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Harvest date and fertilizer effects on native and 
interseeded wetland meadows 
P.E. REECE, J.T. NICHOLS, J.E. BRUMMER, R.K. ENGEL, AND K.M. ESKRIDGE 

P.E. Reece, Dept. of Agronomy, Univ. of Nebraska Panhandle Research and Extension Center, 4502 Avenue I, 
Scottsbluff 69361; J. T. Nichols, J. E. Brummer, and R. K. Engel, Dept. of Agronomy, Univ. of Nebraska West Central 
Research and Extension Center, Route 4, Box 46A. North Platte 69101; and K.M. Eskridge, Dept. of Biometry, Univ. 
of Nebraska, 103 Miller Hall, Lincoln 68583. 

Abstract 

Studies of harvest date by fertilizer interactions on hay meadows 
are rare and none have been published for prairie meadows. Our 
objective was to evaluate the effects of initial harvest date (15 June, 
15 July, and 15 August) and spring-applied N (0,45,90, and 135 kg 
ha-‘) on first cutting and regrowth dry matter yield and forage 
quality from native and interseeded wetland meadow sites. 
Regrowth was harvested on all plots in late September. ‘Garrison’ 
creeping foxtail (A lopecurus arundinuceus Poir.) was interseeded 
on plots 4 years prior to application of treatments. Native vegeta- 
tion was dominated by sedges (Carex spp.). Interseeded plots were 
dominated by Garrison creeping foxtail. 

Yield and quality on different dates and response to N were 
similar for vegetation types despite differences in duration of 
spring flooding between years. Harvest date by fertilizer interac- 
tions occurred for first cutting yield and crude protein concentra- 
tion. Yield response to applied N ranged from 8.5 to 31.2 kg ha“ 
kg-’ N. Fertilizer had no effect on digestibility and increased crude 
protein concentration only in herbage harvested on 15 June. 
Within levels of N, first cutting yield was about 60% of peak 
standing crop on 15 June and 90% on 15 July compared with 15 
August. Greater plant growth rates and response to N after pro- 
longed spring flooding compensated for initial differences between 
years by 15 July. Regrowth dry matter yield was not affected by 
spring-applied N and increased by about 43 kg ha-‘day-’ after 
initial harvest in both years. Sedge-dominated, prairie meadows 
are productive and provide predictable forage and wildlife habitat 
management alternatives. 

Key Words: Alopecurusarundinaceus, Carexnebraskensis, Carex 
spp., nitrogen fertilizer, herbage yield and quality, regression 
models 

Published information on yield and quality of herbage from 
sedge (Carex spp.) dominated wetland meadows is limited to high 
elevation locations (Taylor et al. 1985). Most prairie wetland mea- 
dows provide critical sources of herbage for beef cattle and wildlife. 
Wetlands have become a focal point of state and federal govern- 
ments (Chantey et al. 1990). Information on combinations of 
management practices is needed to provide a better foundation for 
pending legislation on wetlands. Knowledge of harvest date by N 
fertilizer interactions is needed to improve hay production eff- 
ciency and to enhance wildlife habitat management Additionally, 
‘Garrison’ creeping foxtail (Alopecurus arundinaceus Poir.) has 
been widely recommended for seeding on wetlands in the Northern 
and Central Great Plains for increased dry matter yield (Stroh et al. 
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Research Division. 

The authors wish to thank Gordon D. Moeller for technical assistance and Sharon 
Holman for manuscript preparation. 

Manuscript accepted 18 Dec. 1993. 

178 

1978, Fairbourn 1982, Dodds and Vasey 1985, Anderson et al. 
1990), but comparative yield and quality studies of interseeded 
Garrison creeping foxtail and native vegetation on sedge domi- 
nated wetland meadows have not been reported. 

Harvest dates on wetland meadows in the Nebraska Sandhills 
depend upon a seasonally variable water table. Equipment access 
and drying conditions for hay occur after the water table has 
dropped 10 cm or more below the soil surface. Water tables are 20 
to 60 cm closer to the soil surface during much of the growing 
season on wetland meadows compared with subirrigated meadows 
in the Sandhills. Natural spring flooding occurs for 30 to 60 days 
on wetland meadows. Flooding is uncommon on subirrigated 
meadows and lasts 2 weeks or less. Normal harvest dates for 
wetland meadows range from mid-June to mid-August. Regrowth 
after haying provides a valuable source of high quality forage for 
livestock and many wildlife species. This study was conducted to 
quantify dry matter yield and forage quality on a prairie wetland 
meadow over a range of harvest dates and levels of spring-applied 
N. First cutting and regrowth herbage was harvested from sedge 
dominated native vegetation and plots interseeded with Garrison 
creeping foxtail in 1987 and 1988. Herbaceous species encountered 
in this study are common to wetland meadows and are widely 
distributed in Canadian provinces and temperate environments in 
the U.S. (GPFA 1986). 

Materials and Methods 

Site 
The study was conducted over a range of soil organic matter 

content and depth to water table conditions on a wetland located at 
the University of Nebraska, Gudmundsen Sandhills Laboratory, 
11 km northeast of Whitman, Nebr. Soil at the study location was 
classified as a Gannett-Loup fine sandy loam (coarse-loamy, 
mixed mesic Typic Haplaquolls) derived from eolian sand parent 
material. Selected soil properties at the study site are presented in 
Table 1. 

Table 1. Soil characteristics (O-15 cm) at the Gudmundscn Sandhills 
Laboratory, Laboratory, Whitman, Nebr. in 1987.’ 

Organic 
Block2 PH matter P(Bray-1) K NOs-N so4s 

(%) 

1 6.4 17.6 
__;i________(ppm)____________ 

6:0 
128 2.1 6.5 

: 
6.4 23.8 112 3.1 10.9 
6.8 31.0 3.1 141 2.5 14.7 

1Values are the means of 6 soil cores from each block. 
*Depth to water table declined from block 1 to block 3. 
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Soil water was not a limiting factor during the study because of 
natural subirrigation. Soils were water-saturated at the surface 
when plants initiated growth in the spring. The water table was 
within the rooting zone throughout the growing season. Average 
annual precipitation is 54.9 cm with 70% occurring from April 
through July. The average frost free period is 130 days and eleva- 
tion is 1,050 m (NOAA 1988). 

Design and Treatments 
A split-split plot experimental design was used with the whole 

plots randomly set out into 3 complete blocks. The criterion for 
blocking was slope position within the wetland basin. Degree of 
soil wetness, duration of flooding, and proximity to the water table 
increased downslope. Plot dimensions were 4.9 X 36.6 m, 4.9 X 
12.2 m, and 4.9 X 2.4 m for main, split, and split-split plots, 
respectively. Main plots were contiguous vegetation types consist- 
ing of native vegetation or interseeded to creeping foxtail. Split 
plots were initial harvest dates including 15 June, 15 July, or 15 
August. Regrowth was harvested in a second cutting on all plots at 
the end of the growing season on 22 September in both years of the 
study. Split-split plots were fertilizer treatments including control 
with no fertilizer, and 0,45,90, or 135 kg N ha-’ each with 45 kg 
PzOs ha-’ and 23 kg S ha-‘. Uniform application of P and S with all 
levels of N was based upon prior research results on a subirrigated 
meadow (Nichols et al. 1990). Fertilizer was broadcast on the same 
plots (2.4 X 4.9 m) in May 1987 and 1988 when the water table 
dropped below the soil surface. Fertilizer sources were ammonium 
nitrate (34-O-O), triple super phosphate (O-46-0), and granulated 
sulfur (90% S). 

Four years before this experiment began, main plots were 
sprayed with glyphosate [N-(phosphonomethyl) glycine] at 2.8 kg 
ha-’ on 9 September 1983. Garrison creeping foxtail was then 
interseeded with a John Deere 1550 Power-till drill’ at 3.4 kg pure 
live seed ha-’ on 15 September 1983. All plots were hayed with 
adjacent wetland and subirrigated sites in early August 1984-1986. 
Fertilizer was not applied to the research sites until the initiation of 
treatments in 1987. 

Vegetation Types 
Basal area of plant species was measured on all native and 

interseeded plots 9-11 June 1987 with a IO-point frame at 10 
random locations within each main plot. Total plant basal area was 
similar for native and interseeded plots. Plant stem bases covered 
about 59% of the soil surface. Native vegetation was dominated by 
sedges whereas interseeded plots were dominated by Garrison 
creeping foxtail (Table 2). Five sedge species occurred in the native 
vegetation: Bebb sedge [ Carex bebbii (Bailey) Fern.], Crawe sedge 
(C. cruwei Dew.), Hayden sedge (C. haydenii Dew.), Nebraska 
sedge (C. nebruskensis Dew.), and slender sedge (C. pruegracilis 
W. Boott.) Sedges produced 70% or more of the herbage harvested 
from native plots. 

Herbicide treatment in 1983 before interseeding eliminated 
Nebraska sedge and reduced the relative abundance of the remain- 
ing sedge species. Sedge species accounted for 22% of basal cover 
on interseeded plots. Collectively, common rush (Juncus effusus 
L.) and compressed spikerush (Eleochuris compressa Sulliv.) 
composed 19% of the total plant basal area on both vegetation 
types. Garrison creeping foxtail composed 42% of the basal area on 
interseeded plots and produced 60% or more of the herbage har- 
vested at a 5cm cutting height. Basal area composition for other 
species was similar for vegetation types except for bluejoint reed- 
grass [ Culumugrosris cunadensis (Michx.) Beauv.], which was 6% 
on native but less than 1% on interseeded plots. 

The use of trade names in this article does not imply endorsement by the Nebraska 
Agr. Res. Div. of the products named, nor criticism of similar ones not mentioned. 

Table 2. Mean percent of total plant basal area for species on native nod 
interseeded wetland meadow plots 10 June 1987 at the Gudmundsen 
Sandhills Laboratory, Whitman, Neb. 

Species’ Native Interseeded 

_-- 
Alopecurus arundinaceus Poir. 
Carex nebraskensis Dew. 
Carex bebbii (Bailey) Fern, C. crawei Dew., 

C. haydenii Dew., and C. praegracilis W. 
Boott. 

Juncus effusus L., and Eleocharis compressa 
Sulliv. 

Agrostis srolonifera L. 
Poa prarensis 
Calamagrostis canadensis (Michx.) Beauv. 
Sparfina pectinata Link. 
Phleum prarense L. 
Trifolium pratense L. 
Miscellaneous forbs 

_____(%)________ 

0 42 
I3 0 
41 22 

19 19 

10 8 
6 4 
6 T2 
1 1 
1 T 
T 1 
3 3 

‘Nomenclature of plants follows the Great Plains Flora Association (1986). 
*Recorded at less than 1%. 

Sampling 
Standing crop weight from each treatment was obtained by 

harvesting an area 0.9 X 4.5 m at a 5-cm cutting height. Subsamples 
were obtained from the harvested material, oven dried at 60°C to a 
constant weight and used to convert yield values to a dry matter 
(DM) basis. Subsamples were analyzed for total N concentration 
using the Kjeldahl method (AOAC 1975) and for in vitro dry 
matter digestibility (IVDMD) according to procedures outlined by 
Marten and Barnes (1980). Crude protein (CP) was estimated as 
the product of Kjeldahl-N multiplied by 6.25. 

Apparent uptake of applied N was estimated by dividing the 
product of DM yield and CP concentration by 6.25, less estimated 
N uptake on 0 kg N ha-’ plots. Yield responses to N fertilizer on 
initial harvest dates were expressed as marginal yield responses and 
estimated by subtracting mean DM yield at 0 kg N ha“ from mean 
yields for each level of N and dividing by the respective application 
rate. 

Analysis 
Data were analyzed as a split-split-split plot in time over years 

for dry matter yield, protein concentration, and digestibility. The 
level of significance selected for treatment effects was P10.05. 
Initial analysis of variance included all 5 fertilizer treatments. 
Contrasts were used to determine if P and S had a measurable 
effect on DM yield and quality by comparing control and (no 
fertilizer) with 0 kg N ha-‘, which included P and S. Phosphorus 
and S had little or no effect on yield or quality of herbage harvested 
from this wetland meadow. The analysis of variance presented here 
includes only the 4 levels of N fertilizer (0,45,90, and 135 kg N ha-‘) 
to which P and S were uniformly applied. Single degree of freedom 
contrasts were used to test for significant linear and quadratic 
responses to initial harvest date and linear, quadratic and cubic 
responses to N level (Snedecor and Cochran 1967). When initial 
harvest date by year or N by year interactions occurred, single 
degree of freedom contrasts were used to test for significant differ- 
ences in coefficients of regression equations between years. Dry 
matter yield, CP concentrations, and IVDMD models were based 
on the analysis of variance. Mean response values for treatments 
within each of the 3 blocks were used to calculate regression 
equations. 

Results and Discussion 

Wetland sites occur on the lowest benches of hay meadows in the 
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Table 3. Regression equations for initial harvest date(D), N fertilizer (N), and year(Y) interaction effects on DM yield and CP concentration on a wetland 
meadow at the Cudmundsen Sandhills Laboratory, Whitman, Neb. 

Date/Year DM Yield CP Concentration 

I5 Jun 

First Cutting 

R* DXN (Fig. I b) 

-I% Y q  7.46 + 0.0122 N 

DXN (Fig. la) 

Y = 3874 + 17.4 N - 0.066 N* 

R2 

.7l 
I5 Jul Y = 5524 + 31.9 N - 0.104 N* .74 Y = 5.78 + 0.0008 N + 0.00003 N* .70 
I5 Aug Y = 6092 + 37.4 N - 0.139 N* .8l Y q  5.62 - 0.0061 N + 0.00006 N* .27 

First Cutting 

DXY (Fig. 2x1) R* DXY (Fig. 2b) R* 

1987 Y = 5301 + 91.6 D - 0.984 D* .83 Y=7.24-0.0716D+0.0007D2 .94 
1988 Y = 3851 + 121.0 D - 0.860 D* .93 Y = 9.33 - 0.1440 D + 0.0014 D* .98 

Regrowth 

DXY (Fig. 3a) R* . DXY (Fig. 3b) Rz 

1987 Y = 2791 - 39.20 D .99 Y = 8.05 + 0.0254 D + 0.0010 D2 99 
1988 Y=3006-46.75D .93 Y q  8.08 + 0.0051 D + 0.0019 D* 99 

First Cutting 

NXY (Fig. 4) R* 

1987 Y=5651+24.3N-O.l02N* .73 
1988 Y=4675+33.5N-0.105N2 .65 

‘Mean DM yield and CP concentration values for initial harvest date or levels of N fertilizer in each of 3 blocks were used to calculate regression equations. 

Sandhills. About 20.8 cm of precipitation occurred during the first 
2 weeks of May 1988 compared with a long-term average of 8.9 cm 
for the entire month of May. Thus the water table was above the 
soil surface about 2 weeks longer in 1988 than 1987 and plant 
maturity was delayed in 1988. Cumulative precipitation from June 
through September was similar to the long-term average in both 
years. 

10,000 

Vegetation Types 

‘; 9,000 
2 
UJ 8.WO 
25 

Sedge-dominated vegetation and plots interseeded to Garrison 
creeping foxtail were not statistically different in dry matter yield 
or forage quality. Comparison of vegetation types in this study 
involved limited degrees of freedom with vegetation as main plots. 
However, evaluation of initial harvest dates, N fertilizer, and inter- 
action effects with vegetation types involved progressively larger 
degree of freedom. Differences in yield and forage quality among 
initial harvest dates, response to applied N, and interaction effects 
were consistent over both vegetation types. Similar yield response 
to fertilizer at both vegetation types in our study from 45 to 135 kg 
N ha-’ concurred with a summary of 39 high elevation, intermoun- 
tain meadow trials by Taylor et al. (1985). 

p 7.000 
.- 
> 

z 
6.000 

5 
cp 5.000 
I 

e 4.006 
n 

3.000 L, I I 
0 45 90 135 

Mean unfertilized, first-cutting DM yield in our study ranged 
from 3,870 kg ha-’ on 15 June to 6,090 kg ha-’ on 15 August (Table 
3, Fig. la). Dry matter yields in our study were high compared with 
a range in average yield of 1,500 to 3,400 kg ha-’ reported for 
unfertilized wetland meadows (Gomm 1978, Welty et al. 1981, 
Laughlin et al. 1984, Taylor et al. 1985). Relatively low yields. 
reported for wetland meadows may be associated with differences 
in the length of growing season and species composition because 
most sites discussed in the literature are high elevation meadows. 
Flooding characteristics can also affect the composition and rela- 
tive productivity of wetland plant species. Rumburg and Sawyer 
(1965) reported that yield of rushes (Juncus spp.) increased and 
yield of sedges (Curex spp.) and grasses decreased with increased 
depth and duration of flooding. Slender sedge (Carexpraegracilis 
W. Boott.) yield was greater in moist compared to saturated soils 
while reed canarygrass (Phaluri.s arundinaceu L.) was most pro- 
ductive in saturated soils (Gomm 1978). Garrison creeping foxtail 
is adapted to a wide range of habitats including sites favorable for 
reed canarygrass (Stroh et al. 1978). Garrison creeping foxtail may 
be more productive than native vegetation on sites with deeper 

10 

1 15J1.m 15Jti @“*, -. 0 0 0 

A 
I I 

45 90 

Nitrogen Fertilizer (kg ha -1) 

Fig. 1. Initial harvest date by N fertilizer effects on first cutting DM yield 
(a) sod CP concentration (b). 
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floods or longer flood periods, typical of sites dominated by rushes. 

Harvest Date X Fertilizer 
Differences in herbage production from mid-June to mid- 

August increased as the level of applied N increased (Fig. la). 
However, within fertilizer levels, dry matter yield was about 60% of 
peak standing crop on 15 June and about 90% on 15 July relative to 
the yield response on 15 August (Fig. la). At 0 kg N ha-’ the 
difference in yield between I5 June and 15 July was about 1,640 kg 
ha-’ compared with 2,930 kg ha-’ at 135 kg N ha-‘. Differences in 
yield between mid-July and mid-August were relatively small 
compared with the preceding 30-day period (Fig. la). Main effects 
associated with initial harvest date accounted for 55 to 77% af the 
total variance in the forage quality and yield of first cutting herbage 
and 34 to 91% of total variance in regrowth herbage. Dry matter 
yield response to N on 15 July was comparable to fertilizer effects 
on subirrigated sites reported by Nichols et al. (1990). 

Relative to 15 August, 84 to 90% of the apparent uptake of 
applied N in herbage occurred by 15 June, but only 46% of the 
marginal dry matter yield response to fertilizer occurred by 15 June 
(Table 4). Percent of apparent N uptake on 15 July was 97 to 100% 

Table 5. Regression models for IVDMD over a range of initial harvest 
dates (D=days after 15 June) for first cutting and regrowth herbap. 

First Cutting Y = 56.78 - 0.2293 D, Rz = .97 
Regrowth Y = 52.59 + 0.0963 D, R* = .76 

regardless of fertilizer (Table 5). Crude protein concentration in 
herbage harvested on 15 June increased linearly from 7.5% at 0 kg 
N ha-’ to 9.1% at 135 kg N ha-’ (Fig. 1 b). In contrast, application of 
N had little effect on first cutting CP concentration on 15 July or 15 
August (Fig. 1 b). Nichols et al. (1990) reported similar N effects on 
herbage from subirrigated meadow sites harvested from mid-July 
to early August. Use of N fertilizer to increase protein concentra- 
tion in mid- to late June herbage could be efficient even though half 
of the marginal yield responses to N had not occurred. Near 
maximum apparent uptake of applied N in herbage occurred by 15 
June, first cutting dry matter yields were generally greater than 
4,000 kg ha-‘, and regrowth produced twice as much yield after an 
initial harvest on 15 June comnared with 15 July. Early harvest 

Table 4. Estimated first cutting marginal DM yield response to N fertilizer 
would also provide forage with higher digestibility (Table 5). 

on 15 June, 15 July, and 15 August on a wetland meadow at the 
S pringapplied N had no effect on forage quality or yield of 

Gudmundsen Sandhills Laboratory, Whitman, Nebr. regrowth. Total yield from first cutting and regrowth herbage on 
unfertilized nlots was not different among initial harvest dates 

Initial harvest date 
because of the relatively constant rate at which DM was produced 
after initial harvest. 

N 15 Jun 15 Jul 15 Aug Harvest Date X Year 
---___---_-_(kghz“kg-‘N) ____________ 

45 14.4 27.1 31.2 
First cutting dry matter yield increased from mid-June to mid- 

90 11.5 22.4 24.9 
August in both years, but the rate of increase was more rapid in 

135 8.5 17.8 18.6 9,000 - (a) 0 

relative to 15 August and ranged from 202 to 266 g kg-’ N at 135 -i 8 ooo 
and 45 N ha-‘, respectively. The average amount of apparent N r ’ 
uptake in herbage harvested from wetland meadow sites in this CJ, 
study on 15 July was about 13% greater than estimated uptake on Z 7,000 

subirrigated sites reported by Nichols et al. (1990). Under dryland 
conditions, N uptake in perennial grass herbage at the end of the 

p 
5 6000 

growing season generally accounts for less than 30% of the applied 

;&+4 

fertilizer N (Power 1988). Relatively large quantities of applied N g 5,000 - ra 
are often immobilized in root biomass on grasslands soon after 
fertilization (Power 1986). A highly labile soil pool, probably 

r” 
/ l<66 

00 

including microbial biomass, can also mineralize 50 to 100 kg N 
% 

4,000 - * 

ha-’ in a short period of time (Power 1988). Fate of N fertilizer has 
0 

not been reported for wetland meadows. 3,000 - I 

Marginal yield responses ranged from 8.5 to 31.2 kg DM ha-’ 
15 Jun 15 Jul 15Aug 

kg-’ N over initial harvest dates and levels of applied N (Table 4). 10.0 - o(b) 
Clearly harvest date by fertilizer interactions have a measurable 
effect on profitability of fertilization. The importance of this inter- 
action on yield and quality has not been addressed in the economic 

‘ii‘ 9.0 - & g\ - 
assessment of meadow fertilization (Taylor et al. 1985, Clark et al. 
1991). Mean marginal yield responses from a summary of high -5 6.0 
elevation meadow trials reported by Taylor et al. (1985) were 5 
similar to responses on 15 July at 45 kg N ha.‘, but progressively 
less as rates increased to 135 kg N ha-‘. Sedge dominated, prairie 

n 7.0 

meadows appear to be more responsive to high rates of N fertilizer $ ..::k-_ 
$ 

compared to high elevation meadows. Marginal yield responses to 
45 kg N ha-’ for pure stands of Garrison creeping foxtail reported 

~ 

by Power (1985) were intermediate between responses observed in 5.0 1 
our study on 15 July and 15 August. 15 Jun 15 Jul 

In contrast to reduced IVDMD on subirrigated sites in the same 
15Aug 

location (Nichols et al. 1990), N fertilizer had no effect on digesti- 
(0) (30) (00) 

bility of herbage from wetland sites in this study. Percent IVDMD Initial Harvest (Days after 15 June) 
of first cutth3 herbage declined by about .24 Percentage Points 
day-’ from about 57% on 15 June to 43% on 15 August each year, 

Fig. 2. Initial harvest date by year effects on first ~uttit~g DM yield (a) and 
CP concentration (b). The independent variable (D) Is the number of 
days after 15 June. 
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1988 than in 1987 (Fig. 2a). A prolonged period of high DM 
production in 1988 compensated for the spring delay in plant 
growth. While crude protein concentration declined more rapidly 
in 1988 than in 1987, relative differences between years decreased 
as the initial harvest date was delayed (Fig. 2b). Rumburg and 
Sawyer (1965) reported an increase in nitrogen content in early 
July harvested herbage with increasing depth and length of flood- 
ing. Based upon regression equations (Table 3) yield in 1988 
increased to levels similar to 15 June 1987, on about 29 June and 
CP concentration declined to levels similar to I5 June 1987 on 
about 2 July (Fig. 2). 

Initial harvest date by year interactions occurred in yield and 
protein concentration of regrowth herbage, but the relative magni- 
tude of these interactions was small. Regrowth DM yield decreased 
by about 39 kg in 1987 and 47 kg in 1988 for each day initial harvest 
was delayed from 15 June (Fig. 3a). Crude protein concentration in 
regrowth herbage increased as initial harvest date was delayed 
(Fig. 3b). Mean regrowth CP concentrations for 1987 and 1988 

4,000 (a) 
,^ 1 
.I rm 3,500 

9 3,000 

- 2! 2,500 

2 2,000 

5 1,500 
t: 
cd 1,000 
z 

P 500 
n 

0 
15 Jun 15Aug 

15.0 

7 
b 13.0 

.- ii 
22 11.0 

p. 

3 
2 9.0 

0 

7.0 J I 
15Jun 15Jti 15Aug 

(0) (30) (W 

Initial Harvest (Days after 15 June) 

Fig. 3. Initial harvest date by year effects on regrowth DM yield (a) and CP 
concentration (b) harvested in a second cutting on 22 September. The 
independent variable (D) is the number of days after 15 June. 

were within 0.1 percentage point after initial harvests on 15 June 
and 15 July (Fig. 3b). Given the small amount of dry matter 
produced after an initial harvest of 15 August, differences in rela- 
tively high mid-August protein concentrations between years may 
be of little practical concern. Changes in regrowth protein concen- 
tration corresponded to visual differences in plant maturity. 

Digestibility was not affected by differences in duration of spring 
flooding between years. First cutting IVDMD declined by about 
2.0 percentage points for each 10 days delay in initial harvest from 
15 June in both years (Table 5). Digestibility of regrowth herbage 

increased by about 1.0 percentage point for each 10 days delay in 
initial harvest. The greater rate of change in first cutting IVDMD 
compared with regrowth IVDMD may have been caused by a 
greater range in plant maturity in first cutting herbage. 

Fertilizer X Year 
First cutting dry matter yields increased at a diminished rate as 

level of applied N increased in both years. However, marginal DM 
yield response to N was greater in 1988 with progressively larger 
relative increases for each 45 kg N ha-’ increment compared with 
1987 (Fig. 4). It is unlikely that year by N interactions were caused 

8.500 - 

‘; - 8,000 - 0 

2 7,500 

2 7.000 

f :fl%$#j&? 

5 5.500 - 0 

rm 5.000 - / 
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1987 -, q  
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1988 - -, 0 
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Fig. 4. Nitrogen fertilizer by year effects on first cutting DM yield. The 
independent variable (N) is the rate of spring-applied N (kg N hi*). 

by fertilizer carryover because spring-applied N had no effect on 
second cutting yield or forage quality in either year. The rate of 
DM production was greater in 1988 than in 1987 during the first 
and second 30day periods from mid-June to mid-August (Fig. 2a). 
Thus, the greater rate of yield response to N in 1988 appears to have 
been associated with delayed plant maturity. Soil or air tempera- 
tures may have also been more favorable in I988 than 1987 (Siemer 
et al. 1972). 

Conclusions 
Forage quality, dry matter yield, and response to spring-applied 

N were similar for native wetland meadow vegetation and inter- 
seeded areas over a range of harvest dates. The primary difference 
in species composition between native and interseeded plots in our 
study was the dominance of sedges, a composite of 5 species, and 
the dominance of Garrison creeping foxtail. Sedge-dominated, 
prairie wetland meadow sites in this study were more productive 
than wetland meadows previously discussed in the literature. 
Unfertilized dry matter yield and marginal yield responses to fertil- 
izer N were higher compared to high elevation wetland meadows. 
Chemical suppression of sedge-dominated, native vegetation and 
interseeding Garrison creeping foxtail could not be economically 
justified under the conditions of this study. 

Regression equations in this text can be used to select efficient 
combinations of initial harvest date and applied N, including no 
fertilizer, for wetland meadows similar to this study. Clearly, all 
possible combinations involve compromises in forage quality or 
yield. Harvest date by fertilizer interactions have a measurable 
effect on the profitability of fertilization. Crude protein concentra- 
tion and IVDMD data from this study provide important informa- 
tion for economic assessment. Forage quality and yield of regrowth 
herbage are also important economic considerations. 

Harvest date decisions have the greatest potental to affect dry 
matter yield and protein concentrations of herbage between mid- 
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June and mid-July. Decisions during this 30-day period appear to 
be more economically important as the level of fertilizer N and/ or 
duration of spring flooding increase. Initially low levels of dry 
matter yield associated with prolonged spring flooding were com- 
pensated for by (1) delayed plant maturity, (2) rapid plant growth, 
and (3) increased marginal rate of yield response to fertilizer N. 

Decisions for hay production should be based on nutritional 
requirements of livestock enterprises, total hay costs, and supple- 
mentation costs. Wildlife habitat requirements may involve visual 
obstruction, nutritional quality of forage, and time of availability. 
Protein supplementation would be required to meet nutritional 
requirements of most classes of beef cattle when using first cutting 
hay harvested in mid-July or later from prairie wetland meadows 
similar to this study (NRC 1984). First cutting hay harvested by 
mid-June and fall grazed regrowth produced on meadows after a 
mid-June harvest date would generally meet maintenance and 
gestation requirements of dry cows. Regrowth after an initial 
harvest in mid-July or later would meet nutritional requirements of 
most classes of livestock, but provide half or less as much dry 
matter compared to regrowth after an initial harvest on 15 June. 
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Abstract 

The slow and uncertain rate of recovery of plant communities 
after severe disturbance is a major problem on rangelands. Earlier 
studies sketched the outline of secondary succession on mixed- 
grass prairie, but were based on 1 or 2 years of observation on 
different areas disturbed at different times in the past, or several 
years of observation of a single area. To provide a more complete 
picture of succession over decades, we began observations in 1977 
on 4 areas disturbed from 1 to 51 years previously, and on undis- 
turbed areas of the same 2 soil types with and without grazing. 
Observations continued for 11 years. Secondary succession pro- 
ceeded through the usual stages: annual forbs, perennial forbs and 
annual grasses, short-lived perennial grasses, and long-lived grasses. 
Western wheatgrass [PascopyrumsmitAii(Rydb.) A Love] was an 
exception because it appeared much earlier and in much greater 
abundance than other long-lived perennial grasses. Blue grama 
[Bouteloua gradis (H.B.K.) Lag ex. Steud.] may be another 
exception; total recovery of this grass may require centuries. Time 
of appearance in succession seemed to be related to availability of 
propagules and ease of establishment; persistence of species was 
related to competitive ability. Abundance of many species fluctu- 
ated widely from year to year, but fluctuations did not appear to be 
related to precipitation. After 61 years, secondary succession had 
not returned plant communities to the climax state. 

Key Words: competition, disturbed land, mixed-grass prairie, 
plant communities, revegetation, vegetation structure 

Haug and VanDyne (1968) and Laycock (1991) reviewed studies 
of secondary succession on disturbed rangelands in the western 
US, but found few detailed studies of secondary succession on 
mixed-grass prairie similar to that on the Wyoming High Plains. 

Judd and Jackson (1939) and Judd (1940) identified 4 stages of 
secondary succession on abandoned fields in Nebraska and Mon- 
tana: an annual weed stage, from 1 to 3 or more years after 
abandonment; a mixed annual-perennial stage on fields aban- 
doned 2 to 4 years; and a perennial grass and forb stage after 3 to 8 
years preceded the fourth or climax stage, occurring as early as 8 
years but usually requiring IO to 15 years. As length of cultivation 
increased, the time to reach each stage also increased. Small and 
narrow fields recovered more rapidly than large fields and fields 
adjacent to undisturbed prairie recovered more rapidly than those 
at some distance. Moderate grazing seemed to hasten recovery, 
while close grazing had the opposite effect. 

Tolstead (I 94 I) identified similar stages in secondary succession 
on old fields in South Dakota’. In southern Alberta, on range 

Manuscript accepted 9 Nov. 1993. 

‘Nomenclature on older studies is sometimes outdated; our nomenclature follows 
Britton and Brown (1913), Hallsten et al. (1987) and Lackschewitz (1991). 
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where undisturbed vegetation was similar to that on Wyoming 
mixed grass prairie, cover of blue grama [Bouteloua gracilis 
(H.B.K.) Lag ex. Steud.] was less on abandoned and naturally 
revegetated sites than on comparable undisturbed sites, even after 
56 years of secondary succession (Dormaar and Smoliak 1985). 

On the shortgrass prairies of northeastern Colorado, Costello 
(1944) and Shantz (1917) identified 5 and 6 stages, respectively, in 
recovery of abandoned land. They concluded that the climax 
mixed prairie association may appear 20-25 years after abandon- 
ment but may require 40-50 years. Shantz (1917) studied narrow 
roads; sources of propagules were never more than a few meters 
away, and some propagules may have been present in the road 
when it was abandoned. Costello (1944) studied large fields, where 
propagules likely were destroyed by years of cultivation and sour- 
ces of new propagules were some distance away, depending on the 
size of the fields. Coffin and Lauenroth (1988), Glenn and Collins 
(1992), and Samuel and Hart (1992) noted the importance of gap 
size and distance to seed sources in revegetation of disturbances on 
rangeland. 

Reichhardt (1982) found that blue grama was the dominant 
species by 20 years after disturbance of shortgrass, and buffalo- 
grass [ Buchloe ductyloides (Nutt.) Engelm.] was co-dominant by 
40 years after disturbance. Reichhardt considers that these grasses 
survived all through the years in which the fields were cultivated, 
and agrees with Costello (1944) and Hyder et al. (1971, 1975) that 
establishment of blue grama from seed under the present climatic 
conditions on shortgrass prairie is highly unlikely, for reasons 
presented by Briske and Wilson (1978) and Wilson and Briske 
(1979). 

Most of the previous studies on mixed-grass and shortgrass 
prairie involved single observations of different fields disturbed at 
different times in the past, or repeated observations of a single field 
or of several fields all disturbed at approximately the same time. In 
1976, Current (1978) identified 4 areas on the High Plains Grass- 
lands Research Station, northwest of Cheyenne, Wyo., from which 
vegetation had been removed at different dates in the past. These 
areas provided a unique opportunity to study secondary succession 
on land denuded from 0 to 50 years in the past. We followed 
secondary succession on these areas for 11 years, and linked the 
data from the 4 areas to compile a 61-year history of revegetation 
with gaps of only a few years. The technique is similar to that used 
in dendrochronology, in which many series of tree rings, each 
providing a record of growth response to climate for a few years or 
decades, are linked to provide a centuries-long climatic record 
(Bannister 1970). We also compared the vegetation under secon- 
dary succession to undisturbed and ungrazed vegetation on the 
same 2 soil types, and to undisturbed and grazed vegetation on one 
soil. 
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Tsblc 1. Descriptions of study sress. 

Years disturbed 
First Last 

Type of Soil 
disturbance series’ Area 

Grazed during 
study? Section2 

1926 
1932 
E$) 

1966 

1926 
1941 

1965 
1976 

Plowed, seeded 
Plowed, cultivated 
yearly 
Scraped 
Scraped yearly 
Not disturbed 
Not disturbed 
Not disturbed 

Asealon 
Altvan 

ha 
15.4 

1.0 
Yes 8 
Yes 9 

Altvan 0.3 No 3 
Altvan 1.5 No 3 
Altvan -- Yes 8 
Altvan -- No 3 
Asealon -_ No 3 

‘Stevenson et al. 1984; both Ascalon and Altvan are Aridic Argiustolls. 
?A11 in Township 14 North of Base Line, Range 67 West of 6th Principal Meridian. 

Materials and Methods 

Study Areas 
Four disturbed and 3 undisturbed areas were studied; peak 

standing crop, contribution of major species and species groups to 
peak standing crop, and frequency of occurrence of major species 
on each area are presented in Figures 1-3. 

Current (1978) determined the history of these areas (Table 1). 
The areas last disturbed in 1926 and 1941 and the undisturbed but 
grazed Altvan sandy clay loam (Aridic Argiustoll) were in the 
public domain until 1914. Under private ownership 1914-1925, 
they were grazed at 20 to 30 head of cattle per section (259 ha) in 
most years, but up to 100 head per section in a few years. The area 
last disturbed in 1926 was plowed that year and seeded to hay 
(species unknown), which soon died. In 1928 the 2 sections became 
part of the Cheyenne Horticultural Field Station, now the High 
Plains Grasslands Research Station. In the early 1930’s, about 1 ha 
in Section 9 was plowed and windbreak trees were planted; the area 
was cultivated annually through 1941. Most of the trees died within 
a few years after planting; none were visible in a 1956 aerial 
photograph. These areas were grazed by 4 to 8 head of draft horses 
per section 1930-1954; 100 ewes with lambs per section in the 
summers of 1954-1957; and 40 steers per section in the summers of 
1957-1973. From 1973 to 1987 these areas were included in grazing 
studies with stocking rates of 0.4 to 1.3 AUM/ ha (Hart et al. 1983, 
1988, and 1993). 

PEAK STANDING CROP (PSC) 

I I II I II I I I I IS I I I I I I 
0 10 20 39 40 50 90 1977 1997 

YEARsslNazmBANcE YENl,uNDlsluRBEo 
n -1976 + Ahm,1966 0 AscabQ 1941 A NhmnglQ28 

XUdStAlWWl 0 UndbtAscalar 

Fig. 1. Peak standing crop of abovegound biomass on disturbed range- 
land, 1-61 years after disturbance, and on undisturbed rangeland on 2 
soil types. Symbols not connected by lines indicate intervening year(s) in 
which no data was taken. See Table 2 for standard errors of means; errors 
were sometimes too small to be distinguished clearly on figure. 
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The areas last disturbed in 1965 and in 1976 and the ungrazed 
undisturbed Ascalon sandy loam (Aridic Argiustoll) and Altvan 
were part of Fort Francis E. Warren (now F.E. Warren Air Force 
Base) until 1979. These areas were grazed very lightly or not at all 
from 1900 to the early 1960’s; a few mules may have grazed there 
during World War I (Beetle 1952). Some time between 1962 and 
1965 a fence was built around about 57 ha including these areas 
(Current 1978; personal communication Capt. A.B. Williams, 
USAF) and they have not been grazed by livestock since then. Two 
areas inside this fence were set aside for dispoal of outdated muni- 
tions. To reduce the danger of fire, these areas were scraped with a 
road grader to move all vegetation. After scraping to a depth of 
5-10 cm, the soil was redistributed over the area. The area des- 
cribed as last disturbed in 1965 was scraped only in that year. The 
area last disturbed in 1976 was scraped each year beginning in 
1966. Undisturbed areas, 2 on Ascalon and 3 on Altvan, were 
identified within the same 57 ha containing the areas last disturbed 
in 1965 and 1976. 

Measuring Production and Vegetative Composition 
From 1977 through 1987, study sites of 1 .O to 1.4 rnz were located 

on each study area; those on the areas last disturbed in 1926 and 
1941 were protected by exclosures. We located 3 to 6,2 to 3,3 to 9, 
and 3 to 9 study sites on areas disturbed in 1926, 1941, 1965, and 
1976, respectively, and 3 to 6 on undisturbed Altvan and Ascalon. 
The number of sites per area varied with size of area and, among 
years, with the amount of labor available for clipping. In late July 
or early August of each year, two 0.18-m* quadrats were clipped 
within each site. In some years labor was so short that sites were not 
clipped on all areas. Clipped herbage was separated into blue 
grama, western wheatgrass [Puscopyrum smithii (Rydb.) A. 
Love], needleleaf sedge (Carex eleocharis Bailey), other grami- 
noids, annual forbs, and perennial forbs, dried at 60° C for 48 
hours, and weighed. 

