 
unusually high stocking may have allowed for successful inva- 
sion of cheatgrass. Unexpectedly, annual forb cover was similar 
between the fall and spring treatments (Table 2). Although this 
may be attributed to the ‘mass effect’ (Hatton and Carpenter 
1986) (i.e., fall treatments being surrounded by heavily grazed 
areas, thus promoting the seed-rain of annuals), this notion does 

Cover values of soil surface-based components were relatively 
similar among treatments. This trend, particularly in exposed 
rock, suggests that surlicial site differences were generally mini- 
mal among paddocks. Although lichen cover of soil is sensitive to 
grazing (Johansen 1984), lichen found within this study area had 
primarily colonized exposed basaltic rock outcrops, making them 
less susceptible to livestock disturbance. Moss cover was rela- 
tively greater in the exclosed treatments compared to the others. 
This may be due to either the favorable humidity and shaded con- 
ditions (Wight et al. 1992), which result from the more balanced 
overstory mixture of herbaceous and shmbby components within 
the exclosures, or to moss destruction via livestock trampling 
within the grazed paddocks. 

The greater bare soil found within the fall treatment compared 
to the spring was unexpected. Because bare soil and live shrub 
cover were similar in fall-grazed and exclosed areas, the lower 
amount of bare soil within the spring paddocks may be due to the 
predominant shrub canopy. Abundant shrubs would provide both 
a direct protective overstory as well as leaf litter that is more 
recalcitrant (Comanor and Staffeldt 1978) than the herbaceous lit- 
ter found within the other treatments. Nevertheless, these differ- 
ences in bare soil merit further investigation and could indicate 
that the examination of vegetation components may be more 
important and practical for evaluating range condition on this 
study area than soil-based components. This notion is in contrast 
to the recommendations of the NRC (1994) that soil characteris- 
tics should be the first to be addressed during rangeland assess- 
ment procedures. As a result, monitoring efforts should continue 
to address both the vegetational and soil-based components of 
rangelands. 

Conclusions 

This study indicates that the long-term vegetational differences 
described by Mueggler (1950) and Laycock (1967) on the long- 
term fall and spring sheep-grazed study area, continue to persist. 
Spring sheep grazing of this three-tip sagebrush steppe rangeland 
has resulted in lower perennial herb cover and balsamroot densi- 
ties, and more annual herb and sagebrush cover. In contrast, the 
fall-grazed paddocks had less sagebrush, more perennial herb, 
and only moderate annual herb cover. The three-tip sagebrush 
steppe ranges within the study area that were switched from 
spring and fall use to either fall or non-use continue to have less 
perennial herb cover than the original fall and exclosures, respec- 
tively. As a result, this study area appears to have relatively low 
resilience following prolonged spring sheep grazing, potentially 
an indication that spring grazing results in a change in competi- 
tiveness among growth forms and eventually, the establishment 
of a new steady state (Friedel 1991, Laycock 1991). However, 
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this finding does not preclude the possibility that these areas are 
continuing to improve over the long-term, and may eventually 
recover completely. Although exclosure to sheep grazing resulted 
in more floristically-balanced plant communities, exclusion fol- 
lowing heavy spring use resulted in Iess recovery of perennial 
herb cover compared to the spring and fall used range that contin- 
ued to be grazed during the fall. This may indicate that fall graz- 
ing provides an active opportunity for management (Westoby et 
al. 1989) to facilitate greater recovery of perennial herb cover on 
sagebrush steppe rangeland. 

This information has implications for the restoration of vegeta- 
tionally altered three-tip sagebrush steppe rangelands: long-term 
management and monitoring strategies must be employed 
because sagebrush steppe responds slowly (in practical terms) to 
changes in the timing of sheep grazing. Furthermore, if alternate 
means of controlling shrub cover (e.g., periodic prescribed fire) 
are not employed on similar rangelands excluded from livestock 
use, shrub expansion and subsequent understory (i.e., herb) sup- 
pression is likely. A plausible alternative is to implement a graz- 
ing regime involving fall sheep grazing. The long-term pattern of 
degradation and recovery within this rangeland appears to be 
complex, non-linear over time (with recovery being slower than 
degradation), and dependent on the seasonality of grazing. 
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Abstract 

A 2-year rainfall simulation study was conducted to evaluate 
the effectiveness of riparian vegetation to reduce sediient move- 
ment. Three vegetation height treatments [clipped to the soil sur- 
face, 10 cm height, and undisturbed (unclipped)] were evaluated 
in 2 montane riparian vegetation communities in northern 
Colorado. One community was a tufted hairgrass (Deschampsio 
caespitosa (L.) Beauv.), cinquefoil (Potenti& gracilis Dougl. ex 
Hook), Kentucky bluegrass (Poa pratensis L.), and sedge (Curex 
spp.) association. The other community was dominated by 
beaked sedge (Carex rostrata Stokes) and water sedge (Carex 
uquufiZis WahL). Water was sprayed on plots (3 m X 10 m) at a 
rate of 60 mm hour-’ with a rainfall simulator, while overland 
flow containing sediment was introduced at the upper end of the 
plots at a rate of 25 mm hour-‘. Two sediment sources were eval- 
uated. In the first year’s studies the sediment was derived from 
an upland soil. The second year a fine silica sediment was used. 
Thirty kg of sediment was added to each plot. The first of 2 
experiments was concerned with movement of sand particles 
greater than 200 pm. The second experiment was designed to 
evaluate the quantity of 5 particle size classes (2-10, 10-30, 
30-50,50-100, and 100-200 urn) contained in sediment traps at 
60, 120, and 180 cm downslope from the upslope border of the 
simulator plots. 

Results of the fmt experiment showed a significant increase in 
sand movement downslope when vegetation was clipped to the 
soil surface compared with undisturbed vegetation. In the second 
experiment, most significant differences in movement for finer 
particles occurred in the 2-10 urn and lo-30 urn particle ranges. 
A smaller percentage of particles in the 2-10 pm range was pre- 
sent in sediment traps at all 3 distances downslope when vegeta- 
tion was clipped to the soil surface, as these smaller particles 
stayed in suspension. Increased vegetation height resulted in a 
significantly smaller percentage of the lo-30 pm particle size 
range present at 120 cm distance. This study showed that addi- 
tional variables (% surface vegetation cover, aboveground bio- 
mass, % shrubs, surface roughness coefficient, soil texture of 
introduced sediment, % bare ground, distance downslope, vege- 
tation density, grass spp., and sedge spp.), besides vegetation 
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Manuscript accepted 17 Aug. 1997. 

height, influenced sediment movement. Land managers should 
understand that when they manage ecosystems for a single fac- 
tor, such as vegetation height, they cannot address complex 
issues such as sediment particle detachment, movement and fd- 
tration. 

Key Words: Stubble height, erosion, transport capacity, sediment 
filtration, particle size distribution, nonpoint source pollution 

Resumen 

Se condujo una investigation de simulaci6n de lluvia durante 
dos aiios para evaluar la eficacia de la vegetation ribereiia para 
la reduceion de1 movimiento de sedimento. Se us6 una simulado- 
ra de lluvia con botalones rotatorios para evaluar tres tratamien- 
tos con alturas vegetativas dlferentes (el control, el rastrojo con 
altura de IO-cm, y la vegetation tijerada hasta elaesuelo) en dos 
communidades vegetativas mountaiiosas riberelas de1 norte de 
Colorado. Se cornpus una communidad de hierba copetuda 
(Deschampsia caespitosa (L.) Beauv.), cinquefoil (Potent& gra- 
cilis Dougl. ex Hook), Kentucky bluegrass (Poa pratensis L.), y 
juncia (Carex. spp.). La otra comunidad fue dominada por juncia 
picuda (Carex rostra&z Stokes) y juncia acuatica (Cares aqruatilis 
Whal.). La simuladora de lluvia rocio agua sobre las parcelas (3 
x 10) a razon de 60 mm hota-‘. Mientras desde cuesta arriba se 
introdujo a las parcelas agua orrlente por tierra conteniendo a 
razon de 25 mm ho&. Se evaluo dos fuentes de sedimento. En el 
primer aiio, el sediment0 vitro de la tierra que estaba cuesta arrl- 
ba de la parcela. En ekesegundo aiio se us6 sedlmento de silice 
fina. Se aplicaron trienta kilogramos de sediment0 a cadam- 
parcela. La primera investigacibn analizo el movimiento de 
particulas de arena mirs grande que 200 pm. La segunda investi- 
gacion evaluo la cantidad de particulas en cinco clases de tamaiio 
(2 -10, 10-30, 30 -50, 50 -100, y 100-200 pm) acumulada en 
trampas de sediment0 colocadas de la cumbre 60,120, y 180 cm 
cue&a abajo de cada parcela 

Los resultos de la primera investigation indicaron un aumento 
significativo de movimiento de arena cuesta abajo cuando veg- 
et&on fue tijerad hasta el suelo, comparado contra vegetation. 
En la segunda investigation, las differencias m&s 
signiflcativas ocurrieron con las particulas fmas de las clases de 
2-10 pm y lo-30 pm. Cuando la vegetation fue tijer hasta el 
suelo 10s porcentajes de particulas fmas de la clase de 2-10 pm en 
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Ias trampas de sediiento en las tres distancias fueron menores, 
porque estas particulas pequeiias quedaron suspendidas. Los 
aumentos de altura vegetativa resultaron en porcentajes signi- 
ficativamente reducidos en la clase de lo-30 pm a la distancia de 
120 cm. Esta investigation demostro que, aparte de altura vege- 
tativa, variables adicionales (i.e. el porcentaje de la superlicie 
cubierta poroevegetacion, la masa bio logica sobre la supertlcie de 
la tierra, el porcentaje de arbustos, el coeliciente de aspereza de 
la superticie, la clasificacicin textural de1 sediment0 introducido, 
porcentaje de tierra descubierta, la distancia cuesta abajo, la 
densidad de la vegetaci on, y las especies de hierba y juncia) 
influyen en el movimiento de sedimento. Los administradores de 
tierra deben comprender que cuando manejan 10s ecosistemas 
considerando un solo factor, coma altura vegetativa, no pueden 
enfrentar temas complejos coma desprendimiento, movimiento, 
filtration de particulas. 

Methods 

Study Site 
The experiments were conducted during the summers of 1993 

and 1994 in the riparian zone along Sheep Creek in the Roosevelt 
National Forest. Sheep Creek is located about 80 km northwest of 
Fort Collins, Colo. Elevation at the study sites is 2,500 m. 

A major problem associated with heavy livestock grazing adja- 
cent to or in riparian areas is the potential for sediment movement 
to streams from upland runoff (Kauffman and Krueger 1984). 
Increased stream sediment may negatively influence fish habitat 
and water quality (Rinne 1990, Platts 1991, Kondolf 1994). To 
address problems related to runoff and water quality in riparian 
areas, the U.S. Forest Service has developed minimum stubble 
height guidelines to assure that sediment will be filtered from 
runoff before reaching streams (Clary and Webster 1990). Stubble 
height is an easy variable to monitor, but its suitability as a guide- 
line for sediment filtration has not been thoroughly evaluated. 

Studies were conducted each year in the same 2 riparian vege- 
tation communities. The 2 communities were: 1) a grass complex 
made up of tufted hairgrass (Deschampsia caespitosa (L.) 
Beauv., cinquefoil (Potentilk grucilis Dougl. ex Hook), 
Kentucky bluegrass (Pou prutensis L.), and sedge (Curex spp.) 
vegetation complex, and 2) a sedge community comprised of pri- 
marily beaked sedge (Curex rostratu Stokes) and water sedge 
(Curex aquutilis Wahl.). 

The Naz soil series dominates the Sheep Creek region. These 
are deep, well drained soils formed from granitic parent material, 
Soils in the riparian zones are primarily Naz 70, with 3 to 25% 
slopes. Texture of the series is sandy to clay loam and the soils 
are classified as coarse loamy pachic cryoborols. The surface 
layer is an A horizon ranging from 20 to 80 cm thick having dark 
to gray-brown color (USDA 1980, Noor 1990). 

Only a few studies that related runoff and sediment transport 
with vegetation characteristics have included stubble height data 
(Khan et al. 1988; Simanton et al. 1991; Abt et al. 1992, 1993; 
Clary et al. 1996). In the Khan et al. (1988) and Simanton et al. 
(1991) studies, stubble height data did not represent effective 
management methods to reduce sediment movement, or were 
used primarily to represent changes in canopy cover. In the Abt et 
al. (1992, 1993) and Clary et al. (1996) study, stubble height 
influence on sediment entrapment was evaluated in a simulated 
meandering stream where deep flow water covered all vegetation. 
This is different from our study that evaluated stubble height 
influence on sediment movement under shallow overland flow. In 
all these studies sediment movement within vegetation was not 
evaluated, but instead sediment filtration was measured. 

Plot Installation and Simulator Run 
Water was applied with a ‘Swanson type’ large rotating boom 

rainfall simulator situated over paired 3 m X 10 m plots as out- 
lined by Laflen et al. (1991)(Fig. 1). Metal sheets (15 cm high) 
were driven 6 cm into the ground on the sides and upslope end of 
each plot (Simanton et al. 1991). Runoff and sediment that 
reached the downslope end of a plot flowed into a collection 
trough and was directed into a super critical depth flume. Water 
depths in the flume were recorded at 1 min intervals using a bub- 
ble meter flow transducer. Each depth measurement was convert- 
ed to a runoff volume rate. The design water application rate was 
60 mm hour-‘- This application rate was not intended to reproduce 
naturally occurring rain storms, but instead was chosen for the 

Sediment 
upslope end 

_ - - - - _ _ _ Location of 

Most previous research has focused on the influence of vegeta- 
tion characteristics (i.e., distribution of vegetation, litter, and 
other variables) on sediment loss from uplands (Kauffman et al. 
1983; Kauffman and Krueger 1984; McCaIla et al. 1984; Warren 
et al. 1986; Thurow et al. 1988; Rogers and Schumm 1991). 
Specifically, there has been no research in riparian zones on veg- 
etation cover, height, and other factors that influence overland 
sediment movement by particle size. 

The influence of vegetation characteristics in riparian buffer 
zones on sediment movement, by different particle size classes, 
was evaluated in this study using a rotating boom rainfall simula- 
tor. It was hypothesized that stubble height alone would not be an 
effective measure of vegetation influence on sediment movement 
in riparian zones. Additionally, it was hypothesized that vegeta- 
tion characteristics, soil surface characteristics, and particle size 
distribution of sediment carried in overland flow all influenced 
sediment movement in riparian zones. Measurements of several 
soil surface variables and vegetation characteristics as they affect 
sediment movement should provide better information about sed- 
iment transport and deposition in riparian ecosystems. 
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Fig. 1. Layout of plots for Sheep Creek rainfall simulations. Diagram 
shows location of plots in relation to rainfall simulator and loca- 
tion of sediment traps. 
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ability to move sediment. There were some minor fluctuations 
resulting from wind and water pump inconsistencies. Therefore, 
the actual rate of water application was measured with a rain 
gauge equipped with a bubble gauge depth indicator located 
between the paired plots. Water application recordings were 
made at 1 min intervals. 

To precondition soil moisture, water was sprayed with the sim- 
ulator at the design 60 mm hour-’ (no introduced overland flow) 
until equilibrium runoff was achieved from both plots. This pre- 
condition rainfall application was applied up to a maximum run 
time of 60 ruin in a few instances where equilibrium runoff was 
not attained. The preconditioning was followed by a 30 mitt rest 
period to allow the infiltrated water to partially equilibrate in the 
upper layer of the soil profile. The simulator was restarted fol- 
lowing the rest period, and rainfall was added to the site at a rate 
of approximately 60 mm hour-‘. 

Concurrent with the second rainfall application was the intro- 
duction of uniform overland flow at the upper end of each plot at 
the rate of approximately 25 mm hour’ to simulate runoff from 
an upland area into the riparian zone (total water application for 
each simulation was 85 mm hour’ and a run time of 30 mitt). A 
wood framed platform 3.0 m X 0.60 m covered with sheet metal 
was placed at the upslope end of each plot at approximately a 6% 
slope. Stationed directly above the platform at a distance of 0.60 
m was a spray bar with 5 nozzles that sprayed water down onto 
the platform. The water to the spray nozzles was controlled 
through a pressure regulator. Actual rates were determined by 
volumetric calibration of each nozzle during the run. Water on 
the sheet metal covered platform flowed onto the upper edge of 
the plot as uniform overland flow. 

Sediment Introduction 
Thirty kg of sediment was introduced to each plot during each 

simulation run. The 30 kg level was selected following practice 
simulation runs where 15 kg (5,000 kg ha-‘) of sediment as added 
to each plot that represented actual levels of sediment that might 
be expected to reach riparian areas from upland sites in overland 
flow [Buckhouse and Mattison 1980 (4,166 kg ha-‘); Buckhouse 
and Gaither 1982 (6,743 kg ha-‘)]. However, little or no sediment 
was measured in the runoff with the 15 kg levels of added sedi- 
ment, therefore, the practice level of introduced sediment was 
doubled to exceed the sediment filtration capacity of the vegeta- 
tion. Total required sediment per plot was weighed and divided 
into 10 equal quantities, placed in plastic bags, and applied at 3 
min intervals to the overland flow at the top of the plots after 
equilibrium flow (runoff from rainfall and overland flow) had 
been achieved. 

The sediment for the first year (1993) simulations, was 
obtained from an upland site near the study area. The soil, a 
sandy loam, was sieved through 3 mm screen. Particle size distri- 
bution was 52.6% sand (50-2000 pm), 31.2% silt (2-50 pm), and 
16.2% clay (less than 2 pm). 

The sediment for the second year (1994) study was a combina- 
tion of 2 commercial ground silica products. The first product 
was SlL-CO-SE,@ 250, the second was MIN-U-SIL@ 5. These 2 
products were mixed by weight as 60% SIL-CO-SIL@ 250 and 
40% MIN-U-SIL@ 5. The resultant particle size distribution 
was:31.6% very fine sand (greater than 50 pm), 41.8% silt (2- 50 
pm), and 26.6% clay (less than 2 pm). This material was selected 
so that more sediment might be detected farther downslope. 

Treatments and Measurements 
Three vegetation height treatments (i.e., stubble heights) were 

evaluated in both vegetation communities. Height treatments 
were: clipping vegetation to the soil surface, clipping vegetation 
to 10 cm, and a control where undisturbed vegetation height was 
maintained (1993 mean height 33 cm, 1994 mean height 39 cm). 
Vegetation was cut with a mower on the clipped plots and the 
clipped material was bagged and removed from the plots. Plots 
clipped to the soil surface were also vacuumed with a commercial 
shop vacuum to remove all litter from the soil surface. Both plots 
(i.e., pairs) for a simulation run had the same clipping treatment. 
Clipping treatments were randomly assigned to each experimen- 
tal site (paired plots). The same plots were assigned to the same 
vegetation heights in 1993 and in 1994. Eight plots of each vege- 
tation height treatment were evaluated each year (24 plots each 
ye=) 

Vegetation surface cover, vegetation canopy cover, and species 
composition for the plots were determined by point frame 
methodology (100 points per plot) (Platts et al. 1987, Bonham 
1989). Vegetation stem density (no. me2) was determined by 
counting individual plants in a (l/8 m*) circular frame at 3 ran- 
dom locations within each plot. Standard surveying techniques 
were used to calculate plot slope. 

Vegetation biomass was measured by clipping vegetation with- 
in a (l/8 m’) circular frame to ground level at 3 locations in each 
plot. Clipped material was placed in preweighed paper bags and 
dried in a forced air oven at 50” C for 3 days, then reweighed, 
and dry weight of vegetation determined as g mm2. 

Thirty-three plant species (both communities combined) were 
recorded within the simulation plots. For analysis purposes, 
species were characterized as either: sedge, grass, rush, forb or 
shrub. 

Soil surface roughness was measured with an elevation table 
described by Linse (1992). The elevation table was used to mea- 
sure surface roughness within a 0.6 X 2 m area on each plot. 
Elevation of 100 points was taken in the center of the upslope 
portion of the plots. The standard deviation for 100 points (rough- 
ness coefficient) in each plot was calculated and used as a soil 
surface characteristic to evaluate the influence of surface rough- 
ness on sediment movement. 

Soil texture for surface soil from each plot was determined at 
the Crops Research Laboratory, Agricultural Research Service, 
Fort Collins, Colo. Soil samples were fit dried at 109” C for 40 
hours to remove moisture, then the samples were ashed at 550” C 
for 5 hours (Storer 1984, Klute 1986), followed by the hydrome- 
ter analysis (Allen 1990). 

Sediment Movement 
Two experiments were conducted to evaluate sediment move- 

ment witbin riparian vegetation. Both experiments were conduct- 
ed in all the plots. The first experiment was conducted to evaluate 
coarse particle (primarily > 200.0 pm, medium to coarse sand 
classifications) movement downslope from the upper border of 
runoff plots. Following a rainfall simulator run, the distance the 
sand moved downslope was measured at 5 cm intervals across the 
width of each plot. Mean travel distances were compared among 
plots to determine if differences in sand movement had occurred 
as a result of treatment differences. 

The second experiment was used to evaluate particle movement 
and filtration at 60 cm, 120 cm, and 180 cm downslope from the 
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upper border of runoff plots. Small sediment traps, placed in 3 
rows at 60 cm intervals downslope from the upper border of each 
plot, were used to evaluate deposition of 5 particle size class cate- 
gories. Sediment traps were 6.6 cm in diameter at the top and 7.3 
cm tall. Five sediment traps were placed (random spacing 
between traps) witbin each row (Fig. 1) with the top of the trap at 
soil surface level. Therefore, sediment was deposited in the trap 
as runoff passed over the trap. Literature on sediment traps of 
similar size could not be found, however, larger traps have been 
evaluated as a method to determine sediment movement on hill 
slopes (Wells and Wohlgemuth 1987). 

The 5 particle size classifications in the second experiment 
were: 1) 2-10 pm, 2) 10-30 pm, 3) 30-50 pm, 4) 50-100 pm, 
and 5) 100-200 pm. Therefore, 3 particle size ranges within the 
silt (2.0-50.0 pm) soil texture classification, and 2 within the fine 
sand (50.0-200.0 pm) texture classification were analyzed. 
Shorter ranges in the silt particle size classes were chosen 
because most of the transported sediment was in the fine particle 
classes. All sediment contained in traps within a row, for each 
plot, was composited and the percentage of each particle size 
class present b row was used in data analysis. 

A Met One d Model 25 batch sampler was used to analyze the 
size distribution of the sediment obtained from the traps. The Met 
One* is a liquid borne particle counter that utilizes a laser light 
blocking sensor (Allen 1990). Composite samples from 1 row of 
sediment traps contained less than 1 g of sediment in some 
instances. Thus, traditional methods for particle size distribution, 
such as hydrometer analysis, could not be utilized. A random 
sample of sediment was taken from each composited sample from 
each row (60, 120, 180 cm distances), mixed with filtered water, 
and analyzed with the Met One@. Three 15 ml subsamples were 
analyzed for each row of sediment traps to give 3 particle size 
distributions for each of the 5 size classes. Mean particle size for 
the 3 subsamples was used to determine if differences occurred 
among distances downslope (60, 120, 180 cm), among plots, and 
vegetation treatments. 

Results for the particle size distribution included only relative 
distribution among 
range. The Met One B 

article size classes within the 2-200 pm 
has limited size ranges available for analy- 

sis. Therefore, particles less than 2 pm and greater than 200 pm 
were not determined. Particles less than 2 pm were likely in sus- 
pension and not filtered out by vegetation. Most particles greater 
than 200 pm were not likely transported to the 60 cm distance, as 
evident by the sand particle deposition in the first experiment. 

Statistical Design 
The statistical design for sediment movement was a repeated 

measures split-split plot with factorial arrangement of treatments 
(Steel and Torrie 1980). The study treatments were: 1) 3 vegeta- 
tion heights (zero, 10 cm, and natural (unclipped) vegetation 
height) 2) 2 vegetation communities (sedge and a grass complex), 
and 3) 2 types of introduced sediment (sandy loam soil and silica 
material). Distance downslope (row) was a factor in the second 
experiment. Stubble height within plots at a site was a control- 
lable factor, with vegetation cover, vegetation density, litter 
cover, species composition, surface roughness, bare ground, 
slope, soil texture, and rock cover as measurable factors. The 
experimental design for the vegetation communities and plot 
location was identical for both years. Therefore, 24 plots (3 m 
X10 m) were evaluated each year of the study. 

Multiple linear regression, analysis of variance (ANOVA) 

(Steel and Torrie 1980), and multivariate analysis of variance 
(MANOVA)(Johnson and Wichem 1992) were used to determine 
relationships among vegetation heights, vegetation communities, 
distances downslope, and sediment types on sediment movement. 
A forward selection process was utilized to determine the vari- 
ables to include in the regression model for the coarse particle 
movement and the sediment trap data. Data were analyzed using 
SAS@ for Windows@ (SAS@ 1993). 

Results and Discussion 

Experiment 1: Sand Movement 
An ANOVA indicated that a significant 3-way interaction 

existed for vegetation community, vegetation height, and sedi- 
ment type (P = 0.03). A least significant difference (LSD) proce- 
dure was applied to interaction means to determine where signifi- 
cant differences existed (Steel and Torrie 1980, Hoppe 1993). 

Significant differences in sand movement downslope occurred 
among vegetation heights within the grass complex with Sheep 
Creek sediment, and the grass complex with silica sediment. Both 
sediment types had more sand movement downslope in the 
clipped to the soil surface treatment than for either the 10 cm or 
natural height vegetation treatment (Fig. 2). There was no signifi- 
cant difference in sand movement between the 10 cm vegetation 
height and the natural height treatments in the grass community. 
Sand particles went farther downslope in the sedge community 
with Sheep Creek sediment for the 0 cm and 10 cm vegetation 
height when compared with the natural vegetation height. When 
silica sediment was used in the sedge community, the greatest 
sand movement downslope occurred in the clipped to the soil sur- 
face treatment followed by the 10 cm height treatment (Fig. 2). 

Vegetation Community/Sediment Type 

Fig. 2. Interaction between vegetation community, sediment type and 
vegetation height for sediment movement downslope. ‘Means in a 
bar cluster, by vegetation community/sediment type, with the 
same letter are not significantly different (P < 0.05). 
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Differences among vegetation height treatment and sand move- 
ment downslope can be explained in part by the amount of vege- 
tation cover in vegetation community and sediment type combi- 
nations (Fig. 2). Sediment particles were exposed to raindrop 
impact in the clipped to the soil surface treatment. Raindrop ener- 
gy could have caused detachment of the sediment particles caus- 
ing movement farther downslope (Mannering and Moldenhauer 
1982; Hairsine et al. 1991; Hairsine and Rose 1992; Kinnell 
1993). Vegetation protected the sediment particles from direct 
raindrop impact in the 10 cm (except the sedge/Sheep Creek sedi- 
ment combination) and natural height treatments and, therefore, 
sand particles did not move as far as in the clipped to the soil sur- 
face treatment. 

Regression Analyses 
Multiple regression analyses of sand movement data provided 

insights into the erosion process. The variables selected through 
forward selection processes were % surface vegetation cover, 
aboveground biomass, % shrubs, surface roughness coefficient, 
and % silt in the introduced sediment (medium to coarse textured 
sand movement downslope in cm = 34.82 + 9.74% cover of 
shrubs + 1.03% incoming silt - 0.38% surface vegetation cover - 
0.18 surface roughness (standard deviation) - 0.04 g above- 
ground biomass). The model results indicated that these variables 
had significant influences on the distance that sand moved 
downslope (P < 0.01). The model accounted for 62% of the varia- 
tion in sand movement within plots (?=0.62). 

Possible explanations for the variables influence on sand move- 
ment are as follows: Decreasing surface cover exposed the sedi- 
ment to greater raindrop impact and, therefore, increased sand 
movement through splash erosion (Hairsine et al. 1991). As 
aboveground biomass decreased, less total vegetation was present 
to intercept raindrops and protect sand particles from splash ero- 
sion. The sand particles were transported farther downslope when 
shrubs were present. A possible explanation is that shrubs located 
in the upper region of the plots formed small hummocks. 
Overland flow was concentrated around the perimeter of the 
hummocks, thereby increasing overland flow transport capacity 
through increased flow velocity and depth (Rogers and Schumm 
1991). 

A reduction in the surface roughness coefficient for plots 
resulted from a smoother surface, so sediment would not have to 
fill surface depressions before moving downslope. The positive 
relationship for percentage of silt in the introduced sediment and 
the distance sand moved downslope may indicate a reduction in 
the percentage of larger sand particles in the introduced sediment. 
Thereby, a greater percentage of smaller, and more readily trans- 
ported, sediment particles would be present for farther downslope. 
transport. 

Experiment 2: Sediment Trap Results 
MANOVA results for sediment collected in the traps indicated 

the presence of a significant 3-way interaction for sediment parti- 
cle size class 1 (2-10 pm) for community by sediment type by 
distance downslope (P = 0.03). Additionally, significant 2-way 
interactions for sediment trap data were observed for vegetation 
height by distance downslope (P = 0.01) and vegetation commu- 
nity by vegetation height (P = 0.03). 

Significant differences were found for percentage of particle 
size class 2 (10-30 pm) present in sediment traps among vegeta- 

tion communities (P = 0.01) and type of introduced sediment (P < 
0.01). Also, a significant interaction was present for vegetation 
height by distance downslope (P < 0.01) for particle size class 2. 
For particle size class 3 (30-50 pm), significant differences were 
found only for the 2 sediment types (P < 0.01). No significant dif- 
ferences among any of the treatments were found for the larger 
particle size classes 4 (50 -100 pm) and 5 (100-200 pm). A LSD 
procedure was applied to interaction means to determine where 
significant differences existed. 

Particle Size Class 1 Results 
A greater percentage of particle size class 1 (2-10 pm) particles 

were present at the 3 distances downslope for the finer silica sedi- 
ment, when compared with the coarser Sheep Creek sediment 
that was derived from in-situ soil. This might be expected as the 
finer silica sediment would be transported a greater distance, with 
equal overland flow energy, than would the coarser Sheep Creek 
sediment. 

The vegetation height and distance downslope interaction for 
sediment trap data indicated that for 10 cm height and natural 
height vegetation, there was a greater percentage of particle size 
class 1 particles present at 180 cm downslope as compared with 
the 60 cm downslope position (Fig. 3). There were no significant 
differences between the 60 and 180 cm downslope distances in 
the percent of class 1 particles deposited, when vegetation had 
been clipped to the soil surface (0 cm). 

Differences observed for particle size class 1 interactions sug- 
gested that vegetation cover protected larger particles from rain- 
drop impact and, therefore downslope transport. Sediment might 
be protected from raindrop impact in taller vegetation, thus sedi- 
ment transport would be primarily by overland flow processes. 

Particle Size Class 2 Results 
A significantly greater percentage of particle size class 2 

(10-30 pm) was present at 60 and 120 cm than at 180 cm downs- 
lope when vegetation was clipped to the soil surface. Both the 10 
cm clipping height and natural height vegetation treatments 
resulted in smaller percentages of particle size class 2 present as 
distance downslope increased (Fig. 4). Results are consistent with 
the expected outcome for particle movement; i.e., larger particles 

Vegetation Height 

Fig. 3. Interaction between vegetation height and distance downslop 
for percentage of particle size class 1 present in sediment traps. 
‘Means in a bar cluster, by vegetation height, with the same letter 
are not significantly different (P > 0.05). 
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Vegetation Height 

Fii. 4. Interaction between vegetation height and distance downslope 
for percentage of particle size class 2 present in sediment traps. 
‘Means in a bar cluster, by vegetation height, with the same letter 
are not significantly diierent (P > 0.05). 

did not move as far downslope as smaller particles (comparing 
dam for particle size class 2 with class 1). 

Significant differences existed between the 2 sediment types and 
2 vegetation communities for particle size class 2. Results indicat- 
ed that a greater percentage of particle size class 2 was present at 
all distances downslope for the Sheep Creek sediment (mean = 
26%) when compared with the silica sediment (mean = 7%). This 
would be expected since the Sheep Creek sediment contained a 
larger percentage of coarse particles than did the silica sediment. 
A greater percentage of particle size class 2 was present at all dis- 
tances downslope in the grass complex community (mean = 18%) 
when compared with the sedge community (mean = 16%). 

Particle Size Classes 3-5 Results 
Interpretation of particle size class differences by distance from 

the sediment source suggested that there was efficient sediment 
removal (through insufficient transport capacity of runoff and 
protection from raindrop impact) of the larger particles (classes 3 
through 5; 30 - 200 pm) among all plots in the first 120 cm (2 
rows). Finer particles traveled greater distances downslope before 
setthng out of runoff, as was expected. 

Regression Particle Sue Class 1 
Multiple regression analysis was applied to the particle size class 

1 dam and the model yielded an 3 = 0.82 and a P value < 0.01. 
Variables selected by forward selection processes were bare 
ground (%), sedge spp. (% of vegetation composition), sand in 
introduced sediment (%), grass spp. (% of vegetation composition), 
distance downslope (cm), and vegetation density (stems mm’) (% 
particle class 1 present in sediment traps = 113.7 + 3.69 distance 
downslope - 1.13 introduced sand % - 0.19 bareground % + 0.14 
grass spp. % + 0.12 sedge spp. % + 0.01 vegetation density). 

The distance downslope and the percentage of sand in the intro- 
duced sediment were the 2 most influential variables selected in 
the regression model for the percentage of particles present. If the 
percentage of introduced sand was increased, then the percentage 
of particle size class 1 present was reduced. Second, as distance 
downslope increased, the percentage of particle size class 1 pre- 
sent increased. As distance downslope increased, less energy in 

overland flow in some plots would be available to transport larger 
sand particles. The reduction in overland flow energy was in 
some instances caused by infiltration of overland flow as water 
progressed downslope. All overland flow and rainfall that were 
applied did not run off in some plots. Therefore, some water infil- 
trated into the soil before it reached the end of the plot. Also, 
transport capacity of the overland flow was not sufficient to 
transport larger particles that would settle out in the upslope por- 
tions of the plots (Agarwal and Dickinson 1991). The percentage 
of bare ground present negatively influenced the percentage of 
particle size class 1 present. It is assumed therefore, that bare 
ground contributed particles greater in size than particle size class 
1. Both the amounts of grass and sedge present increased the 
presence of class 1 particles. This suggested that herbaceous veg- 
etation acted as a filter, or protected sediment particles from rain- 
drop impact, for particles greater than 10 pm (class 1 size). The 
same conclusion can be attributed to the positive correlation for 
stem density. As vegetation density increased, more particles less 
than 10 pm (class 1 size) were present in sediment traps. 

Regression Particle Size Class 2 
Multiple regression analysis was also performed on the particle 

size class 2 data. The resultant 12 was 0.85 with a P value C 0.01. 
The variables selected through forward selection processes were 
bare ground (%), sedge spp. (% of vegetation composition) dis- 
tance downslope (cm), clay in introduced sediment (%), vegeta- 
tion height (cm), and surface roughness coefficient (standard devi- 
ation) (% particle class 2 present in sediment traps = 93.16 - 3.50 
distance downslope - 1.86% introduced clay + 0.14% bare ground 
- 0.04% sedge + 0.04 surface roughness coefficient - 0.03 vegeta- 
tion height). 

Again, as with particle size class 1, the distance downslope and 
the texture of the introduced sediment had the greatest influence 
on the percentage of particle size class 2 present in sediment 
traps. The influence of the above 2 variables was reversed for 
particle size class 2 when compared with particle size class 1. 
There was less of particle size class 2 found in the sediment traps 
the farther the downslope distance. Increased percentage of clay 
in the introduced sediment resulted in reduced presence of parti- 
cle size class 2; i.e., when a greater percentage of finer particles 
were available for transport, fewer large particles would be avail- 
able for transport. Also, the influence of the percentage of bare 
ground present on particle size class 2 was the opposite as it was 
for particle size class 1. The greater the percentage of bare 
ground present, the greater the percentage of particle size class 2 
present. Again, this suggested that bare ground contributed parti- 
cles larger than 10 urn to sediment that was transported. 
Increased vegetation height and an increased percentage of sedge 
present both reduced the percentage of particle size class 2 pre- 
sent in sediment traps. This suggested that the presence of vegeta- 
tion reduced the exposure of particle size class 2 sediment to rain- 
drop impact, and therefore, reduced transport downslope. 
Increased surface roughness yielded greater presence of particle 
size class 2 present. This suggested that increased surface rough- 
ness was more efficient in removal of smaller particles (< 10 pm) 
than it was in reducing transport of particles in the larger class 2 
particle size 

The differences in variables selected in regression analysis 
between the particle size class 1 and 2 are in some instances obvi- 
ous. For example, the percentage of introduced sand in the parti- 
cle size class 1 was important, while the percentage of introduced 
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clay in particle size class 2 was important for sediment move- 
ment. If a higher percentage of sand made up the introduced sedi- 
ment, there would be less silt (2-10 pm range) available for 
deposition at any distance downslope. Conversely, if a higher 
percentage of clay made up the introduced sediment, then a 
smaller percentage of silt (10-30 pm range) would be available 
for downslope transport. 