In each disturbed area and in each undisturbed area on the 2 soil 
types, 2 or three 30.5 m X 22.9-m (100 ft X 75 ft) plots were 
established. Each year 10 transects, each 7.6 m (25 ft) long, were 
located. One transect was located randomly within each 3.05-m (10 
ft) interval along the 30.5 m long side of the plot, and perpendicular 
to that side. A 40 X 4O-cm frame with a 5 X 5-cm frame nested 
inside was placed at each 30.5-cm (1 ft) mark along each transect. 
Occurrence of blue grama, western wheatgrass, needleandthread 
(St@ comato Trin. & Rupr.), needleleaf sedge, and scarlet globe- 
mallow [Sphuerulceu coccineu (Pursh.) Rydb.] in both the 5 and 
40-cm frames, and all other species in the 40-cm frame, was 
recorded (Hyder et al. 1965, 1966). 

Data Analysis 
Total herbage production was analyzed within years across 

areas, using analysis of variance with quadrats as samples. Frac- 
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Fig. 2. (continued on facing page). Frequency of occurrence of plant species on disturbed rangeland, l-61 years after disturbance, and on undisturbed 
rangeland on 2 soil types: (a) Flixweed (Descuruinia sopltio); (b) Yellow sweetclover (Meliiotus officinds.); (c) Slimleaf goosefoot (Chenop&&m 
leptophylfum); (d) Fringed sagewort (Artemfsia frigida); (e) Scarlet globemallow (Sphaerdcea coccinea); (f) Western wheatgrass (Pascopyrum smittii); 
(g) Blue grams (Bouteiouagracilis); (h) Needleandthread (Stipe comutu). Symbols not connected by lines indicate intervening year(s) in which no data 
was taken. See Table 3 for standard errors of means; errors were sometimes too small to be distinguished clearly on figures. 

Table 2. Precipitation at High Plains Grasslands Research Station, 1977-1987. 

1964-87 
Month 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 Mean 

--_--_-________________ ________________________mm__-_____-_______________-______________________ 
Jan 8 17 11 48 7 8 0 24 24 8 6 11 
Feb 4 28 6 23 6 0 36 6 12 36 15 
Mar 43 14 53 45 :z 2 108 35 10 17 42 26 
Apr 59 23 24 30 24 17 142 I14 31 79 46 48 
May 73 142 82 72 173 96 87 20 55 34 117 61 
Jun 70 52 81 2 20 98 113 6.5 36 64 50 43 
Jul 102 22 t; 50 80 97 39 86 99 13 47 50 
Aw 39 33 20 24 44 37 41 53 40 61 39 
Sep 6 5 9 28 30 91 10 21 59 21 20 
Ott 4 23 19 30 29 26 I4 50 29 44 3 :!+ 
Nov 14 10 39 14 4 16 52 5 37 26 13 
Dee 12 33 24 2 16 20 12 IO 27 17 ;i 12 

Total 431 401 485 361 445 521 613 514 466 376 492 372 
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Fig. 2. (continued from adjoining page) 

tion contributed by each species or species group was analyzed 
within each area. Variance was not homogeneous across areas 
because each area represented a different stage of succession and 
species contribution varied with stage of succession. When the 
contribution of a species or species group to peak standing crop 
was very small or very large, i.e. approached 0 or lOO%, the 

Table 3. Standard errors of mean frequencies of occurrence of plant 
species and of peak standing crop on rangeland, 1-61 years after distur- 
bance, and on undisturbed rangeland. 

Plant species 

-Undisturbed- 
---Last disturbed in:-- _Ungrazed_ ~~~ 

1976 1965 1941 1926 Ascalon AltvanAltvan 
Frequencies 
Fixweed 
Yellow sweetclover 
Slimleaf goosefoot 
Fringed sagewort 
Scarlet globemallow 
Western wheatgrass 
Blue grama 
Needleandthread 
Peak standing crop 

_____ _----Standarderrors,%____-____- 

13.7 0.5 4.3 - 2.4 5.3 - 
10.7 5.4 - - 0.8 - - 
8.0 4.3 10.6 5.4 15.6 13.7 5.8 
3.3 3.5 10.4 13.7 8.2 12.4 11.6 
4.6 5.3 4.0 7.8 4.3 4.1 7.0 
5.2 7.8 5.0 5.9 3.0 3.1 6.0 
- 0.5 0.5 5.2 1.6 3.1 2.0 

2.6 6.0 4.7 0.7 5.8 1.4 
194 218 198 188 194 206 - 

WESTERN WHEATGRASS 
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possible range of values was restricted and the variance was low. 
When the contribution was intermediate the range of values was 
less restricted and variance was higher. We used analysis of var- 
iance with years as treatments and quadrats as samples within 
years. Because number of samples varied among years, standard 
errors of means were estimated using the average number of 
samples. 

Frequency of occurrence was subjected to analysis of variance 
within each area, with years as treatments and plots within years as 
samples. Again, variance was not homogeneous across areas. 

Dominance indices were calaculated from 1977 and 1987 data 
from each area by the method of Simpson (1949); diversity indices 
are the reciprocal of dominance indices. Frequency of occurrence 
in 40 X 40-cm quadrats was used as the “importance value” of each 
species. 

Results and Discussion 

Peak Standing Crop 
Mean peak standing crop was calculated for the years 1978-1981 

and 1984-1986, years in which all treatments were clipped. Peak 
standing crop was 1.33, 1.44, 1.36, and 1.63 Mg/ ha on areas last 
disturbed in 1926, 1941, 1963-65, and 1976, respectively (Fig. 1). 
Peak standing crop was 1.23 Mg/ ha on undisturbed Altvan and 
1.09 Mg/ha on undisturbed Ascalon. Peak standing crop on the 
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area last disturbed in 1976 was significantly more than that on all 
other areas except that last disturbed in 1941, and peak standing 
crop on undisturbed Ascalon was less than that on all except 
undisturbed Altvan. 

Frequency of Occurrence and Contribution to Peak Standing 
Crop by Species as Succession Proceeded 

It was not feasible to determine by clipping the contributions to 
peak standing crop of each species that occurred on the study 
areas. There were too many of them, and many of these contrib- 
uted SO little that it would have been necessary to clip a great many 
samples. Therefore contribution to peak standing crop, with the 
exception of that from western wheatgrass and blue grama, is 
reported by species groups. On the other hand, frequency of occur- 
rence by other then individual species is meaningless. Therefore the 
progress of succession will be tracked by the contribution of the 2 
major grasses and the species groups to peak standing crop, and by 
frequency of occurrence of individual species. 

The annuals flixweed (Descurainiu sophiu [L.] Webb), summer- 
cypress (Kochia scoparia [L.] Schrad.), povertyweed (Monolepis 
nuttalli [Schultes] Greene), dooryard knotweed (Polygonum avic- 
ulare L.), and Russian thistle (Salsola kali L.), and the biennial 
sweetclover (Melilotus oj@nalis L.) dominated the vegetation in 
the first few years after disturbance. Povertyweed was present in 
71% of 4O-cm quadrats in year 1 but in only 2% in year 3, and 
totally disappeared after year 6. Fliiweed (Fig. 2a), knotweed and 
Russian thistle were seldom seen after the first 10 years; sweet- 
clover (Fig. 2b) and summercypress persisted into the second 10 
years. 

Annual and biennial forbs provided nearly all the peak standing 
crop in the first 3 years but then dropped to less than 10% on all 
areas, except in 1979 on the area last disturbed in 1941 (Fig. 3a). 
Yellow sweetclover, dooryard knotweed, povertyweed, and Rus- 
sian thistle appeared to provide most of the peak standing crop 
derived from forbs in the early years. These are “pioneering” 
species which appear early in succession but are rare in climax 
communities. Slimleaf goosefoot (Chenopodium leptophyllum 
[Moq. J Wats.) is a natural component of climax communities on 
the Northern Great Plains. Its frequency fluctuated widely from 
year to year (Fig. 2c), but no correlation with weather was 
apparent. 

Perennial forbs and suffrutescents, mainly fringed sagewort 
(Artemisiufiigidu Willd.; Fig. 2d) and scarlet globemallow (Fig. 
2e), increased after the first few years. Globemallow did not appear 
as early as it did on the fields studied by Reichhardt (1982). Canada 
thistle (Cirsium arvense[L.] Stop), milkvetches (Astrugulus spp.), 
and curlycup gumweed ( Grindelia squarrosu [Pursh.] Dunal) were 
occasionally and locally abundant, and dozens of other perennial 
species were present. Fringed sagewort tended to increase from 
1980 to 1987 on all areas. Peak standing crop from perennial forbs 
and suffrutescents reached a maximum of 51% of the total in year 
10 after disturbance (Fig. 3a). powever, in some years they pro- 
vided a substantial fraction of the peak standing crop on undis- 
turbed rangeland; in 1986, they contributed 43% of the peak stand- 
ing crop on undisturbed Ascalon and 30% on undisturbed Altvan. 

Western wheatgrass peaked at 62% of the total peak standing 
crop in year 9, although it reached 48% on undisturbed Altvan in 
1983 (Fig. 3a and 3b). Frequency of occurrence peaked in year 20 
(Fig. 2f). Peak standing crop from western wheatgrass in years 
51-61(1977-1987) was 17% ofthe total, intermediate between that 
on undisturbed Ascalon (12%) and undisturbed Altvan (23%). 
Because western wheatgrass is much the largest component of 
cattle diets on the Wyoming High Plains (Samuel and Howard 
1982), early stages of secondary succession may be superior to 
climax vegetation for cattle grazing. 

Blue grama did not exceed 5% of the total peak standing crop 

until year 54 and never approached the levels on undisturbed 
rangeland (Fig. 3a and 3b). Blue grama provided an average of 35% 
of the peak standing crop on undisturbed Altvan and 6690 on 
undisturbed Ascalon vs only 8% on disturbed rangeland in years 
5 l-61 after disturbance. Frequency of occurrence in 5 cm quadrats 
on the latter averaged 3 1% vs. 70% on undisturbed Altvan and 91% 
on undisturbed Ascalon (Fig. 2g). 

There is some indication that establishment of blue grama was 
retarded on the areas last disturbed in 1941 and 1976. These areas 
were cultivated for 8-10 years and scraped for 11 years, respec- 
tively, while the areas last disturbed in 1926 and 1965 were dis- 
turbed for only 1 year. Fluctuations are more obvious when fre- 
quency of occurrence in 4O-cm, rather than S-cm, quadrats is 
examined. Blue grama was found in 56.1,3.0,7.7, and 0.590 of the 
4O-cm quadrats last disturbed in 1926, 1941, 1965, and 1976, 
respectively. The slowness of blue grama to re-establish in areas 
disturbed for several years probably occurred because fewer of the 
preexisting plants survived the longer disturbance. Some blue 
grama seedlings appeared on the area last disturbed in 1976, 
representing years l-l 1 after disturbance. They appeared only in 
the vicinity of a pre-existing blue grama plant and only when other 
perennials, particularly western wheatgrass, were not established 
in the area. Such seedlings result from the rare combination of a 
seed source, suitable amount and timing of precipitation, and 
absence of competition (Wilson and Briske 1979, Samuel and Hart 
1992). 

One would expect that other perennial species might also be slow 
to establish and would provide less competition to blue grama 
seedlings in areas disturbed for several years. On the contrary, 
frequencies of occurrence of fringed sagewort, needleleaf sedge 
(Curex eleocharis Bailey), prairie junegrass (Koeleria cristuta 
Pers.), western wheatgrass, scarlet globemallow, and needleand- 
thread (Fig. 2h) showed no such pattern. 

Sedges increased rapidly in year 36 and peaked at 26% of peak 
standing crop in year 43 (Fig. 3a). Sedge production in years 5 l-61 
was 8% of peak standing crop, still higher than that on undisturbed 
Altvan or Ascalon, both at 5% (Fig. 3b). 

Among other graminoids, annual bromes (Bromus spp.) domi- 
nated in the early years after disturbance. Sand dropseed [Sporo- 
bolus cryptundrus (Torr.) Gray] appeared somewhat later; tum- 
blegrass (Schedonnarduspuniculutus [Nutt.] Trel.) and threeawns 
(Aristida L. spp.) arrived at about the same time. These species 
were replaced by prairie junegrass and needleandthread in later 
years. Junegrass increased throughout the study on all areas except 
that last disturbed in 1976. Sixweeks grass (Vulpia octoflora 
Rydb.), usually present in small disturbed areas within the climax 
community, was present from year 40 but was never abundant and 
contributed little to peak standing crop. In years 51-61, other 
graminoids provided 47% of the total peak standing crop vs 25% 
on undisturbed Altvan and only 1% on undisturbed Ascalon (Fig. 
3a and 3b). 

Diversity 
Diversity appeared to peak about IO-20 years after disturbance, 

as indicated by the minimum dominance and maximum diversity 
indices in 1987 on the area last disturbed in 1965; values for 1977 
were similar (Table 4). Diversity at this stage was substantially 
higher than that on undisturbed prairie, whether grazed or 
ungrazed. In the absence of disturbance, diversity of ungrazed 
prairie appeared to be somewhat higher than that of grazed prairie. 
Additionally, diversity appeared to be higher in 1987 than in 1977; 
favorable spring precipitation in 1987 (Table 2) resulted in a 
greater frequency (Fig. 2) and a greater contribution to peak 
standing crop (Fig. 3) of a greater variety of forbs. 

Dominance indices were lower than those of 0.12 and 0.18 
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Fig. 3. Botanical composition of peak standing crop by plant species and species groups on disturbed rangeland, 1-61 years after disturbance (a), and on 
undisturbed rangeland on 2 soil types (b). Pasm = Western wheatgrass (Pascopyrum smithii); Bogr = blue grama (Bouteloua gradis); Carex q  Sedges 
(Carex spp.). 

reported for 2 Smoky Mountain cove forests (Whittaker 1965), 
indicating a lower concentration of dominance and greater diver- 

frames, rather than on density or production, may underestimate 
dominance. The maximum value of frequency is lOO$J& this level of 

sity in prairie than in even these species-rich ecosystems. However, occurrence may be reached well below the maximum level of 
basing dominance and diversity indices on frequency in 40 X40-cm production or density for dominant species, and thus underesti- 
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Table 4. Dominance and diversity indices of vegetation on rangeland, l-61 
years after disturbance, and on undisturbed rangeland. 

Treatment Soil 

Undisturbed, ungrazed Ascalon 
Undisturbed, ungrazed Altvan 
Undisturbed, grazed Altvan 
Last disturbed 1976 Altvan 
Last disturbed 1965 Altvan 
Last disturbed 1941 Ascalon 
Last disturbed 1926 Altvan 

Dominance Diversity 
-indices- -indices1 

1977 1987 1977 1987 

0.102 0.071 9.83 13.99 
0.099 0.067 10.10 14.93 
0.139 0.079 7.18 12.59 
0.083 0.095 11.92 10.56 
0.058 0.057 17.27 17.52 
0.106 0.084 9.40 Il.95 
0.092 0.068 10.82 14.81 

mate their dominance. 

Soils and Grazing Effects on Undisturbed Areas 
On the undisturbed and ungrazed areas, more western wheat- 

grass, annual bromes, prairie junegrass, and needleandthread were 
present on Altvan soil, and more grama and needleleaf sedge on 
Ascalon. Fringed sagewort was more plentiful on Altvan and 
scarlet globemallow on Ascalon, but other species and total annual 
and perennial forbs differed little. 

Blue grama and needleleaf sedge were found more frequently on 
grazed than on ungrazed Altvan, and annual bromes, prairie june- 
grass, western wheatgrass, and needleandthread were recorded less 
frequently. From 1982 to 1987, more scarlet globemallow was 
found on grazed Altvan, but frequency of other forbs showed no 
effects of grazing. 

Weather Effects 
Hyder et al. (1975) concluded “Due to the great effects of 

weather, conventional range condition classification on shortgrass 
plains serves no useful purpose...range condition standards that 
included the annual plant species would lead alternately to dismay 
and pride in range condition because the annuals come and go with 
the weather.” We saw wide fluctuations from year to year in 
frequencies of several annual plant species but it was seldom possi- 
ble to relate them to weather. Annual precipitation during the 11 
years of the study ranged from only 3% below the 116-year average 
of 372 mm to 65% above average, with the 1 l-year mean 25% above 
average (Table 2). 

Frequency of slimleaf goosefoot was near maximum on all sites 
in 1982, when precipitation was 40% above average, but not in 1983 
when precipitation was 65% above average. Sweetclover, present 
in significant amounts only on the 2 most recently disturbed sites, 
reached its highest frequency on these sites in 1986 and 1987; 
precipitation was 32% above average in 1987 but only 1% above 
average in 1986. Sweetclover frequency slumped in 1981, with 
precipitation 20% above average. Samuel (1986) noted that fre- 
quency of bluebur stickseed (Luppulu redowskii[Homem.] Greene) 
and slimleaf goosefoot increased enormously following a year with 
above-average precipitation, but no such correlations of frequency 
of annual species with preceding year’s precipitation was noted in 
this study. 

Succession: Traditional or Non-traditional? 
Succession seemed to follow traditional patterns, with annual 

forbs dominant in the early years, followed by annual grasses and 
perennial forbs, then short-lived perennial grasses, and finally 
long-lived perennial grasses. No clear-cut stages were detectable; 
frequencies of individual species followed smooth curves with no 
obvious discontinuities between soils or types of disturbance. Col- 
lin and Adams (1983) found that only the first (pioneer weeds) and 

last (mature prairie) stages of secondary succession were identifi- 
able on Oklahoma tallgrass prairie; “The intervening vegetation 
development was heterogeneous and unpredictable.” As in their 
study, a general convergence toward mature prairie was seen on all 
sites in our study. 

However, exceptions were noted. Western wheatgrass was an 
exception to the rule that long-lived perennial grasses are the last to 
appear. It appeared very early, rapidly increased to levels several 
times higher than those on undisturbed rangeland, and then 
declined to predisturbance levels. Our observations confirm those 
of Tolstead (1941), Judd (1940) and Judd and Jackson (1939). The 
early appearance of western wheatgrass may reflect the persistence, 
through the kinds of disturbance applied to the study areas, of 
rhizomes as propagules. The abundance of seed and other propa- 
gules in the soil may be the primary control of secondary succes- 
sion in grasslands (Kinucan and Smeins 1992 and references cited). 
The later decline of western wheatgrass to predisturbance levels 
probably reflects increasing competition from other perennial 
species. 

Traditional successional theory or “relay floristics” (Clements 
1928, Dyksterhuis 1949) holds that early seral species are better 
adapted to the conditions following disturbance than later seral 
species. The early species modify conditions, making them more 
favorable to establishment of later species. There is some support 
for the concept that early- and late-seral species differ in responses 
to environmental variables. Carpenter et al. (1990), Redente et al. 
(1992) and McLendon and Redente (1992) concluded that addition 
of N and P favored early seral species and retarded succession in a 
semiarid Artemisiu tridentuta community. Tilman (1983, 1984) 
found that early seral plant species which were most productive at 
high N rates persisted while those which were most productive at 
low N rates had nearly disappeared by the tenth year after 
disturbance. 

However, experiments and practical experience with range 
reseeding indicate that many species, regardless of the seral stage in 
which they occur naturally, are adapted to early establishment on 
disturbed areas if an adequate number of seeds or vegetative prop- 
agules are provided. An alternative explanation of succession is 
that early seral species are better adapted to rapid and extensive 
dispersal and quick establishment because of the number, mor- 
phology and physiology of their propagules (Connell and Slatyer 
1977, McIntosh 1980, Laycock 1991). Other species appear later in 
succession because they lack these adaptations. These species even- 
tually replace the early seral species because the later arrivals are 
more competitive (western wheatgrass) or better able to survive 
stresses of weather and grazing (blue grama). In addition, succes- 
sion may be interrupted or diverted to alternate pathways by the 
chance occurrence of rare events which interact with the life histo- 
ries of plant species (Smith 1988). 

Survival of large numbers of propagules from the initial plant 
communities seems to explain early dominance of western wheat- 
grass in this study. Some species may not appear for years after 
disturbance because conditions are seldom favorable for produc- 
tion of propagules and establishment of seedlings (Egler 1954, 
Coffinand Lauenroth 1989c, Kinucan and Smeins 1992). Hyder et 
al. concluded (1971,1975) this was true for blue grama; Reichhardt 
(1982) concurred. Gap size in stands of pioneering perennial 
grasses may be so small as to restrict establishment of later- 
appearing grasses (Coffin and Lauenroth 1988, 1989a, 1989b, 
1990; Samuel and Hart 1992). 

Conclusions 

Succession on the area disturbed 61 years before had not reached 
the point represented by the undisturbed areas. On the oldest 
disturbed area, the plowline between plowed and undisturbed 
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range was still plainly visible. Blue grama was much less plentiful; 
size and distribution of blue grama plants suggested that few had 
become established since plowing but had instead survived plow- 
ing. Other grasses, particularly prairie junegrass, sand dropseed, 
and needleandthread were more plentiful. Frequency and produc- 
tion of western wheatgrass and needleleaf sedge on disturbed and 
undisturbed areas were similar, as were production of annual and 
perennial forbs and frequency of selected forb species. More than 
61 years will be needed for plant communities on drastically dis- 
turbed rangeland to return to pre-disturbance condition. It has 
been suggested that blue grama reached its present dominance in a 
climate differing from that of the present (Wilson and Briske 1979); 
if this is true, the predisturbance community may never com- 
pletely return. 

This is not necessarily undesirable. Rangeland lo-20 years after 
disturbance may be superior to undisturbed range for cattle graz- 
ing. Disturbed range produced more forage in most years (Fig. 1) 
and had a much higher percentage of western wheatgrass (Fig. 3a 
and 3b), which is the most important grass in cattle diets on the 
Wyoming High Plains (Samuel and Howard 1982). Biological 
diversity also appears to be higher on disturbed range, which is not 
dominated by blue grama as is undisturbed range, but has a much 
higher percentage of forbs and other grasses. 
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Abstract 

Associative nitrogen-fixation is one mechanism by which phtnts 
can meet a portion of their nitrogen (N) needs in N deficient 
environments. Eastern gamagrass [ Tripsucum dactyloides (L.) L.] 
grows under conditions conducive for associative N-fixation. Our 
objective was to evaluate eastern gamagrass roots for nitrogenase 
activity and associated N-fixing bacteria, and compare its nitroge 
nase activity to switchgrass (Panicum virgatum L.). Soil and root 
samples were collected from unfertilized stands of “PMK-24”east- 
ern gamagrass at 3 locations in northern Missouri and nitrogenase 
activity measured using the acetylene reduction method. Eastern 
gamagrass roots supported greater nitrogenase activity when col- 
onized by indigenous bacteria, compared to roots inoculated with 
Klebsiella pneumoniae or surface sterilized. Eastern gamagrass 
roots colonized by indigenous bacteria had 17-46 fold greater 
nitrogenase activity than switchgrass roots. Bacterial composition 
on eastern gamagrass roots was dominated by fluorescent pseu- 
domonads and Pseudomonas cepacia, with lower populations of 
other bacteria. Bacterial composition from incubation tubes show- 
ing nitrogenase activity was similar to that found on the roots, 
except that the diazotrophic bacterium Azospirihm brasiliense 
was isolated from 1 of 3 sites. The potential for associative N- 
fixation with eastern gamagrass warrants further study and in situ 
measurement to quantify rates of N fixation. 

Key Words: Nonsymbiotic nitrogen-fixation, diazotrophic bacte- 
ria, Tripsacum akctyloides (L.) L. 

In ecosystems where legumes are sparse or absent, associative 
nitrogen-fixation, or nitrogen (N) fixation by free-living diazotro- 
phic bacteria associated with the roots of nonleguminous plants, 
can be a mechanism for meeting part of the N requirements of 
plants. Associative N-fixation has been reported in both Cs and C4 
grasses, but Cd grasses may be better candidates for associative 
N-fixation because of their greater photosynthetic efficiency 
(Neyra and Dobereiner 1977). Associative N-fixation appears to be 
more common in tropical and subtropical environments, but low 
rates of associative N-fixation have been reported for several C4 
species, including corn (Zeo muys L.) (Barber et al. 1976, Albrecht 
et al. 198 1); sorghum [ Sorghum bicolor (L.) Moench] (Pedersen et 
al. 1978, Klucas and Pedersen 1980); and switchgrass (Punicum 
virgutum L.) (Tjepkema 1975, Tjepkema and Burris 1976, Morris 
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et al. 1985) growing in temperate climates. Conditions favorable 
for associative N-fixation include low availability of combined soil 
N, high soil moisture, a readily available energy source, and low 02 
concentrations in the rhizosphere (Klucas 1991). 

Eastern gamagrass [ Tripsucum ductyloides (L.) L.] is a native Cd 
species that grows from Massachusetts west to Michigan, Iowa, 
and Nebraska, and south to Florida, Texas, and the West Indies 
(Hitchcock and Chase 1971). Eastern gamagrass is commonly 
found in low lying areas, near stream banks, and in other areas 
where soil moisture is high. Its Cd photosynthetic pathway, tem- 
perate through tropical distribution, and preference for mesic sites 
suggest that eastern gamagrass could potentially support associa- 
tive N-fixation. The objective of this research was to evaluate 
eastern gamagrass roots for nitrogenase activity and associated 
N-fixing bacteria, and compare its nitrogenase activity with 
switchgrass. 

Materials and Methods 

Soil and root samples were collected from unfertilized seeded 
stands of “PMK-24” eastern gamagrass at 3 locations in northern 
Missouri. The first site was a 4-year old stand at the University of 
Missouri Agronomy Research Center near Columbia, MO. Soil at 
the Columbia site was a Mexico silt loam (fine, montmorillonitic, 
mesic Udollic Ochraqualf). The second site was a 3-year old stand 
at the USDA-SCS Elsberry Plant Materials Center near Elsberry, 
MO. Soil at the Elsberry site was a Chequest silty clay loam (fine, 
montmorillonitic, mesic noncalcareous Typic Haplaquoll). The 
third site was a 6-year old stand at Shepherd Farms near Clifton 
Hill, MO., where the soil was a Piopolis silty clay loam (fine-silty, 
mixed, acid, mesic Typic Fluvaquent). 

Nitrogenase Activity 
On 22 May 1992 soil and root samples were collected under the 

crowns of 4 eastern gamagrass plants chosen at random at each 
site. Samples were collected to a depth of 15 cm using a 2.5-cm 
diameter soil probe. The roots from each plant were kept separate 
and washed free of soil with distilled water. Each root sample was 
subdivided into 3 subsamples. One of the subsamples was left 
untreated for evaluation of the indigenous bacteria. The other 2 
subsamples were surface sterilized by immersion in 10% Hz02 for 1 
minute. One of the surface sterilized subsamples were reinoculated 
with the known N-fixing bacterium Klebsiellapncumoniue to serve 
as a N-fixing standard. 

A l-cm root segment from each treatment was placed in a 15-ml 
Hungate tube containing 5 ml of N-free semisolid agar used for 
detecting N-fixing activity in pseudomonads (Lifshitz et al. 1986). 
Three tubes were prepared for each plant-treatment combination. 
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The tubes were fitted with rubber septate and incubated in the dark 
for 1 week at 35” C. Nitrogenase activity was evaluated by measur- 
ing the quantity of acetylene reduced to ethylene. Following incu- 
bation, 2 ml of air were removed from each tube and replaced with 
2 ml of acetylene generated from CaCz, with additional incubation 
for 1 hour. Following incubation, the gas in each tube was mixed 
and 0.5 ml injected into a gas chromatograph fitted with a stainless 
steel column packed with Porapak R. Ethylene was quantified with 
a hydrogen-oxygen flame ionization detector sensititive to <l 
nmol. The carrier gas was N:! at 2 ml minute-i. 

On 22 June 1992 the experiment was repeated by sampling 4 
different eastern gamagrass plants chosen at random at the same 
sites. In addition, 2 switchgrass plants were sampled from adjacent 
seeded stands with similar soils at each site. At Columbia and 
Clifton Hill, switchgrass samples were collected from IO- and 
6-year old stands of “Blackwell,” and at Elsberry samples were 
collected from a 15-year old stand of “Cave-in-Rock.” The soil- 
root samples were treated as described previously. 

Bacterial Isolation and Identification 
Bacteria were isolated directly from eastern gamagrass roots 

collected 22 June 1992. Roots were washed in distilled water and 
suspended in phosphate-buffered saline solution (pH 7.0) plus 
0.5% surfactant, macerated, and IO-fold dilutions of macerates 
were placed on nutrient agar. After incubation at 27” C for 3 days, 
colony forming units (cfu) were counted, representative colony 
types were isolated on fresh nutrient agar, and each was identified 
using the API Rapid NFT diagnostic kit (BoiMerieux Vitek Inc., 
Hazelwood, MO.). The kit consists of a set of 20 different substrates 
that are inoculated with a suspension of the bacterial isolate. After 
a 48-hour incubation, reactions in the substrates are scored posi- 
tive or negative and used to determine a numerical code, which is 
matched to profiles in the identification codebook accompanying 
the kit. Identification of the bacteria was verified with gas 
chromatography-fatty acid methyl ester analysis (Sasser 1990). 
Cultures from tubes showing significant nitrogenase activity were 
streaked onto nutrient agar plates and bacterial species were iso- 
lated using standard plating techniques. Relative species composi- 
tion of bacteria in active tubes at each site was determined by 
dividing the number of tubes containing each bacterial species by 
the total number of tubes showing activity and multiplying by 100. 
Bacterial isolates were identified with the API diagnostic kit. 

Data were analyzed separately from each experiment using 
analysis of variance for a completely randomized design. In the 
first experiment, the 4 eastern gamagrass plants sampled at each 
site were used as replications. Sites were considered a random 
effect and data were analyzed in a split-plot design with sites as the 
whole-plot effect and bacterial treatments as the subplot. In the 
second experiment, the 4 eastern gamagrass and 2 switchgrass 
plants sampled at each site were considered replicates in a com- 
pletely randomized design with unequal replication (Gomez and 
Gomez 1984). Sites were considered a random effect and variation 
was partitioned in a split-plot design with sites as whole plots and a 
factorial combination of grass species and bacterial treatments in 
subplots. 

Results and Discussion 
Nitrogenase Activity 

Eastern gamagrass roots collected 22 May showed greater 
nitrogenase activity when colonized by indigenous bacteria com- 
pared to roots inoculated with Klebsiellapneumoniae or surface 
sterilized (Table 1). However, the response varied between loca- 
tions, resulting in a significant location by bacterial treatment 
interaction. At Clifton Hill, roots colonized by indigenous bacteria 
had 5.0-8.3 fold greater nitrogenase activity than roots inoculated 

Table 1. Nitrogenase activity by indigenous bacteria associated with east- 
ern gamagwe roots collected 22 May 1992 from 3 north Missouri 
locations, or surface sterilized roots reinoculated with Klebsiellu 

Treatment 
Clifton 

Columbia Elsberry Hill 

-----(nmolC~HImll’hour~‘)----- 
Indigenous bacteria 5.2 10.0 21.7 
Klebsiella pneumoniae 0.6 9.3 4.3 
Surface sterilized 0.3 0.5 2.6 
P>F NS 0.01 0.01 
CV (%) 176 51 66 

with K. pneumoniae or surface sterilized. At Elsberry, roots colon- 
ized by indigenous bacteria or inoculated with K. pneumoniae had 
18-20 fold greater activity than surface sterilized roots, with no 
difference between the indigenous bacteria and K. pneumoniae 
treatments. Nitrogenase activity by indigenous bacteria was also 
greater with root samples from Columbia, but large variances 
(CV= 176%) prevented detection of significant differences. 

When the experiment was repeated on 22 June, eastern gama- 
grass roots from all 3 locations colonized by indigenous bacteria 
showed significantly greater nitrogenase activity than roots inocu- 
lated with K. pneumoniae or surface sterilized (Table 2). Differen- 
ces in nitrogenase activity between the 3 locations did not differ 
significantly. Location by bacterial treatment or grass species 
interactions were also not significant. Eastern gamagrass roots 
inoculated with K. pneumoniae showed low levels of activity 
(4.1-28.5 nmol CZHI ml-’ hour-‘) compared to roots colonize by 
indigenous bacteria (Table 2). 

Eastern gamagrass roots had 17-46 fold greater nitrogenase 
activity compared to switchgrass roots when each was colonized by 
indigenous bacteria (Table 2). When analyzed over all 3 locations, 
eastern gamagrass roots had significantly greater (P<O.Ol) nitro- 
genase activity than switchgrass roots, but when analyzed separ- 
ately for each location, differences between grass species were 
significant at only the Columbia and Elsberry locations. Switch- 
grass roots inoculated with K. pneumoniae did not show signifi- 
cant nitrogenase activity. 

Bacterial Species Composition 
Bacterial species isolated from eastern gamagrass roots collected 

on 22 June were similar for Columbia and Elsberry (Table 3). The 
bacterial population was dominated by fluorescent pseudomonads 
and Pseudomonas cepacia, with lower populations of Xanthomo- 
nas maltophilia, Rhodococcus spp., Agrobactrium spp., and Bacil- 
lus spp. Roots collected at Clifton Hill had significantly lower 
populations of fluorescent pseudomonads, P. cepacia, Rhodococ- 
cus spp., and Agrobacterium spp. than Columbia or Elsberry. 

Some Pseudomonas spp. are capable of nitrogenase activity 
(Barraquio et al. 1983, Lifshitz et al. 1986), but rates of activity can 
be small and highly variable. P. jluorescens and P. putida, both 
fluorescent pseudomonads isolated from the roots of eastern 
gamagrass, are commonly isolated from plant rhizospheres and 
have demonstrated phytopathogenic activity. P. cepacia. a non- 
fluorescent pseudomonad, has been isolated from the caryopses of 
eastern gamagrass seeds collected from several locations in Illinois 
(Anderson and Liberta 1986, Jayaswal et al. 1990), and its presence 
indicates the possibility of seedborne bacteria establishment in the 
rhizosphere. P. cepacia has also demonstrated to be phytopatho- 
genie (Jayaswal et al. 1990). 

Bacteria isolated from cultures in tubes showing nitrogenase 
activity were similar in species compositions as those found on the 
roots, with 2 exceptions (Table 4). The diazotrophic bacterium 
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Table 2. Nitrogenase activity by indigenous bacteria associated with roots of eastern gamagrass and switchgrass collected 22 June 1992 from 3 north 
Missouri locations, or surface sterilized roots reinoculated with KkbsMa pneumonias 

Treatment 

Indigenous bacteria 
Klebsiella pneumoniae 
Surface sterilized 

Grass species 
Bacteria 
CV (%) 

Columbia Elsberry Clifton Hill 
Eastern Eastern Eastern 

gamagrass Switchgrass gamagrass Switchgrass gamagrass Switchgrass 
_______________ _____ _________(nmolCzH4ml~‘hour~‘)--------- ____ _--____ _________ 

306.9 17.5 401.5 8.7 679.5 17.1 
28.5 0.7 14.1 0.0 4.1 0.0 

5.5 4.9 3.8 3.8 7.5 0.0 
__________________________________(p>F)__________________________________ 

0.10 0.05 NS 
0.05 0.01 0.05 
160 138 191 

Table 3. Bacterial species composition and colony forming units (cfu) 
isolated from eastern gamagrass roots collected 22 June 1992 from 3 
north Missouri locations. 

Clifton 
Bacterial species Columbia Elsberry Hill 

-----(cfuXlOsg-‘freshroot)----- 
Fluorescent pseudomonadsl 6.0 8.3 2.9 
Pseudomonas cepacia 6.1 

;: 
1.0 

Xanthomonas maltophilia 2.1 
2:9 

1.0 
Rhodococcw spp. 1.1 0.2 
Agrobacterium spp. 2.3 

0”:: 
0.5 

Bacillus spp. 0.6 0.0 

‘Fluorescent pseudomonads include P. /luorescens, P. aeruginosa and P. putida. 

Table 4. Percentage of incubation tubes showing nitrogenase activity 
which contained selected bacterial species. Incubation tubes sampled 
contained eastern gamngrass roots collected 22 June 1992 from 3 north 
Missouri locations. 

Bacterial species Columbia Elsberry 
Clifton 

Hill 

Fluorescent pseudomonadsl 
__;;;_______$7$_______i4_-;__ 

Pseudomonas cepacia 25:0 29:4 10.0 
Xanthomonas maltophilia 38.1 47.1 55.0 
Rhodococcus spp. 12.5 0.0 0.0 
Agrobacterium spp. 12.5 0.0 10.0 
Flavobacterium spp. 0.0 0.0 5.0 
Arospirillum braziliense 0.0 5.9 0.0 
Number of tubes with activity 24 17 20 

‘Fluorescent pseudomonads include P.fluorescens, P. oeruginoso and P. putido. 

Azospirillum braziliense was isolated from 6% of the tubes show- 
ing activity from the Elsberry site. Flavobacterium spp. was iso- 
lated from 5% of the tubes showing nitrogenase activity at the 
Clifton Hill site. 

Our results suggest that eastern gamagrass is capable of associa- 
tive N-fixation, and the degree of nitrogenase activity measured in 
eastern gamagrass was greater than measured in switchgrass. It is 
not possible to quantify rates of N that may be fixed in the field 
using this technique because the preincubation period in the 
excised root assay leads to abnormal proliferation of anaerobic 
and microaerophilic N-fixing organisms and therefore produces 
artificially high estimates of nitrogenase activity in grass rhizos- 
pheres (Eskew and Ting 1977, Okon et al. 1977). Most estimates 
using in situ measurements suggest <lO kg N ha-’ year“ are fixed 
by this mechanism, although 76 kg N ha-’ was estimated for 
Paspalum urvillei growing in low-lying, seasonally waterlogged 

areas in Zimbabwe (Maasdorf 1987). Quantities of N fixed by 
associative N-fixation may be small when compared to other sour- 
ces of N inputs such as symbiotic N-fixation by legumes and 
atmospheric inputs. However, low annual inputs by associative 
N-fixation could have contributed appreciable amounts of N to 
prairie soils over time. 

This is the first report of associative N-fixation in eastern gama- 
grass. Isolation of the well-known N-fixer Azospirillum braziliense 
suggests that eastern gamagrass stands provide conditions suitable 
for associative N-fixation. The role of associative N-fixation in 
contributing to the N cycle of prairie ecosystems and the potential 
to improve eastern gamagrass productivity through identification 
and selection of compatible and efficient diazotrophs should stim- 
ulate further investigation of N-fixing associations with warm- 
season grasses. 

Literature Cited 

Albrecht, S.L., Y. Okon, J. Lonnquist, and R.H. Burris. 1981. Nitrogen 
fixation by corn-Azospirillum associations in a temperate climate. Crop 
Sci. 21:301-306. 

Anderson, R.C., and A.E. Liberta. 1986. Occurrence of fungal-inhibiting 
Pseudomonas on caryopses of Tripsacum dact_vloides L. and its implica- 
tion for seed survival and agriculture application. J. Appl. Bacterial. 
61:195-199. 

Barber, L.E., J.D. Tjepkema, S.A. Russell, and H.J. Evans. 1976. Acety- 
lene reduction (nitrogen fixation) associated with corn inoculated with 
Spirillum. Appl. Environ. Microbial. 32: 108-l 13. 

Barraquio, W.L., J.K. Ladha, and I. Watanabe. 1983. Isolation and identi- 
fication of Nz-fixing Pseudomonas associated with wetland rice. Can. J. 
Microbial. 29:867-873. 

Eskew, D.L., and I.P. Ting. 1977. Comparison of intact plant and excised 
root assays for acetylene reduction in grass rhizospheres. Plant Sci. 
Letters 8:327-331. 

Gomez, K.A., and A.A. Gomez. 1984. Statistical procedures for agricultural 
research. John Wiley and Sons, N.Y.. 

Hitchcock, A.S., and A. Chase. 1971. Manual of the grasses of the United 
States (2nd ed.). Dover Publ., N.Y. 

Jayaswal, R.K., M.A. Femandez, and R.G. Schroeder. 1990. Isolation and 
characterization of a Pseudomonas strain that restricts growth of various 
phytopathogenic fungi. Appl. Environ. Microbial. 56:1053-1058. 

Klucas, R.V. 1991. Associative nitrogen fixation in plants, p. 187-198. In: 
M. Dilworth and A. Glenn (eds.) Biology and biochemistry of nitrogen 
fixation. Elsevier Science Publ. B.V., Amsterdam. 

Klucas, R.V. and W. Pedersen. 1980. Nitrogen fixation associated with 
roots of sorghum and wheat, p. 243-255. In: W.E. Newman and W.H. 
Orme-Johnson (eds.) Nitrogen fixation, Vol. II. University Park Press, 
Baltimore, Md. 

Lifshitz, R., J.W. Kloepper, F.M. Scher, E.M. Tipping, and M. Laliberte. 
1986. Nitrogen-fixing Pseudomonads isolated from roots of plants 
growninthecanadian high arctic. Appl. Environ. Microbial. 51:251-255. 

Maasdorf, B.V. 1987. Contribution of associative Ns-fixation (acetylene 
reduction) in some grassland ecosystems in Zimbabwe. Soil Biol. Bio- 
them. 19:7-12. 

194 JOURNAL OF RANGE MANAGEMENT 47(3), May 1994 



Morris, D.R., D.A. Zuberer, and R.W. Weaver. 1985. Nitrogen fixation by Sasser, M. 1990. Identification of bacteria through fatty acid analysis, p. 
intact grass-soil cores using 15N and acetylene reduction. Soil Biol. 199-204. In: Z. Klement, K. Rudolph, and D.C. Sands (eds.), Methods in 
Biochem. 17:87-91. phytobacteriology. Akademiai Kiado, Budapest. 

Neyra, C.A., and J. Dobereiner. 1977. Nitrogen fixation in grasses. Adv. Tjepkemn, J.D. 1975. Nitrogenase activity in the rhizosphere of Panicurn 
Agron. 29: I-38. virgatum. Soil Biol. Biochem. 7:179-180. 

Okon, Y., S.L. Albrecht, and R.H. Burris. 1977. Methods for growing Tjepkema, J.D., and R.H. Burris. 1976. Nitrogenase activity associated 
Spirihm lipoferum and for counting it in pure culture and in association with some Wisconsin prairie grasses. Plant Soil 45:81-94. 
with plants. Appl. Environ. Microbial. 33:85-88. 

Pedersen, W.L., K. Chakrabarty, R.V. Klucas, and A.K. Vidaver. 1978. 
Nitrogen fixation (acetylene reduction) associated with roots of winter 
wheat and sorghum in Nebraska. Appl. Environ. Microbial. 35: 129-135. 

JRA4 46:378-382 
Richard Hart 

The sentence on page 379 under Methods, which now reads 
“About 90% of scientific papers are never cited at all (Garfield 
1983)“, should have read “About 90% of scientific papers are cited 
one or more times; about 10% are never cited at all (Garfield 
1976).” The citation is: 
Garfield, E. 1976. Is the ratio between number of citations and 

publications cited a true constant? Curr. Cont. Agr. Biol. 
Environ. Sci. 7(6):5-7. 
I received a note from Eugene Garfield pointing out the error in 

the above sentence, and also questioning my statement that econ- 
omists rarely cite the key papers in stocking rate research. He 
suggested that I should look in the Social Sciences Citation Index 
for such citations. I checked that Index for the last 5 years and 
found only 3 citations in addition to the 2 found in the Science 
Citation Index. Two of the papers cited Noy-Meir (1975) and one 
cited Mott (1960). Therefore the statement still holds; economists 
rarely cite the key papers in stocking rate research. 

Finally, I stated that Jones and Sandland and I proposed similar 
paradigms, but neither of their key papers proposed a constant 
gain at low sotcking rates. Raymond Jones sent me a 198 1 paper in 
which he proposes such a gain plateau at low stocking rates. The 
citation is: 
Jones, R.J. 1981. Interpreting fixed stocking rate experiments. p. 

419-431 In J.L. Wheeler and R.D. Mochrie (eds.) Forage eva- 
luation: concepts and techniques. CSIRO, East Melbourne, Vic- 
toria, Australia and AFGC, Lexington, KY. Granite Seed Co., P.O. Box 177,l$hi, UtahfbI843 
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Abstract 

Cbeatgrass (Bromus tectorum L.) has become the dominant 
species over large areas of rangeland in the Great Basin region of 
the western United States. Rapid germination at low temperature 
may contribute to the competitive success of cheatgrass in areas 
formerly dominated by native sagebrush and bunchgrass species. 
The objectives of this study were to determine whether seed prim- 
ing could be used to stimulate low-temperature germination rate of 
native bunchgrass seeds and whether any priming effect was 
retained after drying and storage. Matric-priming was used to 
enhance germination rate response of 7 Great Basin native peren- 
nial grasses: thickspike wheatgrass [Agropyron dasystachyum 
(Hook.) Scribn.], bluebunch wheatgrass [Pstwdoroegneria spicata 
(Pursh) Liive], canby bluegrass (Poa canbyi Scribn.), sandberg 
bluegrass (Poa sandbergii Vasey.), bottlebrush squirreltail [Sitan- 
ion hystrix (Nutt.) J.G. Smith], sheep fescue (Festuca ovina L.), 
and basin wildrye [Leymuscinereus(Scribn. and Merr.) A. Love]. 
Priming enhanced germination rate of these species by 4 to 8 days 
at 100 C. All species except canby bluegrass and basin wildrye 
could be induced to germinate as quickly as cheatgrass if they were 
not air-dried after priming. All species except canby bluegrass 
retained significant germination enhancement after 11 weeks of 
storage but only bluebunch whentgrass maintained a germination 
rate comparable to cheatgrass when seeds were dried for storage. 

Key Words: matric-priming, native bunchgrass, germination rate 
enhancement 

Cheatgrass (Bromus tectorum L.), a non-native weedy annual, 
now dominates large areas of former sagebrush/ bunchgrass range- 
land in the Great Basin region of the western United States (Mack 
198 1, Young et al. 1987). Rapid germination rate at low tempera- 
ture is one factor that may contribute to the competitive success of 
cheatgrass (Wilson et al. 1974). Cheatgrass that germinates in the 
fall can sustain root growth at temperatures that inhibit root 
growth of native species (Harris and Wilson 1970). Seeds that do 
not germinate in the fall may do so early in the spring when 
temperatures remain too low for native plant establishment (Wil- 
son et al. 1974). 

One approach that may decrease the competitive advantage of 
cheatgrass is to enhance the low-temperature germination rate of 
seeded native bunchgrass species. Seed priming is a technique by 
which seeds are partially hydrated to a point where germination 
metabolism begins but radicle emergence does not occur (Hey- 
decker and Coolbear 1977). Seed priming has been shown to 
enhance germination rate at temperatures normally suboptimal for 

Research was funded in part by the Bureau of Land Management, Intermountain 
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germination (Heydecker et al. 1975). Hardegree (1994) used a 
matric-priming technique to increase low-temperature germina- 
tion rate of some native bunchgrass species but only tested germi- 
nation response of freshly primed seeds. Rangeland applications 
will probably require that freshly primed seeds be air dried after 
treatment. Redrying generally reduces the priming effect on ger- 
mination rate (Heydecker and Coolbear 1977). The purpose of this 
experiment was to determine whether significant germination 
enhancement is retained in seeds that are redried and stored after 
the priming treatment. 

Materials and Methods 

Thickspike wheatgrass [Agropyron dasystochyum (Hook.) 
Scribn.], bluebunch wheatgrass [ Pseudoroegneria spicata (Pursh) 
Love], canby bluegrass (Poa canbyi Scribn.), sandberg bluegrass 
( PoasandhgiiVasey.), bottlebrush squirreltail[ Sitanion hystrir (Nutt.) 
J.G. Smith], sheep fescue (Festuca ovina L.), and basin wildrye 
[Leymus cinereus (Scribn. and Merr.) A. Love] seeds were pur- 
chased from a commercial source which collected the seeds in 199 1. 
Germination tests were initiated in April 1992. These species were 
selected because they have been identified by the Bureau of Land 
Management as high-priority species for restoration of deterio- 
rated rangeland in the Great Basin region of the western United 
States. Germination responses of primed and nonprimed native 
species were compared to that of 3 nonprimed cheatgrass acces- 
sions collected in southern Ada County, near Orchard, Ten-mile 
Creek, and Kuna Butte, Ida. Seeds in this study were from the same 
seedlots used by Hardegree (1994) to evaluate the effects of 
temperature and duration of priming on germination at low 
temperature. 

Seeds were primed and germinated in a priming/germination 
cup designed for control of matric potential in the seed germina- 
tion environment (Hardegree and Emmerich 1992a). The priming/ 
germination system consists of a membrane-bottom cup that is in 
contact with either water or an osmotic solution of polyethylene 
glycol 8,000 (PEG) inside a clear plastic vial. The cellulose mem- 
brane that forms the bottom of the cup has a molecular weight 
exclusion limit of 3,500, which allows passage of water but not the 
higher molecular weight PEG. Seeds in the cup equilibrate with the 
matric potential control surface of the membrane which is in 
equilibrium with the osmotic potential of the solution reservoir, 
After priming, germination tests are conducted in the same pri- 
ming/germination system except that the solution reservoir con- 
tains only water and not PEG solution. 

Seeds were primed by equilibrating them for 7 days at 25” C and 
water potentials of -2.5 MPa for bluebunch wheatgrass and basin 
wildrye, -2.0 MPa for thickspike wheatgrass and sheep fescue, -1.5 
MPa for bottlebrush squirreltail, and -1.0 MPa for sandberg blue- 
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grass and canby bluegrass. These conditions were estimated to 
induce the maximum germination enhancement among seed- 
priming treatments tested in a previous experiment (Hardegree 
1994). Sixty-three sets of 30 seeds each were primed for bluebunch 
wheatgrass, thickspike wheatgrass, bottlebrush squirreltail, and 
basin wildrye. Sets of 35 seeds each were primed for the smaller 
Pea and Festuco species. Vials used for priming were arranged in 9 
randomized blocks inside a controlled-temperature room under 
both fluorescent and incandescent lights (18.8 W me’) for 12 hours 
day-‘. After priming, sets of 9 priming/ germination cups for each 
species were immediately switched to vials containing pure water 
and monitored for germination at 10’ C for 21 days. A germination 
test was also initiated at this time for 9 replicate samples of non- 
primed seeds for each native species and the 3 cheatgrass acces- 
sions. All priming/germination cups that were not switched to 
water were taken out of the priming vials and placed on absorbent 
paper toweling on the laboratory bench and the seeds were allowed 
to air dry for 7 days. After 7 days, another germination test was 
initiated for 9 sets of primed/ dried seeds and for an equivalent set 
of nonprimed seeds of each species. The seeds from the remaining 
primed/dried treatments were transferred into paper envelopes 
and stored at room temperature in the laboratory. A germination 
test at 10” C was initiated for a new set of primed/dried and 
nonprimed seeds every 2 weeks for the next 10 weeks. 

Ten “C was selected as the cold temperature test environment 
because some of these seedlots germinated less than 5% after 21 
days of hydration at 5’ C (data not shown). Wilson (1972) recom- 
mended loo C as a low-temperature test environment for germina- 
tion rate of species that do not normally germinate well at lower 
temperatures. Wilson et al. (1974) used a 10’ C laboratory test to 
evaluate field effects on low-temperature germination rate of range 
grass seeds. 

Seeds were dusted with fungicide (2,4,5,6-tetrachloro-1,3-ben- 
zenedicarbonitrile, wettable powder) at the beginning of the prim- 
ing treatment. Primed seeds, primed/dried seeds, and nonprimed 
seeds were also treated by immersion in a few drops of fungicide 
suspension (2.5 g wettable powder per 100 ml of water) at the 
beginning of each germination test. Seeds were retreated with 
additional fungicide suspension if they developed fungal growth. 
Excess fungicide suspension was suctioned from the membrane 
after treatment. 

Germinated seeds were counted daily and removed from the 
cups when they exhibited L2 mm radicle extension. Total germina- 
tion percentage and days elapsed to 50% of total germination, as an 
index of germination rate, were recorded for each vial. Quadratic 
regression analysis was used to determine whether low-temperature 
germination rate changed over the storage period for both pri- 
med/ dried seeds and for seeds in the nonprimed treatments (Evans 
et al. 1982). Regression equations were recalculated deleting quad- 
ratic and linear terms that were not significant (p_v). 10). Lower 
order terms that were not significant were left in the equation if a 
higher order term was significant. Days elapsed to 50% of total 
germination was estimated from the regression equations and 
model confidence intervals (m.05) determined for each species 
and treatment combination. Mean germination response and 95% 
confidence intervals were also calculated for freshly primed seeds 
that were not redried after treatment. Primed and primed/dried 
treatments were considered to be significantly different from the 
nonprimed control treatment if their modeled confidence limits did 
not overlap the predicted value for the control treatment during the 
equivalent 21day germination evaluation. There was very little 
variability in germination rate among cheatgrass accessions. A 
single regression model and confidence limits were, therefore, cal- 
culated from the aggregated cheatgrass data. 

There was relatively little variability in total germination percen- 

tage as a function of storage time for either the control or pri- 
med/dried treatments. Mean values and 95% confidence intervals 
were, therefore, calculated for total germination percentage of 
nonprimed control, primed, and primed/dried treatments disre- 
garding storage time effects. 

Results 
Priming significantly enhanced total germination percentage of 

thickspike wheatgrass, bottlebrush squirreltail, and basin wildrye 
seeds that were not dried after treatment (Table 1). Total germina- 
tion of freshly primed seeds of bluebunch wheatgrass, canby blue- 
grass, sandberg bluegrass, and sheep fescue did not differ from 
nonprimed seeds (Table 1). All species showed either a decrease or 
no change in total germination of primed seeds when they were 
dried and stored (Table 1). After drying, total germination of 

Table 1. Mean values and confidence interval widths (pIO.05) for total 
germination percentage of nonprimed, primed, and primed and dried 
seeds. Data for primed and dried seeds were aggregated across all levels 
of storage duration. 

Species Nonprimed Primed Primed and dried 

______________(%)______________ 

Thickspike wheatgrass 82 f 2 88 It 5 84 f 2 
Bluebunch wheatgrass 87 f 2 91 f6 85 f 2 
Canby bluegrass 85 f 2 85 78 
Sandberg bluegrass 

f 5 f 2 
71 f3 72 f 7 68 * 4 

Bottlebrush squirreltail 67 f 3 78 f 9 57 f 3 
Sheep fescue 59 f 4 58 f 8 49 f 4 
Basin wildrye 59 f 3 73 f 6 71 *3 
Cheatgrass 62 f 2 

primed seeds was either lower than, or could not be- distinguished 
from total germination of nonprimed seeds for all species except 
basin wildrye (Table 1). Cumulative germination curves indicated 
that after 21 days, a plateau had been reached in total germination 
for all species and treatments except for the nonprimed control 
treatment of basin wildrye (data not shown). 

Priming significantly increased germination rate (decreased 
days elapsed to 5% of total germination percentage) for all species 
even after drying and storage (Fig. 1). The longest storage duration 
of canby bluegrass was the only primed treatment that did not 
retain significant germination enhancement after 11 weeks of stor- 
age (Fig. 1). Most rapid germination was always associated with 
freshly primed seeds. Priming had a relatively greater effect on 
germination rate than on total germination percentage. Days 
elapsed to 50% of total germination percentage for freshly primed 
seeds ranged from about 30% of control levels for bottlebrush 
squirreltail and sandberg bluegrass to over 65% for basin wildrye 
seeds (Fig. 1). Germination rate enhancement of freshly primed 
seeds ranged from over 8 days for bottlebrush squirreltail to only 4 
days for bluebunch wheatgrass (Fig. 1). 

Freshly primed seeds of all species except canby bluegrass and 
basin wildrye germinated more rapidly than the cheatgrass acces- 
sions (Fig. 1). After drying, only bluebunch wheatgrass maintained 
a germination rate comparable to that of the cheatgrass accessions. 

Discussion 
Seed priming has been widely used to enhance the germination 

response of agricultural crop species (Bradford 1986). Priming 
studies of rangeland species are more limited. Keller and Bleak 
(1968), Bleak and Keller (1972), and Kastner et al. (1981) found 
that presowing hydration had beneficial effects on germination 
response of some intermountain grass species. Wilson (1973) 
enhanced germination rate of an introduced bunchgrass by equili- 
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Fig. 1. Days elapsed until 50% of fml germination of untreated (o), primed (O), and primed and dried ( 0 ) seeds of 7 native bunchgrasses and 
cheatgrass. Lines represent confidence limits (p10.05) calculated from quadratic regression analysis. Vertical bars are confidence limits (PSO.05) 
calculated for the mean of primed seeds that were not redried after treatment. 

brating the seeds at subgermination water potentials. Hardegree (1994), primed seeds germinated significantly faster than non- 
and Emmerich (I 992a,b) and Hardegree (1994) used matric- primed seeds even after drying and storage. Only bluebunch 
priming to increase germination rate of 11 range grass species but wheatgrass, however, maintained a germination rate as high as 
did not dry the seeds after treatment. The current study shows that, cheatgrass when the seeds were dried after treatment (Fig. 1). The 
for the 7 Great Basin grass species previously tested by Hardegree priming treatments used in this experiment were somewhat arbi- 
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trary in that only 1 temperature, water potential and treatment 
duration were tested for each species. Other treatment combina- 
tions might result in faster germination of primed and dried seeds. 

There are some limitations to the practical application of prim- 
ing technology to rangeland systems. Economical methods must be 
developed to treat, process, and store bulk quantities of seeds. The 
matric-priming system used in this study is not suitable for treating 
bulk quantities but allows for rapid determination of the seed 
water content after equilibration at the optimal priming tempera- 
ture and water potential. Once these conditions have been deter- 
mined, seeds can be primed in bulk by simple water addition to the 
appropriate water content under conditions of controlled tempera- 
ture as described by Heydecker and Coolbear (1977) and Gray et 
al. (1990). 

Both native grasses and cheatgrass are capable of fall emergence 
but cheatgrass can maintain significant root growth at low winter 
temperatures (Harris and Wilson 1970). Successful use of primed 
native seeds may require weed control measures to reduce competi- 
titon from fall- and winterestablished cheatgrass. Optimal benefit 
would, theoretically, be obtained by planting freshly primed native 
grass seeds at the earliest date in the spring when conditions were 
suitable for germination. The unpredictable nature of seedbed 
microclimate makes the use of freshly primed seed impractical for 
spring planting unless supplementary water is available. A more 
likely scenario would be to plant primed seeds in the late fall, 
winter, or early spring. It has yet to be determined whether primed 
seeds retain any germination advantage if they are planted very far 
in advance of suitable conditions for germination and emergence. 

Wilson (1972, 1973) and Wilson et al. (1974) measured a dra- 
matic increase in germination rate of rangeland grass seeds that 
were exposed to field seedbed conditions. Increased germination 
rate among seeds stored in the field may represent a form of natural 
priming in the soil. Wallace (1960) demonstrated that seeds stored 
in soil at subgermination water content germinated more rapidly 
when water subsequently became available. Cold and wet soil 
conditions are similar to some low-temperature hydration treat- 
ments used to advance germination rate of certain agricultural 
species (Heydecker and Coolbear 1977). It may, therefore, be 
inappropriate to compare primed-seed performance with that of 
nonprimed seeds and cheatgrass accessions that have been stored 
dry in the laboratory. Laboratory germination at constant temper- 
ature also does not necessarily reflect seed response to variable 
field conditions. Future research is needed to validate priming 
effects on field establishment. 
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Abstract 

Effects of site factors, mowing, 2,4-D, and seasons on antelope 
bitterbrush (PursMr tridentata Pursb.) twig length, basal and tip 
diameters, and weight were evaluated in southcentral Wyoming. 
Linear regression coefficients for twig length regressed on basal 
diameter were greater on productive sites tban on less productive 
sites, greater on mowed areas than on sprayed or untreated areas, 
and greater in late fall because of leaves than in late winter. Twig 
elongation continued after data collection in early November. 
Twig length was more variable and more sensitive to different 
environmental conditions than twig basal diameter, tip diameter, 
or weight. Twig length accounted for 80-86% of the variation in 
twig weight. Sites, shrub management practices, and seasons do 
affect bitterbrush twig morphology, but habitat managers can use 
twig length-diameter-weight relations in this vegetation type to 
estimate utilization if the sampling is stratified along environmen- 
tal gradients. 

Key Words: bitterbrush, habitat improvement, Purshia triden- 
tata, range improvements, shrub management, Wyoming 

Antelope bitterbrush (Purshia tridentato (Pursh)DC.) is wide- 
spread in the western United States, occurring in numerous habitat 
types over about 140 million hectares (Hormay 1943). It is pre- 
ferred by mule deer (Odocoikus hemionus) in the fall and winter 
and by cattle and domestic sheep in late summer. It is the most 
important browse plant for mule deer, pronghom (Antilocarpa 
americana), and cattle in the mountain brush vegetation type in 
southcentral Wyoming because of its widespread abundance and 
forage value (Kituku et al. 1992, Ngugi et al. 1992). 

Sheep, deer, and elk (Cervus cunodensis) generally browse only 
current annual growth. However, cattle browsing can be detrimen- 
tal to bitterbrush because they consume woody branches up to 6 
mm in diameter as well as current annual growth (Hot-may 1943). 
Serious bitterbrush deterioration can occur when it is utilized in 
the winter by big game and again during summer by livestock. 
Consequently, proper utilization and maximum productivity of 
bitterbrush are major concerns of habitat managers. 

Actual utilization of bitterbrush is frequently determined by (I) 
measuring the length of tagged twigs before and after browsing in 
the dormant period as first suggested by Nelson (1930) and later 
modified by Aldous (1945), or (2) using regression equations com- 
paring twig length, basal diameter, and tip diameter at the point of 
browsing (Jensen and Urness 1981). Percent utilization can be 
determined by measuring either twig length or weight after brows- 
ing and using regression equations (Basile and Hutchings 1966). 
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Twig diameter-length-weight relations of bitterbrush and other 
shrubs may vary with site, years, browsing pressure, overstory 
canopy, plant species and size, presence of leaves, phenological 
stage of growth, and twig location on the plant (Bartolome and 
Kosco 1982, Basile and Hutchings 1966, Ferguson and Marsden 
1977, Hallsand Harlow 1971, Jensenand Umess 1981, Lyon 1970, 
Peek et al. 1971, Peek et al. 1978, Provenza and Urness 1981, 
Rutherford 1979, Ruyle et al. 1983). 

One additional factor not discussed in the literature is the effects 
of shrub manipulation practices, such as mowing or spraying with 
herbicides, on bitterbrush twig morphology. These practices are 
frequently used to increase bitterbrushvigor and/ or accessibility in 
stands of bitterbrush with low productivity or in plant communi- 
ties dominated by big sagebrush (Ferguson and Basile 1966, Hyder 
and Sneva 1962, Schneegas and Zufelt 1965). 

The objective of this study was to determine the effects of mow- 
ing and 24-D herbicide application on the twig lengthdiameter- 
weight relations of bitterbrush on different sites following summer 
livestock browsing and winter big game use in the mountain brush 
vegetation type of southcentral Wyoming. 

Study Area 

This study was conducted on the Cedar Creek Ranch, 20 km east 
of Saratoga, Wyo., on the western edge of the Medicine Bow 
Mountain Range. Elevation ranges from 2,100 to 2,600 m. Soils 
are North Park Formation brown sandy loams developed on loess, 
limestone, sandstone, and tuff (Dunnewald 1957). 

Dominant plant species include bitterbrush, mountain big sage- 
brush (Arremisia tridentata ssp. vaseyana Nutt.), Idaho fescue 
(Fesrucu iduhoensis Elmer), sandberg bluegrass (Pea secundu 
Presl.), canby bluegrass [P. canbyi (Scribn.) Howell], western 
wheatgrass [ Puscopyrum smithii (Rydb.) A Love], bluebunch 
wheatgrass [ Pseudoroegneria spicata (Pursh Love], and thickspike 
wheatgrass [Elymus lunceolutus (Scriber and J.G. Smith) Gould]. 

Precipitation at the Saratoga weather station (lower and drier 
than the study site) ranges from 380 to 480 mm, falling mostly as 
snow. Annual depth and extent of snow coverage is highly vari- 
able. Elk and mule deer utilize the area during fall and winter in 
some years depending on snow depth and duration. Cattle graze 
the area from early June to mid-October. 

Four different sites, all facing south to southwest, were selected 
within the general study area and used as replications. Site 1 is a 
valley bottom (l-S% slope) with the highest percentage rock 
(1060%) in the soil profile and greatest snow cover. Site 2 is on the 
upper slope (lo-30%) of an east-west ridge with generally sandy- 
loam soils. Site 3 is a mountain terrace (l-5%) with relatively deep, 
gravelly-loam soils. Site 4 is on the toe slope of a broad, uniform 
slope (3-10%) with relatively deep, sandy-loam to gravelly- 

JOURNAL OF RANGE MANAGEMENT 47(3), May 1994 



loam soils and occasional additional moisture from runoff. 

Methods 

Experimental Da@ 
On each site, 3 relatively homogeneous areas of 3- to 6-ha in size 

were selected for treatment. The 12 plots were allocated to 4 
replications of 3 treatments in a completely randomized block 
design. Sampling the same plots during 2 seasons resulted in a 
split-plot in time (Steel and Torrie 1980). 

TrehllelltS 
Treatments applied on each site included mowing, 24-D herbi- 

cide application, and untreated. Areas were mowed to a 2 to 3dm 
stubble height with a rotary blade shredder in late May 1986 as soil 
moisture conditions permitted. Butyl-amine of 24-D at l-kg acid 
equivalent/ ha in water without surfactant at a total volume of 2 
liters/ ha was aerially applied in mid-May 1986. 

Data Collection 
Three permanent line transects, each 100 m long, were estab- 

lished in each of the 12 units after treatment. Along each 100-m 
transect, the nearest bitterbrush plant corresponding to multiples 
of 10 m on the tape (i.e., lo-, 20-, 30-,...) was sampled in late 
October and early November, 1986 (late fall) before all leaves 
dropped, but after cattle grazing and before elk and deer use. The 
same plants were sampled again in early April, 1987, before bud 
swell (late winter). 

A metric rule was placed across the top of each plant, and the 
crown diameter divided into 5 equidistant points across the crown. 
An imaginary line was dropped from each point to the highest and 
nearest unbranched, current growth twig for a total of 5 selected 
twigs from each of 30 plants or 150 twigs per plot per season. 
Although bitterbrush twig lengthdiameter relations differ with 
position on the plant (Basile and Hutchings 1966, Jensen and 
Umess 1981), selecting the highest and nearest twig across the 
crown of dense, hedged plants most closely approximated accessi- 
bility to grazing ungulates. 

Each twig was cut 1 cm from the base to eliminate the swell and 
elliptical butt shape (Basile and Hutchings 1966) and placed in bags 
of composite samples. All twigs were refrigerated at IO0 before 
measuring basal diameter (mm), tip diameter (mm), and length 
(mm) using the measuring procedures of Jensen and Umess (1981). 

The composite samples per transect were kept separate and dried 
at 40’ C to a constant weight. Average net weight per twig was 
calculated by dividing the weight of the composite sample by the 
number of twigs. 

StatIstical Analyses 
Statistical differences in twig length, basal diameter, and tip 

diameter among the 3,600 twigs and among the 72 composite twig 
weight samples due to 4 sites, 3 treatments, and 2 seasons were 
determined using the GLM (General Linear Model) procedure of 
SAS (1985). The experiment unit was an individual twig for length, 
basal diameter, and tip diameter statistical analyses and a transect 
for weight statistical analyses. 

Relations among twig length, basal diameter, tip diameter, and 
weight for different sites, treatments and seasons were determined 
by first plotting scatter diagrams of raw data and of residuals from 
linear regression models (Draper and Smith 198 1). If curvilinearity 
was not evident, linear relations were quantified using the REG 
procedure of SAS (1985). All differences discussed in this paper are 
significant at the 5% level of confidence unless otherwise indicated. 

Results 
Precipitation (1986/long-term mean) at the USFS Brush Creek 

Rancher Station, located 10 km southeast of the study area, was 

above average in June (69/37 mm) and July (73/40 mm), below 
average in August (14/34 mm), and average in Septemer (44/44 
mm). In general, growing conditions from date of treatment 
through the period of last bitterbrush measurements were above 
average. 

Shrub Cover 
Total shrub foliar cover was 38%, 16%, and 22% on untreated, 

sprayed, and mowed areas in fall 1987, respectively (Kituku 1988). 
Bitterbrush cover, averaging about 12% on all areas, was not 
reduced by either spraying or mowing. Bitterbrush was more 
accessible to grazing animals on all treated areas because of the 11 
to 22% reduction in sagebrush foliar cover. 

Twig Length 
Mean twig length of unbrowsed twigs collected in late fall, 1986, 

and late winter, 1986-87, on all areas (4 sites, 3 treatments, and 2 
seasons) was increased from 95 mm to 111 mm by mowing, but not 
by spraying with 24-D (Fig. 1). Twig length ranged from 91-93 

180 c . . . . . . . . . . . . . . . . . . . . . . . . . . . foci . . . . . . . . . . . . . . . . . . . . . . . , . . . . . I 
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Fig. 1. Twig length (mm) site X trentment X season interaction for 4 sites 
(l-4), 3 treatments (Control; 2,4-D; and Mowed), and 2 seasons in 
southcentral Wyoming, 1986-87. Those means for seasons within a plot 
topped by an ‘*’ are significant at P<O.OS. 

mm on 2 sites to 112 mm on the most productive site. However, 
these differences were greatly influenced by site X treatment 
interaction. 

Twig length ranged from 72 mm to 134 mm on the 12 plots. 
Spraying decreased twig length on sites 1 and 3, but increased twig 
length on site 4. Mowing increased twig length on all 4 sites, but the 
difference was not significant (P<O.O5) on site 2. The range in twig 
length within the same treatment but across sites was relatively low 
for untreated plots and relatively high on sprayed and mowed 
plots. 

Additional growth on untreated areas between fall and late 
winter was about twice that on sprayed or mowed areas. Twig 
elongation was greater on treated areas during summer and early 
fall, but more prolonged on untreated areas over the total growing 
season. Differences among sites were similar in both seasons. 

Twig length increased between late fall and late winter on 
untreated plots on all sites, only on the most productive sprayed 
plots, and only on the least productive mowed plots. Spraying 
apparently stifled the late season twig elongation on all except the 
most productive site, in contrast to mowing. 

Basal Diameter 
Ranges in basal diameter were relatively small compared to 

ranges in twig lengths (Fig. 2). The largest mean basal diameter of 
bitterbrush twigs on site 4 was only 0.10 mm greater than the 
smallest on site 2. 
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Fig. 2. Twig basal diameter (mm) site X treatment X season interaction for 
4 sites (l-4), 3 treatments (Control; 2,4-D; and Mowed), and 2 seasons in 
southcentral Wyoming, 1986-87. Those means for seasons within a plot 
topped by an ‘*’ are significant at P<O.OS. 

The mean basal diameter on sprayed plots was also only 
0. IO-O. 11 mm smaller than those on untreated or mowed plots. 
Mean basal diameters on sprayed plots, however, were generally 
smaller than those on untreated or mowed plots on all sites except 
those in site 1, the least productive site with the greatest percentage 
of rocks in the soil profile. 

The increase in basal diameter from fall to late winter was 
significant, but relatively small from a practical standpoint. Twig 
basal diameter increases were significant on sites 1 and site 2, but 
not on sites 3 or site 4. Mean basal diameters increased relatively 
more on untreated plots than on sprayed or mowed plots. 

Differences in basal diameter due to site X treatment X season 
interaction were similar to those for twig length. Increases in basal 
diameter between late fall and late winter were most consistent on 
the untreated plots. 

Tip Diameter 
Differences in twig tip diameter due to sites, treatments, and site 

X treatment interaction were significant, but relatively small (Fig. 
3). Twig tip diameters were also smaller on sprayed plots compared 
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Fig. 3. Twig tip diameter (mm) site X treatment X season interaction for 4 
sites (l-4), 3 treatments (Control; 2.4-D; and Mowed), and 2 seasons in 
southcentral Wyoming, 1986-87. Those means for seasons with a plot 
topped by an ‘*’ are significant at P<O.OS. 

to those on untreated or mowed plots. However, in contrast to the 
effects of site factors on basal diameters, tip diameters on site 1 
were larger than those on the other sites. 

Twig tip diameters averaged 0.77 mm in late fall and 0.88 mm in 

late winter. Tip diameter increases on sites 1 and 2 were 2-3 X 
greater than those on sites 3 and 4. Increases due to treatment were 
similar. 

Between fall and late winter, tip diameters increased signifi- 
cantly on all but 2 plots. Although there was a consistent increase 
in tip diameter through late winter, perhaps partly due to bud 
swell, the correlation coefficients between tip and basal diameters 
were only 0.36 for both seasons combined, 0.36 for late fall twigs, 
and 0.3 1 for late winter twigs. Correlation coefficients between tip 
and basal diameters for the 24 different sets of twig measurements 
ranged from -0.07 to +0.55. 

Twig Weight 
Mean twig weights were greater on sites 3 and 4 than on sites 1 

and 2 and generally reflected corresponding differences in twig 
lengths, basal diameters, and site productivity (Fig. 4). For all sites, 
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Fig. 4. Twig weight (mg) site X treatment X season interaction for 4 sites 
(l-4), 3 treatments (Control; 2,4-D; and Mowed), and 2 seasons in 
southcentral Wyoming, 1986-87. Those means for seasons within a plot 
topped by an ‘+* are significant at P<O.O5. 

treatments, and seasons, correlation coefficients were 0.72 for twig 
weight and twig length and 0.61 for twig weight and twig basal 
diameter. 

Mean twig weights for all sites and seasons were greater on 
mowed plots than on untreated or sprayed plots. The site X treat- 
ment interaction for combined fall and winter twig weights was not 
significant. 

Between fall and late winter, twig weights increased on site 1, 
decreased on site 4, and were not significantly different on sites 2 
and 3. There was a major weight decline on mowed plots, but not 
on untreated or sprayed plots. 

Twig weight changes with season were not consistent due to 
either site or treatment. By the end of late winter twig weights were 
most uniform across sites for mowed plots and least uniform across 
sprayed plots. 

Regression Models for Length 
For all sites, treatments, and seasons, twig lengths, and basal 

diameters were positively correlated (r q  0.72). Twig length influ- 
enced 1ength:basal diameter regressions more than did basal 
diameter because of the relatively greater twig length differences. 
Correlation coefficients between twig length and twig 1ength:basal 
diameter ratio ranged from 0.78 to 0.93 and averaged 0.87, whereas 
correlation coefficients between twig basal diameter and twig 
1ength:basal diameter ratio ranged from 0.00 to 0.58 and averaged 
0.30. 

Because of the significant site X treatment X season interaction 
for twig 1ength:basal diameter ratios, different sets of linear regres- 
sion equations were developed for sites, treatments, and sites X 
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Table 1. Bitterbrush twig length (mm) prediction models based on twig basal diameter (mm) on 4 sites and 3 treatments in southcentral Wyoming, fall, 
1986. 

Plot bo bl SPbl F R* 

Range 
N Length Basal diameter 

IC 
IH 
IM 
2c 
2H 
2M 
3c 
3H 
3M 
4c 
4H 
4M 
Sl 
s2 
s3 
s4 
C 
H 
M 

Mean 

-21 
-46 

12.4 
II.6 
8.4 

10.2 

37 
71 

248 
81 
77 

Ill 
119 
117 
I21 

0.36 
0.50 

67 
76 
84 
87 

100 
98 

126 
83 
66 

122 
118 
100 
227 
285 
275 
340 
402 
377 
348 

1127 

(mm) (mm) 
22-138 1 .o-2.0 + 75 

+ 97 
+133 
+ 92 
+I19 
+120 
+104 
+133 
+I37 

24188 0.8-2.0 
-82 
-36 

0.75 
0.49 

24-217 0.7-2.0 
IS-174 0.7-2.4 

-53 
-68 
-61 
-79 
-79 
-81 
-48 
-97 
-58 
-44 
-80 
-74 

-55 
-57 
-90 
-68 

13.5 
11.4 
9.5 

12.3 
12.5 

0.44 
0.54 
0.49 
0.59 
0.65 

22-175 
24-229 
20-191 
22-225 
35-285 
14-220 
22-230 
17-305 
22-217 
IS-229 

0.6-1.7 
0.7-2.0 
I .o-2. I 
0.9-2.0 
0.9-2.7 

+122 10.5 135 0.53 
+I21 9.3 172 0.60 

0.8-2.0 
0.5-2.0 

+I50 

+I06 
+I04 

10.7 
6.4 
6.7 
6.6 
6.3 
5.4 
5.9 
5.1 
3.3 

198 0.67 
274 0.55 
242 0.46 

0.8-2.5 
0.7-2.2 
0.6-2.4 
0.9-2.3 
0.5-2.5 
0.7-2.4 
0.5-2.0 
0.7-2.5 
0.5-2.4 

+I28 
+I31 

373 0.58 
434 0.56 

20-285 
14-305 

+102 
+I02 
+I42 

+I21 

363 0.48 
420 0.53 
764 0.69 

1372 0.55 

14-220 
22-230 
17-305 

14-305 

Plot-l-4 = sites; C = control; H = 2,4-D; M = mowed; 
b. = intercept; bl = regression coefficient; F = F value; 
SEbl = standard error of regression coefficient; 
R2 = coefficient of determination; N = number of twigs 

treatments in late fall (Table 1) and late winter (Table 2). In no case 
was curvilinearity indicated by scatter diagrams or nonrandom 
residuals for the ranges of length and basal diameter data used. 