The positive correlation of percentage of grass and increased 
vegetation density variables for reducing distance moved by par- 
ticle size class 1, and the negative correlation of vegetation height 
for particle size class 2 are explainable. All 3 of these variables 
protect larger particles from raindrop impact. Therefore, 
increased percentage of grass, increased vegetation density, and 
increased vegetation height might all reduce the presence of larg- 
er particles in sediment that is moving. The smaller particles will 
he transported in overland flow, whereas the larger particles may 
require additional raindrop impact for continued transport. 

Summary and Conclusions 

Information gained from this study was helpful to evaluate the 
effectiveness of stubble height guidelines for a riparian filter. 
Results of sediment trap and coarse particle (greater than 200 
pm) movement data suggested that transport capacity of overland 
flow in the upper portions of a runoff plot and the ability of rain- 
drops to contact the sediment and thereby displace sediment par- 
ticles were two important factors that influenced sediment move- 
ment. Also, it appeared that vegetation height was relevant only 
as a component to protect sediment or bare soil surfaces from 
raindrop impact. Additionally, vegetation height was important in 
regression models only for sediment particles of size 10 to 30 
w. 

The results of this study collaborate recent research conducted 
by Abt et al. (1992, 1993) and Clary et al. (1996). Their study 
included vegetation height as a factor that might affect sediment 
filtration. Sediment entrapment was evaluated along a simulated 
meandering stream in a laboratory using varied heights of 
Kentucky bluegrass sod to cover the stream bank. Results indicat- 
ed that vegetated stream banks showed an increase in sediment 
deposition as compared with bare stream banks. 

Our study raised the possibility that vegetation height was 
important for reducing individual sediment particle detachment 
and transport in the upper portions of rainfall simulation plots in 
some instances (i.e., experiment 1, sand particles and experiment 
2, particle size classes 1 and 2). This may have implications for 
protection of streambanks where vegetation has been grazed to 
the soil surface. Vegetation height may help to reduce sediment 
particles from being detached from streambanks and then being 
moved into the stream. However, in terms of overland flow from 
uplands, it is more important that vegetation cover (both surface 
and canopy) be maintained to protect the soil surface from rain 
drop impact and therefore sediment detachment. Increased above- 
ground biomass, increased vegetation density, or increased vege- 
tation cover reduced coarse sediment particle (primarily > 200 
pm) movement downslope and reduced the presence of particles 
larger than 10 ,um at all distances downslope. Additionally, 
results reported in this study were consistent with theoretically 
predicted particle movement (i.e., smaller particles will be traus- 
ported farther downslope under equivalent runoff conditions) 
(Haan et al. 1994). 

This study showed that additional variables, besides vegetation 
height, influenced sediment movement. Land managers should 
understand that when they manage ecosystems for a single factor, 
such as vegetation height, they cannot address complex issues 
such as sediment particle detachment, sediment movement, and 
sediment filtration. Therefore, stubble height guidelines, such as 
those implemented by the U.S. Forest Service, may not be the 
most appropriate measure for management practices in riparian 
zones. 
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Abstract 

A 2 year study was conducted to evaluate the effectiveness of 
riparian vegetation to filter sediment from overland water flow. 
Three vegetation height treatments: clipped to the soil surface, 
clipped to a 10 cm height, and undisturbed were evaluated in 2 
montane riparian vegetation communities (grass and sedge) in 
northern Colorado. Water was sprayed on 2 macro-plots (3 m X 
10 m) and 2 micro-plots (0.6 m X 2 m) simultaneously at a rate of 
60 mm hi’ with a rotating boom rainfall simulator. Overland 
flow containing sediment was introduced at the upper end of the 
plots at a rate of 25 mm hr-’ to simulate runoff and sediment 
transport from an upland area. Two sediment sources were used, 
a sandy loam soil and a ground silica sediment (loam). Thirty kg 
of sediment were added to each macro-plot and 1.2 kg of sedi- 
ment were introduced to each micro-plot (10 Mg ha-‘). Sediment 
yields, at the downslope end of the plot, were greater when the 
fmer silica sediment was introduced into overland flow as com- 
pared with sediment derived from the sandy loam soil. As expect- 
ed, the small micro-plots yielded more sediment and were often 
more sensitive to community and treatment differences than 
larger plots. We believe this resulted from the shorter travel dii- 
tance. However, sediment filtration treatment effects were usual- 
ly similar for both plot sixes. Sediment yields, measured at the 
outlet of the plots, did not decrease, or increase, as vegetation 
heights increased. Accurate prediction of sediment filtration 
from shallow flow in riparian zones required consideration of a 
combination of vegetation and soil surface characteristics. 

Key Words: stubble height, erosion, vegetation filter strip, 
runoff, nonpoint source pollution 

Livestock grazing in riparian zones concerns various resource 
users (Armour et al. 1994). Heavy livestock grazing in and adja- 
cent to riparian zones may add sediment to streams during upland 
runoff events (Kauffman and Krueger 1984). High stream sedi- 
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ment loads adversely impacts fish habitat and water quality 
(Rinne 1990, Platts 1991). The U.S. Forest Service developed 
vegetation standards that include minimum stubble heights to 
reduce problems related to runoff volume and water quality. 
These stubble height guidelines (i.e., lo-15 cm height) are 
intended to assure that sediment will be filtered from runoff, and 
therefore, reduce sediment delivery to streams (Clary and 
Webster 1989, 1990). However, these standards have not been 
tested under field conditions. 

Research on stubble height as it might affect sediment filtration 
and stream water quality is minimal. Stubble heights have not 
been incorporated into the final analysis of other studies or were 
not intended by other studies authors’ to represent effective meth- 
ods to reduce sediment movement. Stubble height information 
often was used to represent changes in canopy cover, or as a man- 
agement tool to determine when livestock were likely to graze 
less palatable vegetation (Hofmann et al. 1983, Simanton et al. 
1991). 

Most research on runoff and sediment filtration associated with 
vegetation cover has focused on distribution of vegetation, litter, 
and other variables (but not stubble height) that reduce sediment 
loss from uplands (Kauffman et al. 1983a, 1983b; McCalla et al. 
1984; Warren et al. 1986; Thurow et al. 1988; Rogers and 
Schumm 1991). Research in riparian zones on vegetation cover 
and other factors that might influence stream sediment load could 
not be found. Measurement of soil surface and vegetation charac- 
teristics, as they influence sediment deposition, should improve 
our understanding of sediment filtration in riparian ecosystems. 

This study was conducted to evaluate the effect of vegetation 
stubble height, rainfall simulator plot size, plant communities, 
and soil surface characteristics on sediment filtration. We hypoth- 
esized that increased stubble height alone would not increase sed- 
iment filtration from shallow flows in a riparian zone, and that 
enhanced sediment filtration would require a combination of sev- 
eral vegetation and soil surface characteristics. 

Methods 

Study Site 
We conducted the study during the summers of 1993 and 1994 

in the riparian zone along Sheep Creek in the Roosevelt National 
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Forest about 80 km northwest of Fort Collins, Colo. at 2,500 m 
elevation. 

The Naz soil series dominates the Sheep Creek riparian zone. 
These are deep, well drained soils formed from granitic parent 
material. The sandy to clay loam soils are classified as coarse 
loamy pachic cryoborols. The surface layer is an A horizon, with 
high organic matter (> 7%) that ranges from 20 to 80 cm thick 
(USDA 1980). Slopes for the riparian zone study area ranged 
from 3 to 5%. 

Plot Installation 
A ‘Swanson type’ large rotating boom rainfall simulator was 

located over paired 3 m X 10 m plots (macro-plots) as outlined 
by Laflen et al. (1991). In addition to the paired 3 m X 10 m 
plots, 2 additional plots, 0.6 m X 2 m (micro-plots), were estab- 
lished on the outside and upper end of each of the macro-plots 
(Fig. 1). The 4 plots made up a test area (site) for each simulated 
rainfall event (12 sites were evaluated each year, 6 sites in a grass 
dominated community and 6 sites in a Curex dominated commu- 
nity). Metal sheets (15 cm wide) were driven 6 cm into the 
ground on 3 sides of each plot to contain and direct the runoff 
toward the downslope end of each plot (Simanton et al. 1991). 
The 2 plot sizes (macro and micro) at each simulation site 
allowed for comparisons of sediment yield and runoff under simi- 
lar conditions for 2 different plot sizes. 
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Fii. 1. Layout of plots for Sheep Creek rainfall simulations. The dia- 
gram shows location of micro- and macro-plots in relation to the 
rainfall simulator. 

sampling 
Runoff and sediment at the downslope end of a macro-plot 

flowed into a collection trough and were directed into a critical 
depth flume. A bubble flow meter was used to record water 
depths through the flume at 1 min intervals. Flow data were con- 
verted to runoff rates. Runoff water samples were collected at the 
outlet of the flume at 5 designated times during the 30 mm simu- 
lation period (Fig. 2). A 30-cm recording rain gauge was used to 
measure the rate of water application. Six small plastic rain 
gauges located within each plot were used to measure total water 
and its distribution to each plot. 

310 

Fii. 2. Representative hydrograph and sedigraph for simulated rain- 
fall and overland flow. The figure shows a preconditioning part of 
rainfall simulation with no overland flow addition, followed by a 
rest period, and then rainfall and overland flow simulation. 
Sediient additions are indicated on the overland flow line. Data 
indicate sediment concentrations at sample times. 

Runoff and transported sediment from micro-plots were diict- 
ed into 0.6 m wide X 5 cm high collection pans at the downslope 
end of the plots and were funneled to a 3 cm outlet where runoff 
samples were collected (Linse 1992). Runoff was calculated from 
the quantity of water collected in each bottle for a 15 set collec- 
tion period. As with the macro-plots, runoff samples were collect- 
ed from each micro-plot 5 min after runoff equilibrium had been 
reached and every 6 min thereafter. 

Simulation Run 
Rainfall was applied with the simulator at about 60 mm hr.’ (no 

introduced overland flow) until equilibrium runoff was achieved, 
or up to a maximum time of 60 min if runoff equilibrium could 
not be attained (Frasier et al. 1998). The purpose of the initial 
simulation was to wet the soil so that all plots would have equal 
soil moisture. The preconditioning wetting was followed by a 30 
min rest to allow infiltrated water to partially equilibrate in the 
upper layers of the soil profile. 

Water was sprayed again on these plots after the rest period to 
simulate rainfall at a nominal rate of 60 mm hr.‘. Concurrent with 
the second rainfall application, a uniform overland flow was 
applied at the equivalent rate of 25 mm hr-‘. to the upper end of 
each plot (Fig. 2). This simulated runoff and sediment transport 
from an upland area to the riparian zone. Slightly different 
amounts of water were recorded on some plots as a result of water 
supply fluctuations and wind interference (Frasier et al. 1998). A 
sloping (6%) sheet metal platform 3.7 m X 0.60 m at the upslope 
end of each pair of plots was used to introduce overland flow to 
the plots. Water from a spray bar with 6 nozzles was sprayed 
down onto the platform. One nozzle sprayed water on the part of 
the platform above the micro-plot, while 5 nozzles sprayed water 
on the platform leading to the macro-plot. 

Sediment Introduction 
Sediment of known particle size distribution and quantity was 

introduced into the overland flow for each plot. The introduced 
sediment for the first year (1993) of simulations was derived 
from an upland site in the Sheep Creek region. The soil was 
sieved through a 3 mm screen and mixed to achieve a consistant 
particle size distribution. Particle size distribution for the sandy 
loam introduced sediment was: 52.6% sand (50-2000 pm), 
3 1.2% silt (2-50 pm), and 16.2% clay (less than 2 pm). 
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The introduced sediment for the second year was a combination 
of 2 ground silica products. The first product was SIL-CO-SIL 
250, the second was MIN-U-SIL 5. These 2 products were mixed 
by weight as 60% SIL-CO-SIL 250 and 40% MIN-U-SIL 5. The 
resultant particle size distribution was: 3 1.6% very fine sand 
(greater than 50 urn), 41.8% silt (2-50 urn), and 26.6% clay (less 
than 2 pm). We used the silica in 1994 to test the effect of soil 
texture on sediment filtration. 

Thirty kg of sediment was introduced to each macro-plot and 1.2 
kg (equivalent to 10,000 kg ha-‘) was added to each micro-plot dur- 
ing each simulation run. The 30 kg and 1.2 kg levels were selected 
following pilot studies with 15 kg (5,000 kg ha-‘) for each macro- 
plot and 0.6 kg (5,000 kg ha-‘) for each micro-plot. The 5,000 kg 
ha-’ represented actual levels of sediment that might reach riparian 
areas in overland flow (Buckhouse and Mattison 1980; Buckhouse 
and Gaither 1982). However, little or no sediment was measured in 
runoff from these pilot studies; therefore, the introduced sediient 
levels were doubled. Total sediment for each plot was bagged in 10 
equal quantities and spread uniformly across the platform at 3 min 
intervals during the simulation run (Fig. 2). 

Community Treatments and Measurements 
Studies were conducted each year in 2 riparian vegetation com- 

munities: 1) a grass community of tufted hairgrass (Deschampsiu 
cuespitosu (L.) Beauv.), cinquefoil (Potentillu grucilis Dougl. ex 
Hook), Kentucky bluegrass (Pm prutensis L.), and sedges (Curex 
spp.), and 2) a sedge community of beaked sedge (Curex rostrum 
Stokes.) and water sedge (C. aqua&s Wahl.). The 2 communities 
were located directly across Sheep Creek from one another. 
Thirty-three total species (both communities combined) were 
recorded within the plots. Three vegetation height treatments 
(i.e., stubble heights) were evaluated within each community 
[clipped to soil surface, 10 cm, and unclipped (27 cm mean for 
grasses and 45 cm mean for sedges)]. In the 10 cm clipping treat- 
ment, vegetation was harvested with a mower and the clipped 
material and surface litter was removed from the plots. Plots 
clipped to the soil surface were vacuumed with a commercial 
shop vacuum to remove all surface litter cover. Paired macro- and 
micro-plots for each simulation run had the same clipping treat- 
ment, i.e., all 4 plots (paired macro- and micro-plots) under the 
simulator during each simulation run had the same clipping treat- 
ment (Fig. 1). Two randomly assigned replications of paired veg- 
etation height treatment plots (both macro- and micro-plots) 
occurred in each community during each year. 

Soil surface, vegetation surface and canopy cover, and species 
composition, in each plot were determined with a point frame 
with 100 points per plot (Platts et al. 1987, Bonham 1989). We 
measured vegetation density using three l/8 m* circle frames per 
plot. We used a Zeiss Elta3 Total Station@ to measure plot slope 
and area (Zeiss 1986). 

Vegetation biomass remaining after each stubble height treat- 
ment was sampled for each plot by clipping to ground level three 
l/8 m2 circular plots in each macro-plot and one l/8 m2 circular 
plot in each micro-plot after the rainfall simulation. 

We estimated soil surface roughness (Hairsine et al. 1991) as 
the standard deviation of the height of 100 pins using an elevation 
table described by Linse (1992). The elevation table with 100 
pins fit inside each micro-plot (0.6 X 2 m) and measurements 
were taken for each micro-plot. Additionally, the table was 
placed lengthwise in the center of the upslope portion of each 
macro-plot and 100 points were measured. 

Soil samples taken from the top 6 cm were dried at 109” C for 
40 hours and ashed at 550” C for 5 hours (Storer 1984, Klute 
1986) before hydrometer analysis (Allen 1990) was used to deter- 
mined soil texture. 

Water Analysis 
Vacuum filtration through pre-weighed glass microfibre filters 

with Btlchner funnels provided sediment yield from runoff sam- 
ples. The filter papers plus sediment were oven-dried at 90” C 
and weighed. Sediment concentration for each sample time was 
multiplied by runoff rate to yield sediment output. 

Experimental Design and Data Analysis 
For consistency, data were analyzed for an 18 min runoff and 

sediment yield period starting 11 min after adding the first sedi- 
ment (Fig. 2). Total runoff was divided by the sum of applied 
rainfall and applied overland flow to calculate the fraction of 
applied water lost as runoff during the 18 min period. This nor- 
malized differences in rainfall and overland flow application rates 
among plots. 

The experimental design was a repeated measures split-split 
plot with factorial arrangement of treatments (Steel and Torrie 
1980).The study treatments were: 3 vegetation heights (0, 10 cm, 
and natural vegetation height), 2 vegetation communities (sedge 
and a grass-sedge complex), 2 plot sizes (micro- and macro- 
plots), and 2 types of introduced sediment (sandy loam soil in 
year 1 and silica material in year 2) with 4 replications. Stubble 
height at a simulation site was a controlled factor, with vegetation 
cover, vegetation density, litter cover, species composition, sur- 
face roughness, bare ground, slope, and rock cover as measured 
factors. The experimental designs for the vegetation communities 
and plot locations were identical both years. Therefore, 24 macro- 
plots (3 m X 10 m) and 24 micro-plots (0.6 m X 2 m) were evalu- 
ated each year of the study. Thus, there were 8 macro-plots and 8 
micro-plots for each of the 3 vegetation height treatments that 
were assessed each year. 

Multiple linear regression, analysis of variance (ANOVA) 
(Steel and Torrie 1980), and analysis of covariance (ANCOV) 
(Wildt and Ahtola 1978) described significant (P I 0.05 relation- 
ships among the vegetation, soil, and surface characteristics as 
they influenced runoff and sediment yield. A t-test described the 
significance of differences for 18 min sediment yield and runoff 
between the 2 plot sizes, 2 sediment types, and 2 vegetation com- 
munities (Steel and Torrie 1980). Significant (P I 0.05) differ- 
ences among means and interactions were tested using least sig- 
nificant difference (LSD) comparisons (Steel and Tonie 1980, 
Hoppe 1993). 

Results and Discussion 

Runoff 
Measured 18 min runoff may have differed between vegetation 

communities (grass = 28 + 3 (Standard Error (SE)) vs sedge = 
mm * 3 (SE)) (P = 0.07), but not among vegetation height treat- 
ments (P = 0.19) The normalized 18 min runoff had similar 
ANOVA results for treatments as did the measured 18 min 
runoff. However, while not statistically different (at P 5 .05), the 
grass community did have about 20% more runoff (P 50.10) than 
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the sedge community. The difference in runoff between commu- 
nities was related to higher soil moisture in the grass community. 
Greater water infiltration in the sedge community was also evi- 
dent by a longer period to reach equilibrium runoff on several 
sedge plots (Pearce 1995). 

A significant interaction (P = 0.01) occurred between plot size 
and year for the 18 min total runoff. Micro-plots had more runoff 
(P < 0.05) in 1993 versus 1994. However, runoff from macro- 
plots did not differ between years (Fig. 3). We believe that 
greater runoff for micro-plots in 1993 resulted from greater 
antecedent soil moisture (1993 62% water; 1994 43% water). 
Runoff differed by plot size in both years, with more runoff (P I 
0.05) produced from micro-plots than macro-plots (1993 micro- 
49 mm + 4 (SE), macro- 15 mm + 1 (SE); 1994 micro- 28 mm f 
3 (SE), macro- 9 mm f 1 (SE)). Equilibrium flow was not 
achieved in 60 min in several macro-plots, and as much as 120 
min was required to achieve initial runoff. While not timed, ocu- 
lar observation of micro-plots runoff showed that runoff occurred 
much sooner in the smaller plots of each simulation site, the 
increased travel distance for introduced overland flow in macro- 
plots might partially explain this difference. 

Sediment Yield 
Sediment yield for the 18 min period did not differ among veg- 

etation heights (P = 0.52) or vegetation communities (P = 0.42). 
However, a significant interaction (P < 0.01) between plot size 
and sediment type existed for sediment yield. Least significant 
difference (LSD) comparisons for this interaction indicated that 
no difference (P > 0.05) existed in sediment yield from macro- 
plots between the 2 types of sediment. However, more sediment 
(P I 0.05) came from micro-plots when silica sediment was 
added (Fig. 4). The micro-plot difference occurred because silica 
sediment particles were smaller than Sheep Creek sediment parti- 
cles. Therefore, a greater proportion of the silica sediment was 
transported in runoff (Haan et al. 1994). Also, silica sediment 
yields were greater from micro-plots than from macro-plots (P I 
0.05). La1 (1994) found that sediment delivery ratio was greatly 
influenced by length of slope (plot size in our study). Therefore, 
we expected that the micro-plots would yield more sediment than 
macro-plots. 

60 

50 

= 
40 

E 

z 
30 

z 
z 20 

10 

Micro-plots Macro-plots 

Plot Size 

Fii. 3. Interaction between plot size and year for 18 min runoff prw 
duction. ‘Means in a bar cluster with the same letter are not sig- 
nitknatly different (P > 0.05). Standard Error is shown as a verti- 
cal line within each bar. 

Sediment filtration was efficient in both macro- and micro- 
plots (98% of sediment remained in macro-plots and 94% 
remained in micro-plots). Each macro-plot received 30 kg of 
introduced sediment and only 0.07 and 0.66 kg per plot were col- 
lected in 1993 and 1994 respectively. 

The 2 communities had significant differences in 18 min sedi- 
ment yield when runoff was used as a covariate. Nearly 50% 
more sediment (P IO.05) was transported through the sedge com- 
munity (427 kg ha.’ + 149 (SE)) than through the grass communi- 
ty (306 kg ha-’ f 82 (SE)). The higher density of vegetation and 
more uniform spacing of stems in the grass community may have 
created a more effective sediment filter than the sparsely spaced 
sedge tussocks (Table 1). 

Sediment Yield Over Time 
Sediment yield (g min.‘) did not vary as a function of sample 

time (P = 0.53) (both micro- and macro plots). Apparently, simi- 
lar amounts of suspended sediment were coming from the plot 
area throughout the sampled part of the rainfall simulation. Thus, 
use of an 18 min total sediment yield for rainfall simulation plots 
was a valid measure for comparisons among treatments. 

Prediction of Sediment Yield 
Multiple regression analyses did not yield a good model (the 

adjusted 8 was 0.41) to predict sediment yield from vegetation 
characteristics (vegetation cover, vegetation density, litter cover, 
species composition) and soil surface variables (surface rough- 
ness, bare ground, slope, and rock cover). Too many variables 
such as slope (%), density (stems me*), forbs (%), bare ground 
(%), silt content of soil (%), clay content (%) of introduced sedi- 
ment, and runoff (mm) were selected for the model (Table 1). 
Increasing the number of variables beyond 7 did not greatly 
increase the t? value and decreased the adjusted ? by 0.01. A 
log(l0) transformation of the dependent variable, sediment yield 
(kg ha-‘), did improve the model (adjusted 8 = 0.63, P < 0.01). As 
with the non-transformed data, including more than 7 indepen- 
dent variables did not improve the model. Regression models 
with many variables do not have utility for land managers. 
Models with 3 or 4 variables, that could be used by land man- 
agers, could not be developed from our data. 

Micro-plot Macro plot 

Plot Size 
Fig. 4. Interaction between plot size and sediment type for 18 min 

sediient yield. ‘Means in a bar cluster with the same letter are not 
significantly different (P > 0.05) Standard Error is shown as a ver- 
tical line within each bar. 
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Table 1. Mean values and standard errors for variables selected in the sediment yield regression model when data were not transformed. 

Community Vegetation SlOpe Density Forbs Bareground Soil Silt Runoff Sediment 

Grass 

Sedge 

(cm) 
0 
10 

Natural 
0 
10 

Natural 

@f 
5 Lto.3 
5io.3 
5 f 0.5 

5 i 0.3 
4iO.l 
4iO.l 

(stems mm’) 
1459 * 101 
2626 it 248 
1991 it 148 

651 *49 
673 L+Z 35 
673 LIZ 35 

6) 
30 *2 
45*3 
19*2 

0.9 * 0.3 
0.4*0.1 
0.4iO.l 

(%) 
0.8 *0.3 
0.6 SC 0.2 
0.1 i 0.1 

7i2 
0.1 f 0.1 
0.1 zto.1 

1%) 
39 *2 
39 f 2 
35 * 2 

60*3 
66 f 1 
66*1 

b.0 
28*4 
2525 
30*5 

29zt4 
20~~6 
2Oi6 

0% ha-‘) 
342*90 
206k71 
372 f 220 

525 i 214 
471 f 355 
471 f 355 

Summary and Conclusions 

Small plot studies may exaggerate sediment transport as they 
had greater sediment output than larger plots under equal rainfall 
duration and intensity and equal runoff input per unit plot area. 
These results were similar to those of Mutchler et al. (1988). 
Sediment delivery ratios decrease as plot or watershed size 
increases (La1 1994). In our study, increased sediment yield 
resulted from the shorter travel distance in the smaller plots. 
Therefore, larger simulation plots are recommended for predict- 
ing sediment yields for larger areas. However, smaller plots are 
easier to work with and are more sensitive to treatments than 
larger plots. 

Particle size distribution of sediment in overland flow directly 
influences sediment yield. Finer particles move through riparian 
buffer zones better than larger particles. Therefore, assessment of 
the particle size distribution of upland sediment helps to deter- 
mine appropriate vegetation filter width. 

Vegetation height did not influence sediment yield from low 
flow rates simulated in this study. However, flow depths in this 
study were much shallower (less than 10 cm) than the 2 taller 
vegetation heights sampled. Simanton et al. (1991) cIipped rain- 
fall simulation plots on 9 separate rangelands sites in Arizona and 
found no differences in sediment yield when vegetation was 
clipped to 2 cm as compared with unclipped vegetation. This 
study (Simanton et al. 1991) supports our findings that stubble 
height is not well correlated with sediment filtration. No other 
research results were found that related stubble height to sedi- 
ment filtration in riparian zones. 

It was apparent that riparian buffer strips were effective sedi- 
ment filters, regardless of vegetation height or vegetation commu- 
nity. At least 98% of the introduced sediment remained within the 
rainfall simulation macro-plots (94% remained within the micro- 
plots). These results are consistent with other studies on the effec- 
tiveness of vegetation filter strips as filters for nonpoint source 
pollution (Hayes et al. 1984, Guck et al. 1987, Dillaha et al. 1989, 
Mufioz-Carpena et al. 1992, Bretschko and Moser 1993, Osborne 
and Kovacic 1993, Daniels and Gilliam 1996, Pearce et al. 1997). 
These studies have shown that vegetation zones downslope from 
upland areas were effective filters for sediment and nutrients from 
overland flow as long as overland flow was shallow. 
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Abstract 

Riparian ecosystems are the final terrestrial zone before runoff 
water enters a stream. They provide the last opportunity to 
decrease non-point source pollution delivery to streams by 
removing sediments from overland water flow from uplands and 
roads. To quantify processes of sediment transport, filtration and 
deposition, it is necessary to determine runoff characteristics for 
the area. A rotating boom rainfall simulator was used to evaluate 
the effects of 3 vegetation height treatments (control, lo-cm stuh- 
ble height, and clipped to the soil surface) in 2 montane riparian 
plant communities (grass and sedge) on runoff characteristics. 
Each rainfall simulation event consisted of 2 phases, a dry run of 
about 60 min followed by a wet run approximately 30 min later. 
There were no differences in time to runoff initiation for either 
dry or wet runs that could be attributed to vegetation height 
treatments for either plant community. It usually required more 
time for runoff to be initiated in the sedge community compared 
to the grass community. Generally, there were lower equilibrium 
runoff percentages from dry runs in the sedge community com- 
pared with the grass community. These differences were less dur- 
ing wet runs. Several runoff parameters had characteristics of 
runoff from water repellent soils. The organic layer on the soil 
surface exhibited signs of water repellency that reduced the 
water infiltration rate during the initial stages of a rainfall simu- 
lation. These results indicate that runoff and infiltration process- 
es in the surface organic horizon of riparian zones may not 
respond in the classical manner. This characteristic has impor- 
tant implications if criteria developed in areas with less organic 
matter on the soil surface are used to manage overland flow in 
the zone. Additional studies are needed to fully describe infiltra- 
tion and runoff processes in riparian plant communities. 

Key Words: infiltration, overland flow, stubble height, hydro- 
graph, riparian hydrology, water quality 

Mountainous riparian zones are the focus of multiple use con- 
flicts in many areas of the Western United States (Hansen 1988). 
These areas are the last terrestrial zone that runoff or overland 
flow water crosses before it reaches a stream. Healthy riparian 
ecosystems can be effective in removing sediments from uplands 
and decreasing non-point source pollution to streams (Heede 
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Resumen 

El ecosistema riparian es la ultima zona terestrial de curso del 
agua de desagiie ante de la entrada de1 arroyo. Ofrecen la ultima 
oportunidad disminuir la entrega de la contaminacio de fuente 
dispersivo (non-point source) al arroyo. Lo hacen por el 
sacamiento de sedimento, que viene de campos y caminos, en el 
agua de desagiie. Para cuantiiicar procesos de transporte sedi- 
mento, fdtracion, y deposicibn, hay que determinar las caracteris- 
ticas del agua de desagiie por el area. Una simuladora de lhtvia 
con botalones rotatorios fue usado para evaluar 10s effectos de 
tres tratamientos con alturas vegetales differentes (el control, el 
rostrojo con altura de lOcm, y la vegetaci6n trijerada hasta el 
suelo) sobre las caracteristicas de1 agua de desagiie. Los effectos 
de 10s tratamientos fueron analizados sobre dos communidades 
vegetales mountaiiosas riparianes: la hierba y la juncia. Cada 
simulacidn de lluvia constaba de dos fases: primer0 una simu- 
lacion de lhtvia sobre suelo seco (60 minutos) y una simulation 
sobre el suelo mojado despues de 30 minutos sin guvia. Habii no 
ditferencias entre 10s dos simulaciones en el tiempo de agua de 
desagiie initial que fuera podido atribuir a 10s tres tratamientos 
de alturas vegetales differentes, para ni el hierba ni la juncia. La 
communidad de hierba necesit6 msis tiempo para dar el agua de 
desagiie initial que la communidad de juncia. Generalmente, 
babia percentajes menores de agua de desagiie al equilibro para 
la communidad de juncia que para la de hierba durante la simu- 
laci6n de lluvia sobre suelo seco. Estas differencias fueron 
menores para las simulacibnes sobre el suelo majado. Varios 
parametros de agua desagiie tenian caracteristicas paracido al 
agua de desagiie desde suelo repulsive a agua. EI estrato orgkico 
sobre el suelo superficial demostro algun rachazamiente a agua 
que disminuyo la velocidad de intiltracidn (de agua en suelo) 
durante el empiezo de una simulacidn de Iluvia. Estos resultos 
htdican que 10s procesos de agua de desagiie y infdtracion en el 
estrato orgrinico superficial de zonas riparianes tal vez no funcio 
nan por el modo clasico. Esta caracteristica tiene implicaciones 
importantes si se usan criterios desarrollado de areas con menos 
materiales organicos sobre el suelo superficial para manejar el 
agua de desagiie en la zona. Se necesitan mL investigaci6nes para 
describir completemente 10s procesos de agua de desagiie y infil- 
tracion en communidades vegetales riparianes. 

1990). To maintain or improve the effectiveness of riparian areas 
to enhance water quality, the USDA -Forest Service developed 

315 



stubble height standards that are intended to assure that sediment 
will be filtered from runoff water before it enters a stream (Clary 
and Webster 1989, Hall and Bryant 1995). 

The objective of this study was to determine runoff and infiltra- 
tion characteristics of a montane riparian zone so that processes 
of sediment transport and filtration could be determined. 
Although research has been conducted on water infiltration and 
runoff of upland range sites, little attention has been focused on 
hydrologic and hydraulic properties of surface runoff in riparian 
areas (Skovlin 1984, Bohn and Buckhouse 1985). We hypothe- 
sized that in the 2 montane riparian plant communities, surface 
water runoff rate would be greatest in the clipped to the soil sur- 
face treatment and least in the control. 

Methods and Materials 

Study Site 
The study area was in the riparian zone of Sheep Creek in the 

Roosevelt National Forest about 80 km northwest of Fort Collins, 
Colo. at an elevation of 2,500 m. Sheep Creek is classified as a 
C-3 stream (Rosgen 1994), typical of many small (4-S m width) 
headwater perennial streams in the western U.S. 

Vegetation 
Vegetation along Sheep Creek consists of willows (Salti spp.), 

shrubby cinquefoil (Potentilla fruticosa L.), sedges (Carex spp.), 
rushes (Juncus spp.), Kentucky bluegrass (Poa pratensis L.), 
fowl bluegrass (P. palustris L.) and tufted hairgrass (Deschanpsia 
caespitosa (L.) Beauv.) (Schulz and Leininger 1990, Popolizio et 
al. 1994). Two plant communities within the riparian area were 
selected as study sites. One site with a northern aspect was domi- 
nated by beaked sedge (Carex rostrata Stokes) and water sedge 
(Carex aquatalis Wahl.) (sedge site), while the other site with a 
southern exposure was dominated by Kentucky bluegrass and 
tufted hairgrass (grass site). 

soils 
Soils along Sheep Creek are deep, well drained of the Naz 70 

series formed from granitic parent material. The general cIassifi- 
cation is a coarse loamy Pachic Cryoborol. The A horizon is dark 
to gray-brown color, 20 to 80 cm thick. Organic matter content of 
the upper horizon is often quite high (>7%) (Noor 1990, USDA 
1980). Soil texture of the surface 7 cm at the study sites was 36% 
sand, 36% silt, 28% clay (clay loam texture). Soils are often wet 
to saturated during the spring and some mottling is evident. A 
highly organic horizon up to 20 cm thick covered the study sites. 
Slope of the study area was 3 to 5%. 

in both plant communities were re-evaluated in July 1995. While 
not part of the original study design, these data provided an addi- 
tional year effect for a portion of the study. The complete set of 
clipping treatments was applied in both 1993 and 1994, while the 
heavily clipped treatment plots were clipped but not vacuumed in 
1995. 

Each vegetation height treatment within each plant community 
was randomly assigned to 2 pairs of rainfah simulation plots. The 3 
clipping treatments were not intended to duplicate effects of large 
animal grazing. Livestock, even under the most severe conditions, 
would not likely remove as much biomass and surface cover as 
occurred with the heavy clipping treatment. The moderate clipping 
treatment removed vegetation at a uniform height across the plots, 
which again would not be very representative of livestock grazing. 

Plot Installation 
Twelve, 3- X 10-m rainfall simulation plots were randomly 

located by pairs in each plant community (same vegetation height 
treatment for both plots) with 3 m between plot pairs. Steel sheet 
metal (2.5~mm thick by 15-cm high) was driven into a 6-cm deep 
slot cut around the 2 sides and upper perimeter of each plot. A 
0.5-m wide sheet metal tray was attached to the lip of the upper 
edge of the plot. A 5 nozzle spray bar above the tray provided 
additional water to the plot to represent upslope overland water 
flowing onto the riparian area. Troughs at the lower edge of each 
plot collected and directed the runoff water through a small criti- 
cal depth flume. Depth of water flowing through the flume was 
measured with a bubble flow meter and recorded at 1 min inter- 
vals. Each flow depth measurement was converted to an equiva- 
lent runoff rate. 

Plot Characterization 
After treated plots were clipped, but prior to the simulation 

runs, surface and vegetative characteristics were measured in 
both 1993 and 1994. Vegetation basal cover, species composition 
and soil surface cover were determined by point frame methodol- 
ogy with 100 points per plot (Platts et al. 1987, Bonham 1989). 
Vegetation density was determined by counting the number of 
stems in three 0.125 m* circular frames randomly located in each 
simulation plot. Soil surface roughness was measured with a 0.6- 
X 2.0-m elevation table (Linse 1992). The table was placed 
lengthwise in the center of the upper l/3 portion of each plot and 
the relative elevation of 100 points on a lo-cm grid was mea- 
sured. The standard deviation of the points about a flat plane was 
calculated as a measure of random roughness for each plot. 

Aboveground biomass that remained on the plots following the 
rainfall simulation runs was measured. Vegetation was clipped to 
ground level in three 0.125 mz circular frames randomly located 
in each plot, bagged and dried in a forced air oven at 50” C. 

Treatments 
Three vegetation stubble height treatments were evaluated 

Rainfall Simulation 

within each plant community; (1) heavy clipping-vegetation 
Soil samples from the surface 6 cm were collected from each 

clipped to the soil surface (O-cm stubble height) and vacuum 
plot for soil moisture determination prior to running the simula- 

removal of all clipped and loose litter material, (2) moderate clip- 
tor. A “Swanson type” rotating boom rainfall simulator (Swanson 

ping-vegetation clipped to a lo-cm stubble height with the 
1965) was used to apply water to 2 plots simultaneously. Each 

clipped vegetation raked and removed, and (3) control 
simulator run consisted of 2 phases. Water was applied at approx- 

(unclipped-undisturbed natural height vegetation (grass: 20 to 
imately 60 mm hr.’ for the dry run until runoff approached a rela- 

25 cm high; sedge: 30 to 40 cm high). 
tively constant value as measured in the critical depth flumes 

The study was conducted during the summers (June-July) of 
(equilibrium runoff) and then continued for an additional 20 min. 