The coefficients of variation for twig length, basal diameter, tip 
diameter, and twig 1ength:basal diameter ratio were all greater in 
the fall than late winter, but were not significantly different due to 
site, treatment, or any interaction. 

Regression models developed for different sets of data (sites, 

treatments, site X treatment) from twigs collected in late fall (Table 
1) generally had higher Rz values than for similar sets of data for 
twigs collected in late winter (Table 2) because of the greater 
variation in twig length and basal diameter in late fall than in late 
winter. 

When twig length and basal diameter for all twigs collected in 
late fall were used in a linear model, basal diameter accounted for 
55% of the variation in twig length and predicted an increase of 

Table 2. Bitterbrush twig length (mm) prediction models based on twig basal diameter (mm) on 4 sites and 3 treatments in southcentral Wyoming, late 
winter, 1986-87. 

Plot bo bl 

IC -32 + 95 
IH -25 + 84 
IM -30 +I01 
2c -32 +97 
2H -25 +88 
2M -42 +I11 
3c -39 +I14 
3H 49 +I14 
3M -68 +135 
4c +3 +7l 
4H -39 +125 
4M -57 +129 

Sl -35 + 98 
s2 -35 +lOO 
s3 -60 +127 
s4 -24 +I01 

C -28 + 98 
H -46 +lll 
M -51 +120 

Mean -40 +I08 

Plot-l-4 q  sites; C q  control; H q  2+-D; M = mowed; 
bo = intercept; bl = regression coefficient; F = F value; 
SEt.1 = standard error of regression coefficient; 
fl = coefficient of determination; N q  number of twigs 

Sk F R* N 

12.4 107 0.47 120 
10.5 63 0.49 69 
8.4 70 0.46 84 

10.2 I10 0.52 103 
13.3 95 0.57 72 
11.4 106 0.58 50 
11.8 98 0.50 98 
12.3 77 0.48 85 
12.5 142 0.62 88 
10.5 35 0.24 II3 
9.3 106 0.62 61 

10.7 91 0.56 76 

6.2 246 0.48 272 
5.9 291 0.54 255 
6.5 379 0.58 273 
8.2 151 0.38 252 
5.4 311 0.42 402 
6.7 278 0.49 294 
6.0 399 0.55 325 
3.5 969 0.48 1052 

Range 
Length Basal diameter 

(mm) (mm) 
25-239 0.8-2.3 
35-170 0.9-2.0 
SO-240 I .o-2.2 
25-209 0.8-2.3 
40-156 I .o-2.0 
55-200 0.9-2.0 
53-260 0.9-2.0 
28-190 0.9-2.0 
30-260 I .o-2.0 
43-180 I .o-2.0 
63-240 1.0-2.0 
57-230 I .o-2.0 
25-240 0.8-2.3 
25-209 0.8-2.3 
28-260 0.9-2.0 
43-240 I .o-2.2 
25-260 0.8-2.3 
28-240 0.9-2.0 
30-260 I .o-2.2 

25-260 0.8-2.3 
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Table 3. Bitterbrush prediction models for twig weight (WT, mg) based on twig length (L, mm) and basal diameter (BD, mm) in southcentral Wyoming, 
late fall, and late winter, 1986-87. 

Range 
Xl ba bl S&l F R2 Xl Weight 

(mm) (mg) 
----------------~~~~~~~~~_______~~________________(Late~a~~)___~___~~----__~-~~~~~~~~~~~~~~~__________________ 
L -107 3.25 0.28 139 0.80 67-141 82-374 

BD -464 498 74 45 0.57 1.15-1.63 82-374 
~------~--------~~__~~~~~_________________________(L~~~~~~~~~)______~~~---~~~~-~~~~~~~~~~~~~~___________________ 
L - 31 1.86 0.13 201 0.86 76-144 94-23 1 

BD -187 260 54 24 0.41 1.17-1.53 94-23 1 

ba = intercept; bl= regression coefficient; F = F value; 
SEM = standard error of regression coefficient; 
Rt = coefficient of determination; 

12.1 mm in length for each 0. I-mm increase in basal diameter. The 
R2 values ranged from 0.36 on site 1 untreated plots to 0.75 on site I 
mowed plots. 

Regression coefficients for twig length regressed on basal diame- 
ter increased with site productivity for the late fall site models. 
Regression coefficients were 106 and 104 for sites 1 and 2, respec- 
tively, and 128 and 13 1 for sites 3 and 4, respectively. Differences 
among regression coefficients due to sites were similar to those 
among twig length. Sites 1 and 2 had relatively short, thick twigs 
compared to those on sites 3 and 4 in late fall. Bitterbrush twig 
lengths ranged from 14 to 305 mm; twig basal diameters ranged 
from 0.5 to 2.4 mm. 

Regression Models for Weight 
Because all twigs per transect were weighed together, only 3 

average twig weights per plot or 9 per site or 12 per treatment 
within a season were available for regression analysis. Therefore, 
prediction models for twig weight based on twig length and on 
basal diameter were calculated only for the late fall (N = 36) and 
late winter (N = 36). 

For practical purposes twig length was clearly the most useful 
parameter measured for predicting twig weight in either late fall or 
late winter (Table 3). Twig length accounted for 80% of the varia- 
tion in twig weight in late fall and 86% in late winter. 

The regression coefficient for twig length in late fall (+3.25) was 
much greater than that in late winter (+ 1.86), primarily because of 
the additional weight of leaves in late fall per increment of addi- 
tional twig length. In either case the standard error of the regres- 
sion coefficient was only 7 to 9% of the regression coefficient 
indicating a relatively high degree of confidence in the predictions 
that twig weight increased 3.25 mg for each additional 1 .O mm of 
twig length in late fall and 1.86 mg/mm twig length in late winter. 

Discussion 
Spraying retarded twig length growth on shallow or rocky, less 

productive sites, but increased twig length on deeper, more produc- 
tive sites. The reduction in soil water competition from reduced 
sagebrush cover allowed bitterbrush plants to respond on produc- 
tive sites, but not on shallow or rocky sites (Powell and Kituku 
1990). Mowing did not decrease twig length on less productive 
sites, and greatly increased twig length on the more productive 
sites. 

The relationship between bitterbrush vigor and site productivity 
was also demonstrated by studies in Oregon and Washington. 
Bitterbrush maintained high productivity under 60-65s dormant 
season utilization on productive sites, but productivity declined on 
less productive sites if utilization exceeded 50% (Garrison 1953). 
Variation in crop-year (September through June) precipitation in 
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southeastern Oregon accounted for about 40% of the variation in 
bitterbrush leader production (Kindschy 1982). 

Twig length appears to be a good indicator of differences in 
growing conditions due to different soils and management practi- 
ces. A similar relationship exists for Quercus (Powell and Lowry 
1980). 

From a seasonal standpoint, twigs collected in April 1987, were 
longer than those collected in fall 1986. This difference indicates 
continued growth very late in the season and confirms the value of 
bitterbrush as late summer/ fall forage. 

Although differences in shrub management practices, site condi- 
tions, and seasons apparently affect basal diameter, these relatively 
small changes do not appear to be as practical an indicator of 
differences in environmental conditions as the corresponding dif- 
ferences in twig length. 

The seasonal effect on tip diameter was more pronounced and 
consistent than that on basal diameter indicating that bud swell 
may have influenced tip diameter measurements in late winter. 

Mean twig weights in the fall were greater than those in late 
winter because of the loss of leaves between November and April. 
However, both the site X season and treatment X seasons interac- 
tions were significant. Both interactions indicate continued growth 
on the least productive site/ treatment and a corresponding loss of 
leaves and/ or stem material on the most productive site with the 
greatest fall twig weight. 

From a management standpoint, data collected in late fall before 
deep snows occur on an area may not be reliable in terms of 
predicting twig data during the winter for those sites with slower, 
more prolonged growth, such as on site 1, or for those twigs 
stimulated to a high degree of growth on productive sites, such as 
mowed plants on sites 3 and 4. 

Twig basal diameter regression coefficients developed to predict 
twig length were greater for twigs from both sprayed and mowed 
plots than on untreated plots, but not for the same reason. Twig 
lengths on sprayed plots were similar to those on untreated plots, 
but twig basal diameters were smaller on sprayed plots. On mowed 
plots both twig lengths and twig basal diameters increased, but the 
relative increase in twig lengths was much greater than that for twig 
basal diameters. 

The range of these R* values and regression coefficients was very 
similar to those for bitterbrush twigs measured in southern Idaho 
(Basile and Hutchings 1966, Ferguson and Marsden 1977) and in 
northern Utah (Jensen and Umess 1981). 

Scatter diagrams of residuals when twig lengths were plotted 
against basal diameters portrayed the greatest variation in residu- 
als occurring in the lower range of basal diameters. This indicates a 
possible lower degree of accuracy and precision in measuring the 
basal diameter compared to the length of small twigs. 

The negative intercept for each model (about half the magnitude 
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of those reported by Jensen and Urness 1981) may indicate poten- 
tial curvilinearity in situations where the minimum basal diameter 
approaches zero. Although we can not extrapolate beyond the 
range of our data, the smallest basal diameter of 1,127 twigs 
measured in the fall was 0.5 mm and the smallest of 1,052 twigs 
measured in late winter was 0.8 mm. Therefore, considering the 
wide variety of environmental conditions included in this study, it 
seems unlikely that any mature bitterbrush twig will have a basal 
diameter less than 0.5 mm or that a curvilinear model is more 
appropriate than the linear models shown in Tables 1 and 2. 

The predictive value and reliability of regression models for 
twigs collected in late winter (higher standard error of regression 
coefficient; lower coefficient of determination) were somewhat less 
than those for twigs collected in late fall, but varied from plot to 
plot (Tables 1 and 2). This was partly because of a lower number of 
twigs measured in late winter and partly because of a very weak 
relationship between twig length and twig basal diameter on one 
plot (Table 2; 4C = site 4, untreated). An examination of twig 
length and basal diameter means, ranges, variation and residuals; 
site conditions, and collection and measurement procedures 
offered no logical explanation why this plot produced such a high 
random distribution of both “long, skinny”and “short, fat” twigs 
in late winter. 

The set of data from a plot in late fall with the weakest relation- 
ship between twig length and basal diameter also came from an 
untreated plot (Table 2; 1 C q  site 1, untreated). Personal observa- 
tions indicate considerable variation in bitterbrush plant mor- 
phology, leaf color, and animal preference among untreated plants 
on the same plot. 

Interaction between season and ecotypic variation among plants 
on the same site is one explanation for the weak twig length-basal 
diameter relationships on certain untreated sites. The effects of 
spraying and mowing may have reduced the natural ecotypic varia- 
tion in twig length-basal diameter relations. 

Management Implications 

verified for the specific conditions under which utilization equa- 
tions are intended to be used. 

The slower, more prolonged growth of twigs on less productive 

Site productivity, habitat manipulation practices, and seasons 
all affected bitterbrush twig length, basal and tip diameters, and 
weight in the mountain brush vegetation type of southcentral 
Wyoming, but not to the same degree. Therefore, relations 
between length, basal and tip diameters, and weight should be _ .-._ 
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Hormnv. A.L. 1943. Bitterbrush in California. USDA Forest Serv. EXD. 
Sta. Res. Note PSW 34. 

1 

Hyder, D.N. and F.A. Sneva. 1962. Selective control of big sagebrush 
associated with bitterbrush. J. Range Manage. 1521 l-215. 

Jensen, C.H., and P.J. Umess. 1981. Establishing browse utilization from 
twig diameters. J. Range Manage. 34:113-l 16. 

Kindschy, R.R. 1982. Effects of precipitation variance on annual growth of 
14 species of browse shrubs in southeastern Oregon. J. Range Manage. 
35:265-266. 

Kituku, V.M. 1988. Forage value and utilization of bitterbrush (Purshiu 
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Univ. Wyo., Laramie. 
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central Wyoming. J. Range Manage. 45:488493. 
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twigs. J. Wildl. Manage. 34~456-460. 

Nelson, E.W. 1930. Methods of studying shrubby plants in relation to 
grazing. Ecology 11:764-769. 

Ngugi, K.R., J. Powell, F.C. Hinds, and R.A. Olson. 1992. Range animal 
diet composition in southcentral Wyoming J. Range Manage. 45542-545. 

Peek, J.M., F.D. Johnson, and N. Spence. 1978. Successional trends in a 
ponderosa pine/ bitterbrush community related to grazing by livestock, 
wildlife. and tire. J. Range Manage. 31:49-53. 

Peek, J.M., L.W. Kreftin8;nd J.CrTappeiner, II. 1971. Variation in twig 
diameter-weight relationships in northern Minnesota. J. Wildl. Manage. 
35:5Ol-507. 

Powell, J., and V.M. Kituku. 19%. Manipulating a big sagebrush- 
bitterbrush plant community for cattle and big game in southcentral 
Wyoming. Sot. Range Manage. 43rd Annu. Meeting, 1 l-16 Feb. 1990, 
Reno, Nev. Abstract No. 250, Denver, Colo. 

Powell, J., and D.P. Lowry. 1980. Oak (Quercus spp.) sprouts growth rates 
on a Central Oklahoma shallow Savannah range site. J. Range Manage. 
33:312-313. 

Provenza, F.D., and P.J. Umess. 1981. Diameter-length, -weight relations 
for blackbrush (Coleogyne ramosissima) branches. J. Range Manage. 
34:215-217. 

Rutherford, M.C. 1979. Plant-based techniques for determining available 
browse and browse utilization: A review. Bot. Rev. 45:203-228. 

Ruyle, G.B., J.E. Bowns, and A.F. Schlundt. 1983. Estimating snowberry 
(Symphoricurpos oreophifus) utilization by sheep from twig diameter- 
weight relations. J. Range Manage. 36:472-474. 

SAS. 1985. SAS/ STAT guide for personal computers, 6th ed. SAS Inst., 
Inc., Cary, NC. 

Steel, R.&D., and J.H. Torrie. 1980. Principles and practices of statistics. 
2nd ed. McGraw-Hill Book Co., N.Y. 
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sites late into the fall indicates a limitation of the before and after 
method of estimating utilization. If twig elongation continues after 
the before measurements are taken, actual utilization will be 
underestimated. 
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Abstract 

Abandoned bentonite mine spoils are extremely difficult to 
revegetate because of their high clay content, salinity, sodicity, low 
permeability, and the semiarid climate of the area where bentonite 
mining occurs. Recent research has led to the development of 
technology utilizing sawmill wastes (chips, bark, and sawdust) to 
enable the successful revegetation of these lands. The use of wood 
residue amendments increased water infiltration, leaching of solu- 
ble salts, and vegetation establishment; however, sodicity con- 
tinued to be a problem and threatened to destroy the established 
vegetation. Surface application of gypsum was evaluated to deter- 
mine its effectiveness in ameliorating the spoil sodicity and its 
effect on plant growth. In a 3-year field study, surficial gypsum 
amendment resulted in significant increases in perennial grass 
biomass (150%) and canopy cover (140%). These changes were not 
evident until the second or third year after gypsum amendment. 
Annual forb biomass did not respond to gypsum amendment; 
however, canopy cover did exhibit a significant increase in the 
second year at lower wood residue amendment rates. This research 
demonstrates that surface applied gypsum can be effective in ame- 
liorating bentonite spoil sodicity when applied to established plant 
communities. 

Key Words: abandoned mine land, clay, sodium, reclamation, 
perennial grass 

Abandoned bentonite mine spoils are extremely difficult to 
revegetate because of their high clay content, salinity, sodicity, low 
permeability, and the semiarid climate of the area where bentonite 
mining occurs. However, recent research has led to the develop- 
ment of technology enabling the successful revegetation of these 
lands @human and Sedbrook 1984; Smith et al. 1985, 1986; 
Schuman and Belden 1991). This technology involved the use of 
sawmill wastes as a spoil amendment to improve water permeabil- 
ity and enable the leaching of salts from the root zone (Belden et al. 
1990). Although spoil-incorporated sawmill wastes resulted in 
initially successful revegetation of these spoil materials, subse- 
quent research demonstrated that spoil sodicity was increasing 
over time and threatening the long-term success of the revegetation 
(Belden et al. 1990, Schuman and Meining 1993). Early investiga- 
tions of bentonite spoil characteristics pointed out the sodic nature 
of the material (Hemmer et al. 1977), but subsequent research 
initially investigating the use of inorganic amendments to address 
the sodicity problem resulted in minimal or no effect on plant 
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establishment and growth (Dollhopf et al. 1981, Bjugstad et al. 
1981). Later studies (Dollhopf et al. 1989, Schuman et al. 1989, 
&human and Meining 1993, Voorhees and Uresk 1990) demon- 
strated the positive effects of inorganic amendments on ameliorat- 
ing spoil sodicity. 

The objective of this study was to evaluate the effectiveness of 
surface-applied gypsum on revegetated sodic bentonite spoil on 
vegetation production and canopy cover. 

Methods and Materials 

The study site is located approximately 7 km northwest of 
Upton, in northeastern Wyoming. Bentonite deposits in this region 
occur at many stratigraphic positions in the Cretaceous strata. The 
strata mined in this area is the Mowry shale formation. The area 
was mined in the early 1950’s and, at the time of research initiation 
in 1981, consisted of ungraded spoil piles and open pits about 
lo-15 m in height and depth. Approximately 2 ha of spoil were 
leveled in the spring of 1981. Spoil samples were taken to character- 
ize the regraded spoil (Table 1). Wood residue amendment (bark, 
wood chips, and sawdust of Pinusponderosa) was applied at rates 
of 0, 45, 90, and 135 Mg/ ha (dry weight) and nitrogen fertilizer 
(NH4N0s) was applied at rates of 0,2.5,5.0, and 7.5 kg N/ Mg of 
wood residue to develop a series of C:N ratios (469: 1, 137: 1,8 1: 1, 
and 57:l) within each wood residue rate. Nitrogen fertilizer was 
only applied once, at study initiation. Since nitrogen application 

Table 1. Physical and chemical characteristics of pretreatment bentonite 
spoil samples (30 cm depth), Upton, Wyo. 1981 (Smith 19&Q). 

Parameter Mean and Standard Error* 

Particle-Size-Separates (%) 
Sand (24.05 mm) 10.8 f 0.8 
Silt (0.05-0.002 mm) 29.6 * 0.8 
Clay (<0.002 mm) 59.6 * 1.1 

Saturation Percentage (%) 80.9 f 1.7 
NO& (mgl kg) 7.7 f 0.4 
NHI-N (mgi kg) 2.6 f 0.1 
TKN (mgi kg) 751.1 f 5.8 
Inorganic P (mg/ kg) 8.1 f 0.3 
C (mgi kg) 10.0 f 1.0 
PH 6.8 f 0.1 
EC (ds/ m) 13.4 f 1.1 
Water Soluble Cations 

Ca (mgl kg) 187.9 f 9.2 
Mg (mgi kg) 73.6 * 4.2 
Na (mgl kg) 3613.7 f 101.3 
K (mgi kg) 32.0 f 0.8 

SAR 63.1 f 1.2 

*Particle-size-separates obtained from 5 observations. All other parameters represent 
the mean of 144 samples. 
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Table 2. Native plant species mixtures seeded on abandoned bentonite mine spoils, Upton, Wyo. 

Scientific name 

Pascopyrum smitthii 
(Rybd.) A. Love 

Elymus lanceolatus 
(Scribner & J.G. Smith) Gould 

Elymus trachycaulus 
(Link) Gould ex Shinners 

Agropyron riparium 
Scribn. & Smith 

Stipa viridula Trin. 
Artriplex nuttallii~ 

S. Watts 

Common name Cultivar 

Western wheatgrass Rosana 

Thickspike wheatgrass Critana 

Slender wheatgrass Revenue 

Streambank wheatgrass Sodar 

Green needlegrass Lodortn 
Nuttall saltbush PI 15658 

Drill seeding 
rate 

(PLSjm2) 
130 

130 

130 

130 

130 
32 

tFrom Bridger Plant Materials Ctr., Bridger, Mont. 

was based on wood residue amendment rate, the 0 Mg/ ha wood 
residue treatment was given an application rate of 0, 112,224, and 
336 kg N/ha, which was equal to the 45 Mg/ ha wood residue rate 
on a per hectare basis. Phosphorus was uniformly applied at the 
rate of 90 kg P/ha. Initial amendments (wood residue and fertil- 
izer) were incorporated into the surface 30 cm of spoil. Two peren- 
nial grass mixture treatments (native and introduced species) were 
evaluated. The study reported here only evaluated the effect of 
gypsum amendment on the native species mixture (Table 2). Smith 
et al. (1985) presented detailed discussion of amendment incorpo- 
ration, seedbed preparation, and seeding practices. 

The study experimental design was a split plot type with a split 
block within the main treatment (wood residue) and 3 replications 
(Fig. 1). Each block consisted of 4 main plots representing each of 
the 4 wood residue treatments. Each main plot was split and half 
seeded to the native grass mixture and the other half seeded to the 
introduced species grass mixtures. Therefore, the study was com- 
prised of 96, 14.6 by 9.6-m subplots. 

To evaluate the effect of surface-applied gypsum on vegetation 
production and canopy cover, one-half of the native species grass 
mixture plots were amended with 56 Mg/ ha of gypsum in April 
1987 while the other half of the plots did not receive gypsum (Fig. 
1). The gypsum was applied at a rate to supply sufficient calcium to 
reduce the exchangeable sodium percentage of the surface 30 cm of 
spoil to 15% from a pretreatment level of 48%. Gypsum require- 
ment was calculated using the procedure described by the U.S. 
Salinity Laboratory Staff (1954). The gypsum, ground to pass a 
200-mesh screen, was from a local source. 

Vegetation sampling was accomplished in 1988-1990. Two per- 
manent 0.25m2 rectangular quadrats were established within each 
wood residue-fertilizer-gypsum treatment combination subplot for 
estimating various cover components. Cover was ocularly esti- 
mated each year during the period of estimated peak live biomass 
(June-July), using the general procedures of Daubenmire (1959) as 
modified by Smith (1984). Canopy cover was estimated by growth 
form (total vegetation, perennial grass, annual grass, annual forbs, 
and shrub). Estimates of bare ground and litter cover were also 
performed. One 0.50-mr (71 by 71 cm) quadrat was randomly 
located with each replicated treatment combination subplot each 
year for determining aboveground biomass, with different quadrat 
locations each year. Biomass sampling occurred the first week in 
July all 3 years, which also represented the time of peak standing 
crop. All plant biomass within the quadrats was hand-harvested to 
ground level and divided into the following growth form catego- 
ries: perennial grass, annual grass, perennial forbs, annual forbs, 
and shrubs. Only current year growth was harvested for all growth 
forms except shrubs, for which total standing live biomass was 

45 Mg/ha 135 Mg/ha 

Nl 

N3 

NO 

N2 

N2 

NO 

Nl 

N3 

NO N3 

Nl N2 

N3 NO 

N2 Nl 

0 Mg/ha 

Legend -----. 

Mglha = Wood residue level 
NO = 0 N-fertilization 
Nl = 2.5 Kg-N/Mg residue 
N2 = 5.0 Kg-N/Mg residue 
N3 = 7.5 Kg-N/MS residue 
0 = introduced species 
@$%I = native species 
m = gypsum (56 Mg/ha ) 

I_____________-_____---____ 
N rates for 0 Mg/ha treatment 
= kg/ha-N rates of the 45 Mg/ha 

wood residue treatment 

Fig. 1. Field plot design (replication) for evaluating the effectiveness of 
surface-applied gypsum on ameliorating the sodicity of revegetated ben- 
tonite spoils. 
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harvested. Harvested plant material was oven dried at 60°C and 
weighed. 

Table 4. The effect of gypsum and wood residue amendment of bentonitc 
mine spoil on peremdal grass cover (weraged over years, 19%1990), 

The data were analyzed using analysis of variance and mean Upton, Wyo. 
separation was accomplished using Least Significant Difference 
(LSD) at the0.10 level of probability. Wood residue rates, nitrogen 
fertilizer rates, and gypsum rates were treated as independent 

Gypsum Amendment 

variables. 
wood residue (Mg/ ha) 
application 0 56 

Results and Discussion 
Precipitation 

Precipitation during the study period (1987-1990) was 77, 89, 
106, and 83% of the 362-mm long-term average, respectively. 
Therefore, the effects of the gypsum on the sodic spoil and plant 
community were what one should expect during average climatic 
conditions. 

Plant Biomass 
Perennial grass biomass exhibited main effect responses to the 

gypsum amendment and time since application (years). Perennial 
grass biomass averaged 175 and 317 kg/ha over the years 
1988-1990 for the 0 and 56 Mg/ ha gypsum treatment, respectively, 
indicating a significant enhancement of productivity by gypsum 
amendment. Perennial grass biomass increased from 211 and 202 
kg/ ha in 1988 and 1989, to 325 kg/ ha in 1990. The significant 
increase in biomass in 1990 is probably related to the continuing 
improvement in physical characteristics of the spoil and the resul- 
tant improvement in water infiltration and storage. Schuman and 
Meining (1993) showed a significant decrease in sodicity (ESP) and 
a significant increase in water storage as a result of the gypsum 
amendment. 

Annual forb biomass exhibited a gypsum by wood residue 
amendment by year interaction (Table 3). Annual forb biomass 

Table 3. The effect of wood residue and gypsum amendment of bentonite 
mine spoils on annual forb biomass over years, 19118-1999, Upton, Wyo. 

Wood residue 
application 

(M&r/ha) 
0 

45 
90 

135 

1988 1989 1990 
Gypsum Amendment (Mg/ba) 

0 56 0 56 0 56 
_____________(kg/ba)_____;65a---.- 
39a 146a l15a 383a 1020b 
34a l22a 4la 257a ll2a 308a 
28a l33a 85a 44a 109a 116a 
5a 45a 53a 73a 14a 52a 

Means within a year and wood residue rate followed by the same lower case letter are 
not significantly different (PSO.10). 

was generally greater at the lower wood residue amendment rates, 
which agrees with earlier observations from this research (Smith et 
al. 1985). Annual forb biomass responded significantly to gypsum 
amendment only in 1990 within the non-wood residue amended 
treatment, where biomass was higher in gypsum (1,020 kg/ ha) than 
in non-gypsum plots (365 kg/ha). The lack of other significant 
differences was probably the result of the extreme variation in 
annual forb biomass observed, which is reflected in a large LSD 
value of 535 kg/ ha. 

Shrub biomass did not respond to gypsum or wood residue 
treatments, possibly due to their variable distribution on the plots 
and inadequate sample size. Vegetation biomass did not exhibit 
any response to the nitrogen fertilizer amendment treatment. This 
was not surprising, since fertilization comprised only a single 
application of N in 1981,7-9 years earlier. 

Canopy Cover 
Perennial grass canopy cover exhibited significant wood residue 

rate by gypsum and gypsum by year interactions. Perennial grass 
canopy cover was higher when the spoil was amended with gypsum 

(W ha) 
0 

45 
90 

135 

_____________%co”er_____________ 

la la 
6a 10a 

23a 38b 
33a 39b 

Means within a wood residue level followed by the same lower case letter are not 
significantly different (PSO. IO). 

within the 90 and 135 Mg/ ha wood residue amendment levels 
(Table 4). This response was similar to that observed throughout 
the study for many parameters. The 2 highest wood residue rates 
have consistently produced significantly greater plant biomass, 
plant densities, soil water storage, and soluble salt leaching than 
the 0 and 45 Mg/ ha wood residue treatments, and have generally 
not been significantly different from each other (Smith et al. 1985, 
1986; Smith 1984; Belden 1987; Belden et al. 1990). Perennialgrass 
canopy cover did not differ between gypsum treatments in 1988, 
but was significantly higher in the 56 Mg/ ha gypsum treatment in 
1989 and 1990 (Table 5). The observed response demonstrates the 

Table 5. The effect of gypsum amendment of bentonlte mine spoil on 
perennial grass cover over years, 1988-1990, Upton, Wyo. 

Gypsum amendment 1988 1989 1990 

(Mg/W _______________%co”er____________--- 

0 l6a 17a 14a 
56 l9a 24b 24b 

Means within a year followed by the same lower case letter are not significantly 
different (P<O. IO). 

effect of time necessary to dissolve the surface applied gypsum and 
cause any significant reduction in soil sodicity that will he reflected 
in improved water infiltration, water storage, and plant growth. 

Annual forb canopy cover exhibited a gypsum by wood residue 
amendment by year interaction (Table 6). Annual forb canopy was 

Table 6. The effect of gypsum and wood residue amendment of bentonlte 
mine spoil on annual forb canopy cover over years, 198&1999, Upton, 
wyo. 

Wood residue 
application 

(Mglba) 
0 
45 
90 

115 

1988 1989 1990 
Gypsum amendment (Mg/ ha) 

0 56 0 56 0 56 
______________%co”er_______________ 

3a 9a 9a 2lb 18a 5lb 
la 3a 4a l7b 8a 24b 
3a 2a la 9a 10a 9a 
la 5a 4a la 3a lla 

Means within a wood residue level and year followed by the same lower case letter are 
not significantly different (KO. IO). 

significantly higher on gypsum treated plots at the 0 and 45 Mg/ ha 
wood residue treatments in 1989 and 1990. Gypsum amendment 
had no significant effect on annual forb canopy cover at the 90 and 
135 Mg/ ha wood residue treatments. The lack of response at the 
higher residue amendment rates was not unexpected, since annual 
forb growth was considerably lower on those treatments because of 
increased competition from more residue-responsive perennial 
grass (Smith 1984, Smith et al. 1985). 
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Results of this research have shown that surface-applied gypsum 
can improve productivity and canopy cover of existing plant com- 
munities on sodic bentonite mine spoils. The data also indicated 
that approximately 2 years were necessary before plant response to 
gypsum amendment occurred. This delayed treatment response is 
probably due to the low dissolution rate of gypsum, the low precip- 
itation of the area, and the effects of surface application on the 
dissolution of gypsum. It is likely that if the gypsum had been 
incorporated the dissolution rate would have been significantly 
increased and we should have observed a quicker response to 
treatment (Shainberg et al. 1989, Hira et al. 1981). The findings of 
this research also demonstrate that gypsum amendment can be 
effective when surface applied on vegetated sodic soils/spoils 
under natural rainfall conditions without the requirement of sup- 
plemental irrigation. These findings and those presented by Schu- 
man and Meining (1993) suggest that potential benefits might be 
achieved from the utilization of industrial by-products (such as 
phosphogypsum) on sodic grassland soils. 
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Abstract 

Two t-year trials were conducted to evaluate and compare fron- 
tal, continuous, and 2-paddock rotation grazing systems on 
‘Plains’Old World bluestem (Bothrioch~oui (L.) Keng.). 
Frontal grazing allows livestock a continuous opportunity to graze 
fresh forage via a livestock-pushed, sliding fence which allocates 
and controls grazing within a pasture. Trial 1 treatments included 
frontal grazing at a very high stocking density of 13.3 head ha-.’ and 
continuous grazing at 4 stocking densities described as low, mod- 
erate, high, and very high. The mechanical design and components 
of our frontal grazing system were quite adequate in terms of the 
system’s operation and interaction with the livestock herd. Signifi- 
cant (P<O.O5) linear relationships were found for regressions of 
daily gain on stocking rate and grazing pressure index, and for gain 
ha-’ on stocking rate and grazing pressure index. Year effects were 
evident in all regressions. Trial 2 treatments included frontal, 
continuous, and rotation grazing systems initially stocked at 6.7 
head ha-‘. Mid-season reductions in stocking density were made in 
continuous and rotation grazing to ensure that these treatments 
would have adequate forage to continue until frontal grazing com- 
pleted its second cycle and to achieve an end-of-season standing 
crop which was similar in all 3 treatments. Season-long daily gains 
under frontal grazing were not significantly different compared to 
continuous grazing (p>O.OS); however, they were less than those 
under rotation grazing (P<O.OS). Frontal grazing provided about 
100 more steer-days per hectare of grazing than either continuous 
or rotation grazing. However, steer production was not signifi- 
cantly different among treatments and averaged 296 kg ha-’ 
(DO.05). 

Key Words: Bothriochloa ischuemum, ‘Plains’ Old World Blues- 
tern, steer performance, steer production, stocking rate 

Grazing systems and associated management practices can sub- 
stantially influence grazing patterns and utilization of a pasture. 
Patterns of selection and defoliation are probably the most impor- 
tant effects of the grazing animal on the pasture. Not only is a leaf 
area reduced, with concomitant effects on carbohydrate storage, 
tiller development, and leaf and root growth, but also the micro- 
environment (e.g., light intensity, soil temperature and moisture) is 
altered, which in turn affects plant growth (Watkin and Clements 
(1978). Although evidence indicates that important gains in her- 
bage yield can be obtained from defoliation management, it 
remains a matter of controversy whether such management results 
in significant gains in animal production (Morley 1968). 

Manuscript accepted 13 Nov. 1993. 
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Frontal grazing is a method of intensive grazing management 
which allows livestock a continuous opportunity to graze fresh 
forage (Volesky 1990). According to Pereda (personal communica- 
tion’), frontal grazing relies heavily upon animal behavior. The 
system features a livestock-driven sliding fence that allocates and 
controls grazing within a pasture. Cattle advance the moveable 
fence by collectively pushing a cable with their foreheads to gain 
access to ungrazed forage. This system utilizes high stocking densi- 
ties but has the potential advantage of having a minimal amount of 
forage lost due to trampling or fouling by excreta (Volesky et al. 
1990). The system has some similarities with short-duration or 
rotational grazing systems that have short residence periods in a 
subunit (paddock) and relatively high stocking densities. Even 
more of an association can be drawn with a grazing management 
system reported by McMeekan (1947). His system required the 
allocation of a fresh strip of forage 2 or 3 times a day. 

This research had multiple objectives. Of primary interest was 
the development of a knowledge base pertaining to the require- 
ments, operation, and management of a frontal grazing system. In 
addition, comparisons of livestock performance and production 
were made between frontal and more conventional systems. 

Materials and Methods 

These studies were conducted from 1989 through 1992 at the 
USDA-ARS Grazinglands Research Laboratory near El Reno, 
Okla. The 807 mm long-term mean annual precipiptation at this 
location is bimodally distributed with peaks during May and Sep- 
tember. Study pastures were dominated by ‘Plains’ Old World 
bluestem (Bothriochloa ischaemum L.). Soils were fine-silty Udic 
Paleustolls of the Norge series. All pastures were burned in March 
and received 84 kg ha-’ N in late April of each year. 
Tdal 1 

Trial 1 was conducted during 1989 and 1990. Treatments were 
replicated twice and included frontal grazing stocked at 13.3 head 
ha-’ and continuous grazing at 4 different stocking densities. The 
main feature of the frontal grazing system was a 100-m wide 
livestock-pushed frontal fence. Components of the frontal fence 
included: (1) an electric wire and an insulated push-cable; (2) a 
centrally located pace-governor; and (3) sleds which supported the 

l(Persona1 communication). The main components and equipment for frontal grazing 
are patented and manufactured by Fernando R. Pereda, Tucuman 410,Piso 1. (1049) 
Buenos Aires, Argentina. The authors thank Bobby D. Handke, USDA-ARS techni- 
cian, for assistance in livestock management and Fernando R. Pereda for providing 
the frontal grazing equipment. 

Mention of trade names, proprietary products, or specific equipment does not 
constitute a guarantee or warranty of the product by the USDA and does not imply its 
approval to the exclusion of other products that may also be suitable. 
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electric wire and push-cable. The frontal fence was attached at each 
end to a single high-tensile lateral wire through a bracketed set of 
pulleys. Additional fencing included an alley in which livestock 
traveled to water and a movable back-fence. Operation and com- 
ponents of the frontal grazing system are further described by 
Volesky (1990), Volesky et al. (1990), and Achaval O’Farrell 
(1991). 

Frontal grazing pastures were 100-m wide and 750-m long (7.5 
ha). The frontal fence was initially placed at one end about 50 m 
from a permanent back-fence. This initial O&ha area was stocked 
with 100 steers. Steers were adapted to frontal grazing and able to 
effectively push the frontal fence after a 7- to IO-day training 
period. Training the steers to frontal grazing consisted of periodi- 
cally manually pulling the frontal fence ahead about 0.5 m to 
expose a strip of ungrazed forage. Steers would readily approach 
the frontal fence to graze this forage. As the steers advanced the 
frontal fence across the pasture, a back-fence was periodically 
moved to maintain it at a distance of 60 to 120 m from the frontal 
fence. This prevented steers from accessing the area that had been 
already grazed. Stocking density in frontal grazing was 13.3 head 
ha-’ based on the entire frontal grazing pasture. However, a real- 
time stocking density, based on the distance between the frontal 
fence and back-fence ranged from 83 to 167 head ha-’ depending on 
the position of the frontal or back-fence. 

pastures were divided in half creating 2 adjacent strips each 50-m 
wide and 750-m long. Fifty steers were used in this modified 
system. Two cycles under frontal grazing were completed with the 
first lasting 60 days both years resulting in an average frontal fence 
movement of 25-m day-‘. The second cycle lasted an average of 20 
days (75-m day-‘). Twenty-five percent of each frontal grazing 
pasture, covering the area that would be grazed last, was cut for 
hay in mid-June because forage would be excessively mature by the 
time it was frontally grazed. Hay yield from this area averaged 
about 3,000 kg ha-’ each year. 

Initial stocking density for trial 2 in all treatments was 6.7 head 
ha-‘. Put-and-take steers were used to ensure that all treatments 
had a similar amount of residue (1,500 kg ha-‘) left at the end of the 
summer. Decision-making pertaining to stocking adjustments was 
assisted by standing crop measurements and rainfall patterns. 
Pastures for continuous and rotation grazing treatments were 1.8 
ha in size with rotation pastures subdivided into 2 equal paddocks. 
Steers were rotated between paddocks every 2 to 3 weeks. 

Crossbred steers with a mean initial live weight of 265 kg were 
used for both trials 1 and 2. Cattle were penned for an overnight 
shrink and weighed about every 30 days or at the completion of a 
frontal grazing cycle. 

Size of the continuous grazing pastures was 0.9 ha. Initial stock- 
ing densities in 1989 were 4.4, 6.7, 8.9, and 11.1 head ha-’ for the 
low, moderate, high, and very high densities, respectively. Stock- 
ing densities were increased an average of 25% in 1990 to overlap 
that of frontal grazing. 

Frontal grazing was started on 14 June 1989 and the first cycle 
(passage over the 750-m pasture length) lasted 30 days. Cattle were 
removed from the pastures for a 16day intermediate regrowth 
period and a second frontal grazing cycle was started on 1 August 
and lasted for 18 days. Cattle grazed a nearby ‘Plains’ bluestem 
pasture during the intermediate period. Rate of frontal fence 
advancement was related to quantity and quality of available 
forage and averaged 25 and 42 m day-’ for cycles 1 and 2, respec- 
tively. Continuous grazing started on 14 June and ended 18 August 
with an extended grazing period until 30 August with an extended 
grazing period until 30 August for the light and moderate treat- 
ments. Grazing began on 24 May in 1990 and frontal grazing cycle 
1 lasted until 24 June. Cycle 2 began immediately and lasted until 5 
July. Rates of frontal fence advancement were 24 and 75 m day-’ 
for cycles 1 and 2, respectively. Continuous grazing began on 24 
May and lasted until 13 July for heavy and very heavy treatments 
and until 7 August for the light and moderate treatments. 

Forage standing crop was estimated at 2- to 3-week intervals in 
all treatments using the same methods described for trial 1. End-of- 
season standing crop was determined by clipping 10 randomly 
placed 0.25 m* quadrats in each continuous and rotation grazing 
pasture. Ten quadrats were clipped in each of 4 equal sectors of a 
frontal grazing pasture. Each sector included 25% of the area in the 
pasture with sector 1 being grazed first during a cycle and sector 4 
being grazed last. Clipped samples were hand-sorted into grasses 
and forbs, ovendried, and respective components weighed. 

Statistical Methods 
Trial 1 data were subjected to regression analyses using general 

linear models (GLM) procedures (SAS Institute Inc. 1988). Linear 
and quadratic relationships were examined with daily gain and 
gain per hectare regressed against animal unit days per hectare 
(AUD ha-‘) and grazing pressure index. Animal unit days were 
calculated based on a grazing pressure equivalent to 454 kg of live 
weight. The short-term net effect of different grazing systems on 
animal productivity was evaluated so that relative responses at a 
common grazing pressure index could be evaluated. Because only 1 
frontal grazing pressure was used, response of this grazing pressure 
was compared to the generalized response in productivity per 
animal and per land area on continuous grazing treatments. Graz- 
ing pressure index was calculated as follows: 

Forage standing crop was estimated on a weekly basis in both 
frontal and continuous grazing pastures using an electronic capac- 
itance meter (Vickery et al. 1980). One-hundred readings were 
taken at random throughout each continuous grazing pasture. 
Readings in frontal grazing were taken along transects imme- 
diately before grazing and then during the same day, after steers 
had advanced the frontal fence over the transects. Differences in 
these before and after standing crop estimates were used to deter- 
mine forage utilization. The capacitance meter was calibrated with 
clipped samples taken over the summer grazing period. Our predic- 
tion equation was as follows: kg ha-’ q  -167.95 + 13.647 * meter 
reading (P<O.Ol, R2 = 0.84, N q  230). 

Grazing pressure index = %!?_!_I2 
MSC 

where MSC is mean standing crop and 12 kg is the forage demand 
for 1 AUD. 

Trial 2 daily gain and gain per hectare data were analyzed using 
analysis of variance. Main effects were year, treatment, and repli- 
cation. The error mean square for detecting treatment effects was 
treatment by replication. The residual error mean square was used 
to test for year and year by treatment effects. A similar model was 
used for end-of-season standing crop data which also included data 
from the 4 sectors of frontal grazing. 

Trial 2 Results and Discussion 
Trial 2 was conducted during 1991 and 1992. Treatments were 

replicated twice and included frontal, continuous, and a 2-paddock 
rotation grazing system. It was apparent from trial 1 that our 
pasture area for frontal grazing was too small to support 100 steers 
for more than 40 to 50 days. Existing 100-m wide frontal grazing 

Trial 1 
Frontal Grazing System 

It is important to note that overall mechanical design and con- 
struction of the frontal grazing system was adequate. Operation of 
the system by the steers promoted uniform and efficient forage use. 

Grazing in 1989 began 14 June when standing crop in frontal 
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grazing pastures averaged 3,070 kg ha-‘. Grazing began 24 May in 
1990 when standing crop averaged 2,110 kg ha-‘. Forage utilization 
that occurred during advancement of the frontal fence was 48 and 
66% in 1989 and 1990, respectively. The difference in utilization 
between years was presumably associated with starting date and 
growth stage of the ‘Plains’ bluestem forage. The bluestem in 1989 
had already begun to produce seed heads, thereby encouraging a 
level of selective grazing that tended to reduce utilization. The 
period of greatest forage utilization occurred as the steers initially 
grazed the forage made available by advancing the frontal fence. 
Measurements on the same area 3 to 4 days later and immediately 
before the area was excluded from grazing by the back-fence, 
showed an additional forage disappearance of 15 to 20%. 

Steer behavior under the frontal grazing system was observed to 
be herd-oriented. Generally, grazing events began with 1 or 2 steers 
walking up to the frontal fence to begin grazing and these were 
quickly joined by the remaining steers. Steers followed a similar 
pattern when exiting the frontal grazing pasture into the alley for 
water. A hierarchy developed with respect to where steers grazed 
along the frontal fence. Specific steers consistently chose to graze 
at the frontal fence supporting sleds where it is easiest to push and 
advance the frontal fence. These steers were usually those that 
expressed the least fear in approaching and pushing the frontal 
fence during the initial training period. 

Animal Production 
There was a significant year by stocking rate interaction for the 

regression of daily gain on AUD ha-’ (P<O.O5; Fig. 1). This indi- 
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Fig. 1. Relationship between daily gains and stocking rates (AUD hi’) 
during 1989 and 1990. L, M, f-f, and VH refer to light, moderate, heavy, 
and very heavy contfnuous grazing treatments and FG refers to frontal 
grazing. 

cates that slopes were different with respect to years. The slope was 
nearly zero in 1989, whereas in 1990 there was an inverse relation- 
ship between AUD ha-’ and daily gain. The linear relationship 
observed with the 1990 data is consistent with that reported by 
Mott (1960) and Hart (1980). 

Year had a significant effect in the regression of gain ha-’ on 
AUD ha-’ (P<O.Ol; Fig. 2). Gains were less in 1989 compared to 
1990, which we hypothesize were at least partially due to reduced 
forage quality on offer resulting from the 3 week later start of 
grazing in 1989. Dabo et al. (1988) reported that ‘Plains’ bluestem 
has a rapid decline in crude protein content of leaves and particu- 
larly stems with maturation. The relationship of gain ha-’ and 
AUD ha“ reflects effects of animal-forage interactions involving 
harvesting efficiency per hectare. Both gain ha-’ and AUD ha-’ 
were similar for frontal, heavy, and very heavy treatments. 

There was a significant year by grazing pressure index interac- 
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Fig. 2. Relationship between gains (kg hi’) and stocking rates (AUD 
hi’) during 1989 and 1990. L, M, H, and VH refer to Light, moderate, 
heavy, and very heavy continuous grazing treatments and FG refers to 
frontal grazing. 

tion for the regression of daily gain on grazing pressure index 
indicating that slopes were different due to years (P<O.O5; Fig. 3). 
This relationship was similar to that of daily gain on AUD ha-’ 
(Fig. 1). The slope for the 1989 data was nearly zero but in 1990, 
daily gain declined with an increase in grazing pressure index. The 
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Grazing Pressure Index 

Fig. 3. Relationship between daily gains and grazing pressure indices 
(GPI) during 1989 and 1990. L, M, H, and VH refer to light, moderate, 
heavy, and very heavy continuous grazing treatments and FG refers to 
frontal grazing. 

range of grazing pressure index in 1989 was relatively small due in 
part to the high mean standing crop and short grazing period. 
There was a positive linear relationship between gain per hectare 
and grazing pressure index both years (Fig. 4). The year by grazing 
pressure index interaction was significant (P<O.O5) again indicat- 
ing that slopes were different due to years. 

None of our models were significantly improved by using a 
higher order polynomial (mO.05). The response of gain ha-’ to 
stocking rate or grazing pressure index would typically be expected 
to have a quadratic relationship (Hart et al. 1980, Conway 1963). 
Our data were limited because of the fairly close range of stocking 
rates which in part, arose from having only 48- and 42-day grazing 
periods in 1989 and 1990, respectively. 

Trial 2 
Frontal Grazing System 

The more moderate stocking of 6.7 head ha-’ allowed frontal 
grazing periods of use of 76 and 86 days in 1991 and 1992, respec- 
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Fig. 4. Relationship between gains (kg ha-‘) and grazing pressure indices 
(GPI) during 1989 and 1990. L, M, H, and VH refer to light, moderate, 
heavy, and very heavy continuous grazing treatments and FC refers to 
frontal grazing. 

tively. Cycle 1 lasted 60 days both years with a rate of frontal fence 
advancement of 25 m day-‘. This length of use appeared near 
optimum as it provided the frontal grazing starting area with a 
nearly 60day regrowth period. However, rate of frontal fence 
advancement for cycle 2 was much faster (70 m day-‘), which 
progressively decreased the regrowth periods to about 40 days for 
frontal grazing sector 2,30 days for sector 3, and 20 days for sector 
4. 

Cutting hay from frontal grazing sector 4 during mid-June also 
appeared to be advantageous. This area would not normally have 
been frontally grazed until day 45 of frontal grazing (mid-July) and 
the ‘Plains’ bluestem would be relatively mature with reduced 
palatability and quality compared to the regrowth after haying. 

Steer Production and Forage Utilization 
There were no significant year or year by treatment interactions 

for daily gain or gain per hectare (PX.05). Season-long daily gain 
under frontal and continuous grazing was not significantly differ- 
ent (DO.05); however, season-long daily gain under rotation graz- 
ing was significantly greater compared to frontal grazing (Table 1). 
Early summer daily gain, which included the first 30 days of 
grazing, was less under frontal compared to continuous or rotation 
grazing (KO.05). It was hypothesized that forage intake of frontal 
grazing steers during the initial 7- to IO-day training and adapta- 
tion period was moderately depressed. This was indirectly quanti- 
fied by comparing the slow rates of frontal fence advancement 
during the initial 10 days to faster rates during subsequent periods. 
Late summer daily gain which included the frontal grazing cycle 2 
period was significantly greater until frontal and rotation com- 
pared to continuous grazing (P<O.O5). Achaval O’Farrel (1991) 
reported crude protein of available forage from frontal grazing 
cycle 2 to be greater than that under continuous grazing on similar 
dates. 

Frontal grazing provided about 100 more steer-days ha-’ of 
grazing than continuous and rotation grazing (Table 1). However, 
steer production was not significantly different among treatments 
and averaged 296 kg ha-’ (DO.05). The increased steer-days ha-’ 
under frontal grazing did not reflect higher gain ha-’ because of 
lower daily gain. 

Total end-of-season herbage standing crop averaged 1,430 kg 
ha-’ and was not different among treatments (PX.05, Table 2). 

Table 2. End-of-season herbage standing crop (kg hi’) averaged Over 
1991 and 1992.’ 

Treatment ChSS Forb Total 

Frontal grazing2 
________---(kg/ha)-----1390A-- 

1170* 220* 
Continuous grazing 63Oa 770a MOO* 
Rotation grazing’ 930AB 580B 1510A 

Sector within frontal grazing 

1 960* 70* 1030* 
2 1 3oOBC 310B 1610’ 
3 I 390c 470B 1860’ 
4 1 020AB 40* 1060* 

‘Treatment or frontal grazing sector means within herbage component with ulike 
letters differ (P<O. IO). 
2Mean of the 4 frontal arazinn sectors. Each sector included 25% of the area in the 
pasture with sector I be%g gr&ng first and sector 4 grazed last. 
‘Mean of the 2 rotation paddocks. 

This, and an equal total grazing period length were within our 
initial objectives. These objectives were attained by removing an 
average of 40% of the steers in continuous and rotation grazing in 
mid-July. The management practice of having heavier early season 
stocking on ‘Plains’ bluestem appeared effective for efficiently 
utilizing the very rapid June growth of this species and reducing 
patch grazing. Visual observations indicated that the rotation sys- 
tem further reduced patch grazing compared to continuous grazing 
and the 2 to 3 week rotation sequence was effective in maintaining 
the pastures in a state where the ‘Plains’ bluestem maturity was 
somewhat delayed. Forbes and Coleman (1986) reported patterns 
of spot grazing to be partially broken with heavy grazing pressure 
early in the season. Subsequently, the percentage of green leaf in 
the pasture was increased over the grazing season. 

Frontal grazing had about 100 more steerdays ha-’ grazing than 
continuous or rotation and 25% of frontal grazing pastures were 
cut for hay (3,000 kg ha-’ yield). However, the fact that end-of- 
season standing crop was similar among treatments indicates that 
the pattern and timing of grazing under frontal grazing must have 
positively influenced growth and production of ‘Plains’ bluestem. 
Although it wasn’t measured, depressed forage intake under fron- 
tal grazing could have also contributed to the increase in steer- 
days ha-‘. Taliaferro et al. (1984) found that dry matter yield of 
‘Plains’ bluestem was nearly doubled by clipping at 7-week inter- 
vals compared to 3-week intervals. Burton et al. (1963) obtained a 
similar response for ‘Coastal’ bermudagrass (Cynodon dactylon 

Table 1. Daily gains during early, mid, and late summer periods, season-long, and gain and grazing days per hectare averaged over 1991 and 1992’. 

Daily gain 
Treatment Early Mid Late Season-long Gain Grazing days2 

________________________kgday-1________________________---- (SD ha-‘) 
Frontal grazing 0.57* 0.34* 0.71* 0.54* 

(kg ha-‘) 
28l* 540 

Continuous grazing 0.78B 0.55* 0.36’ 0.59*a 286* 436 
Rotation grazing 0.84B 0.57* 0.66* 0.71B 32l* 448 

‘Column means with unlike letters differ (P<O.OS). 
ZGrazing days is the steerdays per hectare (SD ha-‘) provided by each treatment using a put-and-take strategy where all treatments had similar grazing periods and end-of-season 
standing crop. 
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(L.) Pers.). 
Grazing system treatments had an effect on the proportion of 

grass and forb components in the end-of-season standing crop 
(P<O.O5, Table 2). There were fewer forbs under frontal compared 
to continuous and rotation grazing, suggesting that the opportun- 
ity for selection was reduced under frontal grazing. Western rag- 
weed (Ambrosiupsilostachya DC.) was the dominant forb species 
in our pastures and was generally avoided by cattle under continu- 
ous grazing. Sectors 1 and 4 had the least forbs within frontal 
grazing (Table 2). Sector 1 (grazed first) had the highest level of 
before/ after utilization and a fair portion of this sector was grazed 
during the initial training period. Steers had virtually no opportun- 
ity for selection during the training period because they were not 
proficient at advancing the frontal fence and grazed all species to 
try to meet their intake needs. Sector 4 was cut for hay in mid-June 
and a large portion of the forb biomass was removed at that time. 
Conversely, sectors 2 and 3 generally had larger amounts of grass 
in the end-of-season standing crop compared to sectors 1 and 4. 
The ‘Plains’bluestem was increasing in maturity and decreasing in 
palatability by the time these sectors were being frontally grazed. 

Management Implications 

The mechanical design and components of our frontal grazing 
system were quite adequate in terms of the system’s operation and 
interaction with the livestock herd. Frontal grazing requires inten- 
sive management and is probably not practical on native range- 
lands. The system was developed on legume and cool-season grass 
pastures where rapid consumption of the forage followed by a rest 
period may favor an increase in forage yield, and consequently, an 
increase in production per unit area. However, in our trials, frontal 
grazing did not result in an increase in gain per hectare compared 
to conventional grazing systems although frontal grazing did pro- 
vide an increase in grazing days per hectare. Increased grazing 
days, at least in part, may be attributable to the unique timing and 
pattern of defoliation under frontal grazing, which produces a 
positive response on forage production. Highly productive forages 
with long growing seasons, along with a legume to increase quan- 
tity and quality of the forage, might result in frontal grazing 
increasing productivity per unit of land. 
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Abstract 

An investigation was conducted to characterize the intensity and 
frequency of tiller defoliation in ‘Plains’ Old World bluestem 
(Botlrrioc~loa i$chuemum (L.) Keng) under frontal, continuous, 
and 2-paddock rotation grazing systems. Frontal grazing allows 
cattle a continuous opportunity to graze fresh forage via a 
livestock-pushed sliding fence that allocates and controls grazing 
within a pasture. Nearly 100% of frontal grazing tillers were defol- 
iated at least once during a 3-hour period as the frontal fence was 
advanced over the transect area. The initial defoliation intensity of 
tillers under frontal grazing was also significantly higher and 
remaining tiller height less than that of tillers under rotation or 
continuous grazing (P < 0.05). Tillers under frontal grazing were 
defoliated at a faster rate compared to rotation or continuous 
grazing, but cattle had access to them for only 6 to 8 days of the 
entire grazing season. Season-long defoliation frequency was esti- 
mated to be 2.4, 4.6, and 4.7 times for frontal, continuous, and 
rotation grazing, respectively. Tillers that originated from the 
perimeter of a tussock were initially taller than those arising from 
the center (P < 0.05); however, frequency and intensity of defolia- 
tion was similar for both tiller locations. Significant relationships 
were also described between defoliation frequency and stocking 
rate and between defoliation frequency and herbage allowance. 
Defoliation frequency increased linearly as stocking rate increased; 
and conversely, defoliation frequency decreased quadratically as 
herbage allowance increased. Data from this study suggest that the 
pattern of tiller defoliation under frontal grazing enhanced forage 
production which allowed the maintenance of higher stocking 
rates. 

Key Words: Bothriochloa ischaemum, defoliation frequency, de- 
foliation intensity, grazing systems, herbage allowance, ‘Plains’ 
Old World bluestem, stocking rate 

Grazing systems have the ability to alter the nature and complex- 
ity of plant-animal interactions. To assist in the understanding of 
plant-animal interactions, it is important to identify the basic 
patterns and characteristics of tiller defoliation within grazing 
systems. Furthermore, defoliation regime or pattern is a major 
variable influencing plant response to grazing (Gillen et al. 1990). 
In recent years, several researchers have addressed the impacts of 
short duration or rotational grazing management on tiller defolia- 
tions (Gammon and Roberts 1978,198O; Pierson and Scarnecchia 
1987; and Gillen et al. 1990). Important fundamental relationships 
have been described for several tiller defoliation and animal 
management variables. 

Frontal grazing’ is a method of intensive grazing management 

‘The main components and equipment for frontal grazing are patented and manu- 
factured by Fernando R. Pereda, Tucuman 10, Piso I. (1049) Buenos Aires, 
Argentina. 

Mention of trade names, proprietary products or specific equipment does not 
constitute a guarantee or warranty of the product by the USDA and does not imply its 
approval to the exclusion of other products that may also be suitable. 
Manuscript accepted 13 Nov. 1993. 
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that allows livestock a continuous opportunity to graze fresh for- 
age during active growth (Volesky 1990). This system features a 
livestock-pushed, sliding fence that allocates and controls grazing 
within a pasture. Cattle advance the moveable fence by pushing on 
a cable with their foreheads to gain access to ungrazed forage. 
Frontal grazing has similarities with rotational grazing systems in 
which short grazing periods in a paddock are coupled with high 
stocking densities. Volesky et al. (1994) reported that steer produc- 
tion per hectare was similar between frontal and continuous graz- 
ing, but that frontal grazing provided about 100 more steer-days 
ha-’ grazing even though end-of-season standing crop was equal in 
both treatments. 

Little is known about the frequency and intensity of defoliation 
under frontal grazing. The objectives of this study were to charac- 
terize and compare the frequency and intensity of defoliation of 
individual tillers of ‘Plains’ Old World bluestem (Borhriochloa 
ischaemum (L.) Keng) under frontal, rotation, and continuous 
grazing. 

Materials and Methods 
These studies were conducted during 1991 at the USDA-ARS 

Grazing Research Laboratory near El Reno, Okla. The 26-year 
mean annual precipitation at this location is 807 mm. April 
through August precipitation during 1991 was 97% of the long- 
term mean. Study pastures were ‘Plains’ Old World bluestem 
growing predominantly on a Norge silt loam (fine-silty, mixed, 
thermic Udic Paleustoll) soil. All pastures were burned in March 
and received 84 kg ha-r N in May. 

Grazing Treatments 
Treatments were replicated twice and included frontal, 2- 

paddock rotation, and continuous grazing systems. Grazing was 
initiated 24 May using yearling steers with a mean live weight of 
282 kg. Fifty steers were used in each frontal grazing pasture (7.5 
ha) and 12 in each continuous and rotation grazing pasture (1.8 
ha), resulting in a rate of 6.7 head ha-‘. Put-and-take steers were 
used to ensure that all 3 treatments had a similar amount of residue 
(I ,500 kg ha-‘) left at the end of the 76day grazing period. 

The main feature of the frontal grazing system was a 50 m wide, 
livestock-pushed, sliding-fence that allocates and controls grazing 
within a pasture. Cattle advance the moveable fence by pushing a 
cable with their foreheads to gain access to ungrazed forage. Main 
components of the moveable front fence include: (1) an electric 
wire and an insulated push-cable; (2) a centrally located pace- 
governor; and (3) sleds which support the electric wire and push- 
cable. The frontal fence is attached at each end to a single high- 
tensile lateral wire through a bracketed set of pulleys. A back-fence 
is used and periodically moved to maintain it about 100 m from the 
frontal fence. The back-fence prevents cattle from accessing pre- 
viously grazed areas. Operation and components of the frontal 
grazing system are further described by Volesky (1990) and 
Volesky et al. (1990). 

A frontal grazing pasture consisted of 2 adjacent rectangular 
strips 50 m wide and 750 m long. The 50 m wide frontal fence was 
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initially placed about 50 m from the end of a strip. Grazing pro- 
ceeded down the long axis of one strip to the end. Equipment was 
then moved to the adjacent strip and grazing continued back in the 
opposite direction to complete a cycle. Two cycles were completed 
under frontal grazing. The entire 7.5ha area was covered during 
the first cycle in 60 days with a mean frontal fence movement of 25 
m day-‘. The second cycle lasted 16 days (70 m day-‘) and covered 
75% of the pasture. Twenty-five percent of the pasture, covering 
the area that would be grazed last during cycle 1, was cut for hay in 
June because forage would have been excessively mature by the 
time it was frontally grazed. 

Rotation grazing pastures were subdivided into 2 paddocks each 
0.9 ha in size. Steers were rotated between paddocks every 2 to 3 
weeks. Initial stocking density was 6.7 and 13.4 head ha-’ in con- 
tinuous and rotation grazing treatments, respectively. Stocking 
density under frontal grazing was dynamic, depending on frontal 
fence movement and back-fence position, but was typically within 
the range of 80 to 170 head ha-‘. 

Defoliation Measurements 
TWO permanent 20-m long transects were established in each 

pasture. Ten tussocks of ‘Plains’ Old World bluestem were 
randomly selected along the length of each transect. Within each 
tussock, 1 center tiller and 1 perimeter tiller were selected and 
identified with a small piece of plastic-coated wire placed around 
the tiller’s base. Tiller location (center or perimeter) was considered 
a subplot. Tiller defoliation characteristics under continuous and 
rotation grazing were determined during 3 trial periods lasting 14, 
10, and 10 days, respectively. These trials corresponded to the 
beginning, middle, and end of the summer grazing season. Trial 1 
was from 24 May through 7 June; trial 2 was from 1 July through 
11 July; and trial 3 was from 28 July through 8 August. 

Tillers were examined daily during each trial and occurrences of 
defoliation recorded. Regrazing was determined by marking 
grazed leaves or stems with white latex paint. Height was measured 
from the ground to the highest point of the extended tiller. Inten- 
sity of tiller defoliation was visually estimated and a rank of 0 to 3 
assigned. Zero indicated no defoliation, 1 had < 25% leaf area 
removed (light), 2 had 25 to 75% leaf area removed (moderate), and 
3 had > 75% leaf area removed (heavy). Height of all marked tillers 
was measured on day 0 and every 5 days thereafter. Nonsenesced 
leaves over 5 mm long were counted on day 0 and on the last day of 
each trial period. Under continuous and rotation grazing, the same 
transects and tillers were monitored for all trials. Numbers of 
marked tillers that were missing or dead were recorded for each 
trial period. Missing tillers were those that were either completely 
pulled up while being grazed or buried by dung pats. Tillers classi- 
fied as dead included those that were trampled or severely defol- 
iated and subsequently died or completely senesced. New tillers 
were selected before trials 2 or 3 to assure 40 tillers per pasture. 

Tiller defoliation measurements under frontal grazing were 
made using the same techniques as for continuous and rotation 
grazing. Transects were established parallel to the frontal fence. 
Observations were made immediately before the frontal fence and 
then 3 hours later after the frontal fence had passed over the 
transect area. Tillers were then examined daily. Trial periods under 
frontal grazing were 2 to 4 days depending on when back-fence 
advancement excluded marked tillers from grazing. Trial 1 for 
frontal grazing began 10 days later than trial 1 for continuous and 
rotation grazing to allow the steers to become accustomed to the 
system. New transects and tillers were selected for trial 2 at the 
point where about 65% of the pasture had been frontally grazed. 
Trial 3 used the same transects and tillers of trial 1 and occurred 
during the second cycle of the frontal grazing system. These tillers 
had a 44-day rest period. 

Forage standing crop was measured at the start and end of each 

trial period using an electronic capacitance meter (Vickery et al. 
1980). One hundred readings were taken at random throughout 
each continuous and rotation grazing pasture. Probe readings in 
frontal grazing were taken along transects before grazing and then 
after steers had advanced the frontal fence over the transects. The 
capacitance meter was calibrated with clipped samples taken over 
the summer grazing period. The prediction equation was: 

kg hi’ = -167.95 + 13.647 * meter reading(P<u.ul, R2 = 0.84, N = 230). 

Analysis of variance procedures (SAS Institute, Inc. 1988) were 
used to evaluate treatment (whole-plot) and tiller location (sub- 
plot) effects on tiller height, number of leaves, lost tillers, and 
defoliation level within trials or on specific sampling days. 
Treatment effects were tested using treatment by replication as the 
error term. When significant treatment or location differences 
(p10.05) were indicated by F-tests, means were compared using 
least significant differences (LSD). The model analyzing standing 
crop did not contain location. Because grazing treatments dictated 
stocking density and stocking rate during the trial periods, 
regression analyses were used to evaluate relationships between 
tiller defoliation frequency (times day-‘) and stocking rate (steer- 
days ha“) and between defoliation frequency and herbage allowance 
(kg steer-day-‘). Herbage allowance was calculated using standing 
crop data from day 0 of each trial. Area used in frontal grazing 
stocking rate calculations was determined from the area that was 
grazed as the frontal fence advanced during the trial period. 

Results and Discussion 
Defoliation Frequency Classes 

The distribution of trial 1 defoliation frequency classes by day 
under frontal grazing was markedly different compared to rotation 
or continuous grazing (Fig. 1). Under frontal grazing, 98% of the 
tillers were defoliated at least once within the 3-hour period that 
they became accessible through advancement of the frontal fence. 
After 1 day of frontal grazing, 18% of the tillers were defoliated 
twice, 80% once, and 2% remained ungrazed. Seven percent of 
continuous grazing tillers were defoliated once and 93% remained 
ungrazed after 1 day. Thirty-four percent of rotation grazing tillers 
were defoliated once and 66% remained ungrazed after 1 day. 

Stocking density under rotation grazing was twice that of con- 
tinuous grazing for this initial 14day trial. This resulted in more 
tillers being defoliated one or more times sooner compared to 
continuous grazing (Fig. 1). By day 14, 36% of tillers under rota- 
tion grazing were defoliated 3 or more times compared to only 10% 
under continuous grazing. The maximum number of times frontal 
grazing tillers were defoliated was 3 and this occurred on 3% 
of the tillers. 

The pattern of a high percentage of frontal grazing tillers being 
grazed during advancement of the frontal fence and then a rela- 
tively small percentage being regrazed during the following 3 to 4 
days corresponds with forage utilization data reported by Volesky 
et al. (1994). Forty-eight to 66% forage utilization occurred as 
cattle grazed and simultaneously advanced the frontal fence. An 
additional 15 to 20% increase in utilization occurred before the 
area was excluded from grazing by the back-fence. 

The general distribution pattern of defoliation frequency classes 
for trials 2 and 3 was similar to that of trial 1, especially under 
frontal grazing. However, during trial 3, the percentage of contin- 
uous grazing tillers in all defoliation classes was lower because 
stocking density was lower at that time. 

A limiting factor to accurate defoliation frequency data in any 
grazing strategy is the interval between tiller sampling or observa- 
tion. Frontal grazing tillers sampled before the frontal fence and 
then 3 hours later after it had advanced over the transect area 
showed 98% of the tillers being defoliated at least once. Jensen et 
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Fig. 1. Distribution of defoliation frequency classes by day under frontal, 
rotation, and continuous grazing systems (trial 1). 
Day 0.1 under frontal grazing corresponds to sampling that occurred 3 
hours after initial sampling and frontal fence had advanced over the 
transect area. 

al. (1990) suggested that the concept of a single defoliation within a 
grazing period has merit because that single defoliation would 
result in a moderate amount of leaf area removal for the defoliated 
tiller and favor rapid recovery from defoliation. An average of 63% 
of a frontal grazing tiller’s height was removed during the trial 
periods, which would probably be considered a moderate level for 
Old World bluestem. Season-long stocking rate (steer-days ha-‘) 
under frontal grazing was 34% higher compared to rotation and 
continuous grazing. However, end-of-season standing crop was 
similar in all 3 treatments (Volesky et al. 1994). In addition, 25% of 
a frontal grazing pasture’s area was cut for hay. This suggests that 
the pattern of tiller defoliation under frontal grazing enhanced 

forage production. Burton et al. (1963) found that forage produc- 
tion of ‘Coastal’ bermudagrass (Cynodon ductylon (L.) Pers.) 
increased as time between clippings increased from 3 to 6 weeks. 
Several mechanisms for this response have been suggested: in- 
creased tillering; maintenance of optimum leaf area index; a 
greater proportion of younger leaves and hence more efficient 
photosynthesis; and removal of older tissues that may lose more 
dry matter by respiration than they fix by photosynthesis (Hart 
and Balla 1982). 

Defoliation Frequency 
There was a significant relationship between tiller defoliation 

frequency (times day-‘) and stocking rate (KO.05, Fig. 2). This 
regression showed a linear increase in the frequency of defoliation 
as stocking rate increased. This fundamental relationship has been 
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Fig. 2. Relationship between tiller defoliation frequency and stocking rate 
for frontal (FG), rotation (RC), and continuous (CC) grazing systems. 
One frontal grazing data point data point is hidden. 

reported by others with various forage species (Hodgson and 
Ollerenshaw 1969, Hart and Balla 1982). 

There was a correlation between stocking rate and herbage 
allowance; therefore, the regression of tiller defoliation frequency 
on herbage allowance was also significant (KO.05, Fig. 3). 
However, this relationship had a quadratic tit and describes the 
decline in defoliation frequency as herbage allowance increases. 
Other researchers (Jensen et al. 1990, Gillen et al. 1990, Curl1 and 
Wilkins 1982) have also described this defoliation frequency and 
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5 10 15 20 25 30 35 40 45 

Herbage Allowance (kg steer-day-l) 

Fig. 3. Relationship between tiller defoliation frequency and hsbage 
allowance (HA) for frontal (FC), rotation (RG), and continuous (CC) 
grazing systems. 
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Table 1. Intensity of defoUation snd height (mm) of remting tiller after first grazing and percentage of tillers missing/dead during each trial. 

Treatment Intensity 
category’ 

Trial 1 

Height 
Missing/ Intensity 

dead2 category 

Trial 2 

Height 
Missing/ 

dead 
Intensity 
category 

Trial 3 

Height 
Missing/ 

dead 

Frontal grazing 
Rotation grazing 
Continuous grazing 

(mm) 
72A 

(mm) 
2.1A 2.0A 294A 2.0A 

(mm) 
71A 

l.8B 93a 5 2.0* 62B 10 -3 
1.9B 93B 3 2.5a 4oB 10 2.7’ 35a 218 

‘Three defoliation intensity categories: (I) USTo leaf area removed; (2) > 25 < 75% leaf area removed, and (3) > 75% leaf area removed. 
*Missing tillers were those that wereeither pulled up while being grazed or buried by dung pats. Dead tillers were those that were trampled or severely defoliated and subsequently 
died or comuletelv senesced. 
‘The rotatidn gra&ng treatment was not sampled during trial 3. 
“Within trial, means within categories having unlike letters differ (p<o.05. 

herbage allowance relationship. 
Although marked tillers were defoliated at a faster rate under 

frontal compared to rotation or continuous grazing (Fig. l), cattle 
had access to them for only 6 to 8 days of the entire grazing season. 
Tillers under frontal grazing were defoliated on average of 1.3 
times during cycle 1 and 1. I times during cycle 2 equaling a total of 
2.4 times for the 76day grazing season. This was substantially less 
than that of tillers under rotation or continuous grazing. During 
the 34 days (trials 1, 2, and 3) of actual tiller observation in 
continuous grazing, tillers were defoliated an average of 2.4 times. 
Season-long estimates, based on the defoliation frequency rate and 
stocking rates, show that tillers were defoliated 4.6 times under 
continuous and 4.7 times under rotation grazing. In a unique 
system like frontal grazing, where nearly all the cattle in the pasture 
are grazing at, and simultaneously advancing the frontal fence, it is 
quite possible that any given tiller could be defoliated several times 
in a 3-hour period. Thus, the observed defoliation frequency of 2.4 
times per season under frontal grazing may be low. 

Regardless of the exact defoliation frequency, the frontal 
grazing system is efficient in that nearly 100% of the tillers were 
uniformly defoliated at least once in a short time span. Under both 
rotation and continuous grazing, the percentages of tillers that 
were never defoliated during the entire season were very low. 
However, the percentage of tillers that were defoliated only once or 
twice was considerable and in addition, numerous tillers were 
defoliated 6 or more times. This nonuniform frequency of tiller 
defoliated is evidence of ‘patch’ or ‘spot’ grazing resulting in an 
inefficient harvest of available tillers. Gammon and Roberts (1980) 
reported that for certain plant species, even under short-duration 
grazing, there was selection for tillers that had been previously 
grazed. 

Defoliation Intensity and Tiller Characteristics 
Defoliation intensity of a tiller’s first grazing was higher 

(KO.05) under frontal compared to rotation or continuous graz- 
ing during trial 1 (Table 1). Correspondingly, height of remaining 
tillers after defoliation was 21 mm less under frontal compared to 
rotation and continuous grazing (P<O.OS). Defoliation intensity 
during trial 2 was higher under continuous compared to frontal or 
rotation grazing. This higher estimation of defoliation intensity 
was proably a consequence of those tillers having had the oppor- 
tunity to be grazed during trial 1 and the interim period between 
trials. Tillers under rotation grazing had just completed a 2-week 
rest period. New frontal grazing tillers were selected for trial 2 at 
the point where the 65% of the pasture had been frontally grazed. 
The Old World bluestem at this time was relatively mature with 
culms elongated and nearly complete inflorescence emergence. 
Mean tiller height under frontal grazing was 592 mm on day 0 of 
trial 2. The height of these tillers after their first defoliation (294 
mm) was higher compared to rotation or continuous grazing 
(P<O.OS).Tiller height after grazing was substantial under frontal 
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grazing because primarly leaves were grazed and the extended 
inflorescence remained intact. These data suggest that there is an 
interaction between forage maturity and intensity or pattern of 
tiller defoliation. 

Trial 3 initial tiller defoliation intensity was higher and height of 
remaining tiller less under continuous compared to frontal grazing 
(KO.05, Table 1). This again was probably a consequence of the 
continuous grazing tillers having had the opportunity to be grazed 
season long. Trial 3 frontal grazing tillers were the same ones used 
during trial 1 when the system was in its first cycle. These tillers had 
a 44day rest period and an initial height of 165 mm on day 0 of trial 
3. 

The percentage of marked tillers missing or dead was similar 
among treatments during trials 1 and 2 (m.05, Table 1). Even 
with the very high stocking densities under frontal grazing, tillers 
were not lost primarily to trampling or severe defoliation and 
death, but nearly half were buried by dung pats. More trial 3 tillers 
were classified as missing or dead under continuous compared to 
frontal grazing (P<O.O5). This was attributed to the number of 
tillers that had undergone repeated defoliation and either died or 
completely senesced. Mean height of continuous grazing tillers on 
the final day was only 46 mm. In addition, the warm and dry 
weather of early August probably enhanced the senescence of 
tillers that had been moderately or severely defoliated. 

Mean height of tillers on day 0 of each trial was greater under 
frontal compared to rotation or continuous grazing (P<O.O5, 
Table 2). This was because day 0 for frontal grazing during trial 1 
began 10 days after grazing started to allow steers to become 
adapted to the system and be able to advance the frontal fence on 
their own. New tillers were used for frontal grazing trial 2 and trial 

Table 2. Mean tiller height (mm), number of leaves, and standing crop (kg 
hi’) on day 0 and final day of each trial period. 

Treatment 

Height Leaves Standing crop 

Final Final Final 
Day 0 day Day 0 day Day 0 day 
___(mm)___ ---(no)___ -__(kghaml)--- 

Trial 1 
Frontal grazing 242A 51A 
Rotation grazing 175’ 63A 
Continuous grazing 177’ 91B 

Trial 2 
Frontal grazing 592A 249A 
Rotation grazing 142’ 74’ 
Continuous grazing 62’ 49B 

4.8 1.6A 3010A 89OA 
5.0 2.5’ 2360* 148Oa 
5.0 3.3c 2420B 1830’ 

5.6A 2.7 4280A 2040A 
6.7’ 3.1 239Oa 510B 
3.7C 3.3 1530c 720’ 

Trial 3 
Frontal grazing 165A 76 6.4 2.4 1530A 490 
Continuous grazing 49’ 46 3.9 3.2 690’ 580 

“CWithin trials. treatment means followed by unlike letters differ (KO.05). 
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3 tillers had the rest period between cycles. 
The differences in tiller height, number of leaves, and total 

standing crop between day 0 and the final day of each trial indicate 
a much greater intensity of defoliation during the trial period under 
frontal compared to rotation or continuous grazing (Table 2). 
Among trials, tiller height removed between day 0 and the final day 
of each trial period was 63, 55, and 24% under frontal, rotation, 
and continuous grazing, respectively. Leaf removal followed a 
similar pattern. These data are, however, inclusive only for frontal 
grazing because those tillers were sampled only when cattle had 
access to them. No data are available for rotation and continuous 
grazing during the periods between trials. 

Tiller location affected (KO.05) height on day 0 of trial 1. 
Perimeter tillers were 40 mm taller than those originating from the 
center of a tussock. It was hypothesized that perimeter tillers would 
be defoliated less severely and less often and remain taller through- 
out the grazing season because in their natural state, many were 
positioned nearly horizontal to the soil surface. There was a treat- 
ment by location interaction (P<O.O5) for tiller height on the final 
day of trial 1. Perimeter tillers were taller than center tillers only 
under rotation grazing. There were no other significant location or 
interaction effects on height during subsequent trials and sampling 
days, thus rejecting the hypothesis. 