1993 and 1994. As part of another study, the heavily clipped plots 
Most dry runs lasted 45 to 60 min. The dry run was followed by a 
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30 min shut-down period with no water application. This shut- 
down period allowed a partial soil-water redistribution in the 
upper portion of the soil profile. Water continued to run off some 
plots for a major portion of the shut-down interval. It was assumed 
that soil moisture was at or near saturation in the surface layers at 
the start of the second simulator run (wet run). For the wet run, 
rainfall simulation was 60 mm hr’, with additional overland flow 
water added at the top of the plot at an equivalent rate of 25 mm 
hi’. This wet run simulation event continued for approximately 20 
min after runoff had reached equilibrium (Fig. 1A). 

Rainfall simulator intensities were to be the same for each plot 
and rainfall simulation period. Water supply fluctuations and 
wind sometimes caused slightly different amounts to be applied 
(Gamougoun et al. 1984, Simanton et al. 1991). The actual water 
application rate of the simulator was measured and recorded at l- 
min intervals with a 20-cm diam. rain gauge equipped with a 
bubble flow meter placed between the paired plots. The distribu- 
tion and variation in total water applied by the simulator for each 
run was measured with 6 small non-recording plastic rain gauges 
located within each plot boundary. The mean of the 6 rain gauges 
on each plot was used to adjust the amount of water applied as 
measured by the recording rain gauge. Water application rate 

A 
100 

Dry Run Wet Run 

r 
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Fig. 1. Typical runoff hydrograph from a rainfall simulator plot 
ihstratiag actual runoff and water application rates (A), and best 
fit regression lines of runoff percentage (B). 

through the overland flow spray bar was determined by volumet- 
ric sampling of the discharge of each nozzle during each simula- 
tor run. 

Runoff Analyses 
Runoff percentages [(runoff-rate/rainfall-rate) X 1001 at equi- 

librium are standard measures frequently used for comparing 
treatment effects (Simanton et al. 1991). Equilibrium runoff is 
generally a uniform and reproducible condition that is achieved 
when soil surface layers are saturated and is normally considered 
to be representative of long duration precipitation events that 
exceed the infiltration rate. These runoff values do not provide 
information on effects of treatments, soils, and vegetation during 
the initial stages of runoff. In some instances, initial runoff may 
be more important under natural rainfall events where storm 
durations may be too short for equilibrium runoff to occur. Under 
these conditions, conclusions based on equilibrium runoff condi- 
tions may not be applicable. Therefore, we separated the runoff 
hydrograph into segments that corresponded to different stages of 
the runoff event that allowed for interpretation of treatment 
effects that should represent more natural runoff events. 

Runoff percentages were computed at 1 -min intervals and tabu- 
lated into a runoff percentage hydrograph for each water applica- 
tion phase (dry and wet runs) for each plot. Runoff percentage 
hydrographs were then subdivided into components representing; 
(1) time to runoff initiation, (2) rate of change in runoff percent- 
age after runoff initiation, and (3) equilibrium runoff rate. The 
end points of each runoff hydrograph segment were determined 
using the data breakpoint approach developed for analyzing pre- 
cipitation data (Brakensiek et al. 1979). Least squares regression 
analysis was used to fit a straight line to each runoff segment (ris- 
ing limb and equilibrium stage of a hydrograph). The coefficients 
of the 2 regression lines for each dry and wet run were used in the 
analyses to evaluate treatment effects on runoff characteristics 
(Al and A2 in Fig. IB). 

Data Analyses 
The experimental design was a 2 X 3 factorial experiment with 

2 years (1993 and 1994) and 3 vegetation height treatments. A 
repeated measures split plot analysis of variance was conducted 
on the various runoff parameters. Individual rainfall simulator 
plots are referred to as subplots. The pair of simulator plots run at 
the same time are replications. Data for each plant community 
were analyzed separately, with vegetation height and year as the 
main effects. Also, because of differences in soil moisture 
between the dry and the wet runs, plus the additional runon water 
applied during the wet run, the 2 runs were analyzed separately. 
When “F” values were significant (P I 0.10 unless noted other- 
wise), a Fisher Protected L.S.D. test was used to determine differ- 
ences among means for vegetation height treatments and years. 

Results and Discussion 

Precipitation at the Sheep Creek study area was much lower in 
the late-winter, spring and early-summer of 1994 than in 1993. 
The upper soil profile (0 to 6 cm depth) was wetter at the start of 
the simulator runs (dry run) in 1993 (62% average soil water con- 
tent by weight) than in 1994 (43% average soil water content) 
and it was even drier in 1995 (15% average soil moisture). 
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Table 1. Average aboveground biomass (*SE) for 3 clipping treat- 
ments on,rainfall simulation plots in 2 montane riparian plant 
communities 

Vegetation Grass Sedee 
treatment 1993 1994 1993 1994 

Heavy clipping 
---b-- _______ (gm-*) _____-___--__ 

0 0 
Moderate clipping 135t28 156*56 83~10 12w 
Control 263~i5 214+75 3OOzt27 339i57 

Vegetation and Site Characteristics 
Mean vegetation density averaged across clipping treatment 

and years was 2,025 stems me2 and 643 stems rn-* in the grass and 
sedge plots, respectively. Stem density was more variable among 
treatments for the grass plots than for the sedge plots (Fig. 2), 
indicating some spatial variability among plots even though both 
sites were considered homogeneous. Aboveground biomass at the 
end of the rainfall simulations were not different among years 
and plant communities, ranging from 0 for the heavy clipping 
treatment, 83 to 156 g rn-* for the moderate clipping treatment and 
214 to 339 g m+* for the unclipped control (Table 1). Plant com- 
position was similar among treatments for the sedge community, 
but the grass component was less and forb component greater for 
moderate clipping treatment plots in the grass community (Table 
2). The litter component represented both loose litter on the soil 
surface and material of the surface organic layer. During random- 
ization of the treatments, the 4 moderately clipped grass plots 
were located in a drier portion of the grass study area farthest 
from the stream. This may have biased some of the runoff results. 

Plot slopes ranged from 2.9 to 4.4% at the sedge site and 3.0 to 
4.6% at the grass site. Visually, the plots’ surfaces were very 
rough; a result of vegetation tussocks. The mean standard devia- 
tion for surface roughness, as measured with the elevation table, 
indicated high surface roughness, but there were no differences 
among stubble height treatments or between plant communities. 
Surface roughness is very difficult to characterize. Previous 
attempts to relate random roughness to surface roughness have 
not been very successful (Simanton et al. 1991). It may not be the 
random roughness that affects runoff; instead small drainage 

01 
HEAW MOD CONT HEAVY MOD CONT 

GRASS SEDGE 

Fig. 2. Mean stem density (+ SE) on rainfall simulation plots in 1993 
and 1994 for 3 clipping treatments in 2 montane riparian plant 
communities. 

channels around vegetation and microtopographic features may 
determine runoff characteristics. Runoff water initially ponds in 
small depressions (depression storage) that eventually are over- 
topped allowing water flow progressively downslope through a 
series of micro-channels. The degree of connectivity, size, rough- 
ness, and slope of these channels influences the rate of water 
movement. Random surface roughness measurements will not 
indicate the number and size of interconnected micro-channels. 
We did not measure the micro-channel features in this study. 
Therefore, we assumed that within a plant community the surface 
roughness and micro-channel networks were similar among plots 
within a community and stubble height treatment. Also, the 
micro-channel network of the plots should not have changed 
among years 

Time to Runoff Initiation 
In several instances, no runoff occurred during the dry run (60 

min). In 1994 there was 1 plot in the sedge community that did 
not have runoff even during the wet run. Runoff initiation in the 
dry run generally occurred within 20 min in the grass community, 

Table 2. Average vegetation composition for 3 clipping treatments on rainfall simulation plots in 2 montane riparian plant communities 

Composition 
Plant Year Treatment 
community Sedges ChSSeS Rushes Forbs Litter’ 

--------------------------(%)-------------------------- 
GEiSS 1993 Heavy clipping 17 21 5 25 32 

Moderate clipping 16 8 2 36 37 
Control 45 25 9 15 5 

1994 Heavy clipping 16 17 3 35 20 
Moderate clipping 6 7 4 55 27 
Control 23 12 1 2 42 

LAD. among years 4.3 2.2 2.9 3.1 
L.S.D. among treatments 6.4 3.8 8.1 5.7 

Sedge 1993 Heavy clipping 82 1 0 1 15 
Moderate clipping 85 1 0 2 14 
Contra 81 2 0 1 17 

1994 Heavy clipping 71 1 0 I 26 
Moderate clipping 75 3 0 2 20 
Control 75 3 0 0 22 

L.S.D. among years 6.3 1.4 0.7 4.4 
LAD. among treatments 6.2 3.9 1.2 5.0 

‘Represents both loose litter and the organic horizon on the soil surface. 
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Table 3. Mean time to runoff initiation for 3 clipping treatments in dry and wet runs for rainfall simulations in 2 montane riparian plant communities. 

Run Vegetation Grass Scdne 
condition treatment 1993 1994 1995 1993 1994 1995 

-----------(min)---------- - _ - - - - - - - - - - (fin)- _ - - _ - - _ - - _ - 

DrY Heavy clipping 12 9 19 48’ 44’ 30 
Moderate clipping 15 3’ 17 2’O 
Control 16 14 373 l’- 

Wet Heavy clipping 1 3 5 72 8’ 4 
Moderate clipping 7 192 - 5 924 
Control 2 4 - 17’ l2 

‘Two plots did not have runoff in the 60 min simulation run. 
ZInclades 2 plots with no runoff in the dry run. 
b plots did not have runoff in 60 min. 
%cludes 1 plot with no runoff in the dry run. 
%ncludes 3 plots with no runoff in the dry run. 

but frequently required longer than 20 min in the sedge commu- 
nity (Table 3). There were no significant differences in time to 
runoff initiation that could be attributed to differences in vegeta- 
tion height treatment in either plant community. There was a 
trend for the time to runoff initiation to be greater in 1993 than in 
1994 in both plant communities. Observations during the simula- 
tor runs indicated only a partial wetting of the sedge plots surface 
soil that had a well developed organic layer, especially for the dry 
runs. This indicates a water repellent surface. One possible rea- 
son is that the drier conditions in the spring of 1994 made the sur- 
face of the organic layer water repellent for a short time during 
the initial simulation runs (dry runs). This condition has been 
reported for Mollisols in the Pacific slope forest areas where soils 
have low bulk densities covered by an organic horizon (Holzhey 
1969). During dry runs in 1995 on heavily clipped treatment 
plots, we observed an initial surface ponding of water until just 
before runoff began. Then water would suddenly start to infiltrate 
into the organic horizon. Runoff would occur only after the sur- 
face organic layer had become thoroughly wetted. This initial 
non-wetting is characteristic of a partial water repellent soil layer 
(Myers and Frasier 1969). 

Time to Peak Runoff 
The time from runoff initiation to peak runoff was similar for 

both the dry and wet runs in 1993 and 1994 on the grass plots, but 
decreased in 1994 in the sedge plots as compared with the grass 
plots (Table 4). Contrary to normal situations where time to peak 
runoff decreases as soil moisture increases, the time to peak 
runoff in wet runs was longer than the time to peak runoff in dry 

runs. While this characteristic did not occur on every plot, the 
mere fact that it occurred is a further indication of a partial water 
repellent effect that decreased with time. This phenomenon has 
been observed at sites where soil is coated with an organic mater- 
ial that creates a hydrophobic condition (DeBano 1969). 

Rising Limb Runoff 
A smaller regression coefficient (slope of the rising limb, Al) 

(Fig.l), (slower rate of runoff) was obtained in dry runs for the 
moderate stubble height treatment than either the heavy or 
unclipped treatment on the grass plots in 1993 and 1994 (Table 5). 
Although not always significant, this slower rate of rising limb 
runoff from the grass plots was consistent across both years and 
wet vs dry runs. This indicated that the moderate stubble height 
treatment reacted differently in the initial runoff flow process than 
did other treatments, or that plot location affected runoff results. 
This difference was not found consistently for sedge plots. There 
was a tendency for the dry run regression coefficients to be small- 
er for sedge plots than for grass plots. This was not as pronounced 
in wet runs on the heavy clipping treatment plots, but was seen on 
the moderately clipped and control plots. 

There was a major increase in the rising limb runoff regression 
coefficient, Al, for the heavy clipped treatment plots in 1995 
compared with the previous 2 years for both vegetation commu- 
nities and simulation runs (Table 5). In 1995, once runoff began, 
the rise to peak runoff was very rapid. Since there was little or no 
change in the micro-topography of the plots or vegetation, this 
change in runoff characteristic is attributed to the drying of the 
organic layer that created a partial water repellency. The plots 

Table 4. Mean time from runoff initiation to peak runoff in 3 clipping treatments for dry and wet runs of rainfall simulations in 2 montane ripariau 
plant communities. 

Run Vegetation GraSS Sedp 
condition treatment 1993 l(Tn) 1993 1994e 1995 

__________ 

;2 20 

_______ 
17 

--_--_---_-_ (ti) -___________ 
W Heavy clipping 11 15’ 4’ 12 

Moderate clipping 26 16’ 17 18’ 
Control 11 2 213 6’ - 

Wet Heavy clipping 16 12 8 192 92 4 
Moderate clipping 12 221 28 gz4 
Control 14 12 315 92 

‘Two plots did not have runoff in the 60 min simulation run. 
ZIncludes 2 plots with no runoff in the dry run. 
3Thnx. plots did not have runoff in 60 min. 
kcludes 1 plot with no runoff in the dry NIL 
‘Includes 3 plots with no runoff in the dry run. 

JOURNAL OF RANGE MANAGEMENT Sl(B),May 1998 319 



Table 5. Regression coeffh-nts (Al) for rising limbs of runoff bydrographs for wet and dry simulator runs in 2 montane riparian plant communities 
as affected by 3 clipping treatments. 

Run Vegetation Grass Sedee 
condition treatment 1993 1994 1995 Mean’ 1993 1994 1995 Mean’ 

DV Heavy clipping 2.0 1.9 5.5 2.0 1.6 0.8 7.6 1.2 
Moderate clipping 0.4 0.8 - 0.6 0.4 - 0.5 
Control L3 1.7 - 

ii 
Q2 QA - a3 

Mean 2.6 1.4 2.0 0.8 0.5 0.7 
L.S.D. among years-O.8 LAD. among years-O.4’ 
L.S.D. among treatments-l.2 L.S.D. among treatments-l .6 

Wet Heavy clipping 4.4 4.6 10.2 4.5 5.7 4.0 11.5 4.8 
Moderate clipping 3.8 1.8 - 2.8 1.7 0.5 - 1.1 
Control 6.0 a - 4.4 1.6 2.1 - u 

Mean 4.7 3.1 3.9 3.0 2.0 2.6 
L.S.D. among years-O.9’ L.S.D. among years--OS1 
L.S.D. among treatments-l.3 L.S.D. among treatments-3.0 

‘Data for 1993 and 1994 only 

were not vacuumed after clipping in 1995 which resulted in less 
disturbance of the soil surface, but added to surface litter. If the lit- 
ter and organic layer are water repellent and restrict water infiltra- 
tion, then vacuuming the litter in 1993 and 1994 would have 
reduced runoff rates in those years. With no vacuuming in 1995, the 
initial runoff rate should have been greater. 

Equilibrium Stage Runoff 
A true equilibrium runoff rate was not achieved in many 

instances during the time of a rainfall simulation run. The infiltra- 
tion rate will decrease, but at a slower rate of change with time as 
the soil becomes saturated at increasingly deeper depths. The 
equilibrium runoff regression coefficient, (Fig. 1) is an indicator 
of the rate of change in infiltration. A positive coefficient (A2) 
indicates equilibrium runoff has not been reached. The closer the 
coefficient is to zero, the closer the site is to achieving runoff 
equilibrium. A coefficient (A2) of zero indicates a true equilibri- 
um. A negative coefficient is a decrease in runoff with time 
(increasing infiltration). This latter condition is frequently encoun- 
tered on crusted or water repellent soils (DeBano 1975) 

Mean equilibrium stage regression coefficients (A2) for rainfall 
simulation at Sheep Creek varied from -0.45 to 0.93 (Table 6). 
From a total of 96 rainfall simulations, 16 had negative runoff 
regression coefficients (A2) (data not shown). This pattern was not 
related to year or treatment. This is further evidence of some water 
repellency of the soil surface. 

Mean Equilibrium Runoff 
Equilibrium or final runoff rates are usually the parameter used 

as an indicator of treatment differences (Simanton et al. 1991). 
There was a decrease in the mean equilibrium runoff percentages 

Table 6. Regression coefficients (A2) for the equilibrium stage of runoff 
bydrograpbs for wet and dry rainfall simulation runs in 2 montane 
riparian plant communities as affected by 3 clipping treatments. 

Rml Vegetation Grass Scdve 
condition treatment 1993 1994 1993 1994 

Dry Heavy clipping .93 .27 24 .06 
Moderate clipping .20 .i3 -.45 .04 
Control .29 A4 - .oo 

Wet Heavy clipping .09 .26 .07 .02 
Moderate clipping .22 .03 .29 .04 
Control .26 .17 .hS .25 
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across most vegetation height treatments in 1994 compared with 
1993 for both wet and dry runs in both plant communities (Table 
7). This is attributed to drier soil profiles in 1994 than in 1993. 

Equilibrium runoff percentages (runoff/rainfall rate) on the 
moderate stubble height grass plots were lower than the heavily 
clipped or control plots for both dry and wet runs (Table 7). The 
location of the moderate height plots may have affected the mean 
runoff results for this treatment. These differences were not found 
for the sedge plots. Runoff during the dry run in 1993 for the 
sedge community was lower than for the grass community. These 
differences were not evident during the wet runs. 

Analysis of variance of equilibrium runoff percentages showed 
a year*treatment interaction at the grass site for the dry runs. This 
interaction resulted from a low mean equilibrium runoff percent- 
age for the control treatment in 1994 (Table 7). 

Equilibrium runoff percentages for the dry runs in the sedge 
community were lower than from the grass community for 1993 
and 1994 (Table 7). These differences were not as evident in the 
wet runs. In some instances, it required almost 60 min of simulat- 
ed rainfall to generate runoff at the sedge site during dry runs. 
Visual inspection of the plots during the simulator runs indicated 
an initial ponding of water on the soil surface. After a few min- 
utes, this water infiltrated into the soil. Once the upper soil profile 
became wetted, NnOff began. This effect has been observed with 
water repellent soils (Letey et al. 1962, Hillel 1967, Meeuwig 
1971 as reported in DeBano 1975). One possible explanation for 
this is that dry organic matter on the soil surface was slightly 
hydrophobic (Savage 1975). This water repellency effect gradual- 
ly dissipated with time. 

Runoff percentages for the 2 plant communities were similar 
for the wet runs after the soil was thoroughly wet. Equilibrium 
runoff percentages in both the dry and wet runs from the moder- 
ately clipped grass plots were significantly lower than from the 
heavily clipped or control treatments which, may have been 
affected by plot locations. While not statistically significant, there 
was slightly higher equilibrium runoff in the dry runs from the 
heavily clipped plots in the sedge community compared with the 
moderately clipped and control areas. 

Equilibrium runoff for the heavily clipped treatment plots was 
higher in 1995 than for the previous 2 years in both vegetative 
communities and both simulation runs. This occurred even with 
less antecedent soil moisture at the start of the dry run in 1995, 
compared with the previous years. Again, the increased runoff 
rate in 1995 might be explained by sealing or water repellency of 
the soil surface. 
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Table 7. Mean equilibrium runoff percentages for rainfall simulation plots in 2 montane riparian plant communities as affected by 3 clipping treat- 
ments. 

Run Vegetation G&3.% Sedge 
condition treatment 1993 1994 1995 Mean’ 1993 1994 1995 Mean’ 

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

Dry Heavy clipping 55 47 74 51 27 8 73 17 
Moderate clipping 2 - 
Control $ $ z :: 5 4 : 
Mean 49 30 40 15 5 10 

L.S.D. among year-16l L.S.D. among years-9’ 
L.S.D. among treatments-l I L.S.D. among treatments-23 

Wet Heavy clipping 68 63 81 66 82 61 84 71 
Moderate clipping 
Control 2 ; I g $ g I 2 

Mean 63 46 55 65 34 49 
L.S.D. among years-13’ L.S.D. among years-9’ 
L.S.D. among treatments-l 1 L.S.D. among treatments-20 

‘Data for 1993 and 1994 only. 
$niticant interaction (P 5 0.10) of treatment and year for the grass site 

Summary and Conclusions 

A rotating boom rainfall simulator was used to evaluate the 
effects of vegetation height treatment on surface runoff character- 
istics in 2 montane riparian plant communities. Three vegetation 
height treatments were evaluated; (1) heavily clipped-vegeta- 
tion clipped to the soil surface and vacuum removal of ah clipped 
material, (2) moderately clipped-vegetation clipped to a lo-cm 
stubble height and all clipped material removed, and (3) control 
(unclipped)--undisturbed natural height. Each rainfall simulation 
consisted of 2 phases, a dry run (60 mm hour-‘) for about 60 mm 
followed by a wet run (60 mm hour-‘) 30 mm later. Runoff hydro- 
graphs (runoff rate/water application rate) were subdivided into 3 
components representing: (1) time to runoff initiation; (2) rate of 
change in runoff rates in the rising limb; and (3) equilibrium 
runoff rate. 

There were no differences in time to runoff initiation for either 
dry or wet rainfall simulation runs that could be attributed to dif- 
ferences in vegetation height treatments in either riparian plant 
community. It usually required longer for runoff to be initiated in 
the sedge community compared to the grass community. 
Regression coefficients of the hydrographs’ rising limbs for dry 
runs indicated that moderately clipped vegetation restricted water 
flow rate in the initial runoff process. There were differences in 
equilibrium runoff percentages among vegetation height treat- 
ments in the grass community, but these differences may have 
been affected by plot location. Generally, there were lower equi- 
librium runoff percentages from dry runs in the sedge community 
compared with the grass community. These differences were 
smaller in wet runs. These results indicated that vegetation height 
was not a controlling feature in the runoff process from the 2 
riparian plant communities studies. However, stubble height cri- 
teria may be important to maintain plant vigor and streambank 
stability. 

Several runoff parameters had characteristics of runoff from 
water repellent soils. The organic layer on the soil surface exhib- 
ited signs of water repellency which reduced water infiltration 
rate during the initial stages of the rainfall simulation events. 
These results indicate that runoff and infiltration processes in the 
surface organic horizon of riparian zones may not respond in the 
classical manner. This characteristic has important implications if 
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criteria developed in areas with less organic matter on the soil 
surface are used to manage overland flow water in the riparian 
zone. Additional studies are needed to fully describe the water 
infiltration processes in riparian plant communities. 
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Predicting the components of aerial biomass of fourwing 
saltbush from shrub height and volume 
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Abstract 

Shrub height and crown diameter are useful non-destruc- 
tive measures of shrub growth, but precise yields of aerial 
biomass require destructive methods which are unsatisfacto- 
ry in studies on perennial shrubs. We developed simple 
regression models to predict components of aerial biomass 
from the height, crown diameter and volume of 27 unbrowsed 
shrubs of fourwing saltbush (Atriplex canescens). The shrubs, 
ranging in height from 15 to 110 cm, were cut at ground level 
and manually separated into forage (leaves) and woody mate- 
rial. Samples were oven-dried. Shrub height and volume were 
suffkiently precise for predicting components of aerial bio- 
mass using exponential and linear regression models, respec- 
tively. The precision of these non-destructive measures 
applied under field conditions to unbrowsed shrubs should be 
confirmed on browsed shrubs. 

Key Words: Atripler canescens, regression models, 
Balochistan, Pakistan 

Saltbushes (Atriplex spp.) have considerable potential for pro- 
viding forage and fuelwood in the arid and semi-arid regions of 
North Africa and West Asia (Le HouCrou 1992, 1995). Fourwing 
saltbush (A. canescens) is a native species of the southwestern 
U.S.A. with a recognized potential for the semi-arid highlands of 
Balochistan, a province of Pakistan. This potential was first seen 
in the mid-1950s when it was first introduced in Balochistan 
(Shah Rahman, personal communication). It withstands the conti- 
nental Mediterranean climate of the province, which has cold 
winters when minimum temperatures can fall to -20” C at alti- 
tudes of l,SOO-2,500 m, and the hot dry summers when no rain 
may fall between May and November. The average rainfall in 
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Balochistan increases from about 230 mm in the central area to 
over 400 mm in the north. 

Studies on fourwing saltbush (FWSB) conducted at the Arid 
Zone Research Institute (AZRI) since 1985 have used shrub 
height and crown diameter as non-destructive indicators of growth 
(Aro et al. 1992). However, the yields of leaf and woody biomass 
are needed for assessing the potential of the saltbush to provide 
grazing during periods of feed shortages and fuelwood in a 
province where few forest resources remain. Several workers have 
shown that aerial biomass can be predicted from shrub height, 
crown diameter and volume with reasonable levels of precision (? 
> 0.9) using different regression models across a range of species 
(Le HouBrou 1995; Murray and Jacobson 1982; Wilkes 1980). 
Kessler and BriCde (1985) reported close correlations of aerial 
biomass and forage/wood ratio with shrub height in A. nummula- 
ria. They used the volume of a cylinder to describe the volume of 
this species. The objective of the study reported here was to test 
simple regression models for predicting aerial biomass of four- 
wing saltbush from shrub height, crown diameter and volume. 

Materials and Methods 

Twenty-seven fourwing saltbush shrubs were chosen growing 
at the AZRI station in Quetta, Balochistan Province (1,650 m alti- 
tude, 230 mm mean annual rainfall, 30” 15’ N, 67” 25’ E). The 
shrubs were grown from seeds received from the Mastung Station 
of the Balochistan Forest Department which had obtained the 
original seeds from the southwestern U.S.A. They ranged from 3- 
month-old seedlings to mature 3-year-old shrubs of the same 
genotype. We measured the height (h) of each shrub and made 2 
measurements of crown diameter (dl and d2) taken perpendicular 
to each other at the widest part of the shrub. Shrubs were then cut 
at ground level and manually separated into leaves and woody 
material (stems and twigs). The leaves and wood were weighed 
and subsamples of leaves and chopped wood were oven-dried at 
95” C until they reached constant dry weight. The dried biomass 
of leaf, wood and the sum of these 2 fractions (Y), were related to 
shrub height, crown diameter (dl+d2)/2 and volume of an ellip- 
soid 4/3a*(h/2*d1/2*d2/2) (X) using 3 regression models: 1) Y = 
bX, 2) Y = a+bX and 3) Y = aebx. Results using crown diameter 
alone as a predictor of biomass are not presented here as crown 
diameter was a less precise estimator than the other 2 measures. 
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Table 1. Prediction of total aerial biomass and the biomass of wood and leaf (I’) from shrub height or volume (X) using different regression mod- 
els’. 

Model Y X a (s.e.) b (s.e.) r2 sy.x 

I Total Height ----- 0.014 (0.0014) 0.796 0.5022 
2 Total Height -0.689 (0.1776) 0.024 (0.0027) 0.752 0.4000 
3 Total Height 0.045 (0.0142) 0.039 (0.0033) 0.901 0.2560 

1 Wood Height ----- 0.011 (0.0010) 0.803 0.3678 
2 WoCd Height -0.575 (0.1409) 0.019 (0.0021) 0.760 0.2907 
3 Wood Height 0.038 (0.0127) 0.037 (0.0036) 0.878 0.2085 

1 Leaf Height ----- 0.004 (0.0005) 0.692 0.1662 
2 Leaf Height -0.225 (0.0687) 0.007 (0.0010) 0.633 0.1427 
3 Leaf Height 0.009 (0.0046) 0.042 (0.0055) 0.792 0.1075 

1 Total Volume ----- 2.756 (0.1270) 0.948 0.2540 
2 Total Volume 0.012 (0.0714) 2.732 (0.1854) 0.897 0.2588 
3 Total Volume 0.356 (0.0683) 2.249 (0.2674) 0.788 0.3804 

1 Wood Volume ----- 2.058 (0.0911) 0.952 0.1822 
2 Wood Volume 0.020 (0.05 11) 2.021 (0.1327) 0.903 0.1853 
3 Wood Volume 0.267 (0.0490) 2.243 (0.2559) 0.798 0.2730 

1 Leaf Volume _---- 0.698 (0.0606) 0.836 0.1213 
2 Leaf Volume 0.007 (0.0341) 0.7 11 (0.0885) 0.721 0.1236 
3 Leaf Volume 0.088 (0.0261) 2.266 (0.4107) 0.622 0.1462 

‘The models are: (1) Y = bX, (2) Y = a + bX, (3) Y = aeb”. 

Results and Discussion 

The range in the height, crown diameter and dry weight of the 
shrubs was, respectively, 15-110 cm (mean 62 cm, standard devi- 
ation (SD) 27.3 cm), 11-135 cm (mean 70 cm, SD 40.3 cm) and 
1.8-2994 g (mean 766 g, SD 789.8 g). Components of aerial bio- 
mass were closely related to shrub height in a simple non-linear 
relationship (Fig. la), whereas components of aerial biomass 
were closely and linearly related to shrub volume (Fig. lb, Table 
1). This difference could be accounted for by the crown diameter 
expanding at a greater rate than the increase in shrub height. 
Indeed, there was a gradual and linear (3 = 0.434, PcO.001) 
decrease in the ratio of shrub height/crown diameter (Y) as shrub 
height increased (X). This suggests that for younger, smaller and 
unbrowsed shrubs a cylinder would be a more appropriate model 
to predict aerial biomass (Kessler and BriCde 1985), whereas in 

(1 a) 

older shrubs an ellipsoid is more appropriate, as used in this 
study. Le Houtrou (1995) reported linear relationships between 
bio-volume and total biomass for A. canescells but with a lower 
precision (I5 =O.SO). 

Model 1 (see Sy.x in Table 1) predicted the biomass of aerial 
components from shrub height with marginally less precision 
than Model 2, whereas both the linear models were less precise 
predictors of biomass of the different components from shrub 
height than Model 3. Models 1 and 2 gave similar precision for 
predicting the components of aerial biomass from shrub volume, 
and both were more precise than Model 3. Even though it 
required more measurements, shrub volume was a more precise 
predictor of biomass, irrespective of the component, than shrub 
height. The results for Models 1 and 2 (Fig. 1) indicate that the 
leaf is about one quarter of the total aerial biomass, and its ratio 
to the woody biomass remains similar irrespective of the height 
of the shrub. 

3 

Fig. 1. Relationship between total aerial biomass and biomass of leaf and wood with (la) height and (lb) volume of fourwing saltbush. (Open 
symbols refer to raw data points and lines to fitted regressions; see Table 1 for details of the equations.) 
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Shrub height alone, or combined with crown diameter as shrub 
volume, can he used to predict the components of aerial biomass 
with a satisfactory degree of precision for estimating the growth 
of fourwing saltbush. The degree to which these relationships 
apply to the different sub-species of fourwing saltbush which 
have different aerial dimensions and leaf proportions, and the 
effects of browsing, needs further study. 
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Abstract 

Squirreltail’s [Elymus elymoides (Raf.) Swezey = Situnion hys- 
ti mutt.) J.G. Smith] ready germination, rapid reproductive 
maturity, capacity for cool-temperature growth, self-pollinated 
mating system, excellent seed dispersal mechanisms, fire toler- 
ance, and genetic diversity make it a promising candidate for 
assisting ecological restoration of rangelands dominated by exot- 
ic weedy annual grasses such as medusahead wildrye 
[Z’aeniutherum caput-medusae (L.) Nevski] and cheatgrass 
(Bromus tectorum L.). Squirreltail is a short-lived perennial and 
generally early seral in successional status. It comprises a com- 
plex of several subspecies whose ecological amplitudes are poorly 
understood. Wildfh-e or prescribed burning may provide oppor- 
tunities for seeding squirreltail or augmenting existing popula- 
tions. Grazing deferment is important for a successful transition 
from an annual to a perennial-dominated grassland..Reduction 
in frequency of annuals may facilitate natural or artificial estab- 
lishment of desirable mid- or late-seral grasses, forbs, and 
shrubs. Currently, squirreltail seed supplies o,riginate from wild- 
land harvests. Reduced cost, dependable supply, and improved 
quality of seed will require development of efficient commercial 
seed production practices. Experience in restoration may reveal 
the suitability of squirreltail plant material for assisted succes- 
sion as well as expose its weaknesses. Such information will allow 
researchers to improve plant materials and methods for 
increased future success. 

Key Words: cheatgrass, Elymus elymoides, medusahead wildrye, 
rangeland fm, Situnion hystrix 

Taxonomic Status 
While I refer to squirreltail as Elymus elymoides (Raf.) Swezey 

because of this grass’ close phylogenetic relationship to other 
Elymus species, most readers are more familiar with the name 
Sitanion hystrix (Nutt.) J.G. Smith. Squirreltail was first 
described in 18 18 by Nuttall as a species of Aegilops, placed in 
Elymus in 1824 by Schultes, and assigned the epithet elymoides 
in 1891 by Swezey (Wilson 1963). Eight years later it was 
renamed Sitanion hystrix, a name perpetuated by Hitchcock 
(1950). A disarticulating rachis and subulate glumes extending 
into long awns are characteristic of Sitanion. 

Contribution of Utah Agr. Exp. Sta., Journal Paper 5040, and USDA-ARS 
Forage and Range Research Laboratory. 
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Wilson (1963) recognized Sitanion was not distinct from 
Elymus, but refrained from combining them. Based on their self- 
pollinating mode of reproduction, small anthers, caespitose 
growth habit, and allotetraploidy (2n=28), Barkworth et al. 
(1983) included S. hystrix and S. jubatum J.G. Smith in Elymus 
as E. elymoides and E. multisetus (J.G. Smith) Burtt-Davy, 
respectively. These species include genomes derived from 
Pseudoroegneria (St) and Hordeum (H) (Dewey 1974, Wang et 
al. 1996). This chromosome constitution has been confirmed by 
chromosome pairing data in hybrids of squirreltail with other 
species. For example, the single bluebunch wheatgrass 
[Pseudoroegneria spicafa (Pursh) A. L&e] St genome may pair 
with the homologous genome of squirreltail (Dewey 1964) and 
the single Hordeum bogdanii Wilensky H genome (Dewey 
1971). Both St and H genomes of squirreltail may pair with both 
genomes in hybrids with the tetraploid taxa thickspike wheatgrass 
[E. lanceolatus (Scribn. and J.G. Smith) Gould ssp. lanceolatus] 
(Dewey 1968), Montana wheatgrass [E. lanceolatus ssp. albicans 
(Scribn. and J.G. Smith) Barkw. and D.R. Dewey] (Dewey 1969), 
slender wheatgrass [E. trachycaulus (Link) Gould ex Shinners] 
(Boyle 1963), blue wildrye (E. glaucus Buckl.) (Stebbins and 
Vaarama 1954), and Canada wildrye (E. canadensis L.) (Dewey 
1967) because, like squirreltail, they contain both St and H 
genomes. Natural sterile hybrids between S. hystrix and tetraploid 
Basin wildrye [kymus cinereus (Scribn. and Merr.) A. Liive] 
have been reported near Shoshone, Ida. (Dewey and Holmgren 
1962). They exhibit negligible chromosome pairing because 
Basin wildrye contains neither St nor H genomes. 

Wilson (1963) recognizes 5 closely related taxa within 
Sitanion. Based on floral morphology, he considers S. longifolium 
J.G. Smith the most “primitive” member of the complex. It does 
not exhibit reduced sterile spikelets as in S. hordeoides Suksdorf, 
reduced sterile florets as in S. hystrix var. hysrrix, S. hystrix var. 
californicum (J.G. Smith) F.D. Wilson, and S. jubatum J.G. 
Smith; or multi-cleft glumes as in S. hystrix var. hystrix or, to the 
extreme, S. jubatum. Sitanion hystrix var. hystrix, native to 
deserts and steppes, exhibits multicleft glumes, while var. califor- 
nicum, native to montane sites, exhibits entire glumes. They may 
hybridize where their populations overlap. Some taxonomists 
have considered Sitanion jubatum [= E. multisetus] distinct 
(Hitchcock 1950, Wilson 1963, Barkworth et al. 1983), while 
others have considered it conspecific with E. elymoides 
(Holmgren and Holmgren 1977, Arnow 1993). Elymus ely- 
moides and E. multisetus commonly hybridize where their ranges 
overlap in southeastern California and southern Nevada, though 
not appreciably in other regions (Wilson 1963). Because of the 

JOURNAL OF RANGE MANAGEMENT 51(3),May 1998 



close relationship among these taxa, I consider the group a 
species complex (Siranion hysrrix sense amplo) rather than taking 
a taxonomic “splitting” approach. However, this does not imply 
that the above mentioned entities are not associated with particu- 
lar ecological niches or geographical distributions. An improved 
understanding of ecological adaptation within and between these 
entities will prove useful to successfully match plant materials 
with sites. 