Conclusions 
Several tiller defoliation measurements were different under the 

3 grazing treatments. The differences, however, were at least partly 
associated with stocking rate and herbage allowance. Frontal graz- 
ing has similarities to short-duration grazing strategies where low 
herbage allowances and combined with high stocking densities. 
The cattle themselves primarily regulate the size of the grazing area 
by advancement of the frontal fence. The result was a uniform 
defoliation of nearly 100% of the tillers in a relatively short time 
period. This type of defoliation pattern suggests enhancement of 
regrowth and forage production under frontal grazing. 
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Abstract 

Defoliation patterns of little bluestem [Schizuchyrium scopa- 
rium (Michx.) Nash] on tallgrass prairie were compared using 
continuous and rotational grazing systems on six 24-ha pastures 
for each system over a range of stocking rates (0.28 to 0.49 AU ha-‘) 
in 1991 and 1992. We tested the generalization that rotational 
grazing provides greater managerial control over the frequency, 
intensity, and uniformity of tiller defoliation compared to contin- 
uous grazing. Rotational system pastures were subdivided into 8 
paddocks with 4 grazing cycles (3-7 day graze periods) per grazing 
season. Tillers were sampled biweekly in continuous system pas- 
tures and at the beginning, midpoint, and end of each grazing 
period in rotational system pastures. Multiple regression predic- 
tion equations were developed for grazed height, number of defoli- 
ation events in a grazing season, percent of tillers defoliated per 
sampling period (of continuous system) and grazing cycle (for 
rotation system), and number of defoliation events within a graz- 
ing cycle (rotational system). Grazed height decreased as stocking 
rate increased, but was not infhrenced by grazing system. The 
number of cumulative defoliation events per tiller increased with 
increasing stocking rate over the grazing season. Under similar 
stocking rates, a higher percentage of tillers were defoliated during 
the grazing season in the continuous than in the rotational grazing 
system. Within both grazing systems, percentage of tillers defol- 
iated increased with increasing stocking rates. The percentage of 
tillers defoliated biweekly in continuous system pastures was sim- 
ilar over the grazing season; the percentage of tillers defoliated per 
cycle increased as grazing periods lengthened in rotational system 
pastures. A large number of tillers were defoliated during the 
second half of each grazing period. Less than 10% of tillers were 
regrazed within a grazing cycle, even at the highest stocking rate 
and longest grazing period. Rotational grazing provided greater 
managerial control over the frequency and uniformity of tiller 
defoliation; intensity of tiller defoliation was similar between the 2 
grazing systems. We hypothesize higher range condition will be 
maintained over the long-term in rotational system pastures as 
little bluestem will remain more competitive and productive result- 
ing from fewer defoliation events throughout the grazing season. 

Key Words: defoliation frequency, grazed height, grazing system, 
range condition, Schizachyrium scoparium, stocking rate, tall- 
grass prairie 

Little bluestem [ Schizuchyrium scoparium (Michx.) Nash], is 
one of the most important grasses in the tallgrass prairie and 
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responds to defoliation as a decreaser (Brown and Stuth 1984). 
Yet, with many tillers per plant arranged in a caespitose growth 
form, little bluestem is often underutilized by livestock. Patch 
grazing results from a high frequency (number of defoliations/ time 
period) and intensity (amount of plant material removed/ defolia- 
tion) of defoliation of a small percentage of the tillers (Hinnant and 
Kothmann 1986). 

A high frequency of tiller defoliation following the initial defoli- 
ation is assumed to be the predominant mechanism in producing 
patch grazing in continuous grazing systems. Unrestricted selective 
grazing of specific plant species throughout the grazing season 
often leads to overgrazing and an eventual reduction in population 
structure (Butler and Briske 1988) and productivity of the most 
palatable species (Kothmann 1980). Intervals between defoliations 
are affected by the rate of growth of defoliated tillers, the degree of 
selection for or against previously defoliated tillers, and seasonal 
changes in herbivore preference among species (Gammon and 
Roberts 1978~). 

Grazing managers have begun to implement rotational grazing 
systems to increase the uniformity of species utilization and 
increase carrying capacity compared to continuous grazing sys- 
tems. Rotational grazing provides an opportunity, through mani- 
pulation of the length of grazing period, to improve control of the 
frequency, intensity, and uniformity of defoliation (Denny and 
Barnes 1977, Hinnant and Kothmann 1986). However, Gammon 
and Roberts (1978a, 1978b) found heights of grazing, frequency of 
defoliation, and patterns of selection to be similar between rota- 
tional and continuous systems. Therefore, the proposed benefits of 
additional control over defoliation intensity and frequency in rota- 
tional grazing systems have not been conclusively demonstrated. 

The specific objective of this study was to determine the effect of 
continuous and rotation grazing systems over a range of stocking 
rates on little bluestem tiller defoliation patterns in tallgrass 
prairie. Our primary emphasis was to test the generalization that 
rotational grazing provides greater managerial control over the 
frequency, intensity, and uniformity of defoliation compared to 
continuous grazing. Defoliation pattern studies involving rota- 
tional and continuous grazing systems on tallgrass prairie are 
limited (e.g., Gillen et al. 1990). Multiple regression prediction 
equations were developed for comparison of the tiller defoliation 
patterns between the 2 grazing systems. These prediction equations 
can be used as tools by land resource managers in assessing, 
developing, and implementing grazing management strategies. 

Study Area 

The study area is located on the Oklahoma State University 
Research Range about 2 1 km southwest of Stillwater, Okla. (36’ 3’ 
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N 97’ 14’W). The climate is continental with an average frost-free 
growing period of 204 days extending from April to October. 
Average precipitation at Stillwater is 83 1 mm with 65% falling as 
rain from May to October. Mean temperature is 15’C with average 
minimum and maximum temperatures ranging from -4.3O C in 
January to 34” C in August (Myers 1982). 

Major range sites found on the area are shallow prairie (330/o), 
loamy prairie (25%), and eroded prairie (22%). Sandy Savannah 
dominates the remaining area. The shallow prairie sites have Grai- 
nola series soils (fine, mixed, thermic Vet-tic Haplustall), which 
have a loam surface with silty clay subsoil. Coyle series soils 
(fine-loamy, siliceous, thermic Udic Argiustoll) comprise the 
loamy prairie sites. These soils have fine sandy loam surfaces with 
sandy clay loam subsoils. The eroded prairie sites are on old fields 
and have Renfrow (fine, mixed, thermic Udertic Paleustoll), Mul- 
hall (line-loamy, siliceous, thermic Udic Paleustoll), and Coyle 
series soils. 

The study area vegetation is currently in a high seral state. 
Vegetation composition on a dry weight basis, determined by the 
dry weight rank method in August 1991, consisted of 28% little 
bluestem, 30% other tallgrass [big bluestem (Andropogongerurdii 
Vitman), indiangrass [Sorghustrum nutans (L.) Nash], and switch- 
grass (Panicurn virgurum L.)], 25% midgrasses, 13% forbs, and 4% 
shortgrasses and annual grasses. 

Methods 
Experimental treatments consisted of continuous and rotational 

grazing systems over a range of stocking rates (0.28 to 0.49 AU 
ha-‘). Stocking rate was not replicated within or between grazing 
systems. Each grazing system had six, 24-ha pastures. Rotational 
system pastures were subdivided into 8 paddocks. Within the 
rotational grazing system 4 grazing cycles were used. Graze periods 
were 3,4,5, and 7 days for the first, second, third, and the fourth 
grazing cycle, respectively. Data were not taken from the first 
grazing cycle in 1991. Grazing by crossbred yearling cattle, with 
initial weights of 205 kg head (0.65 AU), began in late April and 
ended in late September (approximately 150 days). 

Individual tillers of little bluestem were permanently marked 
with orange colored wire rings at the start of the grazing season in 
each pasture. Ten tillers were systematically located along three, 
20-m permanent transects at each of 3 locations (100,200, and 300 
m from livestock water), for a total of 30 tillers at each location and 
90 tillers per pasture. Data were pooled over the 3 locations. 

Two paddocks, numbers 3 and 7 in the grazing sequence, were 
used as subsamples for each rotational system pasture. Paddocks 
grazed third in the grazing sequence in 1991 were grazed seventh in 
1992 and vice versa. Data from the 2 paddocks were averaged over 
a grazing cycle. 

Tillers in the continuous system pastures were sampled biweekly 
throughout the grazing season (total of 11 sample dates). Tillers in 
the rotational system pastures were sampled before, midpoint of 

(middle), and after (exit) each grazing period. Lost tillers (e.g., wire 
knocked off or tiller pulled up) were replaced with the nearest 
available tiller. Tiller measurements included the presence/ ab- 
sence of defoliation, total tiller height with leaves and extended, 
and the minimum height at which defoliation had occurred. 
Grazed edges of leaves and stems were marked with white latex 
paint to determine subsequent defoliation events. Means of grazed 
height were based on defoliated tillers. Only tillers not replaced 
during the grazing season were used in categorizing the number of 
defoliation events in a grazing season per tiller. 

All data were analyzed using general linear model techniques for 
a completely randomized design with repeated measures. Grazing 
system and stocking rate were main factors, and year, sample date 
(continuous), grazing cycle (rotational), and observation within 
cycle (middle and exit, rotational) were repeated factors. Pastures 
were experimental units. Tiller means within pastures were used as 
observations for the analyses. Independent variables for the 
general linear models were quantitative and qualitative. Quantita- 
tive variables included stocking rate, stocking rate squared, and 
grazing cycle. Qualitative variables included grazing system, year, 
observation (rotational), and sample date (continuous). All possi- 
ble interaction variables were included in the general linear models, 
Significant (P<O.OS) variables from the general linear models were 
used to develop multiple regression prediction equations. Predic- 
tion equations were developed for grazed height, number of defoli- 
ation events in a grazing season, percent of tillers defoliated per 
sampling period (for continuous system) and cycle (for rotational 
system), and number of defoliation events within a grazing cycle 
(for rotational system). 

Results and Discussion 

Precipitation for the water year (November-October) was 81% 
and 101% of average for 1991 and 1992, respectively. Growing 
season precipitation (May-August) was 92% of average for 1991 
and 143% of average for 1992. As a result of the above average 
growing season precipitation in 1992, forage production levels 
exceeded that of the previous year. September standing crop for 
the continuous system pastures was 2,890 kg ha-’ in 1991 and 3,961 
kg ha-’ in 1992. Values for the rotational system pastures were 
3,437 kg ha-’ in 1991 and 4,802 kg ha-’ in 1992. Utilization of little 
bluestem tillers declined in response to the increased forage pro- 
duction levels in 1992. 

Between Grazing Systems 
Grazed Height 

Grazed height decreased as stocking rate increased (Fig. 1), but 
was not influenced by grazing system. Gammon and Roberts 
(1978a) also found grazed heights did not differ between continu- 
ous and rotational grazing on the Matopos Sandveld in Rhodesia. 
Although year was a significant variable in the prediction equation 
for grazed height, the effect of year may be biased due to the lack of 
data taken during the first grazing cycle from the rotational system 

T8ble 1. CocMcients of multiple regreesion qu8tions for defoli8tion events in a yuing se-n, D.E. = defoti8tion events, YR = yeu, GRSY = yuing 
system, SR = stocking r8te, R* q  coeMcient of determin8tion. All regression coefficients signifhnt 8t P<O.OS. 

D.E. bo 
SR GRSY SR* SR*YR SR2*YR 

YR GRSY SR SR* ‘YR *YR *YR *GRSY *GRSY R2 

0 41.1 

: 40.0 24.0 
3 4.8 
4 -1.2 
5 -3.2 
6 2.3 

>6 2.5 

42.3 10.7 -89.4 -91.1 0.80 
18.1 -66.2 -8.6 0.70 

-28.9 64.1 2.4 0.28 
58.9 0.32 

-7.8 41.0 0.48 
-7.1 34.5 0.56 
-5.8 25.3 -16.4 -11.3 94.4 -110.6 0.36 
4.6 14.3 0.42 
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Fig. 1. Predicted grazed height of little bluestem as a function of stocking 

rate. 

pastures in 199 1. Predicted grazed height (averaged over year) for 
the lightest stocking rate (0.28 AU ha-‘) was 23.9 cm and 11.4 cm 
for the heaviest stocking rate (0.49 AU ha“). Clipping studies 
involving little bluestem have imposed grazed heights of 3 and 5 cm 
(Carmen and Briske 1982), 5 cm (Carmen 1985), 6 cm (Carmen and 
Briske 1985), 7 cm (Welker et al. 1987), and 15 cm (Smith and 
Leinweber 197 1, Briske and Anderson 1992). Thus, our data indi- 
cate most clipping studies on little bluestem impose grazed heights 
which are more severe than those found under field conditions. 

30 

Number of Defoliations in a Grazing Season 
Individual multiple regression prediction equations were deve- 

loped for the 8 categories describing defoliation frequency (Table 
1). The amount of variation explained by the regression equations 
was greatest when tillers remained undefoliated or were defoliated 
only once. As stocking rate increased for both grazing systems, the 
frequency of defoliation increased (Fig. 2). The percentage of tillers 
undefoliated during the grazing season declined from 32 to 5% in 
rotational system pastures and from 22 to 0% in the continuous 
system pastures, as stocking rate increased from 0.3 to 0.5 AU ha-‘. 
Hart et al. (1993) found 19% and 36% of western wheatgrass 
(Agropyron smithii Rydb.) tillers and 42% and 54% of blue grama 
[goutelouo grucilis (H.B.K.) Lag. ex Steud.] tillers were undefol- 
iated throughout the grazing season under heavy (1 steer 2.25 ha-‘) 
and moderate (1 steer 3.0 ha-‘) stocking, respectively. 

At the same stocking rate, continuous grazing systems had fewer 
tillers undefoliated during the grazing season (Fig. 2). Clark et al. 
(1984) using a forage mix of perennial ryegrass (L&urn perenne 
L.), browntop (Agrostis spp.), and white clover ( Trifolium repens 
L.), observed all species were defoliated more frequently under 
continuous grazing than rotational grazing when rest periods 
exceeded 21 days. Hart et al. (1993), however, determined fre- 
quency of defoliation was similar between continuous and rota- 
tional grazing systems. Gammon and Roberts (1978a) also found 
small differences in frequencies of defoliation between continuous 
and rotational grazing systems; a small proportion of the tillers 
received more than 4 defoliations under continuous grazing, while 
no tillers were defoliated more than 3 times under rotational graz- 
ing (Gammon 1978). Hart et al. (1993) utilized lower sampling 
intensity, fewer defoliation event categories, and a less diverse and 
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20 
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0 

- ( ) a 
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DEFOLIATION EVENTS 
Fig. 2. Predicted number of defoliation events in a grazing season at (a) light stocking rate, 0.3 AU hi’, (b) moderate stockingrate, 0.4 AU hi’, and(c) 

heavy stocking rate, 0.5 AU ha-t. 
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Table 2. Coefficients of multiple regression equations for continuous grazing system: 1) grazed height and 2) percent of tillers defoliated per sampling 
pe.riod, SR q  stocking rate, YR q  year, SD q  sample date, R* = coefticient of determination. All regression coefficients significant at P<O.O5. 

Equation bo 
Grazed height 25.1 
% Defoliated 141.5 

SR YR SD SR2 SR*SD SD’YR R2 

-31.8 2.0 4.0 0.46 
872.4 -8.5 -1049.4 -0.3 0.65 

productive plant community than our study, while Gammon and 
Roberts (1978a) had longer grazing periods and a longer grazing 
season. 

Within Grazing Systems 
Continuous Grazing 

Stocking rate, sample date, and their interaction influenced 
grazed heights in the continuous grazing system (Table 2). Increas- 
ing the stocking rate resulted in a decrease in grazed height. 
According to the prediction model, grazed height at a light stock- 
ing rate (0.28 AU ha-‘) would be 17 cm at the beginning and 26 cm 
at the end of the grazing season; corresponding values at a heavy 
stocking rate (0.48 AU ha-‘) would be 10 and 11 cm. Grazed height 
increased as sample date progressed during the grazing season. The 
interaction variable modified this increase, however, as grazed 
height increased 0.9 cm per sample date at the light stocking rate 
and 0.1 cm per sample date at the heavy stocking rate. 

There were 8.5% fewer tillers defoliated in 1992 than in 1991, 
reflective of the increased forage production. Sample date did not 
influence the percentage of tillers defoliated in 199 1 and resulted in 
a slight decrease of 0.3% tillers defoliated per sample date in 1992 
(Table 2). At a given stocking rate the percentage of tillers defol- 
iated biweekly was generally similar over the grazing season. 

Rotational Grazing 
Increasing stocking rates decreased both the middle and exit 

grazed heights of little bluestem across the grazing cycles. Gillen et 
al. (1990), however, reported stocking rate in rotational grazing 
had little effect on grazed height. Grazed heights were reduced by 1 
cm with each advance in the grazing cycle during 1991, but 
increased by 2.5 cm with each advance during 1992. This may be 
attributed to the differences in growing season precipitation 
between 1991 and 1992. With the increased forage production in 
1992 grazed heights should accordingly have been higher. Grazed 
heights were reduced 0.5 cm from the middle observation to the 
exit observation (P<O.lO), indicating more grazing pressure on 
little bluestem during the second half of each grazing period (Table 
3). 

The percentage of tillers defoliated in both the middle and exit 
observations across the grazing cycles was increased by increasing 
the stocking rate (Table 3). Heitschmidt et al. (1982) stated the 
pattern of tiller defoliation will change if stocking rate is increased 
and all other factors remain constant. An increase in stocking rate 
will result in defoliation of a greater number of tillers of the same 
species or defoliation of a greater number of plant species 
(Heitschmidt et al. 1982). Hart et al. (1993) found fewer undefol- 
iated blue grama tillers and more tillers defoliated once under 
heavy than under moderate stocking. 

There were 12% fewer tillers defoliated in 1992, reflective of 
increased forage production. With each advance in grazing cycle, 
3.5% more tillers were defoliated. This was to be expected due to 
the lengthening of the grazing period over the grazing season. 

Six percent more tillers were defoliated in the exit observations 
compared with middle observations in 199 1. At light stocking rates 
in 1992 differences in percent of tillers defoliated between the 
middle and exit observations were small; larger differences were 
found at heavy stocking rates in 1992. This indicated more grazing 
pressure on little bluestem during the second half of each grazing 
period. Walker et al. (1989) also found cattle were more selective at 
the beginning of a rotational grazing period than at the end. 

Prediction equations were developed for number of defoliations 
within a grazing cycle using individual models for defoliation 
categories none, once, and twice (Table 4). The percentage of 
undefoliated tillers decreased and the percentage of tillers defol- 
iated once and twice increased with increasing stocking rate (aver- 
aged over cycles, Fig. 3). Less than 10% of the tillers were regrazed 
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0 

Stocking Rate (AU ha-l) 
Fig. 3. Predicted effect of stocking rate on number of defoliation events 

within a rotational grazing cycle. 

within a cycle, even with heavy stocking rates. Although the stock- 
ing rate X year interaction variable was significant (Table 4), trends 
between years for each of the 3 defoliation categories were similar. 
Hart and Balla (1982) found tillers of western wheatgrass and 
crested wheatgrass [Agropyron desertorum (Fisch. ex Link) 
Schult.] were defoliated more frequently under higher stocking 
rates. Hart et al. (1993) determined defoliation frequency of west- 
ern wheatgrass and blue grama tillers increased with increased 
stocking rate. 

Table 3. Coefficients of multiple regression equations for rotational grazing system: 1) grazed height and 2) percent of tillers defoliated per cycle; SR = 
stocking rate, YR = year, CY = cycle, OBS q  observation, R* = coefficient of determination. All regression coefficients significant at P<O.OS. 

Equation 
SR2 

bo SR YR CY OBS SR’YR CY*YR OBS*YR SR2*0BS YR’OBS I?2 

Grazed height 48.5 -63.0’ -12.5 -1.0 -0.5’ 3.5 -1.2 0.63 
% Defoliated -14.9 71.5 -12.3 3.5 6.1 30.5 -5.3 23.3 0.72 

‘Significant at P<O.lO. 
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Table 4. Coeffidents of multiple regression quations for number of defoliation events in a rotational grazing cycle, D.E. = defoliation events, SR = 
stocking rate, YR q  yeu, Ra = coefkient of determination. All regression coefficients significant at P<O.OS. 

D.E. 

0 
1 
2 

‘Signiticant at P<O.IO. 

bo Cycle SR YR 

116.5 -5.5 -I 16.7 25.0 
-7.5 4.1 85.2 -18.6 

2.9 -2.5 -0.3’ -22.5 

SR*Cycle 

10.6 

SR*YR SRZ’YR R2 

-59.4 0.77 
45.5 0.78 
94.4 -96.8 0.60 

As the grazing cycles progressed, the percentage of tillers unde- 
foliated decreased and the percentage of tillers defoliated once and 
twice increased (averaged over stocking rates, Fig. 4). In Texas, 
Briske and Stuth (1982) found a large percentage of brownseed 
paspalum (Paspalum plicatulum Michx.) tillers were undefoiiated 
or were only lightly defoliated even at relatively high stock densi- 
ties with an 1 l-day grazing period. Gammon and Roberts (1980) 
found less than 6% of the tillers from the most selected species 

0’ ; I 
J I I 

1 2 3 4 

Cycle 
Fig. 4. Predicted effect of grazing cycle on number of defoliation events 

within a rotational grazing cycle. 

were defoliated in a single grazing period under rotational grazing. 
Again, we found regrazing of an individual tiller was minimal 
within a grazing cycle even as the grazing period lengthened. 

Stocking rate was the predominant variable influencing grazed 
height, percentage of tillers defoliated, and number of defoliations 
within a grazing cycle. In the rotational system, regrazing of indi- 
vidual tillers within a grazing cycle was less than 10% even under 
the heaviest stocking rate and longest grazing period. This result 
confirms that rotational grazing allows greater control of defolia- 
tion frequency as previously assumed (Denny and Barnes 1977, 
Hinnant and Kothmann 1986). Rotational grazing, however, does 
not afford greater control over defoliation intensity as evidenced 
by the occurrence of similar grazed heights within continuous and 
rotational grazing systems. Heitschmidt et al. (1990) also deter- 
mined the relative intensity of defoliation did not vary among 
species or grazing periods in a mixed-grass prairie grazed on a 
rotational basis indicating that intensity of defoliation was primar- 
ily a function of predefoliation height. 

Grazed heights were similar between the 2 systems and were 
influenced primarily by stocking rate. Based on these data, we 
hypothesize that increased standing crop under rotational grazing 
(unpublished data, Gillen et al.) may be attributed to reduced 
forage intake by livestock (Denny et al. 1977) and less regrazing of 
individual tillers, especially at light stocking rates. This reduction 

in livestock intake may be the primary reason rotational grazing 
systems do not maximize animal performance. Investigations of 
forage intake by livestock (unpublished data, McCollum et al.) and 
animal performance (unpublished data Gillen et al.) on the study 
area support this hypothesis. 

Fewer tillers remain undefoliated during a grazing season in 
continuous grazing systems compared to rotational grazing sys- 
tems at similar stocking rates; correspondingly, the frequency dis- 
tribution of defoliated tillers shifts to higher defoliation classes in 
continuous grazing systems. Little bluestem plants should not 
receive multiple defoliations in consecutive years unless the pur- 
pose is to weaken large plants so that remaining tillers at the 
periphery will form new, smaller plants (Mullahey et al. 1990). 
Fragmentation of individual large plants results in greater plant 
density but smaller basal areas per individual plant (Butler and 
Briske 1988). 

Continuous and rotational grazing systems differ little in terms 
of their effects on range condition in the short-term (Denny et al. 
1977, Pitts and Bryant 1987, Hart et al. 1988, O’Reagain and 
Turner 1992). However, we hypothesize higher range condition 
will be maintained over the long-term in rotational system pas- 
tures. As a result of fewer defoliation events throughout the graz- 
ing season, little bluestem plants in the rotational system pastures 
would remain more competitive and productive than those in the 
continuous system pastures. Thus, little bluestem plants in rota- 
tional system pastures would be more effective competitors for 
available water and nutrient resources. Conversely, little bluestem 
plants in continuous system pastures which have been exposed to 
more defoliation events throughout the grazing season will be 
subjected to more intense competition for available water and 
nutrient resources. Over an extended period of time, little bluestem 
plants in continuous grazed pastures may be replaced by more 
resource competitive and defoliation-tolerant species which are of 
a lower seral state. 
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Abstrnct 

The relationship between forage value and various factors, 
including sectional classification, species, moisture, light, and date 
and year of collection, was explored with analysis of variance in 
317 collections representing 77 species of Carex. Most of the sedges 
analyzed would exceed the energy required for livestock mainte- 
nance. There was great variability within and between species and 
sections in forage values defined in terms of crude protein, acid- 
pepsin digestibility, and acid detergent fibre content. Some species, 
such as C. praegracilis, have crude protein levels of about 1570, 
acid-pepsin digestibility exceeding 33%, and acid detergent fibre 
less than 33%, making them equivalent to a good quality grass hay. 
It was not possible to make generalizations about correlation with 
light and moisture, but rhizomdous species had higher acid-pepsin 
digestibility (P<O.lO) and lower acid detergent fibre (P<f.Ol) 
than crespitose species. Forage quality was highest in the begin- 
ning of the season. Crude protein decreased 0.04 to 0.09% units/- 
day and acid-pepsin digestibility declined 0.06 to 0.11 units/day. In 
2 of the the 3 years, acid detergent fibre increased significantly 
(P<O.Ol) over time. The classification system appears to be useful 
in identifying species and species groups with the greatest forage 
potential. Some sedge species with relatively low forage value are 
nevertheless utilized by cattle. Natural habitats and native forages, 
such as sedges, may be far more valuable than is currently realized, 
and the trend toward increasingly efficient landscape use will 
require a better understanding of their value and management. 

Key Words: crude protein, digestibility, fibre, taxonomic and sea- 
sonal variation, native forage 

In western North America, sedges (genus Curex, family Cypera- 
ceae) are important as food for both domestic animals (e.g., Her- 
mann 1970, Uresk 1986) and wildlife (Fox 1991, Kufeld 1973, 
Looman 1983, Roberts 1983). For example, in Colorado and 
Wyoming, smaller sedges of dry ground including Carex eleochu- 
ris, when available, are among the major forage items found in 
cattle diets, and they are highly preferred by cattle (Uresk 1986). In 
Yukon rangelands the tall wetland species, Curex atherodes and 
Curex rostrutu, are important forage producing plants (Bailey et al. 
1992). Among the food items of Rocky Mountain elk (Cervus 
canudensis cunudensis), only 1 plant species of the 313 reported 
was rated as highly valuable throughout the year and that was the 
sedge C. geyeri (Kufeld 1973). Although the eastern Canadian 
sedges are widely utilized as components of pasture and are some- 
times harvested as hay (e.g., Rousseau 1934, Siguin 1975), their 
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value to livestock is less well known. To the extent that they 
dominate plant communities like the western species, the eastern 
sedges are important to wildlife, including for example snow geese 
(Chen caerulescens) (e.g., Kotamen and Jefferies 1989) and Can- 
ada geese (Brunta canudensis) (Dignard et al. 1991). The purpose 
of the work reported here was to determine the potential forage 
value of eastern-Canadian sedges. We include consideration of 
variation as well as taxonomic and ecological relationships, so as 
to provide information on species and on trends within this group 
of plants that may prove useful in range management. Potential 
rather than actual forage values are the subject of the present work 
because aspects such as chemical composition causing unpalatabil- 
ity are not taken into account. 

Materials and Methods 

Data Collection 
From 1987 to 1989,317 collections of Carex were made within 

30 km of Ottawa in eastern Ontario. Vouchers for all collections 
were deposited in the vascular plant herbarium (DAO) of Agricul- 
ture Canada in Ottawa. The authorities for names (Table 1) and 
additional information are available in current botanical texts 
(e.g., Morton and Venn 1990). The only confusion in names arises 
in section Bracteosae where C. rudiutu is C. roseu in the sense of 
MacKenzie (193 1) and recent authors and C. roseu is C. convolutu 
in the sense of MacKenzie (193 1) and recent authors (see Webber 
and Ball 1984). In general the plants were collected at the stage of 
early maturity when the perigynia were well developed. In some 
cases, such as with C. pruegracilis, collections were made at differ- 
ent times in an attempt to determine seasonal variation. 

Samples were dried at 55’C and ground in a Wiley mill equipped 
with a l-mm screen. Those collected in 1987 (n=42) were analyzed 
for acid-pepsin digestibility and acid detergent fibre, while those 
collected in 1988 and 1989 (n=155 and 120, respectively) were 
analyzed for crude protein, acid-pepsin digestibility and acid 
detergent fibre. Crude protein was determined as Kjeldahl N X 
6.25, For acid-pepsin digestibility determinations, approximately 
0.30 g of material was placed in tared 200 ml screw-top culture 
tubes, dried to constant weight at 90’ C, and weighed. To each tube 
was added 25 ml of 0.25% pepsin solution in O.lN HCl. The tubes 
were maintained at 39O C and agitated slowly by complete inver- 
sion (approximately 1 rpm) for 24 hours. The sample was then 
filtered through a tared #l Whatman filter paper, dried to constant 
weight at 100° C, and the percent dry matter loss was determined. 
Acid detergent fibre was determined using the method of Goering 
and van Soest (1970). All chemical analyses were made in duplicate 
and mean values were used for statistical analysis. Statistical anal- 
ysis was performed using the General Linear Models procedures of 
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SAS (SAS Institute 1985). 
To determine whether there were trends in forage value asso- 

ciated with ecological characteristics of the plants, all species were 
coded on a scale of.1 to 3 for moisture habitat (wet, mesic, and dry 
soils) and a scale of 1 to 3 for light habitat (open, semishaded, or 
completely shaded). The relationships of growth habitat (rhizom- 
atous or caespitose), moisture, and light habitat with quality 
parameters were examined in a single analysis since there was 
considerable confounding among treatment effects. Species means 
were used in the analysis in order to avoid any bias due to the 
uneven sample numbers. Least-square means were calculated for 
each factor. An initial analysis revealed that there were no interac- 
tions among the factors for any quality parameter, so a main effects 
model was used with significance of effects being based on Type III 
SS of SAS. 

The overall effects of year and date of sampling on sedge quality 
were examined using the complete data set. Significant (P<O.Ol) 
year effects were found for crude protein and acid detergent fibre, 
but differences among means were too small to be of practical 
importance. A preliminary analysis revealed the presence of date 
and date within year effects, so regression analyses of quality 
parameters on Julian date of harvest were conducted for each year. 
Linear, quadratic, and higher order effects were evaluated using 
the GLM procedure of SAS (SAS Institute 1985). Material used to 
determine the effect of date on quality of Carex praegracilis was 
collected near Almonte, Lanark County, Ontario in 1989. 

Direct observations of cattle eating sedges were recorded when 
samples were collected. Species eaten were compared with respect 
to forage quality analysis. 

Results 

Although equations relating acid detergent tibre to total di- 
gested nutrient (TDN) have not been developed for sedges, calcula- 
tions for grass species in Ontario (TDN(%)=98.625-(1.048 acid 
detergent fibre(%), Ontario Ministry of Agriculture and Food, 
pers. comm.) suggest that most sedges would exceed the energy 
required for animal maintenance and would result in weight gain. 
This is also supported by the fact that most species have a crude 
protein content exceeding 8%, which is adequate for animal main- 
tenance (National Academy of Sciences-National Research Coun- 
cil 1984). 

Variation Within Taxonomic Groups 
Significant differences (P<O.O 1) were found among taxonomic 

groupings for all quality parameters. The range among groupings 
for crude protein was from 8.3% (section Albae, n=8) to 13.3% 
(Section Heleonastes. n=9). The range among group means for 
acid-pepsin digestibility was 21.0 to 32.0% and for acid detergent 
fibre, 3 1.6 to 40.6%. Carexpraegracilis in section Divisae, section 
Bracteosae, and C. houghtoniana in section Lasiocarpae are of 
potentially high forage value. The sections Luxzjlorae and Granu- 
lares are potentially valuable in terms of high acid-pepsin digesti- 
bility. The sections Ovales. Gracillimae and Vesicariae appear to 
be of much lesser forage value due to relatively low crude protein 
and acid-pepsin digestibility, accompanied by relatively high acid 
detergent fibre (Table 1). 

Differences (P50.01) were found among species for all quality 
parameters as well. The higher values of crude protein and acid- 
pepsin digestibility and lower acid detergent fibre values make 
some of the Carex species (e.g., C. praegracilis, C. houghtoniana) 
equivalent to good quality grass hay in their potential forage value. 
Other species, such as many in section Ovales, appear to be of more 
limited forage value. There is, however, substantial variation 
within some species. The crude protein content of C. praegracilis. 
for example, varied from 8.1 to 16.8% and that of C. radiata from 

7.8 to 18.3%. The factors affecting crude protein levels were not 
determined, but it is to be expected that harvest date, phenological 
age, and micro-environment effects all played a role. 

Relationships with Growth Habit, Moisture, and Light 
Light regime effects (P<O.OS) were detected only for crude 

protein level. The means and standard errors for the groups 1,2, 
and 3 were 10.2 f .39, 10.5 f 55, and 12.3 f .63, respectively. 
Therefore, although the species growing under complete shade had 
higher crude protein levels than those in open or semishaded 
habitats, the difference is too small to be of practical importance. 
No effects were detected for moisture regime. Growth habitat 
effects were detected for acid-pepsin digestibility (P<. 10) and acid 
detergent fibre (P<O.Ol) only. Rhizomatous species had higher 
acid-pepsin digestibility (27.9 f 1.10 vs 25.8 f 0.47) and lower acid 
detergent fibre (33.1 f 0.96 vs 36.1 f 0.4 1) than caespitose species. 
Therefore, for the species sampled, differences based on moisture 
habitat or light regime were either not detected or small, but the 
rhizomatous species had a higher potential feed value. 

Effects of Year and Date 
Crude protein and acid-pepsin digestibility declined and acid 

detergent fibre increased throughout the summer. Crude protein 
declined in a linear fashion in 1988, at an average rate of 0.04% 
units per day (Table 2). In 1989, the relationship between crude 
protein and time was described by a significant (P<O.Ol) linear 
component and a higher level polynomial that was not investi- 
gated. The quadratic effect was not significant (mO.10). The 
average rate of crude protein decline was 0.9 units per day. Acid- 
pepsin digestibility declined linearly in all years, ranging from 0.06 
to 0.11 units per day. Acid detergent fibre did not change signifi- 
cantly with time in 1987, but increased with time in the following 2 
years. In 1988, the relationship was quadratic, increasing more 
rapidly early in the season, but the linear component (P<O.Ol) 
accounted for over 65% of the variation accounted for by the 
model. Acid detergent fibre rose linearly in 1989 at an average of 
0.09 units per day. It is not clear from this analysis whether these 
observations are the result of declining forage quality with advance 
in maturity of individual species, the effects of weather changes 
throughout the growing season, or the sequence of species being 
harvested. Nevertheless, if the samples collected are assumed to be 
a reasonable representation of the sedge forage available for graz- 
ing during the summer, it appears that the overall quality of sedges 
in substantially higher at the beginning of the season. 

Collection dates of C. praegracilis ranged from mid-May to 
mid-July. A preliminary analysis indicated that year did not have a 
significant effect on any quality parameter. Data for 8 collections 
on 5 dates in 1989 shows a decline in crude protein and acid-pepsin 
digestibility in late May early June and a corresponding increase in 
acid detergent fibre over the same period, after which all of the 
forage characteristics essentially levelled off until late summer 
(Fig. 1). 

Utilization by Cattle 
Direct consumption by cattle was noted for 17 of the 77 species 

listed in Table 1 (as shown). These observations include some 
species, like C. radiata, that have relatively high protein and acid- 
pepsin digestibility and relatively low acid detergent fibre, as well 
as some like C. bebbiiand C. vulpinoidea which were found to have 
relatively low protein and acid-pepsin digestibility, and high acid 
detergent fibre. The observations suggest that some species, for 
which the data suggest relatively low forage value, are still utilized, 
and may, in some circumstances be valuable. In no case were cattle 
observed avoiding sedges. 
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Table 1. Percentage crude protein (CP), percentage acid-pepsin digestibility (APD) and percentage acid detergent fibre (ADF) of various species of 
eastern Ontario Curex. Asterisks (*) after a species name indicates species which cattle were seen eating. The number of samples (n) is shown on the left. 
An adjacent number in brackets indicates the number of samples for CP if different from APD and ADF. 

Section/ 
species 

n 
mean 

CP 
range mean 

APD 
range mean 

ADF 
range 

Divisae 
praegracilis 

Intermediae 
sartwellii 

Arenariae 
siccata @enea] 

Bracteosae 
cephalophora 
radiata* 
rosea 
sparganioides 

14 (13) 

4( 3) 

6( 5) 

2( 1) 
4 
8 
I 

s$cata 
Multiflorae 

1 ( 0) 

annectens 
vulpinoidea+ :C 5) 

Paniculatae 
diandra 5 

Vulpinae 
stipata 5( 3) 

Heleonastes 
brunnescens 2 
canescens ssp. disjuncta 2 

3 
trisperma 1 

Stellulatae 
echinata ssp. echinata 2 
interior+ I7 

Deweyanae 
bromoides 5 
deweyana 7 

Ovales 
aenea 
argyrantha* & 0) 
bebbii* 4( 3) 
crawfordii 2 
projecta 
scoparia & 5) 
tenera 5 

Polytrichoideae 
lep talea 2 

Phyllostachyeae 
backii I 

Montanae 
communis IO 
lucorum 
pensylvanica I:( 9) 
rugosperma 3( 2) 
tonsa I 

Digitatae 
pedunculata 3( 2) 

Albae 
eburnea lO( 9) 

Laxiflorae 
albursina 
blanda :C 1) 
lax flora 3 
leptonervia+ 2 
ormostachya* 1 ( 0) 

Granulares 
crawei 
granularis 

Oligocarpae 
:C 6) 

hitchcockiana I 
Griseae 

conoidea l ( 0) 
Gracillimae 

gracillima. I6 (13) 
prasina I 

(%I 

10.8 

(%I (%I 

27.2 32.6 

10.3 27.0 32.1 

11.4 

8.1-16.8 

8.8-l 1.2 

9.3-15.2 

8.4 8.4 
7.8-18.3 

10.2-12.9 

24.7 

8.4 
14.6 
11.1 
12.1 

24.9 
30.3 
25.9 
33.3 
30.8 

22.0-33.6 

25.4-30.8 

21.6-27.5 

23.7-26.1 
26.1-34.8 
22.2-27.6 

33.6 

34.3 
32.4 
36.2 
28.6 
29.9 

10.6 
8.9 5.8-l 1.0 

8.3-12.9 

8.8-13.7 

7.8-14.3 
12.7-17.8 
11.7-16.9 

32.6 
26.9 

29.7 
35.9 

10.0 23.9 36.1 

11.5 28.8 33.8 

II.1 
15.3 
14.0 
13.1 

20.3 
26.0 
21.4 
21.2 

23.0-29.7 

21.5-27.0 

24.8-33.3 

18.7-21.9 
25.6-26.4 
18.8-25.6 

38.5 
35.5 
38.7 
38.1 

10.4 
IO.1 

21.5 
23.1 

38.5 
37.6 

14.7 
11.7 

26.2 
23.5 

34.7 
37.5 

6.7 

10.0 
10.6 
11.7 
9.1 

10.5 

23.6 
20.8 
23.4 
21.1 
27.0 
23. I 
23.6 

9.7 

9.3-l 1.6 
5.5-13.8 

11.7-17.6 
6.9-17.5 

5.9- 7.5 

9.8-10.4 
10.1-11.1 

8.1-10.3 
8.0-12.4 

8.411.0 23.5 

21.1-21.8 
16.5-28.8 

24.8-27.7 
20.8-27.0 

21.5-25.8 
19.5-22. I 
21.424.7 
20.5-21.8 

18.1-26.3 
21.4-27.8 

22.3-24.7 

37.5 
34.3 
39.7 
40.2 
37.0 
36.1 
39.7 

37.4 

9.8 23.6 36.6 

10.1 
8.6 

10.8 
13.2 
9.3 

6.4-17.3 

8.3-12.8 
10.2-16.2 

27.3 
21.0 
25.6 
26.2 
29.5 

24.0-3 1.7 

21.9-28.7 
22.0-29.4 

36.2 
40.1 
34.4 
31.0 
34.5 

9.8 

8.3 

12.7 
7.2 

12.3 
14.1 

7.1-12.4 

5.6-10.8 

21.0 

21.9 

19.9-21.8 

18.0-24. I 

35.7 

39.0 

7.2- 7.2 
11.6-12.9 
13.0-15.3 

36.4 
32.6 
33.7 
29.0 
26.9 

31.5-33.7 
29.1-39.8 
27630.4 

32.2 
28.9 
33.4 
36.3 
27.7 

9.4 
8.1 

12.2 

7.7-10.5 33.5 26.8-37.0 28.1 25.2-35.4 
6.3-10.8 29.6 24.3-34.3 34.1 30.7-40.5 

28.6 33.2 

31.3 30.1 

7.8 
14.7 

5.2-12.5 23.3 
27.1 

20.2-25.5 40.7 
39.7 

27.8-37.3 

28.0-33.9 

28.8-38.5 

31.3-37.2 
28.5-38.2 
32.5-40.8 

31.344.5 

32.6-38.6 

29.8-38.9 

37.5-39.6 
34.0-36.9 
35.1-41.2 

38.5-38.5 
32.0-44.0 

33.0-39.2 
33.8-40.9 

34.9-40.1 
32.9-35.6 
34.8-50.3 
39.3-41.0 

33.7-39.3 
35.9-43.0 

33.7-41.1 

32.8-39.3 

28.6-38.7 
27.5-36.6 

34.4-38.2 

33.342.2 

24.1-33.6 
30.3-35.2 
35.8-36.8 

34.049.3 
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Table 1. Continued. 

Section/ 
species 

n 
mean 

CP 
range mean 

APD 
range mean 

ADF 
range 

Sylvaticae 
arctutu* 
castanea 

Longirostres 
sprengelii 

Extensae 
cryptolepis 
Java* 
viridula+ 

Virescentes 
pallescens 

Lasiocarpae 
houghtoniana 
lanuginosa 

Pendulinae 
J7acca 

Limosae 
paupercula 

Atratae 
buxbaumii 

Phacocystis 
lenticularis 
stricta 
crinita* 
gynandra 

Pseudoxypereae 
comosa 
hystericina* 
lurida 
pseudo-cyperus 

Carex 
otherodes* 

Paludosae 
acutt~ormis 
lacustris 

Vesicariae 
oligosperma 
retrorsa* 
rostrata 
tuckermannii 
vesicaria* 

Lupulinae 
intumescen.? 
lupulina 

3 
4 

(%I 

8.6 
8.3 

7.3-10.4 
7.5- 9.4 

(%I 

22.5 
23.3 

22.3-22.7 
19.7-25.1 

(%I 

37.3 
39.2 

34.9-39.0 
35.4-42.2 

8 11.9 8.8-14.8 27.6 24.4-31.4 35.3 32.3-37.3 

2( 1) 
10 ( 7) 
5( 3) 

13.4 
8.8 
9.3 

6.3-l 1.8 
8.1-10.8 

28.0 26.7-29.4 35.3 34.8-35.8 
23.4 18.3-27. I 39.8 36.1-45.2 
25.6 22.2-32.3 36.5 33.0-43.3 

3( 2) 9.6 9.0-10. I 27.8 26.1-29.6 35.1 31.5-37.7 

11.0 7.0-15.8 30.9 27.0-36.0 33.6 30.1-37.2 
10.3 7.0-13.5 27.0 22.7-31.7 34.0 28.6-38.5 

1 ( 0) 24.4 24.4-24.4 

1 11.8 23.8 

2 8.l- 9.9 20.5 19.5-21.5 40.1 39.041.2 

2( 1) 
8( 7) 
4 
1 

9.0 

8.2 
10.1 
IO.1 
7.8 

8.0-I 1.3 
7.9-14.9 

28.0 
23.4 
26.7 
24.6 

2( 1) 8.5 
10 ( 8) 10.5 

1 6.0 
4 9.9 

2 9.9 

7.7-15.1 

8.2-l 1.6 

8.3-l 1.4 

26.0 
24.8 
23.6 
23.1 

27.0 22.5-31.5 34.0 30.4-37.6 

1 ( 0) 
6( 5) 11.7 9.0-15.5 

33.2 
25.9 

G 3) 
4 

:C 4) 

2 
3 

9.9 8.5-11.3 
7.6 6.3- 9.3 
9.9 7.7-12.1 

11.4 10.9-I 1.8 
10.6 7.4-12.5 

22.1 
27.8 
22.2 
27.2 
26.8 

16.5 15.6-17.5 27.0 24.3-29.6 35.7 34.2-37.2 
8.4 5.8-l I.0 25.6 23.0-27.5 40.9 38.4-44.5 

33.0-33.0 33.0 

39.5 

21.8-34.3 
19.3-27.4 
24.9-30.0 

26.3-42.7 
32.3-43.2 
3 1.8-39.4 

34.5 
38.7 
35.3 
40.6 

35.3 
38.0 
40.0 
40.0 

25.9-26.2 
19.3-31.2 

18.8-25. I 

33.7-36.8 
32.2-46.0 

35.3-44.4 

20.8-33.5 
27.6 
35.3 27.7-41.4 

20.7-23.6 39.7 37.7-41.7 
23.7-3 1.9 36.4 26.6-44.0 
17.5-26.5 38.8 34.8-43.0 
26.1-28.3 37.3 36.9-37.7 
22.8-32.6 34.3 3 1.9-37.6 

Table 2. Linear regression analysis of crude protein, aeld-pepsin digestibil- 
ity, end acid detergent flbre content of sedge samples on date (Julian d8y) 
of harvest in 3 years. Whether or not results were linear bued on CLM 
procedure of SAS is indicrted. 

ACID DETERGENT FIBRE 

s 
2 30. 

5 

no ACID-PEPSIN DIGESTION 

E 20. 
0 

Parameter 1987 
Year 
1988 1989 

----______ slopefstandarderror---------- 
crude -- -0.04 f .01** -0.09 f .01** 
protein linear non-linear 
acid- -0.08 f .03** -0.11 f .02** -0.06 f .02** 
pepsin digestibility linear linear linear 
acid 0.02 f .03 0.13 f .02** 0.09 f .02*+ 
detergent fibre non-linear non-linear 

**signifcant at P<O.Ol 

Discussion and Conclusions 
Clearly many eastern Canadian sedges are potentially very valu- 

able as forage. Since there is substantial variation in the potential 
forage value, it follows that rangelands or natural hay may be 
improved through promotion of the most valuable sedge species. 

,j ;> , rE;WXElN; 

130 140 150 160 170 180 200 

JULIAN DAY 

Fig. 1. Trends in forage qu8lky pammeters in Carexpruegracilis collected 
from P single site in erstern Ontario in 1989. 

Several recent authors have noted that sedges have been largely 
neglected by range managers (e.g., Ingvason 1969, Uresk l986), yet 
the known value of some species and the known potential of many 
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others, suggest that there may be substantial benefits in the effec- 
tive management of rangeland sedges. The ways of promoting 
certain species will require more research. This study suggests that 
rhizomatous species are of higher quality on average, and therefore 
deserve the primary focus of research on sedge utilization. The 
trend toward more efficent landscape utilization is expected to 
continue and will require a better understanding of the value of 
native forages in general. While natural habitats may be much 
more valuable than is currently realized, their use as a forage 
should take environmental sustainability into account. In situa- 
tions where protection of natural features is an important aspect, 
forage utilization would have to be carefully planned and moni- 
tored and may be inappropriate. 

Some species of sedges have an excellent potential for promo- 
tion, propagation, or improvement. Curex pruegrucilis for exam- 
ple can be propagated from rhizome sections as well as seeds and 
can rapidly colonize slightly saline substrates (Reznicek & Catling 
1987). Carex atherodes, of approximately equivalent forage value 
(Table 1) and well known for its value in western North America, 
can also be reproduced from rhizome segments and is a wetland 
species tolerant of periodicdrought (Corns 1974, Hardy BBT, Ltd. 
1989). Both of these rhizomatous species are of additional value in 
erosion control and reclamation (Hardy BBT, Ltd. 1989). Estab- 
lishment of sedges for forage use does not necessarily have to 
involve European introductions that are not well adapted to a 
particular North American environment. 

Future studies of forage value in sedges would be profitably 
directed to actual forage trials and rumen analyses, and also to a 
furthering of our knowledge regarding the relationship of forage 
value with ecological and morphological features. Also more study 
is needed to evaluate the extent to which the classification system is 
reliably predictive in indicating the groupings with the greatest 
forage potential. 
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Abstract 

Improved regression models were developed to predict winter 
forage production from big sagebrush (Artemisiu tridentutu Nutt.) 
through consideration of the subspecies variation among moun- 
tain big sagebrush (A.t. ssp. va.reyurra [Rydb.] Beetle), Wyoming 
big sagebrush (A.t. ssp. wyomingends Beetle and Young), and 
basin big sagebrush (A.L. ssp. tridentuta). Changes in shrub mor- 
phology from browsing were also accommodated in our models. 
Colinearities among some variables used in previous studies were 
found and avoided in our models. Models used easily measured 
objective variables of which major axis and average cover of shrubs 
were most useful. Multivariable models without colinearities were 
evaluated on the basis of their R: values which increased by an 
average of 10% to near 0.90, with taxa and browse form class 
included, compared to a model ignoring these differences. 

Key Words: Artemisia tridentutu, big-game browse, modeling 
forage production 

Big sagebrush (Artemisiu tridentata Nutt.) provides cover and 
forage for a variety of wildlife. Elk (Cervus elaphus nelsoni) and 
mule deer (Odocoileus hemionus) browse mountain big sagebrush 
(A.t. ssp. vuseyana [Rydb.] Beetle), Wyoming big sagebrush (At. 
SSp. wyomingensis Beetle and Young), and basin big sagebrush 
(A.t. ssp. tridentatu) heavily from autumn through early spring 
throughout most of their distribution. Differences in growth form, 
distribution, ecology, phenology, animal preference, and forage 
qualities are well defined among these big sagebrush subspecies 
(Beetle 1960, Winward 1970, Kelsey et al. 1976, Morris et al. 1976, 
Harvey 1981, Welch and Pederson 1981, Personius et al. 1987, 
Striby et al. 1987, Wambolt and McNeal 1987). 

A nondestructive procedure to predict the forage produced by 
subspecies within the big sagebrush complex would be helpful in 
determining carrying capacity for browsing wildlife, in detecting 
trends in forage production, and in measuring plant response to 
management. Harvest sampling methods are costly, time consum- 
ing, and damage plants (Uresk et al. 1977). Nondestructive proce- 
dures to estimate production have been developed for a variety of 
other plants (Pechanec and Pickford 1937, Weaver 1977, Andrew 
et al. 1979) and should be feasible for big sagebrush. 

Previous modeling of forage production from big sagebrush has 
not considered production differences between subspecies nor 
plants with different browsing histories that affect shrub morphol- 
ogy (Hughes et al. 1987). Neither has colinearity among independ- 
ent variables used in past modeling been considered. 

Our objective was to develop regression models using objective, 
easily measured plant dimensions that avoid colinearity problems 
to accurately predict winter forage production for mountain, 

Research was funded by the Montana Agricultural Experiment Station (J-2825). 
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Wyoming, and basin big sagebrush. We considered the potential 
influence of past browsing in our models. 

Methods 

Study Area 
The study area is located near Gardiner in the Gallatin National 

Forest of southwestern Montana. Gardiner lies in the Yellowstone 
River valley at 1,694 m surrounded by peaks reaching 3,353 m. 
Average annual precipitation over 100 years is 412 mm at Gar- 
diner. The rain shadow produced by the mountains makes the 
benches and slopes an important wintering area for mule deer and 
elk, while bison, bighorn sheep, and antelope also use some por- 
tions of the area. 

Vegetation is predominantly sagebrush-grassland (Wambolt 
and McNeal 1987). The 3 subspecies of big sagebrush we studied 
and black sagebrush (Artemisiu nova A. Nels.) occur sympatrically 
throughout the study area. Browsing of big sagebrush has been 
heavy enough on the study area to result in reduction of the taxa 
(Patten 1993). 

Measurements 
Six big sagebrush stands were sampled: high-use Wyoming big 

sagebrush (ATWH), low-use Wyoming big sagebrush (ATWL), 
high-use mountain big sagebrush (ATVH), low-use mountain big 
sagebrush (ATVL), high-use basin big sagebrush (ATTH), and 
low-use basin big sagebrush (ATTL). Variation in browsing levels 
over many years by elk and mule deer on different portions of the 
study area have resulted in very distinct growth forms between low 
and high-use plants, which is described in detail by Personius et al. 
(1987) and Striby et al. (1987). 

Sampling was conducted in August and September of 1989. This 
allowed for the nearly complete abscission of the ephemeral leaves, 
which are not considered available winter browse. Only the current 
crop of perennial leaves persists over winter (Miller and Schultz 
1987). Thirty shrubs were sampled at each of 6 sites in a proportion 
equal to the number of different sized shrubs at each site. 

Overall height (HT) of each sagebrush plant was measured from 
the ground to the highest nonreproductive foliage. Because we 
were interested in forage available to deer and elk, the maximum 
plant height was set at 140 cm. Plants of basin big sagebrush that 
exceeded this limit were not sampled. 

Several measurements of crown width were taken (Rittenhouse 
and Sneva 1977). The major axis (MJ) was the maximum horizon- 
tal distance across the plant crown inclusive only of living plant 
tissue. The minor axis (MN) was the maximum crown width 
perpendicular to the MJ, again only for living tissue. Canopy cover 
(AC) (Canfield 1941) was derived by measuring the crown with 2 
additional perpendicular axes at 45’ to the intersection of the MJ 
and MN axes and then averaging the 4 measurements. Although 
photosynthetic tissue was used for the end points of these axes, 
dead crown, and canopy openings were included. 
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Crown depth (CD) was the vertical distance of the portion of the 
crown foliated by vegetative leaders (Dean et al. 1981). Several 
measurements, depending on plant size, were averaged for each 
plant. 

Seedheads were clipped at the base, counted for each plant, and 
oven dried for 48 hours at 60° C before weighing to the nearest 0.1 
g. Average seedhead weight was calculated as the weight of the 
seedheads divided by the number of seedheads. 

Forage weight (F) was the dependent variable for the regression 
analysis. After obtaining the measurements above, perennial 
leaves and current twig growth were removed from the plant. 
Young twigs were easily discernible on the basis of color, texture of 
the bark, and leaf bud scars. Although browsing ungulates may 
remove secondary growth, we considered only current year pro- 
duction. After oven-drying for 48 hours at 60” C the foliage was 
weighed to the nearest 0.1 g. 

The field measurements above were used to derive other varia- 
bles for the regression analysis. Elliptical canopy area was deter- 
mined by the formula E q  n(MJ/Z) * (MN/2). Crown volume was 
then defined as CV = E*CD. Shrub volume was defined as SV q  
E*HT. Peek (1970) and Harvey (1981) refer to this variable as 
crown volume. 

The crowns of heavily browsed plants appeared more rounded 
than those of lightly browsed plants, so circular crown areas were 
considered (Murray and Jacobson 1982). Two variables that 
represent circular area of the canopy were investigated: (1) the 
circular area (Cl) for the major axis from the formula, Cl = rr 
(MJ/2)2, and (2) the circular area (C2) for the minor axis from the 
formula C2 = rr (MN/ 2)*. 

Statistical Analysis 
Regression models were evaluated on the basis of their adjusted 

Rz values, Rf = 1 - (n - l)/(n -p - l)*(l-Rr) (Neter et al. 1985), 
where n is sample size andp is the number of independent variables 
in the model. The Rf is based on the coefficient of determination 
(Rr); however, unlike Rr, Rf penalizes models that include vari- 
ables that do not reduce the prediction error. Using the Rf statistic 
to evaluate the models prevents models with artificially high R2 
values from being considered. In most cases, the values of Rf are 
similar to the values of Rr, athough somewhat smaller. Further- 
more, the model with the highest Rf will also be the model with the 
smallest root mean squared error (RMSE). 

Scatter plots of each independent variable versus the dependent 
variable (F) were constructed to identify linear and curvilinear 
trends. Height (HT) for ATVL was the only variable determined to 
have a curvilinear relationship with the dependent variable(F) and 
thus, HTr was included for consideration in the models predicting 
ATVL. 

Forage (F), the dependent variable, was log transformed (natu- 
ral logarithm) to stabilize nonconstant variance exhibited in the 
residual plots. Nonconstant variance was a direct result of strati- 
fied random sampling used to obtain a representative sample of 
different-sized shrubs at each site. 

Colinearity analysis for each taxon and form class combination 
identified colinearities among some variables (Creamer et al. 
1992). Major axis (MJ) and minor axis (MN) were determined to 
be nearly colinear with each other and also with elliptical canopy 
area (E) caused by the consistently similar shape of the crowns. 
Information contained in each of the 3 variables is nearly identical, 
thus including more than 1 of these 3 variables in a model is 
inappropriate (Neter et al. 1985). To avoid the problems caused by 
the colinearities, 3 groups of independent variables were formed. 
Each group consisted of 1 of the variables MJ, MN, or E along with 
the remaining independent variables. Regression models are of the 
form: 

In(F) = a+blXl+bzX2+b3X+b4X,+b5X5+bBXs+b7X7+bsXBte 

where 
F = available winter forage 
a = y-intercept 
Xi q  MJ or MN or E 
Xz=HT 
Xs=HT2 
Xc= CD 
X.r,=AC 
Xe=Cl orC2orCV 
x,=sv 
Xs=AS 
e = residual error 
Each of the 3 groups of independent variables was fit to regres- 

sion models regardless of taxa or browsing history. These regres- 
sion models were compared to models which account for differen- 
ces in taxa and browse form class. An extra sums of squares F test 
was conducted to test for differences among the 6 taxa and browse 
form class combinations (Neter et al. 1985). If the extra sums of 
squares Ftest detected differences among the 6 taxa and form class 
combinations, the data from each site were to be used to determine 
a model for its corresponding taxon and form class. 

Results and Discussion 

The 3 variable groups based on major axis (MJ), minor axis 
(MN), or elliptical canopy area (E) had similar Ri values (Creamer 
et al. 1992). That is, each variable group predicts annual winter 
forage production for all 3 subspecies and 2 form classes of big 
sagebrush with essentially the same efficiency. Thus, we decided 
that the logical criterion to determine the best variable group for 
suggested usage should be the ease of measuring the variables used 
in the regression model. Because models using MJ have this advan- 
tage, they are presented in Table 1. 

The regression model based on the 8 predictor variables which 
ignores taxa and form class has Ri3 q  0.82 and RMSE = 0.38. In 
comparison, the model which accounts for taxa and form class has 
Rt q  0.90 and RMSE = 0.28. The extra sums of squares F test 
detected significant (P<O.OOOl) differences among the models for 
the 6 taxa and form class combinations. Therefore, models were 
built separately for each taxon and form class combination with a 
subsequent increase in Ri values that averages 10%. 

In addition to regression models that most accurately predict 
(highest Rf) winter forage production of big sagebrush taxa, we 
have included efficiency models and best single variable models in 
Table 1. The efficiency models have nearly as high Rf values as the 
highest Rf models and, therefore, could be recommended under 
most circumstances for use by resource managers. The efficiency 
models retain most of the precision obtained from the highest Rt 
models, but require fewer measurements and calculations. Single 
variable models may also suffice for some purposes with minimal 
effort required for their use. For example, the single variable model 
for high-use basin big sagebrush (ATTH) based on canopy cover 
(AC) has an R1= 0.84 in comparison with the highest multivariable 
model having an R1 q  0.88 (Table 1). 

The addition of average seedhead weight (AS) does increase Rf 
for low-use mountain big sagebrush (ATVL), low-use Wyoming 
big sagebrush (ATWL), and low-use basin big sagebrush (ATTL) 
and decreases the RMSE (Table 1). For high-use mountain big 
sagebrush (ATVH) and high-use basin big sagebrush (ATTH), AS 
contributed no increase in Rf and the increases for high-use 
Wyoming big sagebrush (ATWH) are very small. This is logical as 
heavily used plants produced few inflorescences. Consequently, 
the addition of this variable to the model is most meaningful for 
predicting forage production for low use plants. 
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Table 1. Highest Ra regression models with and without AS’, efficiency model, and best single variable model. All multi-variable models have used MJ 
and excluded MN and E to avoid colineuity problems. 

Taxon and form 
class 

ATVL 
ATVH 
ATWL 
ATWH 
ATTL 
ATTH 

ATVL 
ATVH 
ATWL 
ATWH 
AI-TL 
ATTH 

Highest Rf models with AS 
ln(F)=.65+.38O(AS)+.O29(AC)+.038(MJ)-.OOO2(Cl) 
In(F)=.3l+.O47(AC)+.O37(MJ)+.Ol7(CD)-.OOO3(Cl) 
ln(F)=.5l+3.72(AS)+.Ol8(AC)+.044(MJ)-.O26(CD)-.~2(Cl) 
In(F)=.68+.86(AS)+.026(AC)+.OO9(MJ)+.O43(HT) 
ln(F)=l.95+1.OO(AS)+.023(AC)+.OO8(MJ) 
ln(F)=1.89+.027(AC)+.Ol l(MJ)-.005(HT)-.00005(C1) 

Highest Rf models without AS 
ln(F)=.647+.034(MJ)+.03 l(AC)-.0002(Cl) 
1n(F)=.311+.037(MJ)+.047(AC)-.0003(C1)+.017(CD) 
1n(F)=.322+.048(MJ)+.017(AC)-.0003(C1) 
ln(F)=.535+.008(MJ)+.026(AC)+.029(HT)+.025(CD) 
ln(F)=2.l8+.013(MJ)+.019(AC)-.OlO(HT)+.035(CD) 
ln(F)=l.89+.01 l(MJ)+.037(AC)+.OO5(HT)-.00005(C1) 

Efficiency models 

Rf R2 RMSEb 

.90 .91 .33 

.90 .91 .24 

.93 .94 .I8 

.87 .89 .24 

.89 .90 .25 

.88 .89 .21 

.88 .89 .35 

.90 .91 .24 

.88 .90 .24 

.84 .86 .26 

.78 .82 .35 

.88 .89 .21 

ATVL 1n(F)=.647+.034(MJ)+.031(AC)-.&02(C1) .88 .89 .35 
ATVH ln(F)=.489+.037(MJ)+.050(AC)-.0003(Cl) .90 .91 .24 
ATWL ln(F)=.322+.048(MJ)+.Ol7(AC)-.0003(Cl) .88 .90 .24 
ATWH ln(F)=.669+.008(MJ)+.029(AC)+.028(HT) .84 .86 .26 
ATTL ln(F)=2.37+.008(MJ)+.020(AC) .77 .78 .37 
ATTH 1n(F)=2.18+.004(MJ)+.027(AC)+.004(HT) .88 .89 .21 

Rest single variable models 
ATVL ln(F)=1.96+.021(MJ) .78 .79 .47 
ATVH ln(F)=1,75+.046(AC) .78 .79 .36 
ATWL ln(F)=1.43+.027(MJ) .81 .82 .30 
ATWH ln(F)=1.41+.054(AC) .61 .62 .41 
ATTL ln(F)=2.54+.032(AC) .69 .70 .42 
ATTH ln(F)=2.52+.035(AC) .a4 .84 .24 

‘F-Forage (g), MJ-Major axis (cm), AS-Average seedhead weight (g), HT-Height (cm), AC-Average cover (cm), CD-Crown depth (cm), Cl-Circular area 1 (cmz), MN-Minor 
axis (cm), E-Elliptical area (cm9. Abbreviations for taxon and form class: ATVL-low use mountam big sagebrush, ATVH-high tse mountain big sagebrush, ATWL-low use 
yyommg big sa#ebrosh, ATWH-high use Wyoming big sagebrush, ATTL-low use basin big sagebrush, ATTH-high use basin big sagebrush. 
RMSE=MSE’ 

For ATVL all variables are significant at P<O.Ol for the effi- 
ciency model (Table 1). Dean et al. (1981) developed a regression 
model for predicting biomass of mountain big sagebrush that 
included 4 variables with R* = 0.85. Our efficiency model for ATVL 
is in close agreement and may be more precise than the model of 
Dean et al. (198 1) which included the variable crown denseness (%) 
(along with maximum and minimum diameter and crown depth), 
which is an ocular estimate and required calibration to insure 
consistency. Our models use the variable AC. Canopy cover (AC) 
is preferable as it is a rapid and less subjective technique (Canfteld 
1941). 

The highest Rf model without AS for ATVH in Table 1 includes 
4 variables. But the variable crown depth (CD) is not significant 
and therefore is excluded from the efficiency model. Thus, the 
same variables are used as for ATVL. 

All 3 variables in the efficiency model for ATWL (Table 1) are 
significant at the P<O.OS level. Again, the same variables are in the 
model as for ATVL and ATVH. A 1 variable model for ATWL 
which is based upon MJ explains much of the variation with RI q  
0.81 (Table 1). The major axis (MJ) and canopy cover (AC) alone 
account for 81% and 78% of the variation, respectively. Mountain 
and Wyoming big sagebrush have similar growth forms in low-use 
form classes. 

The efficiency model for ATWH (Table 1) has 3 variables: MJ, 
AC, and height (HT), all significant at P<O.Ol. Either HT or AC 
alone accounts for 61% (Rt) of the variation in forage for ATWH. 
The major axis (MJ) accounts for 53% (Rf) of the variation for the 
high use form class of Wyoming big sagebrush (ATWH) as com- 
pared to 8 1% (Rf) for the low use form class of the same taxon 
(ATWL). 
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The efficiency regression model for ATTL resulted in the lowest 
Rf value of 0.77 (Table 1). This may be from the very tall growth 
form typical of unbrowsed basin big sagebrush. Equations with 
only MJ and AC (efficiency model) provide essentially the same 
information as when HT and CD (both significant at P<O. 10) are 
added to create the highest R: (Table 1). The addition of average 
seedhead weight (AS) to the 2 variable model results in a substan- 
tial improvement both in Ra and RMSE values. It appears that the 
increase in field time for collection of (AS) data for ATTL is only 
justified when a high degree of accuracy is needed. 

In the highest Rf model for ATTH, the circular area (Cl) for the 
major axis is not significant, therefore, it is omitted from the 
efficiency model (Table 1). Canopy cover (AC) alone results in a 
very reliable model with Rt q  0.84. 

Difficulties in identifying the big sagebrush subspecies are well 
known (Winward and Tisdale 1977). Nevertheless, their differenti- 
ation is important in analyzing site potential and condition (Dean 
et al. 198 l), identifying animal preferences (Welch and Pederson 
1981, Personius et al. 1987), and predicting treatment response. 
Different regression models for each subspecies greatly increased 
precision in predicting forage production, thereby demonstrating 
the value of recognizing subspecies and their respective production 
potentials. Even though the regression models for ATWL and 
ATVL use the same variables, the y-intercept and the associated 
coefficients in each model are quite different. 

Heavy previous use can be considered a treatment that affects 
growth form (Patton and Hall 1966). Hughes et al. (1987) found 
that while range site did not affect regression models, mechanical 
treatment (shredding) did. Hughes et al. (1987) concluded that 
treatments that greatly modify plant form will probably require 
regression models different from those of undisturbed vegetation. 
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Our findings are consistent with this premise, as separate regres- 
sion models were developed by browse form class for each taxon 
with a significant (P<O.OOOl) increase in precision. Our considera- 
tion of both taxon and form class resulted in significant improve- 
ment in the models. This ranged from a 6% to 13% increase in the 
R$ The RMSE decreased from 1% to 50%. 

If a strict random sampling technique can be applied, a trans- 
formation of the independent variables may be avoided, as the 
error terms would have the same variability (i.e., constant var- 
iance). But a stratified sample is often desirable when there are 
risks that a random sample may not satisfactorily represent the 
population. We believed this to be the case with determination of 
annual winter forage production from big sagebrush taxa, empha- 
sized by the short sampling period between ephemeral leaf drop 
and winter. 

Other researchers have developed log-log models for predicting 
various components of big sagebrush (Rittenhouse and Sneva 
1977, Dean et al. 1981). Tausch (1989) determined that systematic 
bias from log-log transformations with a specified nonlinear model 
is an important factor to consider in biomass estimation. In this 
study, linear regression was justified by the fact that nonlinear 
relationships were not indicated in the scatter plots of dependent 
versus independent variables. 

Our colinearity analysis indicated that the major axis (MJ), 
minor axis (MN), and elliptical canopy area(E) should not be used 
in the same model as doing so tends to increase the prediction error 
and more importantly, invalidates the model selection procedure. 
Thus, this resulted in somewhat different final regression models 
than those reported by other researchers. Rittenhouse and Sneva 
(1977) combined these variables in some of their higher R2 models. 
Dean et al. (198 1) also used measures of MJ and MN together in 
the best-fit models that they reported. These studies do not men- 
tion colinearity. If colinearities among MJ, MN, and E were not 
indicated for their data, then it would seem that the overall shape of 
big sagebrush is more variable from site to site than generally 
known. The colinearity diagnostics determine the appropriateness 
of including different variables in the same regression model, and 
increase efficiency by avoiding collection of redundant measure- 
ments. 

The addition of average seedhead weight (AS) improved the Rt 
values in some cases. Although the variable is time consuming to 
collect, it may be justified in predicting forage production for 
low-use form classes where seed stalk production is generally high. 

A single variable may be adequate to estimate big sagebrush 
production depending on resources available and acceptable accu- 
racy level. Rittenhouse and Sneva (1977) reported R2 = 0.88 for the 
longest measure of crown width (MJ) for Wyoming big sagebrush. 
We also found a strong relationship (Rf = 0.81) between forage 
weight (F) and MJ for ATWL (Table 1). However, this variable 
was not as reliable a predictor of forage for other big sagebrush 
subspecies (Table 1). The Rf values with this single variable were 
consistently low for plants in the high-use form classes. 

Canopy cover (AC) in single variable models was found to be 
quite reliable in all cases (Table 1). This variable is well defined, 
and easy to collect. Weaver (1986) speculated that a strong rela- 
tionship between shrub cover and browse mass should allow 
resource managers to use aerial photographs to estimate available 
browse. 

Regression models are merely useful approximations. Ideally, 
models should be based on variables that can be measured easily 
and accurately. Our findings suggest that several easily measured 
variables can be used in different regression models to accurately 
predict annual winter forage production for 3 subspecies of big 
sagebrush in both low and high use browse form classes. We 
believe our procedure may be applicable on most big sagebrush 

ranges with similar precision as it accounted for variation in big 
sagebrush subspecies, size, and browsing history. Our research was 
conceived from the requests of resource managers and our models 
should prove useful for management objectives. 
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Abstract 

We studied the effects of vegetation characteristics in southern 
Texas on site selection by mature, male white-tailed deer (Odocoi- 
leus virginianus Raf.). Thirteen, radio-collared animals were moni- 
tored during winter, spring, summer, and fall of 1986-87 and 
1987-88 to determine area-usage patterns within each animal’s 
respective seasonal home range. After each season, structural vege- 
tation attributes were measured with transect-oriented data collec- 
tion techniques inside the most heavily used and unused areas of 
each animal’s home range. Comparisons were made between these 
areas to determine whether site selection by deer was in response to 
differing vegetation characteristics. In general, the most heavily 
used areas possessed a greater amount of woody canopy cover 
(?85%), woody species richness (18-20), and horizontal screening 
cover than areas with no use. In contrast, herbaceous densities did 
not differ between the most heavily used and unused areas. Conse- 
quently, habitat management manipulations conducted specifi- 
cally for mature male white-tailed deer in southern Texas, should 
include provisions for creation or maintenance of sites possessing 
dense woody canopy cover, a high number of woody species and 
dense horizontal screening cover. 

Key Words: habitat attributes, Odocoifeus virginwrus, site selection 

Mechanical treatment of southern Texas rangeland is widely 
practiced to suppress growth of existing brush species, and conse- 
quently, enhance livestock forage availability (Box and Powell 
1965). These brush treatments can negatively impact white-tailed 
deer habitat because of significant cover reduction (Rollins et al. 
1988) and long-term changes in species composition of regrowth 
brush (Fulbright and Beasom 1987). More than 921,000 ha of 
rangeland were mechanically treated in southern Texas between 
1980-85 (Welch 1986), despite the fact that deer are a primary 
management focus on many ranches because of potential revenues 
(Ramsey 1965, Pope et al. 1984). 
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Previous investigations, developed to elucidate deer-habitat 
relationships in Texas, have identified important structural (Steuter 
and Wright 1980, Wiggers and Beasom 1986) and soil-related 
features (McMahan and Inglis 1974), but resulting conclusions 
were drawn from samples comprised of both sexes across all age- 
cohorts. However, deer management programs in south Texas 
often emphasize production and management of mature male deer 
because of their significant market value (Teer and Forrest 1968). 
Because sexual segragations occur in use of deer habitat (Beier and 
McCullough 1990) a need exists to identify those habitat charac- 
teristics which are essential, specifically, to the male segment of the 
population in south Texas. Further, future inclusion of these vege- 
tation attributes into livestock-oriented brush manipulation pro- 
grams will help managers facilitate cattle operations while main- 
taining habitat integrity of the marketable south Texas white-tailed 
deer resource. 

Our objective was to compare vegetation characteristics of the 
most heavily used area and a nearby unused area within seasonal 
home ranges of mature, male white-tailed deer during winter, 
spring, summer, and fall of 1986-87 (year 1) and 1987-88 (year 2). 
These comparisons were used to test the hypothesis that site selec- 
tion, by mature male white-tailed deer, was independent of vegeta- 
tion composition and structure. 

Study Area 

We conducted our study on the 42,510-ha Piloncillo Ranch 
located 6.4 km south of Catarina, Tex. at the junction of Dimmit, 
Webb, and LaSalle counties. Total annual precipitation and mean 
daily temperature average 550 mm and 2 1.8” C, respectively (Stev- 
ens and Arriaga 1985) for this area of the Rio Grande Plain 
vegetation zone (Correll and Johnston 1970). 

Vegetation was dominated by a woody brush overstory with a 
variable herbaceous association dependent upon water availabil- 
ity. Associations of cenizo (Leucophyllum frutescens (Berl) I.M. 
Johnst.), guajillo (Acacia berlundieri Benth.), blackbrush (A. rig- 
id&a Benth.), Texas kidneywood (Eysenhardtia texana Scheele), 
and brasil (Conduliu hookeri M.C. Johnst.) occurred on upland, 
shallow, sandy loam soils. Upland areas with deep soils were 
characterized by honey mesquite (Prosopis glandulosa Torr.), 
prickly pear (Opuntiu lindheimeri Engelm), hogplum (Colubrina 
texensis (T.&G.) Gray), and desert yaupon (Schaefferiu cuneifoliu 
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Gray). Woody species such as honey mesquite, white brush (Lippia 
ligustrina (Lag.) Britt.), granjeno (Celtispallida Torr.), Mexican 
persimmon (Diospyros texana Scheele), and huisache (A. smalli 
Isely) occurred in the deep loamy bottomland sites. 

Topography varied from areas with little relief to rolling sections 
interspersed with drainages. Fine sandy loam was the dominant 
soil type. Clay loam occurred sparsely on the study area (Stevens 
and Arriaga 1985). 

Materials and Methods 
Thirteen male white-tailed deer were captured during 1984-87 

using a helicopter and either a drive net (Beasom et al. 1980) or a 
hand-held netgun (Barrett et al. 1982). Their average age during 
data collection was 6.1 f 1.7 years based on their estimated age 
(Severinghaus 1949) at the time of capture. Animals were fitted 
with 500-g radio packages’ operating in 150-l 5 1 MHz frequencies. 
Radio tracking was conducted by taking simultaneous azimuths 
from 1 of 4 permanent null receiving towers and a mobile null 
tower (Pollock et al. 1990) using 1 of 45 tracking stations. Esti- 
mated bearings were obtained by taking the average of 4 consecu- 
tive, independent azimuths to reduce the error limit associated with 
each error arc to the pooled standard deviation (Springer 1979). 
Deer were monitored for 2 die1 cycles per week, yielding 3,907 and 
4,596 locations for year 1 and year 2, respectively. Data were 
grouped into 4 seasons (winter = 1 December-28 February; spring 
= 1 March-31 May; summer =l June-31 August; fall = 1 Sep- 
tember-30 November) within each of 2 years (year 1 = 1 December 
1986-30 November 1987; year 2 = 1 December-30 November 
1988). Each seasonal data base contained 289 location estimates 
per animal. 

At least 2 hours passed between successive location estimates, 
affording each animal a realistic opportunity to travel across its 
home range and assuring independence of subsequent telemetry 
locations (White and Garrott 1990). The standard error of the 
receiving system (Springer 1979), determined by comparing bear- 
ings from the receiving stations to known bearings measured from 
an aerial photo, was 1.9 degrees. Error polygons associated with 
location estimates were calculated on a TRS 802 portable computer 
using BASIC code (White and Garrott 1984). Error polygons were 
considered acceptable if 52 ha. Error polygon size averaged (&SE) 
0.60f0.01 and 0.55f0.01 ha for 1986-87 and 1987-88, respectively. 

A 2.25-ha (150- by 150-m) grid cell system based on Universal 
Transverse Mercator System coordinates was overlaid on the 
study area. Location estimates also were recorded in Universal 
Transverse Mercator System coordinates and assigned to the 
appropriate 2.25-ha grid cell. Selection of the most heavily used 
and unused grid cell within each deer’s seasonal convex polygon 
home range was based on the number of location estimates. The 
most heavily used grid cell was the cell that contained the most 
locations. Three criteria were used for the selection of each anim- 
al’s unused grid cell: it had to lie within an animal’s seasonal convex 
polygon home range; it had to possess a surrounding buffer of 
unused grid cells, and; it could not possess more than 2 location 
estimates from other radio-collared deer. Grid cells were identified 
in the field by using a sighting compass and pacing off the required 
distance from the nearest antenna location. A transmitter was 
carried into the cell so the cell-center location could be checked 

‘Advanced Telemetry Systems, Inc., Isanti, Minn. 
*Tandy Inc., Fort Worth, Tex. 

from >3 tracking stations and adjusted, if needed, 
Vegetation was sampled within the most-heavily used and 

respective unused grid cell for each deer at the end of each season. 
Five, 30.5-m transects were placed randomly within each grid cell 
(hereafter referred to as area) to assess measurements of vegetation 
composition and structure. The number of transects chosen for 
study was determined by developing initial species-area curves 
(Cain and Castro 1959) for woody species composition data. We 
used this same concept to assess canopy cover variability over 5 
transects, and subsequently, deemed 5 transects to be sufficient for 
measurement of the remaining vegetation attributes. Observations 
for each variable within a transect were used to obtain transect 
means which in turn were used in formulating a grid cell or area 
mean. 