The fertile S. hanseni (Scribn.) J.G. Smith, derived from 
hybridization with blue wildrye, and the sterile Agropyron saxi- 
cola (Scribn. and Smith) Piper, derived from hybridization with 
bluebunch wheatgrass, were also included in Hitchcock’s 1950 
manual. Both 5. hanseni (Stebbins et al. 1946) and A. saxicola 
(Dewey 1964) have been genetically characterized and their 
hybrid origins confirmed by comparison of artificial hybrids with 
natural specimens. 

Germination and Seedling Establishment 
Young and Evans (1977) attributed squirreltail’s ability to colo- 

nize disturbed sites to rapid germination across a wide tempera- 
ture range. However, lO”(l6 h)/15”(8 h), 10”/20”, and 15°C 
isothermal regimes were optimal for their material, collected in 
Nevada and northeastern California. Germination on the soil sur- 
face was 45% for a clay soil and 8% for a sandy loam, but seed 
germinated from deeper depths in the sandy loam. 

Seeds used by Young and Evans (1977) did not exhibit after- 
ripening, i.e., freshly harvested, fully mature seeds germinated as 
well asseeds stored for 3 months. Seedlots tested by Allen et al. 
(1995), however, showed increased germination rate and percent- 
age when stored at room temperature for 14 weeks. Cheatgrass 
(Bromus tectorum L.) seeds collected at Strawberry, Utah germi- 
nated faster with both continuous hydration and exposure to 
dehydration episodes, and exhibited less afterripening than squir- 
reltail seed collected at the same site. Beckstead et al. (1995) 
found squirreltail and cheatgrass afterripened in dry storage over 
a period of 4 months, and cheatgrass had a greater afterripening 
requirement than squirreltail. For both species afterripening 
requirements of seeds from lower elevations were greater than 
from higher elevations. Both species emerged in the fall, but 
cheatgrass consistently emerged earlier. 

Plant chemicals may have allelopathic effects on squirreltail, 
especially at germination and seedling stages. Radicle growth of 
squirreltail was almost completely suppressed by aqueous extracts 
of leaves and nonwoody stems of Utah juniper [Juniperus 
osreospenna (Tom) Little] (Jameson 1968). Aqueous extracts of 
ponderosa pine (Pinus ponderosa Lawson), piiion pine (P. edulis 
Engelm.), Arizona fescue (Festuca arizonicu Vasey), blue grama 
[Bouteloua gracilis (H.B.K.) Lag.], and squirm&ail itself reduced 
radicle growth by 80% or greater compared to a water control. 
Aqueous leaf extracts of 4 Artemisia species and greasewood 
[Surcobatus vermiculatus (Hook.) Tom] inhibited germination of 
squirreltail (Reid 1964). Surface litter of big sagebrush (Artemisia 
tridentata Nutt.) reduced squirreltail germination from 18 to 1 1 %, 
but rabbitbrush litter [Chrysothamnus viscidiflorus (Hook.) Nutt.] 
had no effect (Schlatterer and Tisdale 1969). While seedling 
growth was inhibited for the first 4 weeks by sagebrush litter, this 
treatment was similar to the no-litter control by week 7. This was 
attributed to either reduced growth inhibitors, increased nutrient 
availability, or both. 

Seedlings of crested wheatgrass and especially squirreltail are 
more stressed when germinated in soil of dune interspaces 
between shrubs than in soil of coppice dunes beneath shrubs in 
the northern Great Basin (Wood et al. 1978). Vesicular horizons 
of dune interspaces are characterized by high silt content, low 
organic matter, poor aggregation, and low infiltration (Schlatterer 
and Hironaka 1972, Wood et al. 1978). These soils readily crust, 
inhibiting seedling emergence. Soil of coppice dunes beneath 
shrubs do not exhibit strong vesicular horizons, but boiling this 
soil in hydrogen peroxide to oxidize organic matter results in a 
poorly aggregated vesicular soil resembling interspace soil. 
Wood et al. (1978) postulated that rangeland soils may become 
vesicular when overgrazing removes herbaceous vegetation, lead- 
ing to loss of soil organic matter and reduction of site potential. 
Deep-furrow seeding (12.5 cm) resulted in greater seedling emer- 
gence and establishment than drill (2 cm) or broadcast seedings 
for coppice soils, but drilling was superior for interspace soils 
(Wood et al. 1982). Squirreltail emergence compared favorably 
to crested wheatgrass and these workers recommended including 
squirreltail in seed mixtures. Hironaka and Sindelar (1973) noted 
frost heaving as a major factor contributing to winter seedling 
mortality on sites with little vegetative or litter cover. 

Secondary Succession 
Several studies have provided instruction as to the seral status 

of squirreltail. Poor range condition was associated with reduced 
frequency of needle-and-thread [Hesperostipa comata Trin. & 
Rupr.) Barkw.] and increased frequency of squirreltail and big 
sagebrush in the big sagebrush/needle-and-thread habitat type of 
northern and eastern Nevada (Tueller and Blackburn 1974). 
Squirreltail was interpreted as being an increaser based on trend 
relationships across 23 sites. In contrast, squirreltail and big sage- 
brush increased and needle-and-thread decreased during 15 years 
of livestock exclusion in southeastern Idaho (Harniss and West 
1973). Hironaka and Tisdale (1963) studied over 20 years of 
plant succession on an abandoned cultivated field in southern 
Idaho originally supporting sagebrush-grass vegetation. Netting 
was installed in 1938 to exclude blacktail jackrabbits (Z.epus cali- 
fomicus) from a southern Idaho annual community of Russian 
thistle (Salsola kafi L.) and mustards (Sisymbrium altissimum I.,., 
Descurainia spp.). An increase in cheatgrass in 1940 was fol- 
lowed by an increase in squirreltail, a temporary increase in mus- 
tards, and a decrease in Russian thistle in 1941. From 1948 to 
1961 the community was a stable equilibrium of squirreltail and 
cheatgrass. 

In light of previous research, Harniss and West (1973) consid- 
ered squirreltail’s climax status enigmatic. Young and Miller 
(1985) indicated it may be either a successional or a climax 
species. Squirreltail’s seral status is probably related to genotype 
and site potential. 

Redente et al. (1992) argued that nutrients are important orga- 
nizing factors of the successional process in semiarid ecosystems. 
Above-ground biomass of the early-seral squirreltail was greater 
relative to the late-seral prairie junegrass [Koeleria pyrumidata 
(Lam.) Beauv.] at higher levels of N and P compared to lower 
levels. Squirreltail displayed low tissue nutrient concentration 
and a high growth rate compared to junegrass’ luxury consump- 
tion of nutrients and slow, sustainable growth rate. 

Fire increased mineralized N in the organic fraction of soil 
beneath sagebrush canopies (Blank et al. 1994). Burned soil sup- 
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ported greater growth of squirreltail and cheatgrass than 
unburned soil, but growth of Indian ricegrass [Achnatherum 
hymenoides (Roem. & Schult.) Barkw.] and big sagebrush was 
reduced by burning. Squirreltail assimilated more N, P, and silica 
in burned than unburned soil. These researchers suggested that 
silica may substitute for carbon as a plant structural component. 
Whereas squirreltail produced 38 and 31% of cheatgrass shoot 
and root biomass, respectively, in unburned soil, squirreltail pro- 
duced 56 and 58% of cheatgrass shoot and root biomass, respec- 
tively, in burned soil. This suggests that, once established, squir- 
reltail’s ability to compete with cheatgrass may actually be 
favored by fire. 

Mineral N is often high after land disturbance, typical of “open 
nutrient cycling”, and becomes successively organically bound as 
succession proceeds, typical of “closed nutrient cycling” (Odum 
1969). In this process, as carbon becomes increasingly resistant to 
microbial decomposition, microbes serve as an N sink by reduc- 
ing its availability to the plant. Rhizosphere-associated microbes 
influenced levels of plant-available N in a growth chamber study 
comparing squirreltail and bluebunch wheatgrass 
[Pseudoroegneriu spicatu (Pursh) A. Love] (Frederick and Klein 
1994). Immobilization and mineralization of organically bound N 
were balanced when squirreltail was grown under high N condi- 
tions and inoculated with microbes previously isolated from the 
rhizosphere of this species. Likewise, immobilization and miner- 
alization were balanced when bluebunch wheatgrass was grown 
under low N conditions and inoculated with microbes from its 
rhizosphere. inoculation increased plant-available N with squir- 
reltail under high N conditions (open nutrient cycling), while 
inoculation decreased plant-available N with bluebunch wheat- 
grass under low N conditions (closed nutrient cycling). Nitrogen 
balance was maintained neither when squirreltail was inoculated 
under low N conditions nor when bluebunch wheatgrass was 
inoculated under high N conditions. The specific microflora asso- 
ciated with the rhizosphere of a species may direct the rhizos- 
phere’s nutrient status to the species’ own advantage, i.e., a sym- 
biotic ecological relationship between the grass and its rhizos- 
phere microbial population. 

Competition 
Squirreltail has shown potential as a competitor to medusahead 

wildrye [Taeniatherum cuput-medusae (L.) Nevski] (Hironaka 
1994). Squirreltail established on 2 of 3 medusahead wildrye 
ranges in southwestern Idaho when broadcast-seeded in 
September (Hironaka and Sindelar 1973). Seedlings germinated 
in fall and surviving seedlings developed rapidly. Medusahead 
wildrye litter minimized frost heaving, but squirreltail seedling 
survival decreased through the first growing season with annual 
competition. Without removal of existing vegetation, squir- 
reltail’s rapid seedling development suggested it would more suc- 
cessfully establish than bluebunch wheatgrass. Twenty-two squir- 
reltail seedlings were established with 9, 27, 81, 243, and 729 
medusahead wildrye seedlings per square foot (densities) in 
greenhouse containers (Hironaka and Sindelar 1975). Total indi- 
vidual plant biomass production at 85 days was about 3 times 
greater for medusahead wildrye than squirreltail at the lowest 
density of squirreltail and about 2 times greater at all other densi- 
ties. Squirreltail root-to-shoot ratio increased from 0.51 at the 
lowest density to 1.05 at the highest density, while medusahead 
wildrye root-to-shoot ratio increased from 0.08 to 0.3 1. Root bio- 
mass of individual squirreltail seedlings exceeded that of medusa- 

head wildrye seedlings at all densities, thus squirreltail appeared 
to be a good below-ground competitor with medusahead wildrye. 

Squirreltail and medusahead wildrye were similar for relative 
growth rate (g/g/day) and its morphological component, leaf area 
ratio (m* leaf area/kg biomass), but both were inferior to cheat- 
grass (Arredondo et al. 1998). Squirreltail and medusahead 
wildrye were also similar, but inferior to cheatgrass, for leaf dry 
matter, leaf area, specific leaf area (m2/g), relative root growth 
rate (g/g/day), root dry matter, and root length. Specific root 
length (m/g) of squirreltail was smaller than medusahead wildrye 
or cheatgrass. Based strictly on these traits, squirreltail would be 
expected to compete more effectively against medusahead 
wildrye than cheatgrass. 

In communities dominated by highly competitive perennials, 
squirreltail may be unable to establish without mechanical treat- 
ment. Thinning of the shrub component in a big sagebrusmurber 
needlegrass [Achnutherum thurberianum (Piper) Barkw.] commu- 
nity in southern Idaho increased squirreltail frequency 4-fold with- 
out increasing sandberg bluegrass (Pou secundu Presl.) or Thurber 
needlegrass (,Tisdale et al. 1969). Despite squirreltail’s abundance 
around the perimeter of a crested wheatgrass seeding in southeast- 
em Idaho, obstruction by crested wheatgrass cover precluded wind 
dispersal of intact squirreltail spikes into the seeding (Marlette and 
Anderson 1986). They suggested deliberate removal of the crested 
wheatgrass stand and depletion of its seed bank would be required 
to reestablish a native community. 

Stress Response 
Squirreltail is considered a short-lived perennial (Hironaka and 

Fosberg 1979, Jensen et al. 1990). Its life-span is probably 
reduced by stress; 2 consecutive years of drought increased cover 
of dead squirreltail 77% near Reno, Nev. (Eckert and Spencer 
1982). Summer regrowth of squirreltail after clipping was 
greater than for Indian ricegrass or needle-and-thread (Trlica and 
Cook 1971). In northern Utah squirreltail responded to fall rain, 
producing a second seed crop under favorable conditions (Coyne 
and Cook 1970). 

Recovery was evaluated 1 year after a 19 July moderate-inten- 
sity controlled bum in an annual [Bromus tectorum, Sisymbrium 
ultissimum, Descuruiniu pinnatu (Walt.) B&t.]-dominated, squir- 
reltail (quiescent stage; no green foliage) community in south- 
eastern Oregon (Young and Miller 1985). Squirreltail shoot bio- 
mass increased 477%, root biomass 50%, spike biomass 1200%, 
total shoot density 47%, reproductive shoot density 664%, and 
shoot/root ratio 302% compared to unburned controls. Crowns of 
squirreltail were not visibly damaged or reduced in size. 
Reduction in cheatgrass density was attributed to the fire’s 
destruction of seed reserves and microsites for seedling establish- 
ment. In another eastern Oregon experiment, burning 15 May 
reduced squirreltail basal area 7 1% one year post-bum (Britton et 
al. 1990). Burning 15 June was least severe and 11 November 
was intermediate. Burning at 400” C was most detrimental to 
squirreltail in May and declined every month through September 
(Wright 1971). No trend was apparent with season for burning at 
800” C. Sandberg bluegrass was not damaged by fire in south- 
western Idaho, while squirreltail, Thurber needlegrass, and nee- 
dle-and-thread were increasingly susceptible to damage, respec- 
tively (Wright and Klemmedson 1965). In this study, squirreltail 
was damaged by 200” and 400” C bums on 9 July (many seed 
shattered, foliage partially green), but not on 9 June (dough stage) 
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or 18 August (most seed shattered, foliage still with some green 
coloration). 

Wright (1971) attributes squirreltail’s relative fire tolerance to a 
low density of dead plant material, leading to quick bums with 
minimal heat penetration to the crown. Squirrreltail has coarse 
stems with few leaves (Wright and Bailey 1982). In contrast, nee- 
dle-and-thread accumulated 8 1% more litter than squirreltail, 
resulting in higher mortality after fire. Wright and Klemmedson 
(1965) speculated damage to squirreltail would be much more 
severe if leaves and inflorescences accumulated over several years 
in the absence of grazing or burning. Both squirreltail, found on 
clay sites, and needle-and-thread, found on sandy sites, in the 
vicinity of Boise, Ida., were most tolerant of l-cm clipping at seed 
maturity (Wright 1967). Needle-and-thread was about 1 month ear- 
lier in maturity than squirreltail. Continued growth of needle-and- 
thread following seed maturity was associated with a large amount 
of damage when clipped later in the season, while senescence of 
squirreltail allowed it to avoid serious damage. 

Jii and Bunting (1994) evaluated the effect of burning followed 
by clipping at 2 cm the subsequent year at 2 southern Idaho sites. 
When evaluated in the third year, squirreltail clipped at the boot 
stage had reduced biomass production and culm number compared 
to squirreltail clipped at the seed-ripe stage. Clipping at the boot 
stage the year following fm resulted in 26% mortality at the harsh- 
er Gem County site, though none at the milder Blame County site. 
Squirreltail is readily consumed by livestock before spike emer- 
gence and after awn shattering, especially if fall rains produce new 
growth (Cook et al. 1954). Consequently, deferment of grazing the 
year after fire is important for squirreltail resurgence. 

In a competitive cheatgrass environment, ability of a perennial 
grass to maintain root growth under cool temperatures has con- 
ferred an advantage for soil water extraction (Harris 1967, Harris 
and Wilson 1970). After 40 days at 5” C, root weight of 2 squir- 
reltail accessions was 36 and 45% of 20” C controls (Hironaka 
and Tisdale 1972). Total biomass of the 2 accessions at 5” C was 
39 and 47% that at 20” C. Squirreltail demonstrated continuous 
root growth throughout the 40-day period. 

Ecotypic Variation and Plant Material 
Distribution of members of the squirreltail complex ranges 

from the Pacific coast east to 90” W and from British Columbia 
and Alberta, Canada south to Baja California and Tamaulipas, 
Mexico (Wilson 1963). Flowering dates of 12 squirreltail acces- 
sions from 7 states varied across 2 months at a common location 
64 km south of Flagstaff, Ariz. (Clary 1975). Phenological devel- 
opment was predicted by a climatic scale calculated from earli- 
ness of the growing season and average annual precipitation, but 
it was not associated with latitude. Accessions from warm and 
dry sites or cool and wet sites matured earlier than sites with 
moderate climates. Dry-matter production was greater for acces- 
sions from cool and wet or moderate sites than those from warm 
and dry sites (Clary 1975), which also exhibited narrower leaves 
(Clary 1979). Only negligible variation was found for water-use 
efficiency (Clary 1975), COT-assimilation rate, stomata1 density, 
thickness of abaxial epidermal cells and their walls plus cuticle, 
and cross-sectional area of the substomatal cavity and bulliform 
cells (Clary 1979). Shoot mitochondrial oxidation rates at 10 and 
20” C increased along a gradient from low to high altitude 
(K&off 1966, Klikoff 1968, Hansen and Klikoff 1973). 

Most squirreltail seed used for rangeland seedings comes from 
wildland harvests. For this reason, its availability is undepend- 
able, cost is high, and seed quality is potentially poor. Sand 
Hollow squirreltail germplasm (Gem County, Ida.) has been 
released for commercial seed production as a Selected Class of 
certified seed (natural track). It is adapted to medium-to-coarse- 
textured soils in southern Idaho and adjacent regions of Nevada, 
Oregon, and Utah (Jones et al. 1997). Although Sand Hollow 
was collected on a loamy coarse sand, it has performed well on 
silt loam and silty clay loam soils in Cache County, Utah. Sand 
Hollow was collected on a 35% west-facing slope at 830-m ele- 
vation with estimated average annual precipitation of 28 cm. 
Federal agencies, in cooperation with state agricultural experi- 
ment stations, may release additional material from Colorado, 
Idaho, Nevada, New Mexico, and Wyoming in the future. 

Future Prospects 
As an early-seral, short-lived perennial grass, squirreltail has 

potential for “assisted succession” in initiating reclamation of 
lands that have succumbed to weedy annual grass invasion and 
unnaturally high fire frequency (Hironaka 1994). Squirreltail 
would be seeded following wildfire or prescribed bums that have 
removed surface litter, reduced the annual seed bank, and 
increased soil nutrient availability. As squirreltail becomes estab- 
lished and weedy annuals decline in dominance, difficult-to- 
establish long-lived native perennials could be reintroduced, most 
likely in subsequent post-bum seedings. 

Squirreltail is well suited for this purpose because its fire toler- 
ance allows it to survive sequential bums and its self-pollinating 
mode of reproduction allows it to produce seed despite sparse ini- 
tial populations. Perennial plant material similar in biology to the 
weedy annuals, i.e., facultative fall germination, high growth rate 
under cool temperatures, root systems effective as foragers for 
soil nitrogen, efficient enzymology for nitrate assimilation, early 
reproductive maturity before moisture depletion, and high seed 
production early in the plant’s life span, would have superior 
potential for competition and persistence. Only as experience is 
gained with newly available plant material can its effectiveness 
be determined. Future work should be directed at identifying 
important characteristics for adaptation, competitive ability, or 
seed production in future releases. 

Seed demand should increase as utility of squirreltail for range 
rehabilitation is demonstrated and seed becomes lower in price 
and more consistently available. Seed price and availability 
should improve by increasing yields of harvestable seed. For 
example, plant material with tall, erect spikes that disarticulate 
intact may improve harvestable seed yield. 

Tremendous genetic variation is present in squirreltail for head- 
ing date, seedling vigor, seed mass, seed production, and seed 
shattering characteristics. Matching plant material with site eleva- 
tion, amount and distribution of precipitation, and soil texture 
will probably prove critical for successful rangeland seedings. 
Characteristics of squirreltail genotypes associated with seral sta- 
tus need to be identified. Then, early-seral material can be distin- 
guished from later-seral material. Each may be used appropriately 
to assist succession to reclaim native ecosystems lost to decades 
of annual weed encroachment. 
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Abstract 

Expert judgment, standardized in a meaningful format, can be 
used to identify research/survey needs and to characterize areas 
of (dis)agreement in species responses, associated traits, and fac- 
tors aifecting responses. Feasible methods are needed to facilitate 
the evaluation of expertise in a complex domain characterized by 
moderate to low learnability. 

Resumen 

Specitic objectives for this study were 1) to evaluate agreement 
among experts on range plant species behavior and 2) to develop 
an agreement-based classification method for plant species 
responses. Declarative information at landscape scale was elicited 
from 7 role-suggested experts on expected responses to cattle 
grazing (none, moderate, or heavy) and fire (absent, applied in 
late summer or fall, or applied in late winter or spring) of 198 
plant species from the Edwards Plateau (Texas). Trends were 
requested to be assessed in a 3-level ordinal scale (decrease, unaf- 
fected, increase). Kappa statistics (pair-wise and multi-rater ver- 
sions) and log-linear models were used to evaluate agreement. A 
procedure based upon cumulative probability distributions of 
possible rating combinations was developed to classify plant 
species while accounting for agreement. A total of 4,584 opinions 
(cattle grazing: 2,959; fup: 1,625) was elicited and analyzed. Low 
to moderate agreement was observed. Average pair-wise kappa 
statistics ranged from 0.07 to 0.39; multiple-rater kappa coeB- 
cients ranged from -0.17 to 0.53. Log-linear analyses were consis- 
tent with those estimations: agreement beyond chance or baseline 
association between ratings (P -Z 0.05) was observed in 62 out of 
114 possible pair-wise cases. Non-homogeneous marginal distrib 
utions of opinion were an important source of disagreement. 
Experts performed beyond chance expectations in all scenarios 
but agreement was better (and pattern of agreement more consis- 
tent) when scenarios were most familiar to the experts (e.g., heavy 
grazing and winter/spring burning). Almost 80% of species was 
chtssiied beyond chance (P < 0.15) in grazing scenarios in con- 
trast to only 40 to 60% in fire scenarios. This resulted from less 
agreement among experts but also from apparent lack of knowl- 
edge. The procedure developed to classify plant species provides 
an objective criterion for evaluating agreement in an ordinal 
scale. Graphical representations facilitate understanding of rela- 
tionships between the number of expert sources and their ability 
to distinguish among classes for a pre-defined confidence level. 

Es posible aplicar conocimiento expert0 normalizado para 
identifcar prioridades en investigacion/relevamientos, caracteri- 
zar (des)acuerdo sobre respuestas de especies individuales, fac- 
tores que las afectan y caracteres asociados. Se requieren meto- 
dos que faciliten la evaluation de conocimiento expert0 en un 
campo complejo caracterizado por una limitada capacidad de 
aprendizaje. 

Objetivos especificos de1 estudio fueron: 1) evaluar acuerdo 
entre expertos sobre el comportamiento de especies vegetales de 
camp0 natural y 2) desarrollar un metodo de clasitlcaci6n basado 
en acuerdo. Para 198 especies vegetales de1 Edwards Plateau 
(Texas) se colecto opinion de expertos (n = 7) emitida a nivel de 
paisaje sobre tendencias esperadas bajo pastoreo con bovinos (no 
pastoreado, pastoreo moderado, pastoreo intenso) y fuego (no 
quemado, quema estivo-otoiial, quema inverno-primaveral) eval- 
uadas en una escala ordinal de 3 niveles (diiminuye, no cambia, 
aumenta). El acuerdo se evaluo utilizando modelos log-lineales y 
coeflcientes kappa (versiones para 2 o varias fuentes). Se describe 
un procedimiento basado en distribuciones de probabilidad acu- 
mulada para clasificar especies individuales en base a acuerdo 
observado. 

Key Words: Distinguishability, kappa statistics, landscape scale, 
log-linear models, vegetation trends. 
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Se colectaron 4,584 opiniones (pastoreo con bovinos: 2,959; 
fuego: 1,625) cuyo analiiis revel6 reducido a moderado acuerdo. 
Los coeiicientes kappa estimados variaron de 0,07 a 0,39 (prome- 
dios para pares de expertos) y de -0,17 a 0,53 (valores individ- 
uales para el conjunto de expertos), resultados consistentes con el 
an&Ii& log-lineal que indico acuerdo no explicado por azar o por 
asociaci6n sistematica de opiniones (P c 0,OS) en 62 de 10s 114 
cases posibles de pares de expertos. Una parte importante del 
desacuerdo provino de heterogeneidad en las distribuciones mar- 
ginales de opinion. Los expertos se desempeiiaron mris alla de 10 
esperado por azar en todas las situaciones estudiadas aunque se 
observe mayor y m&s consistente acuerdo en situaciones famil- 
iares para 10s sujetos (e.g. pastoreo intenso y quema inverno-pri- 
maveral). Casi un 80% de especies fue clasificada en base a 
acuerdo no explicado por azar (P < 0,15) en situaciones de pas- 
toreo pero solo entre 40 y 60% en situaciones que involucraban 
quemas. El10 se debid a menor acuerdo pero tambien a una 
aparente falta de conocimiento. El procedimiento desarrollado 
provee un criteria de clasiicaci6n objetivo para evahmr acuerdo 
en escala ordinal; las representaciones grrificas implementadas 
facilitan el analisis de relaciones entre el numero y la habilidad 
discriminativa de las fuentes de information para niveles de 
probabilidad prefijados. 

Two popular approaches for depicting vegetation change in 
rangelands are the succession-retrogression (Sampson 1917, 
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1919, Clements 1920, Dyksterhuis 1949, 1958) and the state-and- 
transition (Westoby et al. 1989a, 1989b) models. Both approach- 
es can be characterized as equilibrium-oriented, focusing either 
on one (succession-retrogression) or more (state-and-transition) 
stable states for some temporal scale of interest (Rodriguez 
Iglesias and Kothmann 1997). As new theoretical and analytical 
tools become available to support non-balance approaches 
(Wiens 1984, Chesson and Case 1986, DeAngelis and 
Waterhouse 1987), equilibrium-seeking models have been 
increasingly challenged. A shift toward individualistic views on 
species behavior (Gleason 1926, Goodall 1963) is also evident 
(e.g., Johnson and Mayeux 1992, McIntosh 1995) and gaining 
credibility and applicability. 

Individualistic approaches are seriously challenged by the 
amount of information and inherent difficulty associated with 
aggregating individual species behaviors, a required step for veg- 
etation trend prediction. Two possible solutions to this dilemma 
are either limiting modeling to the representation of the most 
important individual plant species, or simplifying the vegetation 
domain by clustering species into response or functional groups 
(Botkin 1974). These alternatives, however, still require informa- 
tion not always available from experimental results or systematic 
field surveys. 

Comparative data on individual species responses to manage- 
ment or environmental challenges, relevant for grouping purpos- 
es, may not be readily available. This type of information is criti- 
cal for producing supervised (e.g., Rodriguez Iglesias 1996, using 
classification trees) rather than unsupervised (e.g., Grime et al. 
1988, using cluster analysis) classifications of plant species. 
Although still an untested hypothesis, prediction-oriented super- 
vised classifications may be expected to outperform clustering 
approaches in anticipating vegetation changes. Constraining the 
characterization of groups of plant species on the basis of their 
expected responses to management or environmental challenges 
would eventually produce disturbance-related ecological profiles 
with better predictive capabilities (Rodriguez Iglesias 1996). 

In contrast to the lack of experimental comparative information 
on plant species responses, knowledge gathered in management 
settings goes currently unused. Most of this “expert information” 
is qualitative rather than quantitative but it might be promptly 
elicited at a relatively low cost and has potential for supporting 
supervised classifications of plant species. Other examples of 
possible straightforward use of expert opinion are the assessment 
of herbivore preferences at landscape scale (Phillips et al. 1996, 
Rodriguez Iglesias and Kothmann 1998) and the parameterization 
of graphical belief models (Rodriguez Iglesias et al. 1998). 
Uncertainty in many management-related issues (e.g., vegetation 
change) could be greatly reduced by incorporating expert opinion 
as prior information that would be eventually updated as the 
knowledge base changes or experimental/ survey data become 
available. This approach roughly corresponds to the well-estab- 
lished Bayesian learning paradigm. 

An important unsolved challenge on the use of expert opinion 
involves the combination or blending of different expert sources. 
A profusion of methods have been proposed (e.g., Genest and 
Zidek 1986, Kadane 1993, Dawid et al. 1995, Wiper and French 
1995) but widely accepted general procedures are still lacking. 
Most of the proposed methods lack generality and focus on spe- 
cific types of variables (e.g., continuous), distribution moments 
(e.g., mean values), or knowledge representation (e.g., through 
linear models). 

In dealing with expert information on plant species responses, 
we confronted the problem of pooling opinions elicited in a 3- 
level ordinal scale and with a high incidence of missing values. A 
probabilistic method for handling such kind of information was 
developed and is described in this paper. The objective for our 
study was to collect and analyze expert opinion on the expected 
responses of a set of plant species from the Edwards Plateau 
(Texas) to different cattle grazing and fire scenarios. The ultimate 
goal of this effort, described in detail elsewhere (Rodriguez 
Iglesias 1996), was to combine expert opinion on plant species 
responses with a database of ecological attributes to produce a 
supervised classification of plant species. 

Agreement among different sources is a key issue affecting the 
perceived reliability of any expert opinion-based procedure. A 
combination of opinions, on the other hand, is required to arrive 
at an expected outcome for individual cases (i.e., plant species). 
Thus, analyzing agreement among expert sources and developing 
a method for classifying plant species according to agreement 
were specific objectives of this work. 

Materials and Methods 

Collection of Expert Opinion 
Nine individuals were selected to produce expert opinion con- 

cerning 2 of the most widely reported factors involved in range 
dynamics: grazing and fire (Rodriguez Iglesias and Kothmann 
1997). It is difficult to determine when an individual qualifies as 
an “expert” in a domain characterized by the uncertain and com- 
plicated behavior of many interacting species populations. The 
informed opinion of the authors was that the 9 individuals select- 
ed would be considered experts by any qualified audience on the 
basis of their roles and previous experience on managing vegeta- 
tion. These experts were 3 university professors, 2 researchers, 
and 2 extension specialists from the Texas A&M University 
System, 1 range specialist from the USDA Natural Resources 
Conservation Service, and 1 biologist from the Texas Parks and 
Wildlife Department. One university professor and 1 extension 
specialist did not answer by due time so all results reported in the 
paper are based on the information provided by the remaining 7 
individuals. 

A list of 198 plant species from the Edwards Plateau (Texas) 
was sent to each expert accompanied by a short explanation of 
the type of information solicited. Opinion was requested on the 
expected trends in abundance caused by cattle grazing or fire and 
rated as decrease (D), unaffected (U), or increase (I). The effect 
of cattle grazing was to be evaluated at 3 levels of intensity: none, 
moderate, and heavy. The effect of fire was to be considered in 3 
different scenarios: absent, applied in late summer or fall, or 
applied in late winter or spring. Experts worked independently. 
No attempts were made to standardize the process of classifying 
species or to constrain the distribution of species to classes. 
Explanatory information was provided only to clarify the kind of 
data requested. 

We requested that the experts evaluate the effects of both dis- 
turbance factors at the landscape level, as opposed to the individ- 
ual plant species level; e.g., in the case of fire, plant species 
rarely exposed to fires because they grow in areas not commonly 
affected by prescribed burning or wildfires (e.g., riparian areas, 
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steep slopes with scarce fine fuel) should be considered U species 
even though they could be negatively affected if exposed to fire. 

Evaluation of Agreement Between Raters 
The problem of evaluating agreement can be described as one 

in which N cases (plant species in our case) are allocated to 1 of 
m classes by each of n raters with the possibility that n may differ 
for different cases. For n 2 2, the analysis may focus on pair- 
wise agreement, g-wise agreement (where 2 < g < n), or multi- 
way agreement in which all judgments produced by the raters are 
considered simultaneously; see Conger (1980) and Agresti (1992) 
for comprehensive reviews. Two complementary approaches for 
evaluating agreement are the calculation of summary measures of 
agreement (e.g., correlation-like statistics) and a diverse array of 
modeling tools that include log-linear, Rasch, and latent class 
models (e.g., Agresti and Lang 1993, Uebersax and Grove 1993). 

The kappa coefficient (K, Cohen 1960) is a popular correlation- 
like statistic and was used to assess pair-wise agreement among 
raters for every grazing or fire scenario considered. Estimates of 
K were obtained as: 

g= PO-PC (1) 
l-P, 

where p. is the proportion of cases in which the raters agree 
and pc is the proportion of cases for which agreement is expected 
only by chance on the assumption that the marginal distributions 
of ratings (see below) are independent. If N cases (in our case, 
plant species) are distributed to the mz cells of a cross-tabulation 
of the opinions of 2 raters by assigning every case to 1 of m 
classes, then from the cell counts (aij ): 

where i and j are indices corresponding to the m classes for each 
of the 2 raters (i.e., al2 indicates cases classified in class 1 by one 
of the raters and in class 2 by the other while a21 indicates the 
reverse situation) and the dots indicate summation over the omit- 
ted subscript. Thus, K is intended to assess how much agreement 
is observed beyond that expected just by chance. A kappa esti- 
mate of zero indicates no agreement beyond what would be 
expected by chance. Better than chance agreement produces posi- 
tive values with an upper limit of 1. The lower limit of the coeffi- 

cient is more complicated as it depends on the marginal distribu- 
tions (see Cohen 1960). Arguably, however, since K is used to 
evaluate agreement, a fixed upper limit is what really matters 
(Cohen 1960). Table 1 shows sample calculations performed on 
one of the data sets included in the analyses. Frequency data are 
accumulated across columns and rows to obtain marginal distrib- 
utions for each of the raters. Agreement expected by chance 
given the observed marginal distributions (i.e., pc) is then calcu- 
lated from marginal proportions. The term p. is simply the sum- 
mation of cases (expressed as proportions) that received identical 
classification by both raters. 

Standard errors and confidence intervals for the hypothesis of 
no agreement between raters were derived according to large- 
sample variance formulas proposed by Fleiss et al. (1969). 
Confidence intervals calculated according to large sample theory 
do not behave very well when kappa is far from 0 and/or when 
sample sizes are small. In our case, K values were expected to be 
low to moderate and sample size was moderately high so gross 
departures from true values are unlikely. On the other hand, bet- 
ter procedures for confidence interval estimation are only avail- 
able for binary outcomes (Lee and Tu 1994, J.J. Lee, personal 
communication). Individual contributions of the m classes (i.e., 
D, U, I) to overall agreement (Ki) were estimated as: 

g= Pij - (Pi. P.i) 

PO-PC 
(3) 

The estimated value of K depends on the marginal distributions 
of the m classes which are determined by the judgments of indi- 
vidual raters. Thus, degree of agreement is limited by similarity 
of the marginal distributions. An estimate of pair-wise marginal 
disagreement was obtained as: 

a = 1 -Efin(Pi.,Pj)l- PC (4) 

1 -Pc 
where min(pi., p-j) indicates selecting the smaller of the 2 indicat- 
ed proportions. 

Pair-wise agreement was also evaluated using a log-linear 
approach (Goodman 1979, Tanner and Young 1985, Agresti 
1988). A generalized linear model (McCullagh and Nelder 1989) 
with Poisson error distribution and logarithmic link function can 
be used to partition overall agreement into 3 components: chance 

Table 1. Sample Calculations of the coeffkient of agreement (K) and associated statistics for a representative set of frequencies distributed among 2 
rates. 

Frequencis (aii) proportions (pii = aii/N) 

Rater A Rater A 

Class index j=l j=2 j=3 ai. Class index j = 1 j=2 j=3 
i=l 7 13 7 27 i=l 0.037 0.07 0.037 EM 

Rater i=2 2 9 4 15 Rater i=2 0.011 0.048 0.021 0.080 
B i=3 31 36 78 145 B i=3 0.166 0.193 0.417 0.775 

a: 40 58 89 a. = 187 P.j 0.214 0.310 0.476 p.. = 1.0 

p. = 2 p- - - 0.037 9 + 0.048 + 0.417 = 0.502 ~=~ C pi. P,j = (0.144 X 0.214) + (0.080 X 0.310) + l=i (0.775 X 0.476) = 0.425 

i- PC- PC = 0.502 - 0.425 = o.135 

1-P 1 - 0.425 

Similarly, kz= 0.299 and 123 = 0.617 

ill- (Pl. P.1) - i= = 0.037 (0.144 x 0.214) = 
0.084 

PO-PC 0.502 - 0.425 

[& ~min(Pi,vPj)l -PC 
d^=l ‘=J = 1 _ (0.144+0.08 +0.476)-0.425 =o.521 

‘-PC 1 - 0.425 
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agreement, agreement due to baseline association between the 
ratings, and extra agreement in excess of chance or baseline asso- 
ciation. Null hypotheses concerning the third one of these compo- 
nents in the so-called “model of agreement plus linear-by-linear 
interaction” (Agresti 1988) were tested using likelihood ratio sta- 
tistics. Functions for generalized linear model fitting in S-Plus 
version 3.2 (Statistical Sciences Inc. 1993) were used for calcuia- 
tions.” A multiple-rater version of the K coefficient (Fleiss 1971) 
was used to evaluate overall agreement among raters. Ratings on 
individual species were classified according to the number of 
opinions received (0 to 7) and coefficients of multiple agreement 
(Km) were calculated for groups of species receiving at least 2 
and up to 7 ratings according to: 

Table 2. Sample calculations of the coeRicient of multiple agreement 
@Cm) and associated statistics for a representative set of observed fre- 
quencies (Summer/fall fye, 6 raters). 

ClaSS 
case (k) i=l i=2 i=3 9 

1 3 
2 4 
0 0 
0 2 
0 1 
0 0 
0 0 
1 1 

2 1 

0.267 
0.467 

1 
0.467 
0.667 

1 
1 

0.400 
0.267 

km= Pm-Pe 

l-P, 

6 12 36 a.=54 ai. 
(3 Pi 0.111 0.222 0.667 p.= 1 

(6) 

where i indicates classes as before, k is the index for cases and, 
therefore, aik stands for the number of raters who assigned the k* 
case to the i” class. Sample calculations for plant species that 
received exactly 6 ratings for the Summer/ fall fire scenario are 
shown in Table 2. The term Pk evaluates, for each case, the pro- 
portion of agreeing pairs of ratings in relation to the total number 
of possible pairs that can be formed with n raters (i.e., n(n - 1)). 
The term pm, in turn, is the average of those proportions, calcu- 
lated over the entire set of cases. Agreement by chance (p,) is 
calculated from marginal proportions, as for the pair-wise case 
(see above). 

For hypotheses concerning multiple agreement, variances were 
estimated according to the approximation developed by Fleiss 
(1971). Such an approximation assumes that N is large and there- 
fore the proportions pi can be considered constant. Agreement on 
assignments to individual classes (K,.,.J was estimated as: 

1 -Pi 
where 

Pmi= Ca $- Nnq @) 
Nn(n-1)pi 

and pi is defined above. Estimated variances required for hypoth- 
esis testing were computed as described by Fleiss (197 1). 

Assignment of Species to Classes 
Calculation of K coefficients and ancillary log-linear analyses 

allowed a straightforward evaluation of agreement. However, a 
different approach was required for defining a useful criterion for 
distinguishing plant species classified in a similar way from those 
for which there was less or no agreement among raters. As indi- 
cated in the Introduction section, rating plant species according to 
agreement on expected responses would eventually allow the use 
of supervised classification methods. Any approach for evaluat- 
ing agreement on a plant species basis should allow for different 
numbers of opinions received per species, which in our case var- 
ied from 0 to 7. The following procedure was developed for that 
purpose. 

p,=kpz -01 * - . 112+...+0.6672=o.506 
i=l 

*1 (ail - 1) 
p,=l=l = - +.. - 

(2 u=O.267 
n&l) W4) 

P Am, 
Pl=N=l = 0.267;...+0.267 = 0.615 

pm - pe 
IL - 

0.615-0.506 

1 -pe = l-O.506 
= 0.220 

N 
I .  

&& =Nnpl 
k=l 

Pm1 = 
= (12+...+22~9x6x0.111)=0~133 

Nnb-Up1 9x6x5x0.1 1 I 

I&= 
0.133-0.111 
-= 0.025 

l-0.111 
Similarly: & = 0.143 and &,3 = 0.367 

The probability of observing any combination of ratings was 
calculated as if originated from a trinomial distribution. This was 
done for cases involving at least 2 and up to 7 raters. If D, U, and 
I are the 3 possible classes, then: 

3 xi 
p(D=xl, U=x2,I=x$=r! n _Pi 

i=l Xi! 

where p(=) indicates probability, pi is the probability of observing 
the corresponding i class (pi values add up to 1, as usual), the xi’s 
are non-negative integers representing the distribution of ratings 
(e.g., XI = 5, x2 = 1, and x3 = 0 for a species receiving 6 ratings, 5 
as D and 1 as U), r (varying from 2 to 7) is the sum of the Xi (i.e., 
the number of raters involved in a particular judgment), r! stands 
for the factorial of r, and the symbol n: indicates the operation of 
multiplying together the indicated terms. The number of possible 
outcomes (i.e., combinations of ratings) for a given number of 
raters can be calculated as (r + l)(r + 2)/2 (e.g., 15 possible out- 
comes when 4 raters produce opinion). The total number of possi- 
ble outcomes, considering that 2 and up to n raters may be 
involved in one particular judgment, can be obtained from: 
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Table 3. Possible outcomes (indicated as Decrease-Unaffected-Increase), probability of observing a given outcome by chance (p), probability of observ- 
ing such an outcome or one more shied toward D @D) or toward U @U) by chance, and corresponding classification. 

D-U-l P PD ’ PU Class D-U-l P PD PU Class 

7-o-o 
6-O-O 
6-l-O 
5-O-O 
6-O-l 
5-1-o 
4-o-o 
5-2-O 
5-0-l 
4-1-o 
4-2-O 
4-3-O 
5-l-l 
3-O-o 
4-o- 1 
5-O-2 
3-l-O 
3-3-o 
3-2-O 
3-4-o 
4-l-l 
4-2-l 
3-0-l 
2-o-o 
4-o-2 
2-4-o 
2-3-O 
2-5-O 
2-2-o 
2-1-o 
3-l-l 
4-l-2 
3-3-l 
3-2-l 
1-4-o 
O-4-1 
l-4-2 
2-O-3 
o-3-1 
2-l-3 
l-3-2 
2-2-3 
l-2-2 
l-0-2 
o-2-1 
O-5-2 
l-l-2 

2-o-4 
O-4-2 
2-l-4 
l-3-3 
O-3-2 
l-2-3 
l-0-3 
l-l-3 
2-O-5 
O-2-2 
o-1-1 

0.0505 0.0005 0.9995 D 
0.0014 0.0014 0.9986 D 
0.0032 0.0037 0.9383 D 
0.0041 0.0041 0.9959 D 
0.0032 0.0069 0.9959 D 
0.0082 0.0096 0.9040 D 
0.0123 0.0123 0.9877 D 
0.0096 0.0133 0.7270 D 
0.0082 0.0178 0.9890 D 
0.0206 0.0247 0.8477 D 
0.0206 0.0302 0.6283 D 
0.0160 0.0325 0.4134 D 
0.0192 0.0357 0.9159 D 
0.0370 0.0370 0.9630 D 
0.0206 0.0453 0.9712 D 
0.0096 0.0613 0.9831 D 
0.0494 0.0617 0.753 1 D 
0.0274 0.0658 0.2922 D 
0.0412 0.0658 0.4979 D 
0.0160 0.0677 0.1537 D 
0.0412 0.0796 0.8546 D 
0.0480 0.0997 0.6694 D 
0.0494 0.1111 0.9259 D 
0.1111 0.1111 0.8889 D 
0.0206 0.1276 0.9602 D 
0.0206 0.1276 0.0796 U 
0.0412 0.1276 0.1687 D 
0.0096 0.1349 0.0357 U 
0.0741 0.1358 0.3333 D 
0.1111 0.1481 0.5926 D 
0.0823 0.1687 0.7499 D 
0.0480 0.1733 0.8487 D 
0.0640 0.1893 0.3333 D 
0.0823 0.1893 0.5254 D 
0.0206 0.2305 0.0247 U 
0.0206 0.6255 0.0247 U 
0.0480 0.6379 0.0933 U 
0.0412 0.6461 0.9095 I 
0.0494 0.6667 0.0617 U 
0.0823 0.6790 0.7311 I 
0.0823 0.6790 0.1824 U 
0.0960 0.6859 0.5254 I 
0.1235 0.7284 0.3333 NA 
0.1111 0.7407 0.8148 I 
0.1111 0.7407 0.1481 U 
0.0096 0.7627 0.0357 U 
0.1481 0.7654 0.5556 I 
0.0206 0.7901 0.9602 I 
0.0206 0.7901 0.0796 U 
0.0480 0.8011 0.8487 I 
0.0640 0.8171 0.3333 I 
0.0412 0.8313 0.1687 I 
0.0823 0.8519 0.5254 I 
0.0494 0.8642 0.9259 I 
0.0823 0.8724 0.7499 I 
0.0096 0.8843 0.9831 I 
0.0741 0.8889 0.3333 I 
0.2222 0.8889 0.3333 NA 

1-3-o 0.0494 
1-5-o 
1-6-O 
3-O-2 
2-O-l 
1-2-o 
4-O-3 
241 
3-l-2 
2-3-l 
2-2-l 
2-l-l 
1-1-o 
3-2-2 
040 
O-5-0 
0-6-O 
0-3-o 
O-7-0 
1-5-1 
3-o-3 
1-4-l 
O-2-0 
2-o-2 
3-l-3 
1-3-1 
2-3-2 
2-l-2 
2-2-2 
1-2-1 
l-0-1 
l-l-l 
O-6-1 
O-5-1 
3-o-4 
o-4-3 
o-3-3 
l-2-4 
l-l-4 
l-0-4 
0.2-3 
o-1-2 
o-3-4 
l-l-5 
l-0-5 
o-2-4 
l-O-6 
o-1-3 
O-2-5 
o-1-4 
o-1-5 
O-l-6 
o-o-7 
O-O-6 
o-o-5 
o-o-4 
o-o-3 
o-o-2 

0.0082 
0.0032 
0.0412 
0.1111 
0.1111 
0.0160 
0.0480 
0.0823 
0.0823 
0.1235 
0.1481 
0.2222 
0.0960 
0.0123 
0.0041 
0.0014 
0.0370 
0.0005 
0.0192 
0.0274 
0.0412 
0.1111 
0.0741 
0.0640 
0.0823 
0.0960 
0.1235 
0.1235 
0.1481 
0.2222 
0.2222 

0.0082 
0.0160 
0.0160 
0.0274 
0.0480 
0.0412 
0.0206 
0.0412 
0.1111 
0.0160 
0.0192 
0.0082 
0.0206 
0.0032 
0.0494 
0.0096 

0.0082 
0.0032 
0.0005 
0.0014 
0.0041 
0.0123 
0.0370 
0.1111 

0.2346 
0.2387 
0.2501 
0.2510 
0.2593 
0.2593 
0.2629 
0.2949 
0.3128 
0.3128 
0.3333 
0.3333 
0.3333 
0.3429 
0.395 1 
0.3992 
0.4047 
0.4074 
0.4106 
0.4294 
0.4307 
0.4444 
0.4444 
0.4568 
0.4742 
0.4774 
0.5062 
0.5185 
0.5267 
0.539 
0.5556 
0.5926 
0.5930 
0.6049 
0.6059 
0.8907 
0.9204 

0.9342 
0.9342 
0.9547 
0.9630 
0.9643 
0.9675 
0.9698 
0.9822 
0.9867 
0.9877 
0.9931 
0.9959 
0.9986 
0.9995 
1.0000 
l.oooo 
1.0000 
1.0000 
1.0000 
1.0000 

0.0617 U 
0.0096 U 
0.0037 U 
0.9095 D 
0.8148 D 
0.1481 U 
0.9575 D 
0.0933 U 
0.7311 D 
0.1824 U 
0.3333 NA2 
0.5556 D 
0.3333 NA 
0.5254 D 
0.0123 U 
0.0041 U 
0.0014 U 
0.0370 U 
0.0005 U 
0.0261 U 
0.9396 NA 
0.0590 U 
0.111 U 
0.8765 NA 
0.8006 NA 
0.1276 U 
0.2693 U 
0.6626 NA 
0.4431 U 
0.2593 U 
0.7778 NA 
0.4815 U 
0.0037 U 
0.0096 U 
0.9575 I 
0.1573 I 
0.2922 I 
0.6694 I 
0.8546 I 
0.9712 I 
0.4979 I 
0.5926 I 
0.4134 I 
0.9159 I 
0.9890 I 
0.6283 I 
0.9959 I 
0.7531 I 
0.7270 I 
0.8477 I 
0.9040 I 
0.9383 I 
0.9995 I 
0.9986 I 
0.9959 I 
0.9877 I 
0.9630 I 
0.889 I 

‘Corresponding pI values can be read from pD columns by inverting the ordering of ratings (i.e., turning 4-l-O into O-14). 
%A, classification is ambiguous. i.e., same minimum cumulative probability for more than 1 class. 

5 (r+ l)(r+2) 
calculated using equation [l] and they are shown in the second 

r=2 2 
(10) and seventh columns of Table 3. Thus, observing 7 raters agree- 

and it equals 116 for n = 7 (see first and sixth columns in Table 3).. 
ing on the same rating (e.g., 7-O-O) is a rather improbable event (p 
= 0.0005; Table 3) but so is observing 5 raters agreeing on the D 

Each one of those 116 possible outcomes has an associated class and 2 other raters agreeing on the I class (i.e., a 5-O-2 out- 
probability of occurring by chance. Those probabilities can be come with associated probability p = 0.0096; see Table 3). In 
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fact, like in any lottery, the occurrence of any single outcome is However, many more terms will have to be summed in this latter 
rather improbable. Distinguishing agreement requires considera- case because there are many combinations of ratings more shifted 
tion of the probability of observing a distribution of ratings shift- towards the U alternative (e.g., 5-2-0, 4-3-0, 3-4-O) between 6-1- 
ed toward any of the classes (e.g., 5-Z-O) plus the probability of 0 and the extreme 0-7-O combination which defines complete 
observing even more extreme outcomes (e.g., 6-l-O and 7-O-O). agreement on the U class. 

For each possible outcome when 2 and up to 7 raters were 
involved, the probability of observing such an outcome or one 
more extreme was calculated by addition. These cumulative prob- 
ability distributions were then merged across number of ratings 
received (i.e., 2 to 7) to produce common cumulative probability 
distributions which included the 116 possible rating combina- 
tions. The assessment of what constitutes a “more extreme” com- 
bination of ratings in an ordinal setting depends upon the kind of 
weighting applied to the classes for evaluating “extremeness”. If 
classes are linearly weighted (e.g., 1x1 + 2x2 + 3x3), a species 
receiving 5, 1, and 1 opinions favoring D, U, and I, respectively, 
will be more extreme (i.e., more shifted towards the D class) than 
a species receiving 3, 4, and 0 opinions for the same class order- 
ing. However, if a non-linear weighting is used (e.g., cubic 
weighting: 13xI + 23x2 + 33x& the ordering of these 2 combina- 
tions may be reversed because a larger weight is then attached to 
the single opinion in the I class (i.e., x3) in the 5-l-l combina- 
tion. Results reported in this paper are based on a linear weight- 
ing of opinions because there was no reason to do otherwise. 
However, various weightings were tested and weightings as 
extreme as cubic or cubic root did not affect the graphical pat- 
terns of discrimination described in the Results section. 

Since our objective was to discriminate between 3 classes, one 
of them (U) intermediate between the others, 3 different cumula- 
tive probability distributions were required, one for each class. 
Table 3 reproduces the cumulative probability distributions for D 
and U classes when pi = p] = l/3 for every i and j (see 3ti and 4& , 
and 8”’ and 9” columns m Table 3). Assuming that pi = p’ for 
every i and j implies that no previous knowledge is availab e on r’ 
the distribution of plant species to classes for the set of plant 
species considered. When all pi are the same (i.e., l/3), cumula- 
tive probability values for I can be obtained from the cumulative 
probability distribution for class D by simply inverting the order- 
ing of ratings (i.e., 4-l-O favoring D turns into O-l-4 in the I 
cumulative probability distribution). For some possible outcomes 
involving lack of agreement (e.g., 2-2- 1, 1 -l-O, 3-O-3) cumulative 
probabilities are the same for more than 1 class and therefore dis- 
crimination among alternative classes is not possible (see “NA” 
values in Table 3). 

A sample of the calculations performed to produce the third 
entry in Table 3 will illustrate the procedure. If we assume that pi 
= pj = l/3 for every i and j, then according to [ 1] above: 

The 5” and 10” columns in Table 3 show the classification that 
any rating combination should receive according to the calculated 
cumulative probability distributions. Thus, a species receiving a 
3-2-l rating should be classified as D because pD = 0.1893 while 
pU = 0.5254 and p1 = 0.8519 (i.e., pD for a l-2-3 rating equals 
0.8519). The uncertainty of this classification, however, mainly 
depends on the smaller of those p values. When a species with a 
3-2-l rating is classified as D we are accepting that such an out- 
come may occur by chance in about 19% of the cases. 
Controlling the uncertainty of the classification requires the 
selection of a probability threshold. This threshold represents the 
probability of accepting the classification as emerging from 
agreement among the raters when, in reality, it simply happened 
by chance. Of course, we would like to chose a probability 
threshold as low as possible but still compatible with producing 
some discrimination among plant species. If the cumulative prob- 
ability for a given outcome is below the threshold in one of the 
cumulative probability distributions (e.g., D) but above it in the 
other 2 (i.e., U and I), the species in question will be unambigu- 
ously classified (i.e., in that case, as a decreaser) at the selected 
probability level. This is the best-case scenario but 2 other alter- 
natives are possible. First, the cumulative probability for a given 
combination of ratings may be below the threshold level in more 
than one of the distributions. In this case, membership in one 
class (i.e., the 1 above the threshold) would be ruled out, but 
membership in any of the other 2 classes would still be deemed 
possible at the probability level set for the threshold. Second, the 
corresponding cumulative probability for a certain outcome may 
be above the threshold level in all 3 distributions. This means 
that, for some threshold probability levels, the class to which the 
species in question most probably belongs could not be deter- 
mined. Thus, the total number of plant species that could be 
unambiguously assigned to classes will depend on the probability 
threshold chosen. 

Plotting the proportion of plant species discriminated as D, U, 
or I at different probability levels offers a visual appraisal of the 
consequences of the observed pattern of agreement and allows for 
the selection of a probability threshold. Patterns of expected dis- 
crimination and expected discrimination under perfect agreement 
can also be graphically represented for comparative purposes. 
Expected patterns can be calculated by weighting the probability 
of observing any of the possible outcomes (Table 3) according to 
the observed pi’s and to the observed distribution of species 
across number of ratings. Estimates of the probabilities of occur- 
rence of D, U, and I classes (i.e., pi’s) were calculated from totals 
across species recorded for each of the 6 scenarios (see Table 4). 
Thus, p(D) for the No grazing scenario, for example, was estimat- 
ed as 0.21 (i.e., 212/989 from Table 4). The distribution of 
species across number of ratings is also shown in Table 4. 
Patterns of expected discrimination under perfect agreement can 
be obtained in a similar way; only rating combinations that would 
show complete agreement (e.g., O-7-0, 3-O-O) are considered in 
this case. These latter patterns represent the expected situation 
under perfect agreement which may or may not be the situation 
that would allow maximum discrimination among cases for a 
given probability threshold. 

p(D = 6, U = 1, I = 0) = 7! [(1/3)?6!] [(1/3)‘/1!] 
[(l/3)o/O!] = 0.00320 (11) 

which is the p value for a 6-1-O outcome as shown in Table 3. To 
obtain pD(b-1-o) (i.e., the probability of observing such an out- 
come or one more shifted towards the D class) it is necessary to 
add up the probability of observing even more extreme combina- 
tions of ratings. In this case, the only more extreme alternative is 
7-O-O which has a probability of occurring by chance (calculated 
using (9) as shown above) equal to 0.00046. Thus:-pD 6-1-u) = 
0.00320 + 0.00046 = 0.0037-as indicated in Table 3. A e same 
procedure would have to be applied to obtain pU(6-l-6). 
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Table 4. Distribution of ratings across classes (D: decrease, U: unaffected, I; increase) and distribution of plant species across number of ratings per 
species for 6 management scenarios in the Edwards Plateau (Texas). 

Scenario D 
ClaSS 

U I Total 
ratings 

7 6 
Ratin&pecies 

5 4 3 2 Total 
species 

No grazing 
Moderate 

grazing 
Heavy grazing 
No fire 
Winter/spring 

fue 
Summer/fall 

fire 

212 398 379 989 41 47 44 29 15 17 193 
162 592 233 987 40 49 42 30 13 20 194 

456 191 336 983 39 47 44 31 14 19 194 
34 254 226 514 15 17 29 36 41 138 

205 212 271 688 is 17 27 33 38 38 168 

208 158 57 423 - 9 13 20 32 40 114 

Results 

The 7 raters consulted produced a total of 4,584 opinions on 
198 plant species concerning response to cattle grazing (2,959), 
and response to fire (1,625). One rater did not produce judgment 
on either the No fire nor the Summer/fall fire scenarios. The mean 
number of ratings per species calculated across raters varied wide- 
ly with grazing scenarios almost doubling the number of ratings 
received by fire scenarios. This trend was consistent across raters. 
The distribution of species across number of ratings received was 
skewed toward opposite extremes in grazing vs. fire scenarios 
(Table 4). i.e., most plant species received comparatively higher 
numbers of ratings in grazing rather than in fire scenarios. 

The number of species involved in pair-wise comparisons was 
fairly variable, around 100 for grazing scenarios and half that 
number for fire scenarios (Table 5). Estimated pair-wise coeffi- 
cients of agreement were moderate for 2 scenarios (Heavy graz- 
ing and Winter/spring fire) and low for the rest (Table 5). The 
number of pair-wise K coefficients greater (P < 0.05) than 0 (out 
of 21 possible) was 14, 10, 18, and 21 for No grazing, Moderate 
grazing, Heavy grazing, and Winter/ spring fire, respectively, and 
4 out of 15 possible for both No fne and Summer/fall fire. None 
of the negative K coefficients estimated (4 in No grazing, 3 in 
Moderate grazing, 1 in No fire, and 4 in Summer/fall fire) was 
found to be different (P c 0.05) from 0. Fourteen out of 21 K 
coefficients not significantly different from 0 and 6 out of 7 nega- 
tive estimates in the grazing scenarios involved one particular 
rater. Within the grazing and fire scenarios, marginal disagree- 
ment (i.e., d) was negatively associated with K (Table 5). 

The hypothesis of no extra agreement in excess of that due to 
chance or baseline association between ratings (tested using like- 
lihood ratio statistics in the log-linear models) was rejected (P < 
0.05) in 16, 9, 14, and 19 pair-wise cases out of 21 for No graz- 
ing, Moderate grazing, Heavy grazing, and Winter/spring fire, 
respectively. That hypothesis was only rejected (P < 0.05) in 2 
out of 15 possible cases in both the No fire and the Summer/fall 
fire scenarios. 

For grazing scenarios, most of the agreement between raters 
(mean contributions rt S.D.) was due to agreement in D (0.28 f 
0.23 to 0.50 + 0.08) and I (0.41 + 0.07 to 0.47 f 0.09) classes 
with a lower contribution from agreement in unaffected species 
(0.09 * 0.12 to 0.28 + 0.20). Similar results were observed for 
Winter/spring fire, but for No fire and for Summer/fall fire there 
were significant contributions from the U class (0.34 f 0.09 and 
0.37 of: 0.17, respectively) and low contributions from D (No fire: 
0.12 + 0.14) and I (Summer/ fall fire: 0.14 f 0.17) classes. 

The proportion (* S.D.) of species classified as D by one rater 
and as I by another, in relation to the total number of species 
included in each pair-wise assessment, averaged 0.08 (+ 0.08) 
across scenarios and was generally low for each of the 6 scenar- 
ios. In contrast, 81% of the disagreement originated in compar- 
isons including the intermediate U class. The mean proportion of 
species classified in exactly the same class in pair-wise compar- 
isons ranged from 0.43 for No fire to 0.63 for Winter/spring fire. 

Results from the multiple-rater approach are shown in Table 6. 
Estimated coefficients were in general moderate to low with 
some examples of lack of agreement (negative point estimates 
that were not different from 0; P > 0.05). Agreement on assign- 

Table 5. Pair-wise analysis of agreement. Number of species invohwi in pairs (N), kappa coeficient of agreement (K), and marginal disagreement (d). 
Results are for 6 management scenarios in the Rdwards Plateau (Texas). 

Scenario 
No grazing Moderate Heavy grazing No fue Winter/spring Summer/fall fire 

n’ 21 21 21 1P 21 15* 

N Mean 112.0 106.4 105.3 47.9 56.6 34.7 
Rwse SO- 187 49-187 49-187 18-95 19-78 15-69 

K Mean 0.20 0.11 0.38 0.07 0.39 0.15 
Range -0.07-0.58 -0.09-0.28 0.084&l -0.01X1.29 0.2CM.67 -0.18-0.54 
S.D. 0.185 0.107 0.171 0.094 0.131 0.197 

d Mean 0.40 0.45 0.24 0.87 0.21 0.39 
Range 0.12-0.72 0.18-0.84 0.12-0.43 0.46-l .OO 0.00-0.52 0.00-0.74 
S.D. 0.160 0.197 0.091 0.167 0.152 0.237 

‘Number of values (is., N,K,d) included in the calculations of mean, range. and 
‘One of the experts did not produce opinion on No fm. nor Summer/fall tire. 

S.D. 
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Table 6. Kappa coefticients of multiple agreement (Km) calculated across number of ratings received per plant species (N). Results are for 6 manage- 
ment scenarios in the Edwards Plateau (Texas). 

No grazing 

N n’ K,*S.E. 

I 41 .22*.031** 

6 47 .19*.030* 
5 44 .23d41* 
4 29 .21d62* 
3 15 .20+.117 
2 17 .46*.174* 
:Number of plant species. 

Moderate 

n K,+S.E. 

40 06zt.035 

49 11*.047* 
42 llk.078 
30 08i.090 
13 -.14+.261 
20 -.13*.229 

Scenario 
Heavy grazing No tire Winter/spring Summer/fall fire 

n K,*S.E. n K,&E. n K,*S.E. n K,*S.E. 

39 .40+.044* -3 1.5 .53*.058* -3 

47 .4tkO32* 15 -.02i.O87 17 .39+.088* 9 .22+.143 
44 .33*.039* 17 -. lOi. 27 .31*.045* 13 -.04*.063 
31 .17+.054* 29 .03*.073 33 .24*.053* 20 1 Olt.084 
14 .16i.139 36 .03i.O97 38 .17*.070* 32 .19*.100 
19 .06*.065 41 -.17*.144 38 -.09zt. 132 40 .14*.134 

;Km greater(p < O:OS, than 0. 
One of the experts did not produce opinion on no fire or summer/fall tin. 

ments to individual classes showed similar trends to those 
observed in the analysis of contribution of different classes to 
pair-wise agreement. Among cases exhibiting significant agree- 
ment (Table 6), agreement on the D class varied from 0.21 
(Moderate grazing, 6 ratings) to 0.61 (Winter/spring fire, 7 rat- 
ings) with a mean value (+ SD.) of 0.39 (+ 0.127). For the I 
class, agreement varied from 0.12 (Moderate grazing, 6 ratings) 
to 0.71 (Winter/spring fire, 7 ratings) with a mean value of 0.33 
(k 0.156). Agreement on the U class ranged from -0.06 
(Winter/spring fire, 3 ratings) to 0.63 (No grazing, 2 ratings) with 
a mean value of 0.12 (+ 0.166). For Heavy grazing and 
Winter/spring fire, multiple agreement increased with the number 
of ratings received per species (Table 6). 

Expected and observed patterns of discrimination among class- 
es, according to the probability threshold selected, and expected 
patterns of discrimination under perfect agreement (i.e., when only 
combinations that show complete agreement are considered, e.g., 
O-7-0, 3-O-O) are shown in Figure 1. Observed patterns of discrim- 
ination for different scenarios can be compared with the corre- 
sponding expected patterns under chance agreement among raters. 
In all scenarios, the performance of the raters, in terms of propor- 
tion of species discriminated into classes, was above chance 
expectations for probability levels below 0.2 to 0.4 (Fig. 1). Only 
for the Heavy grazing scenario was discrimination consistently 
above chance expectations over the entire probability range. The 2 
scenarios with a maximum of only 6 ratings per species (No fre 
and Summer/fall fire) showed discrimination patterns close to 
(Summer/fall fire) or below (No fre) chance expectations at prob- 
ability levels above 0.3. A similar pattern was observed in the 
Moderate grazing scenario. For p < 0.2 the observed pattern of 
discrimination was about mid-way between chance expectation 
and expected discrimination under perfect agreement for all sce- 
narios, except for No fire and Summer/fall fire. 

Table 7 shows, for each scenario, numbers of species assigned 
to classes on the basis of setting the threshold probability value at 
0.15. Table 8 contains some classification examples. About 80 % 
of the species was classified in grazing scenarios in contrast to 
only 40 to 60 % in fire scenarios (fible 7). Species classification 
and associated probabilities should be interpreted in the context 
of expert opinion elicitation. An I classification with associated 
probability of 0.032 for whitebrush in the Moderate grazing sce- 
nario (first entry in Table 8), for example, means that the proba- 
bility of observing a group of experts agreeing by chance when 
classifying the species as an increaser under moderate grazing is 
about 3 in a hundred. Probability values in Table 8 also show that 
agreement was notably higher for grazing than for fire scenarios 
and fairly variable across species. 
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Discussion 

The kind of factual knowledge elicited and analyzed in this 
work is declarative (e.g., species A will decrease under heavy 
cattle grazing) as opposed to procedural (e.g., if there is heavy 
cattle grazing, then highly palatable caespitous tall grass species 
will tend to decrease; given that A is a highly palatable tall grass, 
it will decrease). The usual approach to expert knowledge utiliza- 
tion normally focuses on mimicking expert reasoning by develop- 
ing rules based on previously elicited procedural knowledge. An 
alternative approach for vegetation change prediction (Rodriguez 
Iglesias 1996) involves gathering declarative expert knowledge 
conditional on some situation of interest (e.g., different grazing 
scenarios) and deriving the “procedural rules” from ecological 
attributes of the plant species involved, conditional on the 
responses predicted by the raters (a constraint imposed by the use 
of classification trees). Thus, rules emerge from agreement on 
plant species responses and classification of plant species into 
ecologically meaningful response groups. Rules can then be 
checked against the raters’ procedural knowledge and available 
experimental results, and refined or updated as deemed necessary 
(Rodriguez Iglesias 1996). 

The nature of the expertise implicated in this kind of knowl- 
edge use requires close examination. For the purpose of this 
work, expertise was role-suggested and it was not tested before- 
hand. The reason for this is the same that suggested the use of 
expert opinion in the first place: lack of experimental and/or sys- 
tematically gathered comparative observational data on plant 
species responses. Thus, there are no standard sources against 
which experts’ predictions could be checked, as is usually the 

Table 7. Number of species classified when the probability threshold for 
agreement among experts is set to 0.15 (see text for further explana- 
tion). Results are for 6 management scenarios in the Edwards Plateau 
(T-.9. 

Class 
Scenario Decrease Unaffected Increase Unclassified’ 

No grazing 39 73 44 42 
Moderate grazing 24 32 101 41 
Heavy grazing 79 56 16 47 
No tire 3 57 39 99 
Winter/spring fire 39 54 25 80 
Summer/fall tire 49 2 23 124 
‘Species received less than 2 opinions, agreement between raters was below the selected 
probability threshold, or the classification was ambiguous, i.e., cumulative probability 
was the same for more than 1 class. 
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No grazing 

0.0 0.2 0.4 0.6 0.6 1.0 

Moderate grazing 

0.0 0.2 0.4 0.6 0.6 1.0 

Heavy grazing 

0.0 0.2 0.4 0.6 0.8 1.0 

Probablllty 

No fire 

0.0 0.2 0.4 0.6 0.8 1.0 

Winter/ spring fire 

4 

8 

0 * 

0 

4 
(n = 114) 

-1 

; -‘-- 

$T==?T% 

P--J 
P) 

h-.-. - - - - - 

0.0 0.2 0.4 0.6 0.8 1.0 

Summer/ fall fire 

0.0 0.2 0.4 0.6 0.8 1.0 

PmbabMty 

Fii. 1. Percent of species discriminated to chsses (decrease, increase, unaffected) at different probability levels for 6 management scenarios in 
the Edwards Plateau (Texas). Patterns shown are those expected by chance (dotted line), expected under perfect agreement (narrow-solid 
line), and observed (wide-solid line). Total numbers of plant species are indicated in parentheses. 

case in other domains (e.g., weather forecasting, financial analy- 
sis). In this context, agreement between experts is a necessary but 
not a sufficient condition to expect good performance for the eco- 
logical rules to be derived. 

The lack of readily available feedback from the experts’ 
domain has another important consequence. Bolger and Wright 
(1994) convincingly argued that judgment performance depends 
on 2 main characteristics: the degree of familiarity of the expert 
with the type of judgment she/he is being asked to produce and 
the likelihood of feedback which could be used to refine subse- 
quent judgment. The first characteristic is termed ecological 

validity and depends on the kind of questions asked. The second 
one is called learnability and depends on the nature of the 
domain. Domain and procedures involved in this work corre- 
spond to a scenario of high ecological validity, i.e., experts were 
familiar with the kind of task proposed, and low to moderate 
learnability, i.e., the possibility of refining domain models of 
plant species responses from repeated feedback are scarce and 
fragmentary. For this kind of scenario, the Bolger and Wright 
(1994) approach would predict poor to moderately good judg- 
mental performance in terms of accuracy and reliability. 
Unfortunately, there are no similar studies on plant species with 
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Table 8. Examples of species classification (D: decrease, U: unaffected, I: increase) and associated probability @) of arriving at the classitication by 
chance. Results are for 6 management scenarios in the Edwards Plateau (Texas). 

Common name 

No Moderate Heavy 
grazing grazing grazing 

Class p Class p Class p 

No tire 

Class p 

Winter/ 
spring fire 

Class p 

Summer 
fall fire 

Class p 

Aloysia gratissima (Gill. Whitebrush 
& Hook.) Troncoso 
var. gratissima 

Ambrosia artemisiifolia L. Ragweed 
Bouteloua curtipendula Sideoats grama 

(Michx.) Torr. var. 
curtipendula 

Croton dioicus Cav. Grassland croton 
Engelmannia pinnatij?da Engelmann daisy 
Nutt. 

Hilaria belangeri (Steud.) Curlymesquite 
Nash 

Juniperus ashei Buchholz Ashe juniper 
Opuntia lindheimeri Texas pricklypear 
Engelm. var. lindheimeri 

Panicum virgatum L. Switchgrass 
Prosopis glandulosa Torr. Honey mesquite 

var. glandulosa 
Quercus virginiana Mill. Live oak 
Schizachyrium scoparium Little bluestem 

(Michx.) Nash var. 
frequens (C.E. Hubb.) Gould 

Stipa leucotricha Trin. Texas wintergrass 
& Rupr. 

Tripsacum dactyloides Eastern wheatgrass 

I 0.068 I 0.032 

I 0.313 I 
I 0.004 u 

D 0.111 -’ 
I 0.013 u 

D 0.004 I 

I 0.032 I 
I 0.343 I 

I 0.030 D 
I 0.066 I 

U 0.080 I 
I 0.004 u 

I 0.343 I 

I 0.001 D 0.001 

0.080 
0.026 

0.333 
0.036 

0.032 

0.004 
0.013 

0.066 
0.030 

0.066 
0.093 

0.032 

I 0.013 

I 0.001 
D 0.036 

I 0.111 
D 0.004 

I 0.007 

I 0.004 
I 0.036 

D 0.001 
I 0.001 

I 0.066 
D 0.000 

D 0.100 

D 0.001 

I 

U 
I 

I 

U 

I 
I 

-1 
I 

I 
I 

U 

I 

0.010 

0.111 
0.030 

2 
0.062 

0.182 

0.001 
0.030 

0.333 
0.030 

0.066 
0.189 

0.182 

0.136 

D 

u 
I 

U 
D 

I 

D 
D 

I 
D 

u 
I 

D 

I 

0.189 

0.148 
0.000 

0.111 
0.169 

0.032 

0.000 
0.004 

0.004 
0.189 

0.059 
0.000 

0.189 

0.004 

-1 0.333 

’ 0.333 
u 0.080 

- -2 
U 0.481 

-’ 0.333 

D 0.001 
D 0.001 

I 0.169 
D 0.080 

-’ 0.333 
I 0.128 

D 0.313 

U 0.111 
(L.) L. 

!Classfication is ambiguous, i.e., cumulative probabilities are the same for more than 1 class. 
zSpecies received less than 2 opinions for the particular scenario. 

which to compare accuracy, reliability, or even observed agree- 
ment among experts. 

Agreement calculated using K coefficients (Tables 5 and 6) 
should be considered a lower limit for the possible agreement 
attainable in this domain for various reasons. Kappa coefficients 
ignore any ordering in the classes and, in this particular case, 
most of the disagreement originated in contiguous classes. In 
addition, there were no attempts to train the raters before submit- 
ting the questionnaires. As observed in Table 5, marginal dis- 
agreement accounted for an important portion of the lack of 
agreement between raters in most scenarios. Kappa statistics are 
very sensitive to marginal disagreement; given marginal disagree- 
ment, Conger (1980) reported negative estimated Km’s for ran- 
domly generated data. 

Training can improve distinguishability between classes (sensu 
Darroch and McCloud 1986) thus reducing marginal disagree- 
ment. However, training would be probably ineffective in some 
circumstances (e.g., No fire or Summer/fall fire) in which the 
problem seems to be lack of knowledge rather than lack of agree- 
ment. This is evident when comparing the distribution of species 
according to number of ratings in grazing vs. fire scenarios 
(Table 4) and the total number of species that received at least 2 
ratings (Table 4). 

Another factor contributing to low agreement, particularly in 
No grazing and Heavy grazing scenarios, was the judgment pro- 
duced by 1 of the experts. Figure 2 shows 2- dimensional repre- 
sentations obtained by multidimensional scaling of the 2 1 K coef- 
ficients corresponding to the n(n -1)/2 possible pair-wise combi- 
nations for n equal to 7. Scaling of the matrix of K coefficients 

allows two-dimensional representations of similarities in judg- 
ment among the experts. The dimensions indicated in Fig. 2 are 
synthetic variables that effectively summarizes the pattern of 
agreement emerging from the total number of dimensions 
involved (i.e., the 198 plant species). In spite of the generally 
high dispersion of the information, it is clear that one of the raters 
showed up as an important source of lack of agreement. This is a 
point of concern, although a majority consensus does not neces- 
sarily indicate that the dissenting rater is the 1 producing poor 
judgment. She/he may be using different but still legitimate crite- 
ria to discriminate among classes. It should be stressed that the 
kind of task proposed to the raters in this work not only requires 
knowledge on the subjects (i.e., range plant species) but also on 
their potential behavior under selected states of nature. This 
endeavor is more complex than, for example, identifying patholo- 
gies based on symptoms and signs in the medical arena. 

The overall pattern emerging from pair-wise and multi-expert 
analyses indicated that D and I classes justified most of the 
observed agreement. This, along with the marginal distributions of 
the expert opinion collected (Table 4), strongly suggests that the 
factors involved (i.e., intensity of grazing and season of burning) 
are indeed considered important sources of change in rangelands. 

Results from pair-wise log-linear analyses were in agreement 
with the patterns observed in pair-wise K statistics comparisons. 
A log-linear multi-rater approach was not feasible for the data 
sets included in this work due to a combination of size and 
sparseness of the classifications. In general in a multi-rater log- 
linear approach, models have to be fit to sparse data sets contain- 
ing m” number of cases, where m is the number of classes and n 
the number of raters. 
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No grazing 

7 

4 
3 

1 2 
I 

1  I I I 

-0.2 0.0 0.2 0.4 

DIMENSION 1 
Fig. 2. Bidimensional plots of multidimensional scaling distances 

calculated among 7 raters for 2 different management scenarios 
in the Edwards Plateau (Texas). Dimensions 1 and 2 summarize 
(d&)similarities among judgments for the complement of plant 
species considered. 

Interpretation of Figure 1 requires some background considera- 
tions. Expected patterns of discrimination under chance agree- 
ment among raters depend on observed probabilities of occur- 
rence for each class (i.e., pi’s), which varied for different scenar- 
ios (Table 4), and on the distribution of species across number of 
ratings (Table 4), also variable among scenarios. The proportion 
of species that can be discriminated is maximized for intermedi- 
ate probability values. This is due to the location of the probabili- 
ty threshold relative to the cumulative probability distributions. If 
this threshold is set close to 1, only a small proportion of species 
(i.e., those receiving a high number of agreeing ratings) would be 
discriminated. For the rest of the species, cumulative probability 
values would be below the threshold for all 3 classes. At interme- 
diate probability levels, the number of species that can be dis- 
criminated increases because more species can be unambiguously 
assigned to one class even with fewer numbers of ratings. As the 
probability threshold approaches 0, the proportion of species that 
can be discriminated decreases again because, for most species, 
the cumulative probability for any of the classes will then be 
above the probability threshold. 

Similar considerations are valid for interpreting observed pat- 
terns of discrimination. Skewed patterns (e.g., as in Moderate 
grazing or No fire) indicate that some extreme rating combina- 
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tions (e.g., 7-O-0, 6-O-O), which would allow species discrimina- 
tion at high and intermediate probability levels, are underrepre- 
sented. This means that the agreement observed in those scenar- 
ios was comparatively weaker than the agreement observed in the 
Heavy grazing or Winter/spring fire scenarios. The range of low 
probability values is the most relevant because the lower the 
probability threshold chosen, the higher the confidence in a cor- 
rect classification. For a fixed number of raters, there is a trade- 
off situation in which the objective is to maximize the number of 
discriminated species, conditional on a certain confidence in the 
classification performed. For the collected data set, threshold val- 
ues below about 0.20 would be the ones to be considered for any 
scenario (Fig. 1). Thus, choosing a probability threshold between 
0.1 and 0.2 would be a reasonable compromise between maxi- 
mizing the number of classified species and minimizing uncer- 
tainty in the agreement-based classification (Fig. 1). More agree- 
ment among experts or the use of more experts of similar ability 
(i.e., of comparable competence at distinguishing among classes) 
would allow an increase in confidence (i.e., similar discrimina- 
tion at lower probability levels) or in the proportion of classified 
species (i.e., better discrimination capabilities for a fixed proba- 
bility threshold). 

Discrimination at low probability levels was generally weaker in 
fire than in grazing scenarios. This was due in part to lack of 
agreement (e.g., No fire or Summer/fall fire scenarios; Fig. 1) but, 
more generally, due to lack of knowledge (see marginals in Table 
4). Not surprisingly, agreement among raters was better (Tables 5 
and 6) and pattern of agreement more consistent (Fig. 1) when 
scenarios were most familiar to the experts, like heavy cattle graz- 
ing and winter/spring burning. It is not clear whether the lack of 
agreement in Moderate grazing (Table 5; Fig. 1) resulted from dif- 
ficulties in distinguishing the intermediate U class (presumably 
more frequent in this scenario) from the other 2, or from disagree- 
ment on the consequences of moderate grazing. Agreement on the 
U class in the Moderate grazing scenario (0.28 2 0.20; mean con- 
tribution +- S.D.) was relatively low and marginal disagreement 
was relatively high (Table 5). This suggests that lack of agreement 
probably resulted from different views on the consequences of 
moderate cattle grazing or on what every expert considered “mod- 
erate” grazing. Specific applications will indeed be more restric- 
tive in terms of type of vegetation considered and more precise in 
the definition of possible scenarios. These conditions can be 
expected to produce more homogeneous marginal distributions of 
ratings, possibly improving agreement. 

In spite of the limited number of species successfully classified 
in the fire scenarios (Table 7), 2 trends are worth noting. Only 
very reduced numbers of species are classified as either decreas- 
ing under No fire or unaffected under Summer/fall fire. The first 
trend seems to indicate that the absence of fire is visualized as a 
generally permissive condition for increases in plant species 
abundance. The contrast in the number of species classified as U 
in Winter/spring fire and Summer/fall fire, on the other hand, is 
probably a reflection of the widely held opinion that 
winter/spring fires involve less energy generation (i.e., they are 
“cooler”) than summer/fall fires. 

Landis and Koch (1977) proposed a majority rule to differenti- 
ate cases according to agreement. The cumulative probability 
approach developed in this paper differs from a majority rule in 2 
important aspects. It accounts for the ordinal nature of the infor- 
mation and, given a selected probability threshold, it provides an 
objective criterion for classification. 
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One important caveat relative to the use of declarative expert 
information is the degree of common knowledge. Experts usually 
draw knowledge from common sources and reasoning by analogy 
with the case of a statistical linear model, it is easy to visualize 
that this should induce some degree of correlation among expert 
judgments. The log-linear approach used in this work accounts 
for such a baseline association, but the trinomial model proposed 
for species classification assumes that opinions from different 
raters are independent. This may inflate confidence in the classi- 
fication, or induce unwarranted discrimination among classes in 
some plant species. However, bias is not to be expected because 
the effect (if any) would be spread throughout the classification. 

Conclusions 

l Low to moderate agreement on plant species responses to cattle 
grazing and fiie was observed among 7 experts familiar with 
vegetation processes in the Edwards Plateau (Texas). This is in 
agreement with the low learnability of the domain. 

l Agreement was better and pattern of agreement more consistent 
when scenarios were most familiar to the experts (e.g., 
winter/spring burning). 

l The use of different criteria for distinguishing among classes 
(i.e., different marginal distributions) seems to be a significant 
source of lack of agreement. 

l Marginal disagreement could be reduced with training and it 
can be expected to be less significant for more specific (i.e., 
local) scenarios and vegetation compositions (i.e., on simplified 
domains). 

l Lack of information, rather than lack of agreement, seems to be 
the cause for the poor agreement observed in No fire and 
Summer/fall fire scenarios. 

. A procedure was developed that uses cumulative probability 
distributions to establish an objective criterion for identifying 
agreement among experts in ordinal scale. Graphical represen- 
tations help to understand and evaluate relationships between 
the number of expert sources and their ability to distinguish 
among classes for a previously chosen accuracy. 

Research and Management Implications 

We emphasize that agreement rather than expertise was evaht- 
ated in this work. Feasible methods are needed to facilitate the 
evaluation of expertise in a domain characterized by moderate to 
low learnability. 

Expert judgment, standardized in a meaningful format, can be a 
viable alternative for knowledge acquisition when field trials or 
surveys are not cost-effective (Kadane et al. 1980). This kind of 
information could also be used to identify research/survey needs, 
to characterize areas of (dis)agreement in plant species behavior 
(e.g., Table 8) that may require special attention, traits associated 
with plant responses, and/or factors affecting responses. The use 
of declarative expert knowledge would be particularly helpful to 
fill information gaps on comparative attributes which are expen- 
sive or difficult to evaluate experimentally (e.g., this work, 
Phillips et al. 1996, Rodriguez Iglesias and Kothmann 1998). 
Opportunities for refining domain models from repeated feedback 
are scarce and fragmentary. This situation should encourage an 

integral use of domain knowledge including, although not limited 
to, the elicitation of expert opinion from qualified individuals. 
New ways of reducing uncertainty should be explored including 
the use of subjective probabilities incorporated as prior informa- 
tion destined to be updated as the knowledge base becomes 
enriched with new experimental/survey data. In a more general 
way, empirical approaches based upon expert information may 
prove valuable in providing management decision support where 
such information would be difficult or unfeasible to generate 
from purely experimental alternatives. 
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Abstract 

Leaf and whole plant responses of honey mesquite (Prosopis 
gkzndulosa Torr.) to intraspecific competition were compared 
under low (LD) or high (HD) stand density in a semi-arid region 
of north Texas. The HD trees occurred within a stand of 300 
trees ha-‘. The LD trees occurred in areas of the dense stand that 
were thinned to 80 trees ha-’ with no neighbors within 10 m of 
study trees. Tree size was similar in each treatment at study initi- 
ation. Five years after thinning, tree height, canopy volume, 
basal stem diameter, leaf area, and leaf area index were signifi- 
cantly greater in LD than HD trees. No differences in leaf 
predawn water potential, stomata1 conductance, and photosyn- 
thesis were found between LD and HD trees during growing sea- 
sons 4 or 6 years after study initiation. Results indicate resources 
necessary for growth of individual mesquite plants were limiting 
under increased stand density and suggest the occurrence of 
intraspecific competition. Limitations were manifest at the whole 
plant level via modification of tree size and leaf area per tree, 
and not through adjustment of leaf physiological processes. The 
limiting factor appeared to be soil water. Daily water loss tree-’ 
was 2.5 to 4 times greater in LD than HD trees, and ranged from 
119 to 205 kg and 46 to 59 kg in LD and HD trees, respectively. 
Projected daily water loss by mesquite at the stand level was sim- 
ilar between treatments, however, and ranged from 9,500 to 
17,700 kg ha-‘. 

Key Words: leaf area, photosynthesis, stomata1 conductance, water 
potential, water relations, soil moisture 

Honey mesquite (Prosopis glandulosa Torr.) inhabits a variety 
of arid and semiarid environments in the southwestern USA and 
Mexico and can occur in either savannas or as dense woodland 
thickets. It has been hypothesized that mesquite avoids drought 
because of an ability to grow a deep root system (Mooney et al. 
1977, Levitt 1980). However, several studies have shown that 
mesquite adjusts leaf stomatal conductance and/or modifies leaf 
area in response to drought (Nilsen et al. 198 1, Nilsen et al. 1983, 
Nilsen et al. 1987, Wan and Sosebee 1990). Ansley et al. (1990a, 
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1991) found that severing of lateral roots reduced mesquite leaf 
transpiration by as much as 50% on a semi-arid site in Texas, and 
that dependence on lateral roots was site-specific. This implies 
that, on some sites, water in shallow soil layers may be critical to 
mesquite physiological activity, and that lateral roots of neighbor- 
ing mesquite might affect water availability via intraspecific 
competition. 

Assuming intraspecific competition occurs at some level of 
mesquite density, a further question exists as to what strategy 
mesquite plants would employ to respond to resource limitations. 
While it seems logical that the first responses to stress would be 
those that were readily recoverable, such as stomata1 closure, 
Bradford and Hsaio (1982; p 310) noted that, “it is therefore sur- 
prising that a nearly irreversible restriction of canopy size is one 
of the most sensitive responses to water stress for many species”. 
Since most studies of woody plant water relations have been 
based on measurements of the individual leaf, quantification of 
whole plant responses to increasing competition is needed 
(Schulze et al. 1982, Ehleringer 1984, Meinzer et al. 1988). Leaf 
responses may not parallel whole plant responses under all condi- 
tions (Schulze et al. 1985, Hinckley and Ceulemans 1989). 

We selected a site in north Texas, where mesquite dependence 
on shallow lateral roots has been documented (Ansley et al. 
1991), to quantify intraspecific competition in this species. We 
measured the consequences of neighbor removal on physiological 
activity and growth of mesquite, to identify the organizational 
level (leaf or whole plant) most responsive to intraspecific com- 
petition. 

Materials and Methods 

Research was conducted on an area of native rangeland 30 km 
south of Vernon, Tex. (33”52’, 99”17’W, elevation 368 m). 
Average annual precipitation is 665 mm with peak rainfall peri- 
ods in May (119 mm) and October (77 mm). Average last spring 
frost is in mid-April and first fall-frost is in mid-November. Soils 
are Typic Paleustolls of the Deandale series (fine, mixed, ther- 
mic) and Typic Paleustalfs of the Kamay series (fine, mixed, 
thermic) (Koos et al. 1962). Dominant herbaceous understory 
species are buffalograss (Buchloe dactyloides [Nutt.] Engelm.), a 
warm-season shortgrass, and Texas wintergrass (Nasella leu- 
rotricha [Trin. and Rupr. Pohl], a cool-season midgrass. 

The study occurred within a 4-ha stand of multistemmed 
mesquite that averaged 300 trees ha-’ (6 basal stems tree-‘; 1,800 
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stems ha -‘; 40% canopy cover). Tree density and canopy cover 
were determined by direct measurement from 1:2500-scale 
infrared aerial photographs. In January 1986, four 0.25-ha areas 
within this stand were randomly selected and converted to a low 
density (LD) treatment (80 trees ha-‘; 5 basal stems tree-‘; 400 
stems ha-‘; 12% canopy cover) by removing above ground por- 
tions of about 75% of the trees, and applying diesel fuel to stem 
bases to kill the plants. Four replicate areas of high density (HD) 
mesquite were identified adjacent to each thinned area. The I-ID 
areas were selected at random from a pool of 8 HD candidates 
that were located on the aerial photographs. 

Herbaceous standing crop was estimated in LD and HD treat- 
ments during 1991 by clipping to 2-3 cm height, one 0.25 m2 
quadrat per treatment replicate. Sampling was conducted in inter- 
spaces between mesquite, although in the HD treatment, this was 
often within 1 m of a tree canopy. Standing crop was not quanti- 
fied at study initiation in 1985. Standing crop values were esti- 
mated on a kg ha-’ basis from the 0.25 m* values. Livestock graz- 
ing was excluded from the site during the study. 

Two trees of similar size (2-3 m height) were identified within 
each treatment replicate (16 total) and referred to as low density 
(LD) or high density (HD) trees. All neighboring mesquite within 
10 m of experimental LD trees were killed. Canopy height, width 
and volume were measured on these trees in October 1985 prior 
to standing thinning and again in 1990. Canopy volume was cal- 
culated as follows: 

Volume = Vtop + Vbtl where 
Vbp = [4/3x(a/2)(b/2)((N2)]/2; and 

where h = canopy height, a = width of canopy along the north- 
south axis, b = width of canopy along the east-west axis, c = 
width of base of canopy along the north-south axis, and d = width 
of base of canopy along the east-west axis (Ansley et al. 1990b). 
These trees were not destructively sampled and were referred to 
as “nonharvest” trees. 

In 1989, 8 additional trees (1 per treatment replicate) were 
selected for leaf physiological and leaf area measurements. These 
trees were referred to as the “physiology” trees. The LD physiol- 
ogy trees were included in the original population of trees in the 
thinned blocks in 1986. Leaf stomatal conductance (g; mm01 me2 
s-l), apparent net photosynthesis (A; pmol mm2 s’), transpiration 
(E; mm01 me2 s-l), and water use efficiency (WUJZ; pmol A/mm01 
E) were measured using a Li-Cor LI-6200 closed chamber system 
(LiCor Inc., Lincoln, Neb.). Measurements were made at 6 hour 
(1989) or 2-hour (1991) intervals from 0800 to 1400 (CST) on 3 
leaves on the sunlit aspect of each canopy about 1.5 to 2 m above 
ground. Different leaves were selected during each sample peri- 
od. Approximately 5-9 cm* leaf area (1 leaf surface) was 
enclosed in the chamber and harvested after each measurement to 
determine leaf area. Duration of each measurement was 30-40 
set and chamber air flow was varied to maintain relative humidi- 
ty (RH) near ambient. Photosynthetically active radiation (PAR, 
400 to 700 nm) was determined at the position where g and A 
were measured using a quantum sensor which was mounted to 
the leaf chamber. Sampling was conducted on clear or mostly 
clear days. Some branches were removed from trees adjacent to 
the HD trees so that light conditions would approximate that of 
the LD trees. Reported values for leaf g, E, and A were based on 
the area of 1 leaf surface. Leaf E data from 1989 was lost during 
data processing. 

Predawn leaf petiole xylem water potential (predawn leaf v) 
was measured on each 1991 physiology sample date. Two leaves 
were excised from the center of each canopy and predawn leaf v 
was measured immediately with a Scholander pressure bomb 
(Turner 1981). Subcanopy soil moisture was measured in 1991 
with a neutron probe at 30-cm increments to 90 cm depth 
(Greaten 1981). Two aluminum access tubes were inserted at 2- 
m lateral distance from the base of each physiology tree within 
the canopy drip line during 1990. Soil moisture was not measured 
prior to 1991. Precipitation was recorded on the site with a rain 
gauge. 

Six 15-mm diameter (+ 3 mm) branches were removed from 
each of the 8 physiology trees in early September 1991 prior to 
any fall abscission. All leaves were harvested and total leaf area 
(both surfaces) per branch was determined with an area meter. 
Whole plant leaf area (WPLA) of each tree was estimated by 
counting the number of 15-mm diameter branches supporting 
foliage, and multiplying that by the leaf area per branch (Ansley 
et al. 1991, 1994). Plant leaf area (WPLA) was assumed to be 
proportional to the leaf area supported by individual twigs 
(Comstock et al. 1988). Per tree leaf area density (m2 me3 canopy 
volume) was determined by dividing WPLA by canopy volume. 
Per tree leaf area index (LAI) was determined by dividing WPLA 
by the measured ground surface area covered by each tree canopy 
(i.e., canopy cover). Canopy size, number, and diameter of basal 
stems tree-’ (i.e. stems occurring within 20 cm of the ground), and 
number of 15-mm diameter branches supported by each basal 
stem were determined prior to leaf harvesting in 1991. Canopy 
size was not measured on the physiology trees in 1985. 

Average distance of physiology trees to nearest neighbors was 
determined from the aerial photographs taken after establishment 
of LD areas using a variation of the point-centered quarter 
method (after Cook and Stubbendieck 1986). Ground area around 
each tree was divided into 4 quadrats along cardinal directions 
and distance (tree center to tree center) from the experimental 
tree to the 3 nearest neighbors within each quadrant was mea- 
sured on the photograph and averaged. Nearest neighbor distance 
was also measured directly at the site using the same quadrat 
sampling procedure that was used on the aerial photographs. 

Water use tree-’ day“ was calculated by multiplying mean daily 
leaf E (1 leaf surface) by WPLA of each tree (including both leaf 
surfaces) and correcting for reduction in E by shading within the 
canopy. Another study on similar-sized mesquite determined 
empirically that E was reduced in each of 4 equal-width canopy 
layers (from most sunlit to most shaded) by 0, 17, 26, and 38% 
(Ansley et al. 1991). These E extinction percentages were used 
for the current study. Leaf distribution was assumed to be equal 
within each canopy layer. A “day” was defined as the g-hour 
period of maximum sunlight (0800-1600 CST) when most tran- 
spiration in this species occurs (Cuomo et al. 1992). Daily water 
use tree“ was then scaled to the stand level based on trees ha -’ 
within LD and HD areas. A t-test was used to evaluate stand den- 
sity as the source of variation for each response variable. 

Results 

Mean distance of nearest neighbors to the “nonharvest” trees 
was 6.6 m (s.e. = 0.4 m; n = 8) and 18.5 m (s.e. = 1.4 m; n = 8) in 
the HD and LD treatments, respectively. Mean distance of nearest 
neighbors to the “physiology” trees was 5.9 m (s.e. = 0.7 m; n = 
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4) and 18.0 m (s.e. = 1.7 m; n = 4) by photograph estimate and 
7.1 m (se. = 0.9 m) and 17.3 m (s.e. = 1.3 m) by ground mea- 
surement in the HD and LD treatments, respectively. Distance of 
nearest neighbors within each treatment was similar among the 
nonharvest and physiology trees. 

Annual precipitation was above average from 1985 to 1991 
except during 1988 and 1989 when it was below the 30-year mean 
(Fig. 1). Thus, the trees did not experience an extended drought 
during the 7 years. Precipitation was 8% above normal (464 vs. 
430 mm) and 83% above normal (785 vs. 430) during the 1989 
and 1991 growing seasons (April-September), respectively. 

Nonharvest Tree and Herbaceous Under-story Growth 
There was no difference (P c 0.05) in canopy height or volume 

between LD and HD trees when measured at study initiation in 
1985 (Fig. 2). Canopy width (diameter) was slightly greater in LD 
trees. By the end of the 1990 growing season, mean canopy height 
and width were significantly greater in LD than in HD trees. Mean 
canopy volume of LD trees was nearly 3 times that of HD trees 
(55.4 vs 20.1 m3) by the end of 1990. 

There was no apparent difference in herbaceous understory 
standing crop between treatments at study initiation in 1985 (no 
data). All treatment replicates were dominated by buffalograss in 
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Fig. 1. Annual precipitation 1985 to 1991 compared to the 30-yr 
average (top), and monthly precipitation totals in 1989 (middle) 

Fig. 2. Canopy height, width and volume of nonharvest mesquite 

and 1991 (bottom). Solid circles are 30-yr averages for each 
trees in low (LD) and high (HD) density treatments. Vertical bars 

month. 
are f 1 s.e. (II = 8). HD trees were not measured in 1988 or early 
1990. 
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Leaf Responses of Physiology Trees 
Photosynthetically active radiation (PAR) was similar between 

treatments during the g-hour period when leaf measurements were 
made in both years (data not shown). Leaf stomatal conductance 
(g) ranged from 45 to 290 mm01 mm2 sec.‘, and leaf photosynthesis 
(A) ranged from 3 to 13 pmol mm2 se& across both treatments and 
sample years (Figs. 4 and 5). These values are comparable to those 
previously found for mesquite (Wan and Sosebee 1990, Ansley et 
al. 199Oa, 1991) and for oak (Quercus virginiana) and ashe juniper 
(Juniperus u&ii) in southern Texas (Owens and Schreiber 1992). 

During all 1989 and 1991 sample days, leaf A declined during 
the day from peak morning levels ranging from 8 to 13 pmol me2 
se& to 3 to 9 pmol me2 sec.’ in afternoons. The same diurnal trend 
was observed for leaf g, except on 2.5 June 1991 when g remained 
relatively constant for both treatments, and on 26 August 1991 
when g did not decline until after 1300 CST (Fig. 5). Responses of 
g on these 2 dates were influenced by precipitation events which 
occurred a few days before measurement. Diurnal leaf g and A did 
not differ between LD and HD treatments during 1989 (Fig. 4) or 
1991 (Fig. 5). 

Q--O LD 

APr May June July 
Date (1991) 

Fig. 3. Herbaceous standing crop in LD and HD treatments during 
1991. Vertical bars are f 1 s.e. (a = 4). Treatment differences are 
sigaiicant (P 5 0.05). 

interspaces and Texas wintergrass beneath canopies. During the 
1991 growing season, herbaceous standing crop was near 3,000 kg 
ha-’ in LD areas and 1,100 kg ha-’ in HD areas (Fig. 3). 
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Fig. 5. Leaf stomata1 conductance (g), photosynthesis (A) and tran- 
spiration Q in LD and HD physiology trees in 1991. Vertical bars 
are f 1 s.e. (n = 4). 

Fig. 4. Leaf stomatal conductance (g) and photosynthesis (A) in LD 
and HD physiology trees on 3 dates in 1989. Vertical bars are f 1 
se. (II = 4) 
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Leaf E tended to increase during the morning hours and 
declined slightly in afternoons during 199 1, Leaf E was greater in 
LD than in HD trees during the morning of 17 July 199 1, but did 
not differ between treatments during other sample periods. 

When diurnal leaf measurements were pooled into daily values, 
average daily g and A declined slightly from July to September 
1989 with no differences between density treatments (data not 
shown). In 1991, average daily leaf g and A peaked in both treat- 
ments during June and declined after June (Fig. 6). Peak average 
daily E occurred in June in HD trees and in July in LD trees. Peak 
average daily WUE occurred in May in both treatments. There 
were no differences in average daily g, A, E, or WUE between 
treatments during 1991, except during July when E was greater in 
LD than in HD trees. Predawn leaf v declined after June 1991, 
with no significant differences between treatments during 1991. 

Subcanopy soil moisture at 30 and 60 cm depths peaked during 
late June following over 200 mm of rain that fell in early June 
1991 (Fig. 7). Soil moisture did not differ between LD and HD 
treatments at any depth measured during 199 1. 

Physiology Tree Growth and Structure 
Tree height, canopy width and volume, and basal stem diameter 

were significantly greater in LD than in HD physiology trees in 
1991 (Table 1). Average number of basal stems tree’ was similar 
between treatments in 1991, supporting the assumption that the 
physiology trees were of similar size at study initiation in 1985. 
There were nearly twice as many 1.5~mm diameter branches in LD 
than in HD physiology trees by September 199 1. Mean diameter 
and oven dry weight of twigs supported by 15-mm branches did 
not differ between treatments. Diameters of the harvested 15mm 
branches did not differ between treatments. Diameters of the har- 
vested B-mm branches (6 tree-’ ; 24 treatment’) ranged from 14.3 
to 15.9 mm. Oven dry weight of twigs supported by each 15mm 
branch ranged from 58 to 190 g. 

There was a positive relation (3 = 0.84) between basa1 stem 
diameter and number of 15-mm branches supported by each basal 
stem (Fig. 8). This relationship was independent of LDkJD treat- 
ment effect and was curvilinear, indicating that slight increases in 
basal stem diameter supported an increasingly greater number of 
15-mm branches. 

Table 1. Structural and leaf area comparisons between low and high 
desoity physiology trees, September 1991. 

LOW High 
Density Density 

Variable Trees (LD) Trees (HD) 

Tree Height (m) 4.2 a’ 3.5 b 
Canopy Width (m) 5.7 a 4.7 b 
Canopy Volume (m3) 56.2 a 32.5 b 
Basal Stem Diameter(m) O.lOa 0.07 b 
Number of Basal Stems Tree-’ 5.0 a 5.5 a 
Number of 15mm Branches Tree-’ 87 a 45 b 
15-mm Branch Diameter (mm) 15.1 a 15.1 a 
O.D. Twig Weight 15-mm Branch-’ (g) 129.9 a 121.6 a 
Leaf Area 15-mm Branch-’ (m*) 0.81 a2 0.50 b 
Leaf Area Tree-’ (WPLA) (m’) 69.7 a 23.1 b 
Leaf Area Density (m* m-3 canopy volume) 1.29 a 0.71 b 
Canopy Ground Cover Tree’ (m’) 25.3 a 17.6 b 
Leaf Area Index Tree-’ 2.91 a 1.35 b 
‘Means within a row followed by different letters are significantly different at P 5 0.05 
1”=4’. 

All leaf areas and LA1 calculations include both leaf surfaces. 
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Fig. 6. Predawn leaf water potential (predawn leaf v) and average 
daily means of leaf stomatal conductance (g), photosynthesis (A), 
transpiration (E), and water use efficiency (WUE) in LD and HD 
physiology trees Jo 1991. Verticial bars are f 1 s.e. (II = 4). 
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Fig. 7. Volumetric soil moisture at 3 depths beneath LD and HD 
trees during 1991. Vertical bars f 1 s.e. (n = 4). 

Leaf area supported by each 1 S-mm branch ranged from 0.18 to 
0.64 m2 in HD, and from 0.48 to 1.2 m2 in LD trees, respectively. 
Mean leaf area supported by each 15mm branch was 65% greater 
in LD (0.81 m*, s.e. = 0.05) than HD (0.49 m2; s.e. = 0.01) trees 
(Table 1). Within-treatment variation of leaf area per 15-mm 
branch was low (LD: cv = 23%; HD: cv = 12%), suggesting that 
estimation of whole plant leaf area by determining leaf area of a 
few 15mm branches and counting all 15mm branches tree-’ was 
reasonably accurate. Leaf area tree-’ (WPLA), leaf area density, 
canopy ground cover tree“ and leaf area index were significantly 
greater in LD than HD trees. 

Tree and Stand-Level Transpiration 
The LD trees transpired 2.5 to 4 times more water tree-’ than 

HD trees. When pooled across treatment, daily E tree-’ ranged 

: 801 I I I 
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al 
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0 HD I 

Basal Stem Diameter (mm) 
Fii. 8. Relation between basal stem diameter and number of 15-mm 

diameter branches supported by each basal stem in LD and HD 
physiology trees (4 trees treatmenf’; n = 42). 

from 46 to 59 kg in HD trees and 119 to 205 kg in LD trees during 
the 1991 growing season (Table 2). Projected daily transpiration 
by mesquite at the stand level ranged from 9,557 to 17,756 kg ha-‘. 
Mesquite transpiration ha-’ was only slightly greater in HD than 
LD areas in May and June, and did not differ from LD areas dur- 
ing July and August 1991. Equalization in stand transpiration 
between treatments was due to greater daily E tree-’ in the LD 
treatment being offset by a greater number of trees stand-’ in the 
HD treatment. 

Table 2. Projected daily transpiration per tree and per stand (1 hectare) 
under different levels of mesquite density’. 

Transpiration Transpiration 
Date Treatment Per Tree Per Stand 

(kg tree-’ day-‘) (kg ha-’ day-‘) 

29May91 HJI 47 a2 13,975 a 
LD i19b 9,557 b 

25Ju1-191 HD 59 a 17,756 a 
LD 172b 13,793 a 

17Ju191 HD %a 16,241 a 
LD 205 b 16,365 a 

26Aug9 1 HD 46a 13,761 a 
LD 166b 13,274 a 

‘Based on a density of 300 and 80 trees ha-’ in HD and LD treatments, respectively. 
*Means within a column on a particular date followed by different letters are. significant- 
ly different at P 5 0.05 (n = 4). 

Discussion 

This study demonstrated that intraspecific competition exists in 
adult mesquite. We hypothesize that competition occurred among 
lateral roots in interspaces between trees, and that the limiting 
resource was likely water. Daily water use by mesquite trees in 
HD areas (46-59 kg tree-’ day“) was similar to the 30-75 kg tree-’ 
day-’ reported for mesquite under similar intraspecific conditions 
on a site 60 km from the current study area (Ansley et al. 1991). 
Water use by LD trees (119-205 kg tree-’ day-‘) was somewhat 
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greater than the 108 kg tree-’ day-’ reported by Ansley et al. (1994) 
on different LD trees on the same study site. The fact that 
mesquite water use at the stand level was the same in HD and LD 
areas for much of the growing season implies that (1) there was a 
limited pool of water available to mesquite, and (2) mesquite den- 
sity in the HD areas had reached or exceeded the point of resource 
limitation. As mesquite density increased on this site, SO did com- 
petition for water, and individuals responded by conserving water 
loss. 

We did not measure soil water in interspaces between mesquite. 
However, the finding that differences in mesquite growth occurred 
even though there were no differences in subcanopy soil moisture 
between treatments, indirectly supports the hypothesis that 
intraspecifc competition occurred among lateral roots in inter- 
spaces. The finding that mesquite thinning increased grass growth 
in interspaces also suggests that mesquite intraspecific competi- 
tion occurred among lateral roots. When tree density was reduced, 
some of the newly available water in interspaces apparently was 
absorbed by lateral roots of remaining trees, and another portion 
went to increased grass growth. In support of this hypothesis, sev- 
eral studies in semi-arid regions of Texas have documented 
increases in herbaceous growth in interspaces between mesquite 
(where canopy shading is not a factor) following mesquite reduc- 
tion treatments (Dahl et al. 1978, McDaniel et al. 1982). While 
root studies near the study site indicate that mesquite lateral roots 
in interspaces generally occur between 0.5 to 1 m below the soil 
surface, which is below where most grass roots occur (Fisher et al. 
1973, Heitschmidt et al. 1988), they apparently negatively affect 
water availability to grasses. Nutrient release from killed mesquite 
roots in the LD treatment areas may also have affected responses 
of remaining mesquite and grasses. 

Mesquite develop extensive lateral roots on many sites in north- 
western Texas. Seasonal water relations and plant leaf area of 
these mesquite are strongly influenced by precipitation patterns, 
suggesting that lateral roots contribute significantly to the plant’s 
water supply (Ansley et al. 1991, Cuomo et al. 1992). Ansley et al. 
(1990a) determined that lateral roots extending beyond the canopy 
perimeter potentially can provide half the water supply of adult 
mesquite. Mesquite with extensive lateral roots may not have sig- 
nificant taproot development. Alternatively, taproots may exist but 
have an anchoring rather than a water absorption function. In a 
New Mexico study, actively absorbing roots were located beneath 
the canopies of small mesquite but, as the shrubs grew larger, sub- 
canopy roots became inactive and served an anchoring function 
(Ho et al. 199x). The absorbing roots extended beyond the canopy 
perimeter. We hypothesize that rainfall patterns in northern Texas, 
which frequently wet the soil surface during the growing season, 
promote mesquite dependence on shallow lateral roots and thereby 
increase sensitivity to resource limitations caused by intraspecific 
competition. 

In other regions of the continental USA, mesquite are less 
dependent on extensive lateral roots. At xeric sites in southern 
California and Arizona (annual precipitation 100-300 mm), 
mesquite are classified as phreatophytes because the plant depends 
on deep soil moisture (Phillips 1963, Mooney et al. 1977, Levitt 
1980). Aboveground responses of these mesquite are decoupled 
from drought in shallow soil layers and include maintenance of 
relatively constant seasonal leaf transpiration and whole plant leaf 
area (Nilsen et al. 1983, 1987). These responses support the 
hypothesis that intraspecific competition is minimal in phreato- 

phytic mesquite. Other research in xeric environments has demon- 
strated that intraspecific competition may not be as strong as inter- 
specific competition. For example, in the Mojave Desert of south- 
ern California, interspecific competition between Ambrosia 
dumosa and Larrea tridentata was greater than intraspecific com- 
petition within each species (Fonteyn and Mahall 1978). 

Mechanisms of Adjustment to Competition 
Responses of mesquite to intraspecific competition were mani- 

fest at the whole plant level by modification of woody structure 
and leaf area per plant, and not through adjustment of leaf physio- 
logical processes. This agrees with observations of Bradford and 
Hsiao (1982) who noted that, for many species, the more sensitive 
response to water stress was restriction of canopy size rather than 
leaf physiological adjustments. In support of these findings, 
Meinzer et al. (1988) determined that leaf g and E were similar 
between irrigated and irrigated + nitrogen-treated Lmrea tridenta- 
ta, but the nitrogen-treated shrubs had greater plant leaf area. 
Conversely, Ehleringer (1984) found that reduced intraspecific 
competition increased leaf g and w in addition to whole plant leaf 
area in Encelia farinosa 2 years after thinning. 

Responses of mesquite in the current study were measured sev- 
eral years after treatment when (we assume) responses of trees to 
the thinning treatment had stabilized. There is evidence that 
responses during the first year of treatment may differ substantial- 
ly from subsequent years. Ansley et al. (1990a) found that 
mesquite responses to acute moisture stress (i.e., when lateral 
roots were severed) occurred at the leaf level during the first 
growing season after stress was imposed, but there were no differ- 
ences in leaf responses between root-severed and control trees by 
the second growing season. Similarly, Abies balsamea and Betula 
papyrifera demonstrated differences in leaf tlr between thinned 
and control areas during the first growing season after thinning but 
not during the second year (Pothier and Margolis 1990). These 
authors suggested that alternate mechanisms such as morphologi- 
cal adaptation of leaves occurred in the second year to adjust to 
thinning. 

Long-term responses to reduced moisture stress, as determined 
in the current study, involved adjustment of leaf area per plant by 
modification of structural attributes (number of branches tree”) as 
well as leaf area supported by each branch. Late-season, drought- 
induced abscission has been observed in mesquite (Ansley et al. 
1992), and this process may have contributed to the lower whole 
plant leaf area found in HD than in LD trees. However, leaf litter 
did not appear to be greater beneath HD trees (unquantified) in 
September 1991 when branches were harvested. Moreover, pre- 
cipitation was well above normal during June-September 1991. 

Ecological and Management Implications 
Significant increases in mesquite density have occurred in Texas 

in the last century. This has been due in part to increases in 
mesquite seed dispersal via livestock (cattle) feces (Archer 1995). 
Passage of consumed mesquite beans through the cattle digestive 
system enhances germination after fecal deposition (Brown and 
Archer 1989). Often as many as 2&30 mesquite seedlings can be 
found emerging from the same cattle fecal site. 

There is little doubt that intraspecific competition occurs among 
mesquite seedlings emerging from a single fecal site. In northern 
Texas, Kramp et al. (199x) found that, of all cattle fecal sites ini- 
tially observed to have emerging mesquite, either only 1 seedling 
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per site became established, or all the seedlings at a site died. 
Interestingly, in Kramp et al’s study, 42% of all cattle fecal sites 
that initially had emerging mesquite eventually yielded an estab- 
lished mesquite plant. 

In another example of intraspecific competition, most mesquite 
seedlings that emerge beneath the canopy of an already estab- 
lished adult plant eventually die (Ruthven et al. 1993). It remains 
unknown whether young, even-aged mesquite that have estab- 
lished from different fecal sites experience intraspecific competi- 
tion. It likely depends on stand density, as the current study 
demonstrated with adult mesquite. It is reasonable to assume, 
however, that young mesquite require a greater stand density (i.e., 
more individuals areas’) than do older mesquite before intraspecif- 
ic competition occurs. Phillips and McMahon (1981), and an 
abundance of other literature, indicate that competition among 
desert shrubs increases as plants grow. 

The 2 mesquite densities used in the study represent a typical 
“woodland thicket” (300 trees ha-r) and a more open ‘savanna” 
(80 trees ha-‘). Management practices which reduce mesquite den- 
sities from thickets to savannas likely will increase grass growth 
as well as accelerate growth of remaining mesquite. Since much of 
the soil water that was released by reducing mesquite density was 
used by the remaining mesquite or by increased grass growth, 
thinning of mesquite stands may not increase off-site water yield 
on some sites. 
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Abstract 

Physical and chemical traits of grass tigers can be strongly cor- 
related. Understanding such patterns would help defme physio- 
logical development of tigers and changes in quality of forage in 
Sandhills grasses. Physical and chemical traits were quantified 
for sand bluestem (Andropogon hallii Hack.), prairie sandreed 
[Calamoviljk longifoliu (Hook.) Scribn.], and little bluestem 
[Andkopogon scoparius (Michx.)] on 3 sites at 4 times (mid-June, 
July, August, and October) during the 1990 and 1991 growing 
seasons. Thirty tillers were identified along two, 50-m transects 
(30 tillers/species/transect) within each site and tiller growth 
stage, length, and erectness determined. Tiller weight was 
defined from plants collected within 20 quadrats/site. Protein 
content, in vitro dry-matter digestibility (IVDMD), hemicellu- 
lose, total cell wag, acid detergent fiber (ADP), lignin, ash, total 
chlorophyll, and nonstructural carbohydrates (TNC) were deter- 
mined on plant materials representing the dominant growth 
stages. Relationships among traits of the 3 species were deter- 
mined by Spearman’s rank correlation, and among linear combi- 
nations of sets of chemical and physical traits by canonical corre- 
lation analysis. Tiller length, weight, and growth stage were posi- 
tively correlated (P < 0.05) and increased with length of growing 
season. Crude protein, digestibility, hemicellulose and chloro- 
phyll were positively correlated and declined, but negatively cor- 
related with lignin and ash. Significant (P < 0.05) correlations 
between the fust canonical variates indicated a strong relation- 
ship between tiger maturity/architectural development (Physical 
canonical variate) and forage quality (chemical canonical vari- 
ate) was present, and large portions of variance in the original 
variables was defmed. Results of this study defined large-scale 
multidimensional relationships between declining forage quality 
and increasing tiller maturity/architectural development, previ- 
ously noted in many univariate analyses of limited sets of charac- 
teristics. 

Key Words: canonical correlation, forage quality, structural 
development, tiller maturation 

Tillers of grasses have many distinct physical and chemical 
characteristics that can define forage quality, plant morphology, 
and physiological development. Many of the characteristics 
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involved within these processes are highly related. Tiller mor- 
phology impacts plant development, which in turn affects forage 
quality (Murphy and Briske 1992). Generally, as plants mature, 
quality variables decline and cell wall fractions increase as plants 
become taller and structurally complex (Coleman 1992). Forage 
quality has often been defined by digestibility, protein, cell solu- 
ble content, or lack of anti-quality compounds (Van Soest 1982). 
It is largely dependent on the chemical composition of plant 
material, which is partially digestible cell wall (mostly cellulose, 
hemicellulose and lignin) and rapidly digested cell contents 
(Albersheim 1975, Van Soest 1982). The anti-quality compounds 
lignin and phenolic acid play important roles in determining for- 
age quality (Akin 1989). Leakstem ratios usually decline as 
plants mature during the growing season, resulting in shifts in 
forage quality as lignin content in developing stems increases, 
and protein content and digestibility decline (Coleman 1992, Van 
Soest 1982). 

Many physical and chemical characteristics of important 
Sandhills grasses have been intensively studied. Analyses of for- 
age quality, cell wall fractions, and physiological activity have 
been conducted (Hoehne 1966, Burzlaff 1971, Brejda et al. 1989, 
Hendrickson 1992). However, these studies have been restricted 
to small subsets of variables and have not considered the related- 
ness among plant characteristics, or how such relations would 
impact their results. It must be remembered that forage quality 
and tiller development are multi-dimensional by nature, and can- 
not be easily defined with a small set of variables (Coleman 
1992, Murphy and Briske 1992). Examining multi-dimensional 
relationships between composite indices of tiller growth process- 
es, derived from an array of characteristics, would help in under- 
standing the dynamics of physiological development in tillers. 
The objectives of this study were to: 1) define relationships 
among a set of tiller characteristics for 3 co-dominant warm-sea- 
son grasses of Sandhills rangeland, and 2) examine relationships 
between combinations of variables that define large-scale indices 
of physiological activity and morphological development in 
tillers of these important forage species. 

Materials and Methods 

Site Description 
Experiments were conducted within the overall range research 

project at the Gudmundsen Sandhills Laboratory near Whitman, 
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Nebr. The study area was located along a large stable dune, des- 
ignated as a composite of range sites including choppy sandhills 
and rolling sands (Burzlaff 1962). Soils were Valentine fine sands 
(mixed, mesic Ustipsamments) with high permeability, and low 
water holding capacity and fertility. All sites were in excellent 
condition in 1988, with an average condition score of 92 (Table 
1). Long-term average annual precipitation was 532 mm. The 
plant community was classified as tallgrass prairie, and dominated 
by a mixture of 16 warm-season grasses, in combination with 9 
cool-season grasses and grass-like species, 51 species of forbs, 
and 3 species of shrubs (Northup et al. 1994, Weaver 1965). 

Species of interest were the rhizomatous grasses sand bluestem 
(Andropogon hallii Hack.) and prairie sandreed [ Calamovilfa 
longifolia (Hook.) Scribn.], and the bunchgrass little bluestem 
[Andropogon scoparius (Michx. Nash]. These 3 species constitut- 
ed 5065% of total forage, and 67% and 32% of plant basal area 
and species composition, respectively (Table 1). 

Table 1. Average species composition for 3 range sites at the 
Gudmundsen Sandbills Laboratory, Whitman, Nebr during the 
1990-91 growing seasons; values in parntheses are fl standard error. 

Basal 
Forage Species and Classes’ Area5 

Species Standing 
Composition Crop 

----..-(%)------- -&g/ha)- 
Andropogon halli Hack. 19 9 (2) 169(12) 
Calamovilfa longifolia (Hook.) 17 10 (2) 221(19) 

Scribn. 
Andropogon scoparius 31 13(3) 158 (14) 

(Michx.) Nash 
Bouteloaa spp2 12 22(4) 31(7) 
Other Warm-season grasses 14 11(4) 168(20) 
Cool-season asses and Grass- 

like species $ 
2 26 03) 88(13) 

Forhs 5 9 (5) 135(25) 

~Nomenclaturc follows The Great Plains Flora Association (1986). 
3Boutelous gmcilis (H.B.K.) Lag Ex. Gtiffiths, and Boutelowr hirsuta Lag. 

Other wam~.eason grasses included Dicantheiium oligosanthes (Schult.) Gould var. 
scribrwianum (Nash) Gould, Dichanthelium wilcoxianum (Vasey) Freckmaa, Paspalum 
setaceum Michx. Var. stramineum (Nash) D. Banks, Muhlenbergia pungent Thutk, and 
~porobolos cryptandrus (--COLT.) A. Gray. 

Cool-season grasses included Agropyron smithii Rydb.. Koelaria pyrimidata (Lam.) 
Btav.. Stipa comata Trin. and Rupr., and Stipa spartea Trin. Grass-like species were 
j3re.x eieocharis Bailey and Cyperus schweinitzii Torr. 

Pwstudy mean basal area conducted in 1988. Mean total basal cover for all perennial 
plants was 18%. 

Experimental Design 
Data were collected from 3 different sites, based on topography 

and relief, during the 1990 and 1991 growing seasons to encom- 
pass variation in plant characteristics. Sites were; 1) choppy sand- 
hills, 2) rolling sands, and 3) transitional zones between choppy 
sandhiIls and rolling sands. Data related to physical and chemical 
characteristics of tillers were collected within short time periods 
during mid-June, July, August, and October each year of the study. 

Data Collection 
1. Physical Characteristics. Thirty tillers of each species were 

randomly located along each of two, 50-m transects per site (n = 
60 tillers/species/site). Length of tillers were measured to the 
nearest 1 mm. Degree of erectness of tillers were assigned to a 4- 
point scale of 1 (fully erect) to 4 (fully prostrate), based on the 
angle of materials within a 90 degree arc (1 = 90-6 1 O, 2 = 
60”-41”, 3 = 40-21”, 4 = 20-O”). Growth stage was defined by 

the Nebraska system of growth staging, with stage of maturity 
determined by existing vegetative leaves, transitional nodes, or 
reproductive structures, and reported as mean stage by count 
(Moore et al. 1991). Mean weight per tiller was determined by 
collection of plant materials and tiller counts within twenty, 0.25 
m* quadrats randomly located along 25 m transects within sites. 

II. Chemical Characteristics. 
Plant materials of each species were collected by the predomi- 

nant stages of growth present at time of data collection from 
twenty, 0.25 m2 quadrats randomly located along two, 25 m tran- 
sects per site. Collected herbage was dried at 60” C for 48 hours, 
ground to pass a 1 mm sieve, and composited by species. 

In vitro dry-matter digestibility (IVDMD) was determined by 
48 hour fermentation, followed by 24-hour incubation with 0.5 
ml of pepsin solution (0.2 g pepsin/l ml water) and concentrated 
HCL (Marten and Barnes 1979). Percent crude protein (N X 
6.25) was calculated from the amount of nitrogen in samples as 
determined by micro-Kjeldahl techniques (Bremner 1965). Cell 
wall fractions were described by detergent fiber analysis 
(Goering and Van Soest 1970). Neutral detergent fiber (NDF) 
was assayed to define the amount of total cell wall present in for- 
ages. Acid detergent fiber (ADF) was determined, and residues 
were used in analyses for acid detergent lignin content (Goering 
and Van Soest 1970). Hemicellulose was calculated as the differ- 
ence between NDF and ADF. Samples were analyzed in dupli- 
cate for all characteristics. 

Chlorophyll content and total nonstructural carbohydrates 
(TNC) were determined on plant tissues collected from randomly 
located 0.25 m2 quadrats within experimental areas. Materials 
were collected from quadrats until 8 sub-samples/species (1 sub- 
sample/quadrat) were obtained per site, and stored on ice during 
collection and transport. Collected materials were composited by 
species and frozen until analyzed. At the time of analyses, materi- 
als were divided into 2 portions. One portion was dried at 60” C to 
a consistent weight, ground to pass a 1 mm screen, and analyzed 
for TNC in duplicate by extraction in 0.2N H2S04, and determina- 
tion on a glucose equivalent basis by iodometric titration (AOAC 
1965, Smith et al. 1964). Leaf materials of the second portion 
were chopped into 3 mm sized pieces and chlorophyll extracted 
(in triplicate) in dimethyl sulfoxide in a 65” C water bath. Extracts 
were separated, diluted serially, and analyzed by spectrophotome- 
ter (Hiscox and Israelstam 1979). Absorbance readings were 
applied to modified simultaneous equations of Amon (1949) and 
chlorophyll content determined (Porra et al. 1989). 

Statistical Analysis 
Log (Y+l) transformations were applied to all variables, and 

transformed values were standardized by unit variance (Ludwig 
and Reynolds 1988). Relationships among the different forage 
characteristics of the 3 species were examined by Spearman’s 
rank-order correlations applied to log transformations (SAS 
1986). Relationships between groups of variables defining physi- 
cal and chemical characteristics of tillers were analyzed by 
canonical correlations applied to standardized values (NCSS 
1990, SAS 1986). Canonical correlation analysis is the multivari- 
ate extension of correlation analysis, and can be used to simulta- 
neously analyze mixtures of variables defining different 
processes (Bidwell and Engle 1992). This procedure uses linear 
canonical equations with multiple dependent and independent 
variables comprised of weighted averages. Canonical correlations 
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find a linear combination from each set of variables such that cor- 
relations between each set is maximized, then defines additional 
sets of canonical variables, uncorrelated with the first pair, that 
produce the next highest correlation coefficient(s). The process 
continues until the number of canonical correlations equals the 
number of variables in the smallest group (Johnson and Wichern 
1988). Only the results of the first canonical correlations were pre- 
sented, since additional canonical correlations added little to inter- 
pretations. Correlations between canonical and original variables, 
and plots of the first canonical correlations between the fmt pair 
of canonical variates were included to aid in interpretion. Level of 
significance was set at o! = 0.05 for all statistical tests. 

Results and Discussion 

Physical and Chemical Characteristics. Growth stage of all 
3 species increased with length of growing season, as did tiller 
length and weight (Table 2). The largest increases were noted late 
in the growing season, when plants were undergoing most of the 
stem elongation and development of reproductive structures. 
Sand bluestem and little bluestem tillers both grew at steady rates 
during the growing season, as compared to prairie sandreed 
plants which developed rapidly during the early growing season 
and levelled off as the dormant season approached (Table 2). 
Increases in growth stage of sand bluestem and prairie sandreed 
during the growing season were similar to results of another 
study conducted on similar sites, during the same years 
(Hendrickson 1992). Prairie sandreed and little bluestem tillers 
tended to be more erect than sand bluestem later in the growing 
season. 

Growing season impacted most of the physical attributes 
through its effects on plant maturation processes common to all 3 
species (Dahl and Hyder 1977). Tiller initiation and growth are 
qualitatively similar within the members of Poaceae, being con- 
trolled and localized in meristematic tissues (Murphy and Briske 
1992). Increases in tiller erectness were related to the elevation of 

the meristematic tissues in the growing points, and the develop- 
ment of stems (Brejda et al. 1989). 

Environmental variables an impact on tiller development. 
Radiation, temperature, photoperiod, water availability, and min- 
eral nutrition all impact tillering, either singly or in combination 
(Murphy and Briske 1992). The effects of precipitation on tiller 
development in this study were important. Precipitation received 
in 1991 generally exceeded the long-term average, while 1990 
approximated the long-term average (Table 3). Most of the annu- 
al precipitation was received during the growing season 
(April-September), with lesser amounts received during the 
remainder of the year. Timing and amount of rainfaR would 
impact level of growth tillers attained during the growing sea- 
sons. Soil moisture was adequate for the initiation of growth in 
the spring, and amounts received during the different parts of the 
growing season (April-June and July-September) would have 
allowed plants to attain average levels of development. Maximum 
tiller growth and development also occurred during maximum 
inputs (July and August) of solar radiation (Tieszen 1970). 

Crude protein, IVDMD, hemicellulose, and chlorophyll all 
declined with the advance of growing season, while lignin and 
ash increased (Table 2). Total cell wall and TNC did not display 
marked changes over the course of the growing season. Results of 
laboratory analyses were similar to those of earlier studies at 
other Sandhills sites (Burzlaff 1971, Hoehne 1966). Total cell 
wall (NDF) was generally higher than values reported in earlier 
studies, though within the realm of values possible in previous 
studies; the increase was likely related to climate and precipita- 
tion. Changes in chlorophyll content during the growing season 
have not been reported’for these 3 species. Only point data during 
the growing season exists, generally the peak period of photosyn- 
thetic activity (Tieszen 1970). Differences in chemical character- 
istics during grazing treatments were due to the same factors that 
affected physical characteristics- advancing plant maturity and 
environmental factors. 

Correlation Analysis. Growth stage of sand bluestem was pos- 
itively correlated (P < 0.05) to tiller length, weight, lignin, ADF, 

Table 2. Mean (* 1 standard error) physical traits of tillers and chemical characteristics of 3 warm-season grasses of the Nebraska Sandhills during 
the 1990-91 graving seasons. 

Physical Traits 
Erectness’ 

teed Llnle * 
Jon. Jul. Aug. Oct. Jun. Jul. Aug. Oct. Jun. Jul. Aug. OCL 

1.7 (0.2) 1.8 (0.1) 1.8 (0.1) 1.6 (0.2) 1.3 (0.1) 1.3 (0.1) 1.2 (0.1) 1.2 (0.1) 1.8 (0.2) 1.7 (0.1) 1.5 (0.2) 1.3 (0.1) 
Growth Stage’ 1.3 (0.1) 1.4 (0.1) 1.8 (0.1) 2.1 (0.3) 1.3(0.1) 1.6(0.1) 2.1(0.3) 2.8(0.4) 1.4 (0.1) 1.9 (0.3) 2.5 (0.2j 3.2 iO.3j 
Tiller Length, cm 28 (3) 31 (3) 35 (4) 38 (5) 40 (4) 48 (4) 50 (5) 58 (4) 18 (1) 20 (1) 23 (3) 26 (21 
Tiller Weight, g 0.2 (0.04) 0.4 (0.1) 0.4 (0.1) 0.6 (0.2) 0.4 (0.1) 0.5( 0.1) 0.6 (0.1) 0.; (0.1) 0.; iO.01) 0.; iO.02) 0.; co.05, ii iO.04) 

Chemical Traits 
Protein, Z 9.0 (0.3) 
IWMD, 13 69 (2) 

7.6 (0.6) 6.9 (0.8) 5.4 (0.4) 9.6 (0.4) 7.3 (0.7) 6.9 (0.6) 3.9 (0.7) 9.8 (0.4) 8.1 (0.8) 6.9 (0.9) 3.6 (0.6) 

Cell Wall, %’ @Cl) 
64 (2) 58 (1) 50 (2) 52 (4) 44 (3) 39 (2) 37 (2) 62 (2) 53 (3) 46 (4) 32 (3) 
64 (1) 64 (1) 66 (1) 71m 71 (1) 70(l) 70 (1) 68 (2) 68 (1) 69 (1) 68 (1) 

Hemicellulose, % 24 (2) 
ADF, 96’ 40 (2) 

25 (1) 24(i) 21 (1) 28 (1) 27 (1) 26 (I) 23 (1) 30 (1) 29 (2) 28 (1) 23 (1) 
40 (2) 40 (1) 45 (1) 43 (1) 4(l) M(1) 47 (1) 38 (1) 39 (0 41 (0.6) 45 

Ash, I 3.4 (0.3) 
(0.4) 

3.4 (0.4) 3.1 (0.3) 3.9 (0.5) 2.4 (0.5) 2.8 (0.3) 3.6 (0.4) 3.7 (0.6) 3.1 (0.3) 3.4 (0.3) 4.4 (0.2) 6.1 (0.2) 
Lignin, % 3.7 (0.4) 
Tm mg/g6 85 (7) 

3.9 (0.4) 4.2 (0.2) 5.1 (0.3) 4.1 (0.1) 4.3 (0.2) 4.6 (0.2) 5.8 (0.2) 4.3 (0.1) 4.2 (0.3) 4.6 (0.3) 5.7 (0.1) 
94 (9) 94 (8) 89 (6) 82 (5) 87 (4) 93 (12) 85 9(6) 94 (4) 96 (5) 95 94 

Chlorophyll, mg/g 1.7 (0.4) 
(4) (19) 

1.5 (0.3) 1.4 (0.3) 0.6 (0.3) 1.8 (0.3) 1.4 (0.2) 1.4 (0.1) 0.7 (0.2) 1.8 (0.3) 1.7 (0.2) 1.6 1.1 
>rcctness scores ranged from 1 

(0.2) (0.4) 
(folly erect) to 4 (folly prostrate). 

3Gmwth stage as determined by mean stage by count (Moore et al. 1991). 
Total cell wall as defined by neutral detergent fiber. 

fn vitro dry-matter digestibility. 
‘Acid detergent fiber. 
%Otd nonstructural carbohydrates. 
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Table 3. Precipitation during 1990-91 and the 30 year average (1961-90) 
at the Gudmundsen Sandhills Laboratory, Whitman, Nebr. 

Month 1990 1991 Average’ 

(m’d 
January-March 74 111 70 
April-June 171 261 234 
July-September 198 209 186 
October-December 67 93 70 

‘Precipitation data is from the Mullen ?l NW reporting site., located 10 km northeast of 
the study site (NOAA 1991). 

and cell wall, and negatively to crude protein, IVDMD, hemicel- 
lulose, and chlorophyll (Table 4). Correlations between tiller 
length and weight, and the remaining chemical variables were 
correlated in a similar fashion. Tiller erectness and TNC were not 
correlated to any other characteristic. Ash content was positively 
correlated (P < 0.05) to all cell wall fractions except hemicellu- 
lose. Crude protein, IVDMD, and chlorophyll were positively 
correlated, and negatively correlated to all cell wall fractions 
except hemicellulose. Total cell wall, ADF, and lignin were posi- 
tively correlated (Table 4). 

Similar correlations between chemical and physical variables 
were noted in prairie sandreed and little bluestem (Tables 5, 6). 
Erectness of prairie sandreed was negatively correlated to growth 
stage and lignin, while TNC and tiller length were positively cor- 
related (Table 5). Ash content in prairie sandreed was negatively 
correlated with protein, IVDMD, hemicellulose, and chlorophyll, 
but positively correlated to growth stage, tiller weight, and lignin. 
Tiller erectness and the remaining physical characteristics of little 
bluestem were negatively correlated, while crude protein, 
IVDMD, hemicellulose, and chlorophyll were positively correlat- 
ed (Table 6). Ash content in little bluestem was negatively corre- 
lated to crude protein, IVDMD, hemicellulose, and chlorophyll. 
Growth stage, tiller length, tiller weight, and lignin were positive- 
ly correlated. 

The significance and signs of the correlations between physical 
characteristics, and those chemical characteristics defining cell 
wall fractions and forage palatability, indicated that definable 
large-scale relationships existed. Similar results have been noted 

in a correlation analysis applied to quality traits in smooth 
bromegrass (Bromus inermis L.) paddocks (Jung et al. 1989). 
These relationships were apparently related to common elements 
of plant morphology and physiology in grasses (Dahl and Hyder 
1977). 

Canonical Correlations. Robust relationships were noted 
between physical characteristics of tillers and chemical traits of 
forages for all 3 species. Acid detergent fiber (ADF) was exclud- 
ed due to linear dependencies with hemicellulose and lignin, 
since both were determined from ADF residues (Johnson and 
Wichem 1988). Canonical coefficients for physical characteris- 
tics were of similar size across species, as were signs of coeffi- 
cients, except tiller weight and erectness of sand bluestem and 
tiller length of little bluestem (Table 7). The canonical coeffi- 
cients for chemical characteristics exhibited less similarity in rel- 
ative size and signs of coefficients across species (Table 7). The 
size of coefficients for IVDMD, hemicellulose, and chlorophyll 
were different, while total cell wall was similar. Signs of coeffi- 
cients for crude protein, hemicellulose, lignin, TNC and chloro- 
phyll were variable across species. 

Some of the variation noted in size and sign of canonical coef- 
ficients for physical and chemical characteristics can be related to 
fundamental differences in plant physiology, growth form, and 
tiller morphology. Similarities in coefficients were indicative of 
common processes involved in tiller morphology and growth. 
Phytomers, the basic structural unit of a tiller, develop sequential- 
ly from an apical meristem, with axillary buds (rudimentary api- 
cal meristems) differentiated as components of each phytomer 
(Murphy and Briske 1992). Differences in coefficients were prob- 
ably related to growth form. Little bluestem is a bunchgrass, as 
compared to the other 2 clonal species, and had higher levels of 
chlorophyll in its leaves, possibly a compensatory mechanism 
due to intra-tiller shading within bunches. Growth stages attained 
by little bluestem were more advanced during the later treat- 
ments, due to some level of synchronization of tiller development 
within bunches (Northup 1993). Tillers of prairie sandreed exhib- 
ited elements of both a cool- and warm-season grass. Initial tiller 
growth occurred earlier in the growing season than the bluestems, 

Table 4. Spearman’s correlation among forage characteristics of sand bluestem at different times during the 1990-90 growing seasons on tbe 
Gudmundsen Sandhills Laboratory (n = 24 d.f.); *significantly different, p -Z 0.05, 

Plant Characteristics 
Growth Tiller Tiller Crude Cell Hemi- 

Erectness Stage Length Weight Ash Protein JVDMD Wall cellulose ADF Lignin TNC Chlorophyll 

Erectness - 
Growth Stage’ -0.12 - 
Tiller Length 0.11 0.84* - 
Tiller Weight 0.12 0.83* 0.76* - 
Ash 0.03 0.14 0.19 0.24 - 
Crude Protein 0.15 -0.85* -0.75* -0.76* -0.39 - 
IVDMD3 0.22 -0.90* -0.73* -0.72% -0.32 
Cell Wall4 

0.91* - 
-0.13 0.49* 0.46* 0.36 0.57* -0.57* -0.58* - 

Hemicellulose 0.16 -0.46* -0.35 -0.46* -0.55* 
ADti 

0.60* 0.60* -0.26 - 
-0.19 -0.59* 0.49* 0.53* 0.69* -0.67% -0.74s 0.71* -0.87* - 

Lignin a.29 0.73* 0.54* 0.56* 0.44* 
TNC6 

-0.78* -0.87* 0.64* -0.75* o.ss* - 
0.30 0.06 0.33 0.05 0.30 0.26 -0.11 0.29 0.16 0.03 0.06 - 

Chlorophyll -0.01 -o.SO* 4).76* -0.77* -0.44* O.SO* a.29 -0.60* 0.65* -0.78* -0.76% -0.23 - 
~Erectness scores ranged from 1 (fulIy erect) to 4 (fully prostrate). 
3Growtb stage as determined by mean stage by count (Moore et al. 1991). 

Total cell wall as defined by neutral detergent fiber. 
41n vitro dry-matter digestibility. 
‘Acid detergent fiber. 
6Total nonstructural carbohydrates. 
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Table 5. Spearman’s correlation coeftkients among forage characteristics of prairie sandreed at different times during the 1990-90 growing seasons 
on the Gudmundsen Sandhills Laboratory (n = 24 d.f.); significantly different, p < 0.05. 

Erectness’ 
Growth Stage’ 
Tiller Length 
Tiller Weight 
Ash 
Crude Protein 
1VDMD3 
Cell Wall4 
Hemicellulose 
ADF5 
Lignin 
TN@ 

Erectness 
- 

xt.55* 
-0.32 
Xl.18 
a.25 

0.39 
0.28 
0.08 
0.35 

-0.34 
-0.47* 
-0.07 

Plant Characteristics 
Growth Tiller Tiller Crude 

Stage Length Weight Ash Protein NDMD 

0.75* - 
0.73* 0.60* - 
0.63* 0.32 0.56* - 

-0.92* -0.73* -0.76* -0.61* - 
-0.84* -0.84* Xt.72* X).62* 0.86* - 
-0.34 0.17 -0.09 -0.26 0.30 -0.20 
-0.80* 4.40 -0.74* -0.64* 0.85* 0.66* 
-0.71* 0.35 0.79* 0.57* -0.79* 4u.54* 

0.83* 0.45* 0.73* 0.61* -0.84* - 0.69* 
0.22 0.46* 0.23 0.09 -0.17 -0.35 

Cell Hemi- 
Wall cellulose ADF Lignin TNC Chlorophyll 

0.44* - 
0.03 xl.gg* - 

4.14* X).89* 0.92* - 
4.04 0.04 -0.07 -0.04 - 

Chlorophyll -0.40 xl.88* -0.65* -0.76* -O.53* 0.90* 0.75 0.11 0.12* -0.74* -0.82* -0.03 - 

~Erectness scores ranged from 1 (fully erect) to 4 (fully prostrate). 
3Growtb stage as determined by mean stage by count (Moore et al. 1991). 

Total cell wall as defined by neutral detergent fiber. 
% vitro dry-matter digestibility. 
‘Acid detergent tiber. 
%otal nonstruchd carbohydrates. 

and plants continued to be photosynthetically active well into the 
dormant season. Prairie sandreed tillers initiated growth in late- 
April and May, and elevated growing points beginning in late- 
May (Brejda et al. 1989). Conversely, sand bluestem emerged in 
early-June and had fewer elongated tillers during the growing 
season (Hendrickson 1992). Tillers of the 2 bluestems had largely 
senesced by October, though the basal portions of some little 
bluestem plants within tussocks were still photosynthetically 
active. Some prairie sandreed tillers can be biennial, emerging in 
the late growing season of 1 year, over-wintering, and resuming 
growth from the same shoot apex the next year (Brejda et al. 
1989). Some of the variation in coefficients for chemical charac- 
teristics was likely related to differences in cell wall structure and 
biochemical activity, resulting in different levels of cell wall con- 
stituents (Albersheim 1975). Prairie sandreed produces wiry and 
tough forage, with higher levels of cell wall and lower digestibili- 

ty regardless of time of year, resulting in a lower value for forage 
quality (Burzlaff 1971). 

The first canonical correlation indicated that the first 2 sets of 
canonical variates were highly correlated. Significant relation- 
ships were noted between composite indices of physical charac- 
teristics of tillers and chemical traits of forage, as described by 
the canonical correlation and Wilk’s lambda (Table 7). Large 
amounts of variance present in the original sets of physical and 
chemical characteristics were defined by the first pair of canoni- 
cal variates. The physical canonical variate described > 50% of 
the total variance for all 3 species, and was particularly efficient 
for little bluestem (Table 7). The chemical canonical variate also 
defined > 50% of the total variance present in the original set of 
variables for prairie sandreed and little bluestem, and 44% of the 
variance in sand bluestem. The remaining pairs of canonical vari- 
ates added little to the analysis of all 3 species. Lower levels of 

Table 6. Spearman’s correlation coeffkients among forage characteristics of little bluestem at diierent times during the l!NO-90 growing seasons on 
the Gudmundsen Sandhii Laboratory (n = 24 d.f.); signitkantly different, p < 0.05. 

Plant Characteristics 
Growth Tiller Tiller Crude Cell Hemi- 

Erectness Stage Length Weight Ash Protein NDMD Wall cellulose ADF Lignin TNC Chlorophyll 

Erectness’ - 
Growth Stage’ -0.82* - 
Tiller Length -0.85* 0.92* - 
Tiller Weight - 0.78* 0.91* 0.88* - 
Ash -0.37 0.62* 0.42* 0.49* - 
Crude Protein 0.76* -0.95* 4.87* -0.85* -0.61* - 
IVDMD3 0.78* -0.98* -0.91* x).91* -0.63* 
Cell Wall4 

0.98* - 
-0.11 0.12 -0.16 0.08 -0.12 -0.16 -0.18 - 

Hemicellulose 0.74 4.86* -0.74 -0.72* 
AD@ 

-O.75* 0.89* 0.87* 0.13 - 
-0.67* 0.88* 0.77* 0.72* 0.67* -0.92* 4.91* 0.30 -0.91* - 

Lignin -0.67* 0.91* 0.83* 
TNC6 

0.80* 0.57* -0.93* - 0.94* -0.34 - 0.85% 0.95’ - 
-0.03 -0.11 -0.06 -0.11 -0.39 -0.02 0.07 0.18 0.08 -0.01 -0.02 - 

Chlorophyll -0.67* 0.67* -0.77* -0.73’ -0.65* 0.76* -0.79* 0.10 0.80* -0.73’ -0.72% -0.31 - 
$cclness scores ranged from 1 (fully erect) to 4 (fully prostrate). 
3Growtb stage as determined by mean stage by count (Moore et al. 1991). 

Total cell wall as defined by neutral detergent fiber, 
41n vitro dry-matter digestibility. 
‘Acid detergent fiber. 
‘total nons!mctural carbohydrates. 

JOURNAL OF RANGE MANAGEMENT 51(3),May 1998 357 



Table 7. Canonical coeffkients for the first canonical correlation 
between physical and chemical characteristics of tillers of 3 warm-sea- 
son grasses, and statistical analyses.’ 

Variable Sand Bluestcm Prairie Sandreed Little Bluestem 

Canonical Coefftctents 
Physical Variables 
Erectness -0.06 0.08 0.16 
Growth Stage’ 0.99 0.91 0.81 
Tiller Length -0.07 -0.11 0.12 
Tiller Weight 0.06 0.26 0.23 
Chemical Variables 
Crude Protein 0.09 -0.08 -0.09 
IVDMD3 0.81 0.16 1.10 
Cell Wall 0.13 0.11 0.16 
Hemicellulose -0.32 0.19 -0.39 
Lignin 0.03 -0.21 -0.28 
Ash 0.03 -0.07 -0.03 
TNtI? 0.21 -0.16 0.02 
Chlorophyll 0.48 0.53 -0.08 

Statistical Analvsis 

Canonical Correlations 0.95 0.96 0.98 

P>F CO.01 co.01 CO.01 
Wilk’s Lambda6 0.03 <O.Ol 0.01 
Variance Defined’ 
Phvsical 54 56 82 
Chknical 44 58 56 

‘Numerator d.f. = 32, denominator d.f. = 45.8 for tests on canonical correlations; d.f. arc 
rJppnklations. 
3Growtb stage by Mean Stage by Count. 

In vitm dry-matter digestibiiity. 
+otal nonstructural carbohydrates. 
5Correlation between fmt canonical variates of chemical and physical charactertistics. 
%igoificance of correlation increases as Wiik’s lambda approaches Zen). 
‘Percent of variance present in origioal variables defined by oew caoooical variates. 

variance defined in the physical characteristics for sand bluestem 
and prairie sandreed, and chemical characteristics of sand 
bluestem, were apparently related to their clonal growth form. 
Both species produced large numbers of growth stages late in the 
growing season, resulting in a population of tillers with a wide 
range of both quality and physical size and age. The populations 
of tillers of sand bluestem and prairie sandreed contained 23 dif- 

ferent stages of phenological development by the August collec- 
tions (Hendrickson 1992, Northup 1993). 

Correlations between the first pair of canonical variates and the 
original set of variables indicated that definable relationships 
between groups of related characteristics could be developed. 
Canonical variates were interpreted as composite indices of matu- 
rity and architectural development of tillers (physical canonical 
variate), and quality of plant materials (chemical variate) com- 
prising tillers (Table 8). The chemical variate was a combination 
of relationships involving both positive and negative effects on 
quality. It was positively correlated with the high palatability fac- 
tors crude protein, IVDMD, chlorophyll, and hemicellulose, and 
negatively correlated with lignin, an indicator of anti-quality. As 
such, the important driving factors in the chemical variate was an 
increase in anti-quality coupled with a corresponding decrease in 
palatability with advance of the growing season. The impacts of 
lignin as an anti-quality factor in forages has been well docu- 
mented (Akin 1989). The relationship between the chemical vari- 
ables and the forage quality variate emphasizes the multi-dimen- 
sional nature and relatedness between both palatability and anti- 
quality characteristics that are involved in describing forage qual- 
ity (Coleman 1992). The “tiller maturity” variate exhibited posi- 
tive correlations with growth stage, tiller length, and weight 
(Table 8). Tillers tended to be larger and more phenologically 
advanced later in the growing season, when mean tiller maturity 
was greater and plants were structurally more complex. Some 
cohorts of tillers in the late growing season were comprised of 
old and new leaves, elongated and elongating stems, and repro- 
ductive structures (Hendrickson 1992). 

Plots for all 3 species indicated the existence of close rela- 
tionships between tiller development and forage quality (Fig. 1). 
Distributions of observations accentuated relationships among 
characteristics comprising the canonical variates, and between 
canonical variates. Observations in the lower part of both axes 
(< 0) were predominately vegetative or early elongation stages 
of development, with corresponding high digestibilities and 
crude protein. Observations later in the growing season were 
located in the upper parts of both axes and corresponded to 

Table 8. Correlations between original physical and chemical variables of 3 warm-season grasses and the canonical variates of the first canonical cor- 
relation. 

Canonical Variates 
Sand Bluestem Prairie Sandreed Little Bluestem 

Forage Tiller Forage Tiller Forage Tiller 
Variable Quality Development Quality Development Quality Development 

Physical Variables 
Erectness -0.16 -0.18 -0.38 -0.43 -0.71 -0.79 
Growth Stage' 0.93 0.99 0.93 0.98 0.95 0.99 
Tiller Length 0.74 0.79 0.68 0.71 0.88 0.93 
Tiller Weight 0.79 0.83 0.81 0.85 0.89 0.94 

Chemical Variables 
Crude Protein 0.89 0.85 0.95 0.89 0.95 0.90 
IVDMD’ 0.95 0.91 0.87 0.81 0.99 0.93 
Cell Wall -0.51 -0.45 0.32 0.25 -0.16 -0.11 
Hemicellulose 0.49 0.43 0.87 0.81 0.83 0.79 
Lignin -0.77 -0.72 -0.88 -0.79 -0.92 -0.88 
Ash -0.14 -0.10 -0.68 -0.61 
TNC3 

-0.61 -0.58 
-0.02 -0.01 -0.21 416 0.13 0.05 

Chlorophyll 0.83 0.76 0.92 0.86 0.81 0.78 

iGrowth stage as determined by mean stage by count (Moore et al. 1991). 
31n vitro dry-matter digestibility. 
Total nonstructural carbohydrates. 
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older, structurally complex tillers with high lignin contents and 
low digestibility and crude protein. 

Data generated during this study encompassed levels of varia- 
tion present in both advance of the growing season, and the 
effects of precipitation on tiller maturity (Fig. 1). Tillers of all 3 

A. Sand Bluestem 

Wilk’s h = 0.03 
Canon. ? = 0.91 ’ 

6. Prairie Sandreed 
w 

V OV 

oa$ 

&I 

w 

3 % Wilk’s a. = c 0.01 
Canon. 8 = 0.95 ’ 

C. Little Bluestem 

2 

Wilk’s h = 0.01 
Canon. 8 = 0.97 

Physical Canonical Variate (Tiller Maturity) 

0 Jun. Cl Jul. v Aug. v Oct. 

Fig. 1. Plots of the first canonical variate of chemical (forage quality) 
and physical characteristics (tiller maturity) for (a) sand bluestem, 
(b) prairie sandreed, and (c) little bluestem; +* indicates signiti- 
came at P < 0.01. 

species attained higher stages of development in 1991, with 
observations higher on the maturity axis, particularly in the later 
parts of the growing season. Variation in forage quality was also 
noted, and mostly related to the progressive increase in variability 
during the growing season (Fig. la-c). Part of the variation noted 
during July through October can be attributed to the clonal, inde- 
terminate growth form of all 3 species; diverse populations of 
tillers were present, containing many phenological stages of 
development. Greater numbers of older plants of higher structural 
complexity, and lower overall forage quality, were present. 
Similar responses have been noted in univariate studies. Cell wall 
content increased and IVDMD and protein content declined with 
increases in phenology in temperate grasses and legumes 
(Sanderson and Wedin 1989). Similar responses have been noted 
in other studies on the effects of advancing growth stage and 
growing season on forage quality of important Sandhills grasses 
(Bmzlaff 197 1, Hendrickson 1992). Forage quality within plant 
canopies also varies with development. Herbage in the upper por- 
tions of the warm-season grass Hemarthia altissima (Poir.) Stapf. 
et C.E. Hubb. had greater leaf bulk density, IVDMD @-lo%), 
and protein content (Z-100%) as compared to foliage in the 
lower parts of the canopy (Holderbaum et al. 1992). Such spatial 
distributions in forage quality within plants is an important factor 
in the decline of forage palatability with plant maturation 
(Coleman 1992). 

Conclusions 

Results of this study support the existence of a general relation- 
ship between composite indices of forage quality and tiller matu- 
ration, which incorporated groups of related variables. Robust 
relationships were noted among suites of physical and chemical 
characteristics. Most of the relationships were driven by changes 
occurring in tillers as growing degree days accumulated with the 

Growing Season 
Spring * Fall 

Leaf Internode Reproductive Seed 
Growth Elongation Structures Development . . . . . . ’ .’ 1’ . . . . ’ . . \ : \ K /: / . \’ j’ \I( \ci Y i Y .’ \ ‘. . . . . ‘I(; . 

Young 4 Plant Maturity + Senescent 

Simple __) Tiller Architecture --w Complex 

Fii. 2. Diagrammatic iUus&ation of the relationship between tiller mat- 
uration, structural complexity, and forage quality in 3 warm-season 
grasses; the diioaal line represents change in forge quality. 
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advance of growing season (Fig. 2). Generally, as growing degree 
days increased, tillers attained more advanced growth stages and 
were taller and heavier. Plants also became more structurally 
complex, with a wider array of parts (leaves, nodes, internodes, 
flowering structures) within their canopies, and number of com- 
ponents per plant part. A corresponding increase in anti-quality 
compounds in cell walls also occurred, accompanied by a decline 
in palatability factors (Fig. 2). The relationships among character- 
istics describing forage quality underscore the importance of con- 
sidering how suites of related variables interact when describing 
the palatability and value of herbage to grazers. Such findings 
also underscore the importance of selective grazing to large her- 
bivores. Native forage species represent a dynamic food base 
from which ungulates must consume a diet, and present a 
resource of spatially and temporally variable quality to grazers 
(Stuth 1991). 

Results of this analysis can be applied to practical management 
problems. The linear combination of physical characteristic cocf- 
ficients can be used to generate a “maturity-structure” score that 
is correlated to a given “quality” index. This forage quality score 
could then be found within a table containing ranges of crude 
protein, digestibilities, and cell wall fractions for given scores. If 
a random sample of tillers (with adequate sample size) were mea- 
sured, an estimate of the quality of available forage for the 3 
dominant warm-season grasses of Sandhills rangeland could he 
ascertained on similar sites. 

One area of future interest for studies utilizing multi-dimen- 
sional analyses would be the inclusion of numbers of growth 
stages and new vegetative tillers produced during the growing 
season to the physical characteristics. An alternative approach to 
this study would be the combination of climatic factors, chemical 
and phyiscal variables of tillers into a dataset to examine relation- 
ships between composite indices of growing conditions, forage 
quality, and tiller development. 
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Abstract 

Herbivory by small mammals is a major factor controlling sur- 
vival of honey mesquite (Prosopis ghdulosa Torr. var. glandu- 
ha) seedlings. Clipping below the cotyledons is lethal; removal 
of the epicotyl may not be lethal but can severely limit seedling 
growth. Seedlings of other woody species sometimes compensate 
for epicotyl removal by prolonging the life of cotyledons. Also, 
projected future increases in atmospheric CO2 concentration 
could influence survival and growth after epicotyl removal. 
Objectives of this study were to determine effects of epicotyl 
removal at various seedling ages, atmospheric CO2 concentra- 
tions, and soil fertility, on (1) seedling survival, (2) cotyledonary 
leaf longevity, and (3) shoot and root growth of young seedlings. 
Mesquite seedlings were grown at 350, 700, and 1,000 uL liter-’ 
atmospheric CO2 concentration in nutrient poor and nutrient 
rich soils. All ages of seedlings survived epicotyl removal. 
Cotyledonary leaf fresh mass and chlorophyll content were high- 
er in plants where epicotyls were clipped. Root and shoot mass of 
both clipped and unclipped plants generally increased at higher 
CO2 concentrations when mineral nutrition was adequate, but 
responded less to CO2 when soil fertility was low. Responses to 
epicotyl clipping in mesquite seedlings are complex, being strong- 
ly influenced by soil fertility, atmospheric CO2 concentration, 
seedling age at clipping, and interactions between these factors. 

Key Words: chlorophyll content, cotyledonary leaves, her- 
bivory, Prosopis glandulosa Torr. var. glandulosa, mineral 
nutrition, CO2 enrichment. 

Honey mesquite (Prosopis glandulosa Torr. var glandulosa) 
has increased in density over vast areas of rangeland throughout 
the Southwestern United States (Buffington and Herbel 1965). 
Seed germinate across a wide range of conditions, so recruitment 
is high when conditions are conducive to establish (Scifres and 
Brock 1969). Seedlings grow rapidly and have rapid rates of tap- 
root extension (Mooney et al. 1977). Collectively these traits per- 
mit mesquite to increase in abundance when a seed source is 
available, even on well-managed rangeland (Gibbens et al. 1992). 

Despite the success of mesquite, germinating seedlings appar- 
ently face several obstacles to successful establishment. The 
seedling may be exposed to livestock trampling or herbivory by 
small mammals or insects. Because mesquite is an “epigeous” 
legume (emergence occurs because of elongation of the 
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Resumen 

Los habitos herbivoros de pequeiios mamiferos es uno de 10s 
factores mb importantes en la supervivencia de las ptintulas de 
“mesquite” (Prosopis glandulosa Torr. Var. glundulosa). Podar 
las plant&s por debajo de 10s cotiledones es letal para ellas. La 
remosion de1 epicotileddn no es necesariamente fatal, pet-o puede 
limitar seriamente el desarrolfo de las pkntulas. Las phkrtulas de 
8 especies leiiosas compensan la remosion de1 epicotikdbn, pro- 
longando la vida de 10s cotiledones. Ademas, 10s incrementos 
esperados en concentracbn de CO2 atmosftkico, podrilian influir 
en la supervivencia y desarrollo de las plantulas despues de la 
remosion de1 epicotiledon. Los objetivos de este estudio fueron la 
determinacbn de1 efecto de remoson de1 epicotiledon en varias 
edades de las plant&s, en varias concentraciones de CO2 atmos- 
fericos y en varias fertilidades de1 suelo con respect0 a 1) la 
supervivencia de las plantulas, 2) Ia Iongevidad de la hoja cotile- 
doneal y 3) el desarrollo de las raices y la parte ai)irea de las 
pkntulas. Pbmtulas de ‘mesquite” fueron desarrolladas en con- 
centraciones de CO2 atmosferico de 350,700, y 1,000 uL L-’ y en 
suelos de alta y baja fertilidad. Las plant&s de todas las edades 
sobrevivieron la remoson de1 epicotiledon. El peso fresco de las 
hojas cotiledoneales y el contenido de clorofila fueron mayores 
en plantulas donde el epicotiledon fue cortado. El peso de las 
rakes y de la parte aerea tanto en plantas podadas coma en las 
no podadas, generalmente aumento en altas concentraciones de 
CO2 atmosferico cuando la nub-icon mineral fue adequada, pen, 
las plantulas respondieron menos a la concentracon de CO2 
cuando la fertilidad de1 suelo fue baja. Las respuestas de las 
plilntulas de ‘mesquite” a la poda de1 epicotiledon son comple- 
jas. Estas son fuertemente influenciadas por la fertilidad de1 
suelo, la concentracon de CO2 atmosferico, la edad de la pl&ntu- 
la en el moment0 de la poda, y las interaciones entre 10s anteri- 
ores factores. 

hypocotyh ” . ..the plant can be eliminated by a single cut below 
the cotyledons...” (Silcock 1980). Less severe pruning may not be 
lethal. Scifres and Hahn (1971), for example, found that 60% of 
7-day-old mesquite seedlings survived after epicotyl removal. 
Gibbens et al. (1992) reported that 79 of 100 seedlings that ger- 
minated on the Jomada Experimental Range in July 1989 were 
killed by lagormorph browsing. Of the seedlings that survived to 
the following May, all had been bitten off near the cotyledonary 
node, and shoot growth occurred from buds present in the axil of 
the cotyledonary leaf petiole. Paulsen (1950) also indicated that 
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browsing by rodents was the major cause of mesquite seedling 
mortality. 

Woolhouse (1967) reported that removal of portions of a plant 
above senescing leaves (including cotyledonary leaves) can 
reverse or delay senescence of those leaves. Neither Scifres and 
Hahn (1971) nor Gibbens et al. (1992) determined if clipping the 
epicotyl of young mesquite seedlings modified the longevity of 
cotyledonary leaves. 

Predicted increases in atmospheric CO2 could modify competi- 
tive relationships between Cg invaders such as mesquite and resi- 
dent C4 grasses by preferentially stimulating growth in C3 species 
(Mayeux et al. 1991, Johnson et al. 1993). Seedling response to 
COz, however, may depend strongly on the availability of miner- 
al nutrients (Bazzaz and Miao 1993) as well as cotyledon size 
(Radoglou and Jarvis 1993). Radoglou and Jarvis (1993), for 
example, found that Viciufaba L. showed no response to elevated 
CO2 during 45 days after germination, while positive responses 
were noted in the smaller-seeded Phaseolus vulgaris L. by 28 
days after emergence (Radoglou and Jarvis 1992). This difference 
in the timing of response to CO2 was attributed to differences in 
amounts of storage materials in cotyledons. 

The predicted doubling of atmospheric CO2 by the middle of 
the next century (Trabalka et al. 1985) could lead to a significant 
increase in density of mesquite if it stimulates seedling growth 
and survival following herbivory. Any effect of higher CO,, how- 
ever, likely will depend on other environmental factors. The 
objectives of this study were to determine effects of CO2 concen- 
tration, soil fertility, and seedling age at epicotyl removal, on 
shoot and root growth, cotyledonary leaf longevity, and seedling 
survival of honey mesquite. 

26.2” C, respectively, for the period of the experiments. 
Photosynthetically active radiation (PAR) was monitored by sen- 
sors placed approximately 1.5 m above plant level in each of the 
bays. Daily mean integrals of light intercepted in the 3 bays were 
23.88, 23.73, and 23.40 mol quanta m-* day-‘. Mean daytime 
vapor pressure deficit averaged 1.13, 1.09, and 0.98 KPa, respec- 
tively, for the 3 greenhouse bays. Soil was an alluvial silty clay 
loam from a deeply buried stratum near the Colorado River at 
Austin, Tex. It is not identified according to normal soil classifi- 
cation schemes. This soil was chosen because of its extremely 
low nitrogen content (0.04 1%). 

Experiment 1 
The purpose of this experiment was to determine relationships 

between epicotyl removal, CO, concentration, and plant response 
in a nutrient-limited situation. Mesquite seedlings were grown in 
containers made from 5.1 cm diameter polyvinyl chloride (PVC) 
pipe cut longitudinally with a band saw. The lower 1 cm of the 
pipe was not cut, but a radial cut was made to meet the longitudi- 
nal cut on one side. This left an intact collar on 1 pipe half, which 
was glued into a threaded adapter fitting. A pipe cap (with drilled 
drainage holes covered with plastic screen) was screwed onto the 
threaded adapter. The other half of the PVC pipe was attached to 
its matching surface with duct tape, to create a container approxi- 
mately 4 cm in diameter and 67 cm in length. At harvest, the tape 
and 1 of the longitudinal halves was removed, exposing an intact 
soil column. 

Materials and Methods 

In late April 1994, 27 containers were placed in each of the 3 
controlled-CO2 glasshouses. A commercial Rhizobium inoculum 
was added to each container, and 2 scarified seeds were planted 
per container. Soil was wetted to drip with distilled water initially 
and throughout the experiment (no fertilizer was added to the 
nutrient-poor soil). Within 3 days of emergence, extra seedlings 
were destroyed, leaving only one seedling per container. At 7 and 
12 days after emergence, epicotyls of 9 plants selected at random 
in each CO2 treatment were clipped about 1 mm above the point 
of attachment of the cotyledonary petioles. Care was taken not to 
damage the buds in the axils of the cotyledons. An additional 9 
plants served as an unclipped control for the 7-day clipping treat- 
ment. All plants were harvested 2 weeks after clipping. Number 
of nodules, fresh mass of roots, shoots, cotyledons, and regrowth 
(clipping treatments), and cotyledonary leaf chlorophyll content 
were measured and recorded. 

Seeds for these experiments were harvested from a single, iso- 
lated mesquite tree located approximately 15 miles south of 
Temple, Tex. in August 1989. We utilized half-sib seed for the 
following reasons. Firstly, we have observed that mean seed mass 
varies by as much as 41% between different maternal trees, and 
in many cases, final cotyledonary leaf area is correlated with seed 
mass (C.R. Tischler and R.E. Pennington, unpublished observa- 
tions). Secondly, numbers of leaflets on the first true leaf often 
vary between half-sib families. By utilizing half-sib seed, we 
therefore eliminated these sources of experimental error from our 
protocol. Obviously, genetic differences in leaf area (as would 
have been experienced had we used a composite seed sample) 
would have strongly influenced early seedling growth, irrespec- 
tive of atmospheric CO, concentration. Furthermore, in separate 
comparative studies, seedlings of this particular genotype 
appeared typical of “normal” mesquite seedlings. Seed pods were 
refrigerated until April 1994, when seeds were separated from the 
pods and scarified by removing a small section of the testa with a 
razor blade. All seedling growth experiments were conducted in 
air-conditioned glasshouses at Temple, Tex. Temperatures were 
maintained at approximately 25” C day and 18” C night. Three 
adjacent glasshouse bays were employed, in which CO2 concen- 
trations were constantly maintained near “target” concentrations 
of ambient (365), 700, or 1,000 rnL liter’ by automatic injection. 
Actual values averaged over the course of the described experi- 
ments were 360.6, 679.5, and 1,038.2 mL liter’. Mean daytime 
air temperature for the 3 greenhouse bays were 26.2, 26.0, and 

Chlorophyll was extracted with warm dimethyl sulfoxide and 
determined as described by Tischler and Voigt (1983), using 
equations presented by Hiscox and Israelstam (1979). Because 
cotyledons from which chlorophyll had been extracted could not 
be used for dry mass determinations, only fresh masses of 
seedling components were measured. 

Experiment 2 
The purpose of Experiment 2 was the same as Experiment 1, 

except that plant response to epicotyl removal was tested when 
mineral nutrition was adequate. All containers were watered with 
full strength Hoagland’s solution initially and as needed to main- 
tain soil moisture. No inoculum was added to the soil. Seedlings 
emerged on 25 and 26 May 1994. Clipping treatments and har- 
vest procedures followed those of Experiment 1. An additional 9 
PVC containers per glasshouse served as controls for the IZday 
clipping treatment. 

362 JOURNAL OF RANGE MANAGEMENT 51(3),May 1996 



Experiment 3. 
Because all seedlings survived the clipping treatments in 

Experiment 1, Experiment 3 was performed to determine the 
effects of clipping at younger seedling age and was conducted at 
the same time as Experiment 2. Epicotyls were clipped at 2,4, and 
6 days after emergence. To conserve space, seedlings were grown 
singly in 4- X 21-cm plastic cones. As in Experiment 2, cones 
were watered with full strength Hoagland’s solution. At harvest 
(14 days after clipping), we determined regrowth dry mass. 

Although the CO2 greenhouse environments were not replicat- 
ed, we assume that the within-greenhouse variances were similar 
to among-greenhouse variances. Temperature, PAR, and vapor 
pressure deficit were very similar between the greenhouses (as 
previously mentioned). Frequent watering insured that water 
stress was not a confounding factor in any of the experiments. 
Tubes or cones were frequently rearranged within each green- 
house bay, and samples were randomly picked from the popula- 
tion of containers. Where applicable, data were analyzed with 2 
way ANOVAs, with CO2 concentrations and clipping as main 
factors (CO;? concentration and age in Experiment 3). Mean sepa- 
ration tests were used to establish differences between treatment 
means. For the chlorophyll and cotyledon mass data in 
Experiment 2, the GLM procedure of SAS was utilized because 
of unequal numbers of replications. The log(l+x) transformation 
was applied to nodule number data before analysis to correct for 
nonhomogeneous variances. Each plant within a treatment group 
was considered a replication. 

Results 

Experiment 1. 
The overall ANOVA for the 7-day-post-emergence portion of the 
experiment indicated significant effects of clipping on root, 
shoot, and cotyledon weight and chlorophyll content of cotyle- 
dons. CO2 effects were not significant, and the clipping by CO, 
interaction was significant only for root mass. Comparisons of 
seedlings clipped 7-days-post emergence with control seedlings 
after 21 days of growth in unfertilized soil are presented in Table 
1. Numbers of nodules tended to be lower in clipped than control 
seedlings at each CO2 concentration, although not greatly so (p = 
0.096, 0.16, and 0.123, in order of increasing CO*). Shoot fresh 
mass was significantly lower in clipped plants. Root fresh mass 
was significantly lower in clipped seedlings only at 1,000 mL 

liter-’ COZ. Mass of regrowth and total shoot mass (all above- 
ground structures) did not differ between the CO2 treatments. 
Cotyledon fresh mass among clipped plants was significantly 
higher at 1,000 than 365 mL liter-’ CO2. At each CO2 concentra- 
tion, chlorophyll contents of cotyledons were significantly greater 
in clipped than unclipped plants (p = 0.0001, 0.0001, and 0.0003 
in order of decreasing CO& In all atmospheres, cotyledons of 
clipped plants were heavier than those of unclipped plants, with 
the difference being significant at 700 UL liter-’ (p= O.OCO7). Few 
differences were observed among the CO2 treatments in unfertil- 
ized seedlings clipped 12 days after emergence (not shown). 
However, shoot fresh mass of clipped plants grown at 1000 mL 
liter-’ was significantly greater (309 mg) than for plants grown 
near the current CO2 concentration (252 mg). Chlorophyll con- 
tents of cotyledonary leaves did not differ between the 3 CO2 lev- 
els, but within each CO2 level, chlorophyll contents were lower in 
seedlings clipped at 12 than at 7 days after emergence (not 
shown). 

Experiment 2,7 day clipping 
Clipping at 7 days post-emergence significantly affected all 

parameters measured on fertilized seedlings. The CO2 effects 
were significant for all parameters except chlorophyll content of 
cotyledons. A clipping by CO2 interaction was significant for root 
biomass (p =0.0291). Root and shoot fresh masses were signifi- 
cantly higher in control than clipped seedlings, except that shoot 
fresh mass did not differ with clipping treatment at 365 mL liter-’ 
CO2 (p=O.O54) (Table 2). Cotyledon fresh mass was significantly 
greater in clipped than control seedlings. Cotyledon chlorophyll 
content was significantly higher in clipped than control plants 
grown at 1,000 and 700 mL liter-’ CO2, but did not differ with 
clipping at 365 mL liter-’ CO2 (p=O.O81). 

Shoot and root masses of control plants and shoot mass of 
clipped plants were significantly higher at 1000 mL liter.’ CO2 
than the lower concentrations. Regrowth mass demonstrated no 
clear relationship to CO2 concentration. 

Experiment 2,12 day clipping. 
Clipping effects were significant for all factors measured on 

fertilized seedlings. CO2 effects were significant for all factors 
except chlorophyll content of cotyledons. Treatment by CO2 
effects were significant only for regrowth mass (p = 0.0017) of 
fertilized seedlings clipped 12 days after emergence (Table 3). 
Shoot and root fresh masses were significantly higher in control 

Table 1. Effects of epicotyl clipping at 7 days after emergence and elevated atmospheric CO2 concentration on number of nodules; root, shoot, cotyle- 
don and regrowth fresh mass, and chlorophyll content per cotyledon pair of unfertilized mesquite plants at 21 days after emergence. 

Fresh mass 
No. of Mass 

co, cont. Clipping nodules Root Shoot coty. regrowth 

(pL liter-‘) 
365 Clipped 5.9 a ‘A 

370a ~~ _ - - - -26Sa-A- - (m&v) - - - _ _ _. _. - - - - - - _ _ _ 
144a B 78 A 

365 Control 14.la A 380a A 382a A 122b A 
700 Clipped 11.3a A 362a A 261b A 155a AB 65 A 
700 Control 18.3a A 299a A 318a A 116hA 

1000 Clipped 4.2a A 283b A 255b A 165a A 56 A 
1000 Control 12.8a A 425a A 394a A 128b A 
1 Values within a CO2 treatment not followed by the same lower case letter are significantly different at the 5% level. 
%l ues within a clipping treatment not followed by the same upper case letter are significantly different at the 5% level. 

Chl. content 

.--(p.&--- 
117a A 

30b A 
133a A 

31b A 
136a A 

27b A 
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Table 2. Effects of epicotyl clipping at 7 days after emergence and elevat- 
ed atmospheric CO, concentrations on root, shoot, cotyledon and 
regrowth fresh mass, and chlorophyll content per cotyledon pair of 
fertilized mesquite plants at 21 days after emergence. 

Fresh mass 

(332 M.XSS Chl 
cont. Clipping Root Shoot coty. regrowth content 

(pL liter-‘) --.---------(mg)------------ 
365 Clipped 342b’ A2 388a B 171a B 186A 

- ,(&;I i- 

365 Control 527a B 517a B 119b A 48a A 
700 Clipped 327b A 385b B 177a B I45 A 84a A 
700 Control 6Ola B 551a B 142b A 27b A 

1000 Clipped 410b A 454b A 211a A 161 A 113a A 
loo0 Control 884a A 668a A l46b A 36b A 

‘Values withii a CO2 treatment not followed by the same lower case letter are signiti- 
ynly diffylt at $e y level. 

oes wltlun a chpplng treatment not followed by the same upper case letter are signif- 
icantly different at the 5% level. 

than clipped treatments in 5 of 6 clipped versus unclipped com- 
parisons. Cotyledon fresh mass and chlorophyll contents were 
greater for clipped than unclipped seedlings at all 3 CO2 levels. 

Within a clipping treatment, CO2 enrichment increased (often 
significantly) masses of tissues measured. Shoot fresh mass of 
clipped plants, for example, increased with higher CO2 concentra- 
tions. Root fresh mass was greater in clipped plants grown at 
1000 than 365 mL liter-’ C02. For clipped seedlings, cotyledon 
fresh mass was lower for plants at 365 than 700 and 1000 mL 
liter-’ CO2 level. Mass of regrowth was significantly higher at 
1000 mL liter-’ CO2 than at the 2 lower concentrations. 

A comparison of chlorophyll contents listed in Tables 2 and 3 
demonstrates that contents were much lower in seedlings clipped 
at 12 than 7 after emergence. In addition, some cotyledonary 
leaves abscised from the control seedlings (5, 5, and 4, respec- 
tively, from low to high C02) in the 12-day-clipping treatment. 

Experiment 3 
In this experiment, age, CO2, and age by CO2 interactions were 

all significant (p = 0.0001, 0.0001, and 0.0011). Regrowth of 
plants clipped 4 and 6 days after emergence was greater at 700 
and 1,000 than 365 mL liter-’ CO2 (Table 4). Clipping at these 
early dates did not reduce survival; all clipped plants survived. 

Table 3. Effects of epicotyl clipping at 12 days after emergence and 
atmospheric CO2 concentration on root, shoot, cotyledon and 
regrowth fresh mass; and chlorophyll content per cotyledon pair of 
fertilized mesquite plants at 26 days after emergence. 

co2 
cont. Clipping Root 

Fresh mass 
Mass Chl 

Shoot cotv. remowth content 

@L liter-‘) ------------(mg)------------ 
365 Clipped 3lSb’ B2 236b C 119b B 68 B 

- -&;‘A - 

365 Control 545a A 426a A 47b A 1lbA 
700 Clipped 368b AB 300bB l55aA 61 B 69a A 
700 Control 75Sa A SO2a A 50b A 17b A 

1000 Clipped 449bA 364bA 165aA 121 A 77a A 
loo0 Control 767a A 526a A 65b A 14b A 

‘Values within a CO2 trcahnent not followed by the same lower case letter are signiti- 
canan diiy-ylt at yle T% level. 

ues wtthm a cbppmg treatment not followed by the same upper case letter are signif- 
icantly different at the 5% level. 

Table 4. Regrowth biomass of mesquite seedlings with epicotyls clipped 
at 2,4, and 6 days after emergence. Regrowth was measured 14 days 
after clipping. 

Age at clipping CO2 cont. Regrowth dty 
mass 

-(days)- 
2 
2 
2 

4 
4 
4 

6 
6 
6 

($XiiTj 
365 
700 

1004l 
365 
700 

1000 
365 
700 

--w-- 
29a ’ A2 
39a B 
39a B 
30h A 
76a A 
76a A 
38b A 
64a A 
71a A 

‘Valueswithin a clipping age not followed by the same lower case letter are signifi- 
antly different at the 5% level. 

G alues within a CO2 treatment not followed by the same upper case letter are 
significantly different at the 5% level. 

Discussion 

Epicotyl removal had a significant effect on carbon economy of 
mesquite seedlings, and significantly lowered shoot mass in 8 of 
9 cases and root mass in 5 of 9 comparisons. In contrast, epicotyl 
removal increased cotyledonary leaf mass, chlorophyll content, 
and persistence. These results agree with the suggestion of 
Woolhouse (1967) that epicotyl removal modifies the function 
and longevity of cotyledons. Bevers (1976) indicated that in 
epigeal seedlings, cotyledons are important both as photosynthet- 
ic and storage organs. In each experiment, cotyledonary fresh 
mass in clipped plants increased at elevated CO,, suggesting that 
CO2 enhanced cotyledonary leaf function. Apparently in 
mesquite seedlings, cotyledon longevity is relatively plastic and 
responds to both the specific requirements of the seedling (clip- 
ping) and environmental conditions (CO.,). 

The plasticity of cotyledon persistence, however, may be time- 
dependent. For fertilized plants (Experiment 2), the fresh mass 
and chlorophyll content of cotyledons were lower in seedlings 
clipped at 12 than 7 days after emergence (for all CO2 treat- 
ments). Cotyledons likely were beginning to senesce at 12 days, 
and irreversible changes had already occurred that precluded their 
full recovery. This hypothesis would help explain why, in every 
case, regrowth mass was lower in plants clipped at 12 than 7 days 
(compare Tables 2 and 3). Intuitively, regrowth would be expect- 
ed to be greater in plants clipped later in development. If, howev- 
er, senescence had started to occur in the plants clipped at 12 
days, a metabolic cost would be incurred in reversing this 
process, and our data indicate that this reversal was not complete. 

Mineral nutrition greatly influenced the response of seedlings 
to CO> In the nutrient poor-soil (Experiment l), the only positive 
response to increasing CO2 that was statistically significant was 
an increase in cotyledonary leaf mass of plants clipped 7 days 
after emergence. With nutrient addition to the same soil 
(Experiment 2), however, seedlings in the 1,000 mL liter-’ CO2 
atmosphere were significantly higher than those in the ambient 
atmosphere for root mass (control plants), shoot mass (clipped 
and control plants), and cotyledon mass (clipped plants). Similar 
trends were evident for plants in the 12&y clipping treatment. 
Only shoot fresh mass of clipped plants was significantly greater 
in the 1,000 than 365 mL liter-’ CO2 treatment in unfertilized soil 
(Experiment 1). With fertilizer, however, increased regrowth 
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mass, cotyledon mass, shoot mass, and root mass of clipped 
plants were observed (Experiment 2). Although not statistically 
significant, both root and shoot mass of fertilized control plants at 
26 days after emergence (Experiment 2) increased with increas- 
ing CO2 concentration without exception. Two other significant 
conclusions can be drawn. The first is that mesquite seedlings can 
survive epicotyl removal as early as 2 days after emergence. 
Scifres and Hahn (1971) observed 40% mortality when they 
clipped 6-day-old mesquite seedlings, but we observed no mortal- 
ity in any clipping treatments. One possible explanation is that 
our culture conditions were optimum (high light levels and warm 
temperatures) for seedlings to survive this trauma. A second con- 
clusion is that by 3 weeks after emergence, tap root length of 
almost all seedlings exceeded the 67-cm depth of soil in our cul- 
ture tubes, confirming the potentially rapid rates at which 
mesquite can access water and other soil resources at depth 
(Brown and Archer 1989). 

In summary, our results indicate that responses to epicotyl 
removal in young mesquite seedlings are complex, being strongly 
influenced by soil fertility, atmospheric CO2 concentration, 
seedling age at clipping, and interactions among these factors. 
Epicotyl removal is not necessarily lethal even to very young 
seedlings. The great amount of variability we observed between 
replicate plants agrees with the observations of Simpson (1977) 
concerning variability present even in half-sib families of mesquite. 

Results from these studies indicate that future increases in 
atmospheric CO2 concentration could stimulate growth of 
mesquite seedlings (whether modified by herbivory or not), espe- 
cially when soil fertility is adequate. Although soil fertility can be 
low on many rangelands, mesquite is also problematic in man- 
aged pastures (for example, fertilized Coastal bermudagrass 
[Cynodon dactylon] pastures) (Tischler, unpublished observa- 
tions). In ecosystems such as these, effects of increasing CO2 
may be more pronounced. However, even in nutrient depleted 
rangelands, the possibility exists that increasing CO2 will stimu- 
late nitrogen fixation by mesquite and other legumes (Polley et al. 
1994, 1997) resulting in feedbacks whose effects may not yet be 
appreciated. 
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Improvement of Crop-Livestock Integration Systems in 
West Asia and North Africa. Edited by Nasri Haddad, 
Richard Tutwiler and Euan Thomson, with numerous text 
contributors. 1997. The International Center for Agricultural 
Research in the Dry Areas (ICARDA), P.O. Box 5466, 
Allepo, Syria. 612 p. US $45.00 for high income countries, 
$25.00 for developing countries. Hardbound. ISBN 92- 
9127-065-2. 
Although its title may suggest highly specialized and regional- 

ized content, this diverse collection of papers should contain 
something of interest to most who work with crops or livestock 
on arid lands. It is the published Proceedings of the Regional 
Symposium on Integrated Crop-Livestock Systems in the Dry 
Areas of West Asia and North Africa, held 6-8 November, 1995, 
in Amman, Jordan. The list of participants for the symposium 
shows representation from 15 countries, more or less encircling 
the Mediterranean, with disproportionately more contributors 
from Iraq, Jordan, and Syria, but including participants from 
Spain, Cyprus, France, and Pakistan. Notable regional absentees 
are participants or papers from Greece, Iran, Israel, and Italy. 

The Proceedings is organized into 8 major sections, with con- 
siderable diversity within sections. Crop-Livestock Integration, 
Section 1, consists of 6 papers, and Section 2, Production 
Technology and Systems, contains 3 papers on integrated produc- 
tion systems. The integrative papers of these sections seem 
appropriate to the symposium’s and book’s title. The first paper 
of Section 1, Crop-Livestock Integration in the Drier Areas of 
West Asia and North Africa, authored by the editors, provides 
regional background, and contains an interesting and appropriate 
discussion of the compatability of agricultural intensification and 
crop-livestock integration. Case studies of agricultural intensifi- 
cation and crop-livestock integration in Iraq, Jordan, and Syria 
are presented, and suggest a tendency for crop-livestock integra- 
tion to fall victim to agricultural intensification. The authors curi- 
ously offer that for the 3 countries studied, future crop-livestock 
integration should be pursued at system levels higher than the 
individual farm, an ecologically suspect tendency toward farm- 
level crop-livestock dissociation more characteristic of industrial- 
ized countries. Current economic and technological forces seem 
to be fostering this tendency anyway. 

What follows in Sections 3 through 7 of the Proceedings are, 
with some exceptions, papers with objectives of increased agri- 
cultural production through agricultural intensification rather 
than papers with objectives of ecological efficiencies through 
farm-level crop-livestock integration. The papers of Section 3, 
Barley Improvement, and Section 4, Forage Legume 
Improvement, tend toward production intensification objectives 
even when they do involve farm-level crop-livestock considera- 
tions. Section 5 on sheep breeding, nutrition and management 
contains some interesting papers on various aspects of Awassi 
sheep including the effect of vitamin A on their reproductive per- 
formance, their utilization of barley stubble, their reproductive 
performance under artificial insemination, and some cross-breed- 
ing programs appropriate to them. Section 6, Rangeland and 
Marginal Land Improvement, contains 5 papers, including 2 on 
range fertilization, 2 on forage shrub management, and one 
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reporting a survey of bedouin graziers. More than a few of the 
authors of papers in these sections were trained at universities in 
industrialized countries, and some of the papers show a some- 
times disquietingly familiar tendency to associate improvement 
with intensification and production rather than integration and 
eficiencies. 

A paper on a formalized approach to technology transfer begins 
Section 7, Technology Adoption and Impact. These papers are 
mostly concerned with barley production, but include papers on 
feed-block technology and labor allocation in bedouin farming 
systems. 

Five papers in Arabic complete the book; abstracts of these 
papers in English are provided. The book contains no general 
index, and no glossary. Most of the papers contain significant 
regional bibliographies. Questions to, and answers of the authors 
from the Symposium are included following some of the papers. 

Scientists and practitioners involved in agriculture in West Asia 
and North Africa may not all see this book as all that farm-level 
crop-livestock integration should be, but will find it a valuable 
source on where multi-level integration is, and where it is seems 
to be going. U.S. scientists should recognize the multi-level, agri- 
industrial trends.-David L. Scarnecchia, Washington State 
University, Pullman, Washington. 
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