Canopy cover and height of woody species were measured along 
each transect. Canopy cover was measured using the line-intercept 
technique (Canfield 1941), while vegetation height was quantified 
with the aid of 12-ft poles, calibrated in I-ft intervals. Canopy 
cover measurements of individual woody species were summed to 
obtain individual transect means. Transect values were subse- 
quently averaged and converted to percent canopy cover. Horizon- 
tal screening cover was estimated with a profile board (Nudds 
1977) located 15 m perpendicular to each transect on both sides of 4 
randomly located intervals. Coded values ranging from 1 to 5 were 
scored for 6 height increments with lower values representing less 
screening cover. Average values for each height interval were con- 
verted into a percentage which represented the proportion of visual 
obstruction. Basal cover (percent of ground covered by herbaceous 
stems) of both forbs and grasses was measured with a modification 
of the line point method (Heady et al. 1959), which entailed record- 
ing observations when herbacous stems were rooted immediately 
below points along each transect at 0.6-m intervals. 

Statistical analysis followed a randomized block analysis of 
variance with main effects arranged factorially. Individual deer 
served as blocks to account for variability among deer in their 
response to treatments. Treatment factors were area (most-heavily 
used and unused) and season (winter, spring, summer, and fall). 
The season effect was included only to determine if site selection, 
based on a specific variable, was consistent across seasons. By 
itself, the season effect was not addressed because we assumed it 
was influenced by environmentally-induced changes in plant phe- 
nology and growth. A year effect was not tested for because a 
randomized block analysis with repeated measures would require 
that the same animals (i.e., blocks) be used during both years: 
death loss and subsequent replacement with new animals pre- 
cluded this approach. 

We assumed that all areas within the boundary of each animal’s 
home range were equally available to the animal. Our statistical 
comparisons identified those vegetation characteristics which dif- 
fered between used and unused areas of the home range. We infer 
that vegetation characteristics that differed between used and 
unused areas are at least partially responsible for the animal’s 
selection of the used area. Because deer were the experimental unit 
and the study was not replicated across other areas of the Rio 
Grande Plain vegetation type, care must be exercised when extra- 
polating our conclusions to locations other than the study area. 

Data were transformed (Steel and Torrie 1980) when the 
Shapiro-Wilk test (Shapiro and Wilk 1965) indicated that the 
residuals did not conform to a normal distribution, or when local 
sphericity assumptions were not met. Arc sine transformations 
were applied to forb basal cover during both yearly analyses. 
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Square root transformations were performed on species richness (m.05) than unused areas (Table 2). The number of woody 
values during year 2 and horizontal screening cover at O-O.3 m species was greater (EO.05) in used areas compared to unused 
during year 1 and at O-O.3 and 0.6-0.9 m during year 2. Fisher’s areas during all seasons in year 2. 
protected LSD test was used to separate area means within season Woody vegetation height differences during year 1 (pIo.05) 
when there was interaction between main effects. were affected by area X season interaction (P%t.O5). Used areas 

Table 1. Percent woody canopy cover and percent basal cover of forbs and Table 3. Horizontal screening cover (%) in most-heavily used and unused 
grasses in most-heavily used and unused areas of mature, male white- areas of mature, male white-tailed deer home ranges in southern Texas, 
tailed deer home ranges in southern Texas, during 1 Dec. 198630 Nov. during 1 Dec. 1986-30 Nov. 1987 (year 1) and 1 Dec. 1987-30 Nov. 1988 
1987 (year 1) and 1 Dec. 1987-30 Nov. 1988 (year 2). (ye= 2). 

Variable Year n’ 

Used Unused 

x SE x SE 

Woodv lb 
(%I (%) 

24 89.3 7.5 58.3 6.1 
2b 32 92.4 6.7 74.2 12.1 

Forb 1 24 16.4 4.3 15.9 4.2 
2 32 1.8 0.6 2.2 0.6 

Grass 1 24 13.0 1.2 16.5 1.9 
2 32 1.7 0.2 2.3 0.4 

‘Seasons were pooled. 
‘Area effect (PSO.05) with no season X area interaction (130.10). 

Results 

Used areas possessed greater (EO.05) total woody canopy 
cover during both years, ranging from 89.3 to 92.4%, compared to 
unused areas, ranging from 58.3 to 74.2% (Table 1). Seasonal data 
were pooled because area X season interaction was absent 
(P>O. 10). 

Table 2. Number of species and height (m) of woody vegetation in most- 
heavily used and unused areas of mature, male white-tailed deer home 
ranges in southern Texas, during 1 Dec. 1986-30 Nov. 1987 (year 1) and 1 
Dec. 1987-30 Nov. 1988 (year 2). 

Used Unused 

Variable Year n Season” x SE X SE 

Species 

Height 

1 6 

2 8 

1 6 

2 8 

Winter 
Spring 
Summer 
Fall 
Winterb 
Springb 
Summerb 
Fallb 
Winter’ 
Spring 
Summer 
Fall 
Winter 
Spring 
Summer 
Fall 

(m) 
12.7 
15.0 
21.2 
21.3 
18.9 
21.8 
20.4 
20.0 

6.2 
5.4 
5.4 
5.0 
5.5 
4.8 
5.4 
5.2 

1.4 
1.8 
1.2 
1.8 
0.2 
0.2 
0.1 
0.1 
0.5 
0.3 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 

(ml 
15.5 
16.0 
14.3 
15.8 
17.0 
18.1 
16.0 
16.5 
4.5 
5.0 
4.9 
4.9 
5.0 
5.1 
4.9 
5.4 

1.8 
2.2 
2.9 
1.7 
0.2 
0.3 
0.4 
0.4 
0.4 
0.3 
0.3 
0.3 
0.2 
0.2 
0.6 
0.5 

‘Area means within season are presented due to season X area interaction (PSO.05) 
during 1986-1987 oo numbers of species and height. 
bArca effect (EO.05) with no season X area interaction (p>O.IO). 
‘Area effect within season (PSO.05). 

The number of woody species during year 1 did not differ 
between areas (P>O.O5) due to area X season interaction (P<O.Ol). 
Comparisons within seasons indicated that areas used during 
summer and fall possessed a greater number of woody species 

Year n’ Height 

(m) 
1 24 0.0-0.3 

0.3-0.6 
0.6-0.9 
0.9-1.2 
1.2-1.5 
1.5-1.8 

2 32 0.0-0.3 
0.3-0.6 
0.6-0.9 
0.9-1.2 
1.2-1.5 
1.5-1.8 

‘Seasons were pooled. 

Used Unused 

x SE X SE 

(%I (%) 
94.1 2.0 87.6 2.4 
88.6 2.7 74.8 3.6 
83.8 3.2 66.2 4.2 
77.1 3.7 60.0 4.2 
74.3 3.3 54.3 4.0 
71.6 3.5 51.9 3.9 
93.0 1.4 85.0 3.2 
89.6 1.7 80.0 3.5 
83.8 2.0 74.0 3.6 
79.0 2.1 70.0 3.5 
72.3 2.5 65.0 3.6 
70.8 2.4 63.4 3.5 

P-levelb 

0.0695 
0.0592 
0.0564 
0.0579 
0.0163 
0.0218 
0.0865 
0.0729 
0.0162 
0.0234 

NS 
0.0543 

bSignificance level for area effect comparisons. There were no season X area intemc- 
tions (C-0.10). Seasons were pooled. 

had taller vegetation than unused areas (EO.05) only during 
winter (Table 2). No differences in height were present between 
areas during year 2. 

Horizontal screening cover was greater (p10.05) in used areas 
than in unused areas at O-l.2 m (EO.10) and 1.2-1.8 m (p10.05) 
during year 1 (Table 3). Area comparisons during year 2 substan- 
tiated data from year 1 as more screening cover was noted at O-O.6 
m (EO.lO), 0.6-1.2 m (psO.OS), and 1.5-1.8 m (P~Z0.10) in used 
areas compared to unused areas. 

Basal area cover of forbs and grasses was similar (P>O. 10) 
between used and unused areas during both years (Table 1). There 
were no area X season interactions (PXI. 10). 

Discussion 

Mature, male white-tailed deer appeared to select for certain 
physical characteristics of their habitat in southern Texas. Pres- 
ence of greater total canopy cover, more woody species, and more 
dense screening cover in the most-heavily used areas compared to 
unused areas support this conclusion. The similarity of herbaceous 
attributes between areas, coupled with observed differences for 
woody characteristics, may suggest that deer in this study focused 
more on brush than herbaceous vegetation when frequenting the 
most heavily-used areas. 

Other researchers have documented the importance of woody 
canopy cover to deer in Texas. During summer, white-tailed deer 
densities in southern Texas were reportedly highest when total 
woody canopy cover exceeded 60% (Steuter and Wright 1980). In 
western Texas, total woody canopy cover averaged 63% in areas 
with high deer densities, compared to 43% for areas with low deer 
density (Wiggers and Beasom 1986). 

Canopy cover percentages for used areas in the present study are 
somewhat higher than previously reported (Steuter and Wright 
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1980, Wiggers and Beasom 1986). However, inferences drawn from 
previous investigations pertain to areas of general deer-use based 
on visual observations whereas our study used telemetry locations 
of only mature males at heavily-used areas of their home ranges. 
Differences in methods used to collect data and the composition of 
the samples could account for the different canopy cover values. 
Visual observations most likely would be made when deer were 
active and thus identify areas used for feeding and travel. It is 
possible that the most-heavily used areas sampled in our study 
were bedding sites. Also, sex-related differences have been reported 
in habitat selection by deer (Verme 1988, Beier and McCullough 
1990). 

The presence of more screening cover in the most-heavily used 
areas, compared to unused, indicated that site selection was influ- 
enced by horizontal distributional patterns of vegetation. This 
behavior may have been related to maintenance of a favorable 
energy balance, as behavioral adaptations to thermal stress are 
energetically less expensive compared to physiological adaptations 
(Vaughan 1986). The security cover that these areas also provided 
likely contributed to eliciting the observed response. 

The occurrence of more woody species in the most-heavily used 
areas was not surprising, because deer habitat is considered to be of 
high quality when a wide range of vegetation exists (Vamer et al. 
1977). These heavily used areas may have been utilized for foraging 
since sites possessing a wider range of browse species are generally 
thought to provide a more nutritious food supply (Steuter and 
Wright 1980, Davis 1984). Nutrient composition and digestibility 
levels of vegetation are so dynamic (Varner et al. 1977, Short 1986) 
that a diversity of vegetation may allow a selective forager like 
white-tailed deer (Hofmann 1985) to stabilize nutrient intake 
throughout the year. An alternative benefit of greater woody spe- 
cies richness could be improved structural diversity. Areas that 
possess a greater variety of brush species also have a higher com- 
plement of varying growth forms, which could have contributed to 
better screening cover at all height intervals. 

Height of woody vegetation did not appear to be important to 
deer in our study, similar to a report for all ages and sexes of deer 
from southern Texas (McMahan and Inglis 1974). The lowest 
average for any seasonal canopy height was 4.8 and 4.5 m for the 
most-heavily used and unused areas, respectively. These values are 
higher than the 1.5 m recommended by Short (1986). 

Forb and grass basal cover did not appear to influence selection 
of the most-heavily used area within the deer’s home ranges. In 
contrast, McMahan and Inglis (1974) and Steuter and Wright 
(1980) provided evidence that both sexes, collectively were attracted 
to sandy loam range sites in southern Texas because of their 
potential to produce herbaceous vegetation, especially forbs. 
Other researchers have found woody vegetation to be the major 
forage component of deer in summer and fall (Arnold and Drawe, 
1979, Meyer et al. 1984) and during times of drought (Davis and 
Winkler 1968). 

Our results do not indicate that herbaceous vegetation was 
unimportant, merely that it appeared to be less important than 
brush characteristics during the selection of the most-heavily used 
areas of a mature male’s home range. Without knowing with 
certainty why radio-collared deer frequented some areas while 
avoiding others, we can make no definitive claims as to what 
biological function the most-heavily used areas fulfilled. However, 
we suggest that high levels of woody canopy cover and species 
richness, and dense horizontal screening cover influenced habitat 
selection for mature, male deer on the study area. 

The habitat characteristics identified as being important to 
mature, male deer may not be of equal importance to adult female 
deer. The sexes differ in their habitat use, with males using what 
appears to be lower quality habitat (Beier and McCullough 1990). 

Management Implications 

Our results indicate that habitat management plans for mature, 
male white-tailed deer in southern Texas should include provisions 
for creation and/ or maintenance of areas possessing 18-20 woody 
species with a total woody canopy cover >85%. A diverse mix of 
woody species with varied growth forms will increase structural 
and nutritional diversity. Further research is needed to quantify 
the necessary distributional extent of these habitat attributes. Spe- 
cific questions include minimum size of areas, juxtaposition with 
other habitat types, and the percentage of the home range area 
requiring these characteristics. 

Extensive brush removal could reduce habitat quality for 
mature, male white-tailed deer. Removal of large areas of brush 
should be considered the worst alternative for managing southern 
Texas rangelands when production of mature, male deer is the 
primary management focus. In cases where brush removal may be 
necessary to facilitate livestock grazing and handling, sites contain- 
ing important habitat characteristics should be identified and 
preserved. 
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Abstract 

Effects of defoliating bluebunch wheatg- (Agropyron spicu- 
twn [Pursh] Scribn. & Smith) to increase the quality of regrowth 
avaiiabie on Rocky Mountain eik (Cervus elophus nelsoni Bailey) 
winter range were studied from 1988 through 1990. Percent cai- 
cium, phosphorus, in vitro dry matter digestibility (IVDMD), and 
available forage (kg/ha DM) of regrowth present on control, 
spring-defoliated, and fail-defoliated plots were determined in 
November of 1988 and 1989, and April of 1989 and 1990. Spring 
conditioning did not affect the percentage of calcium and phos- 
phorus, or rvaiiabie forage compared to the current year’s growth 
in either November or April. Fail conditioning increased digestibii- 
ity and increased the phosphorus concentration, but decreased 
available forage compared to the control and spring-conditioned 
forage in November. Fail conditioning may create a deficit of 
forage if regrowth is not achieved. Additional research is needed on 
defoliation during the early phenoiogicai time-period of bluebunch 
wheatgrass to improve the forage quality of elk winter ranges. 

Key Words: bluebunch wheatgrass, elk, forage conditioning, for- 
age quality, regrowth, winter range 

There has been interest in the effects of livestock grazing as a tool 
to improve the quality of winter range for Rocky Mountain elk 
(Cervus eluphus nelsoni Bailey). Anderson and Scherzinger (1975) 
hypothesized that livestock grazing can be a tool to improve the 
quality and quantity of winter range forage. This theory however, 
lacks quantitative data for support. 

Nelson and Leege (1982) suggested that elk have nutritional 
requirements similar to cattle. Pregnant wintering cattle (454 kg) 
require 0.18% for both calcium and phosphorus (NRC 1984). A 
ratio of calcium to phosphorus of 1:2 to 2: 1 is needed for optimum 
absorption of both minerals. Ruminants can tolerate a calcium-to- 
phosphorus ratio of I:1 to 7:i without adverse effects (Simesen 
1980). 

Pitt (1986) reported that in the second year of clipping, blue- 
bunch wheatgrass (Agropyron spicatum [Pursh] Scribn, & Smith) 
defoliated at the boot stage and control plants contained 0.66% 
and 0.14% calcium and 0.13% and 0.07% phosphorus, respec- 
tively, at the stem-cured stage. Plants defoliated in the boot stage 
tended to be lower in quality than plants clipped at emergence, 

Research was funded by the USDA Forest Service, Pacific Northwest Forest and 
Range Experiment Station, La Grandc, Ore. 97850. 

Manuscript accepted 31 Dec. 1993. 

flowering, or seed formation; it was suggested that clipping at the 
boot stage allowed for regrowth and development similar to unde- 
foliated plants. 

At Hanford, Washington, 2 years of moderate spring cattle 
grazing did not affect the mineral content of bluebunch wheatgrass 
at the seed-development stage (Uresk and Cline 1976). In central 
British Columbia, there was no significant difference @<0.05) 
between fall grazed and ungrazed bluebunch wheatgrass in percent 
calcium or phosphorus the following spring (Willms et al. 1980). 

Forages with low in vitro dry matter digestibility (IVDMD) 
supply a lower amount of available nutrients, require a longer 
digestion time, and decrease the daily intake rate, compared to 
forages with higher digestibilities. Low digestibility also implies 
that digestible energy and digestible protein may by inadequate in 
meeting elk requirements. 

Our objective was to evaluate the effect of defoliation on percent 
calcium, phosphorus, IVDMD, and available forage of bluebunch 
wheatgrass regrowth that would be available to elk during the 
winter season. Variables analyzed were chosen to compliment an 
earlier study conducted on the same day study sites with the same 
clipping treatments (Bryant 1993). Bryant (1993) evaluated blue- 
bunch wheatgrass regrowth for percent crude protein, IVDMD, 
acid detergent fiber, and lignin. Our hypothesis was that condition- 
ing bluebunch wheatgrass in either spring of fall would improve the 
nutrient quality of elk winter ranges. 

Study Area 

The study was conducted near the Starkey Experimental Forest 
and Range in the Blue Mountains of northeastern Oregon. Two 
sites, Winter Ridge and McCarty Springs, were selected for study. 
The climate is continental with cold winters and warm summers. 
Fall rains stimulated fall regrowth each year of the study. Annual 
precipitation for 1988 and 1989, respectively, at adjacent weather 
stations near the study areas was 36 and 45 cm for Ukiah (Fig. 1) 
and 57 and 57 cm for Starkey (NOAA 1988-1990, Forestry and 
Range Sciences Laboratory 1988-1990). Elevations were 1,366 m 
at Winter Ridge and 1,274 m at McCarty Springs. 

The plant community classifications was bunchgrass on shallow 
soil, gentle slopes, GB49-11 (Hall 1973). Bluebunch wheatgrass, 
Idaho fescue (Festucu iduhoensis Elmer), Sandberg bluegrass (Poa 
secundu Presl.), and yarrow (Achilles millefolium L.) were the 
dominant vegetation in this community. Soils at both sites were in 
the Anatone series. 
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Fig. 1. Monthly precipitation (cm) at Ukiah, Ore. on an April to March basis (NOAA 1989-98). 

Methods 

Livestock exclosures were established at each site in 1986. Hand- liation (7.6 cm stubble height) in June depending on the phenology 
clipping treatments were implemented to condition the forage of bluebunch wheatgrass, fall defoliation (7.6 cm stubble height) in 
regrowth beginning in June of 1988. Treatments were spring defo- September before fall rains, and control (i.e., no defoliation). 

c 

MCCARTY SPRINGS STUDY SITE x cj 

Control 

m 1988-89 sample areas that received the initial vegetative conditioning 
1989-90 sample areas that received the initial vegetative conditioning 

Fig. 2. Split plot design with subunits in strips at McCarty Springs study site in the Blue Mountains, Oregon. Same design was used with different 
randomization at the Winter Ridge study area. 
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Within each exclosure, each treatment was randomly assigned to 
2 units, and then randomly assigned to 2 of the 3 subunits within 
the unit. Each subunit was split into 3 sampling areas, in which 1 
area was randomly assigned for the defoliation treatment and 
sample collection in 1988, and a second area assigned for the 1989 
treatment and sample collection (Fig 2). 

Samples were collected in November of 1988 and 1989, and 
April of 1989 and 1990. The November (N) collection corres- 
ponded to the cessation of fall regrowth, and the time-period when 
elk first move to winter ranges. The November sample collection 
consisted of the current year’s growth for the control, and current 
year’s regrowth after the spring (June) or fall (September) condi- 

tioning, all conditioned to a 2.5-cm stubble height. 
The April sample collection corresponded to the time-period 

just before elk leave the winter range. April samples consisted of 
current year’s spring leaf growth; mature forage was not collected. 
To assess the effect of multiple defoliation on forage in 
April, April (W) samples (W = winter defoliated) received 2 defolia- 
tion treatments before they were collected. The plants were defol- 
iated during either the spring (June) or fall (September) treatment 
and also defoliated a second time during the winter (November 
collections). April (U) samples (U = undefoliated winter samples) 
were not defoliated in the winter. 

Available forage for grazing was calculated for the November 

Table 1. Means and standard deviations for the chemical composition of bluebunch wheatgrass regrowth by treatment’ on study sites in the Blue 
Mountains, Oregon, 1988-89 and 1989-W. 

Spring Fall Std. error 
Sampling period Nutrient Year Control defoliation defoliation of mean 
November Calcium (%) 

Phosphorus (%) 

Digestibility (%) 

April (U) 

Ca:P ratio* (%) 

Calcium (%) 

Phosphorus (%) 

Digestibility (%) 

Ca:P ratio (%) 

April (W) Calcium (76) 

Phosphorus (%) 

Digestibility (%) 

Ca:P ratio (%) 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

0.32 0.32 
(0.0298) (0.0642) 
0.37 0.32 
(0.0303) (0.0363) 

0.05b 0.05b 
(0.0180) 
O.OSb 

(0.0123) 
0.09b 

(0.01380) (0.0116) 

32’ 4Ob 
(9.6169) (5.3835) 

49b 52b 
(4.9464) (4.9143) 

6.41 6.41 
4.6: 1 3.6:l 

0.32 
(0.0328) 
0.29 
(0.0269) 

0.38 
(0.0194) 
0.24 
(0.0102) 

82’ 
(2.7425) 

85 
(3.0457) 

0.31 
(0.0338) 
0.30 
(0.0195) 

0.36 
(0.0188) 
0.25 
(0.0223) 

80ab 
(2.0696) 

86 
(1.5756) 

1.0:1.2 
1.3:l.O 

1.0:1.2 
1.2:l.O 
0.32 0.31 
(0.0328) (0.034 1) 
0.29 0.31 
(0.0269) (0.0206) 

0.38 0.36 
(0.0194) (0.0270) 
0.24 0.23 
(0.0102) (0.0337) 

82” 79ab 
(2.7425) (3.6113) 

85 85 
(3.0457) (3.6438) 

1.0:1.2 1.0:1.2 
1.2:l.O 1.3:l.O 

0.39 
(0.0337) 
0.36 
(0.0492) 

0.23” 
(0.0163) 
0.14’ 
(0.0278) 

79” 
(2.3058) 

72” 
(8.3691) 

1.7:l 
2.6: 1 

0.34 
(0.0532) 
0.30 
(0.0292) 

0.36 
(0.035 1) 
0.25 
(0.0252) 

78b 
(2.4821) 

87 
(2.3052) 

1.O:l.O 
1.2:l.O 
0.34 

(0.0698) 
0.31 
(0.0293) 

0.39 
(0.0293) 
0.26 
(0.0222) 

76b 
(5.0188) 

87 
(1.8411) 

1.O:l.l 
1.2:l.O 

0.0153 

0.0144 

0.0059 

0.0093 

0.8114 

1.7374 

0.0123 

0.0079 

0.0077 

0.0061 

0.9014 

0.6619 

0.0136 

0.0103 

0.0115 

0.0101 

1.0041 

0.8570 

‘Spring defoliation = hand clipped to a 7.6-cm stubble height in June. Fall defoliation : hand clip ed to a 7.6-cm stubble height in September, Control,: no defo!iation. April(U) 
= undefoliated winter samples. April (W) = plants were defoliated during either the spring or all treatment and also defoliated a second ttme dunng the wmter (W), before P 
samples were collected in April. The standard error of the mean was used to determine significant differences, n = 8 for each treatment. Means within rows with different letters 
differ significantly at p<O.OS. Rows with no letters indicate no overall treatment effects. 
2Not included in LSD comparisons. 
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Table 2. Available forage (kg/ha DM) of bluebunch wheatgrass regrowth on study sites in the Blue MountPins, Oregon, 1988-89 and 1989-90. 

Sampling 
period Year 

Means’ for untransformed data and std. deviation Means for untransformed data and std. deviation 

Spring Fall Spring Fall Std. erro 
Control defoliation defoliation Control defoliation defoliation of mean 

-__-_-----___ 
November 1 213 

(137.79) 
November 2 352 

(167.65) 
April (U) 1 11 

(8.65) 
April (U) 2 115 

(47.94) 
April (W) 

April (w) 

I ‘11 
(8.65) 

2 115 
(47.94) 

.-_-_-- 
143 
(90.10) 
188 
(64.13) 

7 
(4.77) 

(Ll6) 
10 

(11.28) 
55 

(15.30) 

-__-- _________ 
12 
(8.80) 

(&4) 
10 
(8.70) 

(Z.53) 

$08) 

(Z75) 

__ ,(kg/haDM)---- ___---- 
2.263’ 2.087” 
(.2412) (.25&l) 
2.505” 2.255’ 
(.2015) (. 1304) 
0.965 0.762 
(.2973) (2.660) 
2.023 1.832 
c.2077) 
6.965 

(.2051) 
0.843 

(.2973) (.3186) 
2.023’ 1.723b 
(.2077) (.1229) 

__-______________________ 
0.998b 0.0803 
(.26%) 
1.789b 0.0789 
(.2121) 
0.902 0.1266 
(.2593) 
1.665 0.0517 
(.2071) 
0.816 0.1240 
(.2060) 
1 .559b 0.0811 
(.2150) 

‘Spring defoliation = hand clipped to a 7.6-cm stubble height in June, Fall defoliation = hand clipped to a 7.6-cm stubble height in Sept., Control = no defoliation. April(U) = 
undefoliated winter samples. April (W) = plants were defoliated during either the spring or fall treatment and also defoliated a second time during the winter(W), before samples 
were cokcted in April. Means within rows with different letters differ significantly atp<0.05 (n : 8). Statistical analysis was performed on base 10 logarithms. Rows with no 
letters indicate no overall treatment effects. 

and April samples. Forage dry matter was calculated from oven- 
dried weight of the regrowth clipped to a 2.5-cm stubble height 
during the sample collection. The clipped area was measured, and 
kg/ha dry matter (DM) of regrowth produced since the initial 
defoliation treatment was calculated. 

Forage was dried at SO0 C until a constant oven-dry weight was 
reached (48 hours on average), then ground through a 40-mesh 
screen, and analyzed in duplicate. Calcium was determined by 
atomic absorption spectrophotometry, and phosphorus by the 
Vanadomolybdate method of color spectrophotometry (AOAC 
1980). In vitro dry matter digestibility was determined by the 
technique of Tilley and Terry (1963) as modified by Warner (1983). 
Rumen fluid was from a fistulated cow fed grass hay. 

Calcium, phosphorus, and IVDMD were analyzed with the 
general linear model procedure in the statistical analysis system 
(SAS Institute Inc. 1987). Separate analyses were performed for 
each year with an analysis of variance (ANOVA) for a split plot 
design with subunits in strips (Cochran and Cox 1950: section 
7.32). Fisher’s protected least significant difference (LSD) test was 
then used to compare treatment means (Petersen 1985). Statistical 
significance was inferred at pCO.05. Available forage data were 
transformed using base 10 logarithms to satisfy the constant var- 
iance and normality assumptions. The transformed data were ana- 
lyzed as described above. 

Results and Discussion 
November Forage Status 

Spring conditioning did not affect calcium and phosphorus 
concentrations, or available forage when compared to the control 
for November collections (Tables 1 and 2). This indicated that 
spring conditioning did not have an effect on the quality of blue- 
bunch wheatgrass. In November, the control and spring conditi- 
oned forages were low in phosphorus. In the first year, forage was 
below 50% digestibility thereby indicating that it would be slowly 
digested. In year 2, the forage was near or above 50% digestibility. 

Anderson and Scherzinger (1975) reported a 260% increase in 
elk numbers on winter range after implemenation of spring cattle 
grazing in northeastern Oregon. The climax plant community for 
60% of the Bridge Creek Wildlife Management Area is a natural 
grassland dominated by Idaho fescue (Anderson and Scherzinger 
1975). In the Blue Mountains of Oregon, bluebunch wheatgrass 
and Idaho fescue usually are together on deep soils adjacent to 
coniferous forests (Hall 1973). 
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Anderson and Scherzinger’s (1975) hypothesis can be applied to 
grasslands in the Blue Mountains. Their hypothesis was that spring 
cattle grazing would increase the quality of winter forage. Regrowth 
would be halted by the increasing temperatures and lack of soil 
moisture, so that the regrowth would only reach the flower stalk 
stage of phenology at the end of the growing season. The nutrients 
would then be stabilized in the above-ground tissue, instead of 
being transferred to root storage. 

Anderson and Scherzinger (1975) did not quantitatively mea- 
sure nutrient quality, and there are alternative explanations for 
their results. The increase in elk numbers may have been from 
increased nutrient quality, increased availability of green leaf 
material from the removal of old standing litter and increased 
tillering, or from some other factor such as decreased snowmobile 
activity. 

In this study, plants conditioned before the boot stage (spring- 
conditioned samples) were similar (~00.05) to the control in qual- 
ity and quantity (Tables 1 and 2). This indicated that the clipped 
plants had a sufficient growing season to develop similarly to 
undefoliated plants. Most spring-conditioned plants did not reach 
the seed stalk stage, but the regrowth entered summer dormancy 
and yellowed-leaf stage of plant phenology. 

Defoliation before the b’oot stage did not increase the late season 
quality of bluebunch wheatgrass. As speculated by Anderson and 
Scherzinger (1975), and quantitatively shown by Pitt (1986), defo- 
liation after the vegetative stage of plant phenology is needed to 
increase the winter quality of bluebunch wheatgrass. Bluebunch 
wheatgrass is a grazing-sensitive species, and defoliation late in the 
spring but before summer dormancy, can cause damage to the 
vigor and health of the plant (Stoddart 1946, Wilson et al. 1966, 
Mueggler 1975, McLean and Wikeem 1985). Research on late- 
spring grazing is needed that would incorporate cattle grazing after 
the vegetative stage, and quantitatively measure forage nutrient 
concentrations, plant vigor, and actual elk use after grazing. 

Early spring grazing before the boot stage can be beneficial to elk 
winter range, even though the increase in forage quality is minimal. 
Early spring grazing, if controlled, can allow bluebunch wheat- 
grass to reestablish regrowth and accumulate carbohydrate reserves 
for the year before dormancy (Mcllvanie 1942). Grazing can 
decrease the amount of old standing material, and increase the 
availability of the current years growth of forage (Willms et al. 
1979, Grover and Thompson 1986). 
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Bluebunch wheatgrass regrowth from fall conditioning was sig- 
nificantly higher (p<O.O5) in digestibility and percent phosphorus 
when compared to the older, mature forage of the control and 
springdefoliated samples. Fall-conditioned forage exceeded elk 
requirements for both calcium and phosphorus. The calcium to 
phosphorus ratio was near the optimum absorption range. Diges- 
tibility was high, suggesting that digestible energy and protein 
levels should be increased relative to undefoliated forage. The 
fall-conditioned regrowth can supply the nutrients needed for elk 
in the winter, whereas the control and spring-conditioned forages 
are nutritionally deficient. 

April Forage Status 
In April, forage from all treatments exceeded elk requirements 

for calcium and phosphorus, and the calcium-to-phosphorus ratio 
was optimum. In vitro dry matter digestibility was high (76-87%) 
for forage from all treatments for both years. This indicated that 
the previous year’s defoliation did not affect forage quality the 
following spring. Fall defoliation did reduce digestibility in year 1 
@<0.05) however, this may have little biological impact at digesti- 
bilities near 80% (Table 1). 

Available Forage 
In November, spring conditioning decreased available forage by 

33 and 47% when compared to the control for 1988 and 1989, 
respectively (Table 2). Fall conditioning decreased available forage 
by 95 and 81% of the control for the 2 years of the study. The 
increase in digestibility and phosphorus in November is beneficial, 
assuming that regrowth is attained. Fall rains stimulated fall 
regrowth each year of this study. If fall precipitation is low, or cool 
temperatures come early, there may be little or no regrowth after 
fall-conditioning. Regrowth after fall cattle grazing occurred in 
only 2 of 5 years in eastern Oregon on crested wheatgrass (Agro- 
pyron cristotum [L.] Gaertn.) pastures (Hedrick et al. 1969). If the 
forage is fall-conditioned and regrowth is not achieved, the remain- 
ing forage will have the same nutrient quality as undefoliated 
forage, but the available forage will be greatly reduced. If there is 
regrowth after fall conditioning, the regrowth will exceed elk 
requirements for calcium, phosphorus, and digestibility. The nut- 
rient quality will be appreciably higher, but the available forage 
reduced, compared to undefoliated forage. 

The control and fall-conditioned treatments in this study repre- 
sented opposing levels of forage availability, but actual livestock 
utilization will generally result in an intermediate level of forage 
availability. Actual livestock utilization will show much spatial 
variation resulting in a diverse array of plant structures, such as 
older, mature vegetation supplying biomass and regrowth supply- 
ing high quality forage. Finding the point of balance in plant 
structures among the large array of potential forage conditions 
resulting from grazing is where management skill is needed to 
complement the land manager’s scientific knowledge. 
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Abstract 

Botanical composition of llamas and sheep diets were quantified 
monthly during 1 year in the arid highlands of Bolivia to identify 
competition between these species for forage resources. Results 
indicated higher proportions of coarse hunchgrasses in llamas diets 
(48 to 75%) than in sheep (37 to 68%), while sheep consumed more 
soft herbs and grasses than llamas (25 to 45%, and 8 to 25%, 
respectively). Llamas had higher (PCO.05) digestion coefficients 
than sheep for organic matter, dry matter, crude protein, and fiber 
fractions of the principle bunchgrass paja brava (Festuca ortho- 
phylla) during the vegetative phenological stage. Shrubs repres- 
ented less than 20% of the diet components in both llamas and 
sheep. A canonical discriminant analysis showed that there was not 
a strong dietary overlap between these species, and suggested that 
mixed herds could allow a better utilization of the overall available 
forage. 

Key Words: diet selection, llama, sheep, dietary, overlap, digesti- 
bility, arid highlands, Bolivia 

Livestock production is the dominant activity of small holders 
inhabiting the arid highlands of Bolivia. Llamas are characteristic 
of this zone, which supports 70% of the world llama population 
(Wheeler 1991). This species is generally associated with sheep in 
the farming systems. The only sources of feed are native range- 
lands, including several unique plant communities, especially 
adapted to the adverse climate of the area. Among these, the 
so-called “pajonales” occupy extensive areas and are formed by 
tall, coarse bunchgrasses, of the Stipa and Festuca genera. Alzer- 
reca and Lara (1988) reported that Festuca orthopyllu, called “Paja 
brava” or “iru ichu” by natives, is the dominant species in almost 
30% of the area of central highlands of Bolivia. This species is 
considered a poor forage, due to its roughness and its very low 
nutritive value. For example, Alzerreca and Cardozo (1991) 
reported crude protein content varied from 2.5 to 7.6% dry matter. 
Nevertheless, paja brava is sometimes the only available forage for 
the herds. 

Very few studies have focused on the feeding behavior of llamas 
and sheep in the Andes. San Martin (1987), and Pfister et al. 
(1989) showed that sheep were more selective grazers than camel- 
ids and occupied different foraging niches in the semi-humid 
Andes of Peru. In the arid andes of Bolivia, knowledge of diet 

The authors wish to thank L. Markowicz and M. Gonzales for helpful comments on 
the manuscript. This work was carried out within the collaborative program between 
the Bolivian Institute of Agropastoral Technology (IBTA) and the ORSTOM entitled 
“Dynamics of production systems in the bolivian altiplano”. 
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selection of different grazing species is necessary for a better man- 
agement of the fragile highland vegetation. 

The differences between llama and sheep in the ability to digest 
forage are better documented. San Martin and Bryant (1989) 
reviewed previous comparative digestibility trials, reporting gener- 
ally higher digestion coefficients for llamas than for sheep. They 
pointed out that these differences increased as the overall quality of 
the diet decreased. Concerning coarse bunchgrasses, Maiza and 
Cardozo (1992) found a digestion coefficient for dry matter of 
Stipa ichu almost 20% greater in llamas than in sheep. Lailhacar 
(1990), reported in vitro dry matter digestion coefficients of paja 
brava between 38% and 52%, but did not precize the rumen inocula 
used. 

The objectives of this study were: (1) to quantify the botanical 
composition of diets of llamas and sheep in the arid highlands of 
Bolivia, with special emphasis on the role of paja brava and, (2) to 
compare dry matter digestibility of paja brava in llama and sheep. 

Materials and Methods 

The study was conducted at Turco (17’57’S, 68O 15’E), in the 
Department of Oruro, Boliva. The elevation is 3,900 m. Climate is 
arid tropical arid: annual precipitation averages 320 mm, falling 
between December and March. Mean annual temperature is 7.6” 
C, with much larger diurnal variation than seasonal fluctuation. 
Frosts occur approximately 300 days per year. During the study 
period (October 1991-September 1992) rainfall was only 210 mm. 

A feeding behavior study was conducted at the estancia Cho- 
colla, typical of the mixed camelid-sheep breeding system of the 
region. The herds were composed of 50 adult female llamas and 130 
sheep. Vegetation of the 520-ha study area included: 

-Pujonales-tall grass communities, dominated by the genera 
Stipa and Festucu, comprising 43% of the total feeding area, 

- 77roZures-shrub communities, dominated by shrubs of the 
genera Purustrephiu, Bucchuris, Fubiunu and Tetruglochin, oc- 
cupying 50% of the total feeding area. 

- Bofedal and grumudul-short grasses and forbs communi- 
ties, partly flooded, accounting for 2.5% of the total feeding area. 

A detailed description of the vegetation has been presented by 
Moron et al. (1992). 

Animals foraged on the entire feeding area during the whole 
year. Diet selection was determined monthly for 1 year (October 
1991-September 1992) by direct observation of the animals, using 
the bite-count method (Reppert 1960; Meuret et al. 1985). Data 
were recorded during an entire daily feeding time for each species. 
Every 30 minutes, for a 10 minute period, the bite counts were 
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recorded for a focal adult animal chosen randomly. The focal 
animal was changed every 30 minutes. In the bofedal-gramadal 
communities, all herbaceous species were considered a single 
group because of the difficulty in recognizing the species actually 
consumed. Simulations of bite weight for each forage species were 
made, following Stobbs (1973) and Meuret et al. (1985). Results 
are reported as the forage species contribution to diet, taking into 
account the grazing time spent in the different types of vegetation, 
as presented by Genin and Badan (1991), and Genin and Pijoan 
( 1993). 

Llama and sheep diets were analyzed using canonical discrimi- 
nant analysis, a multivariate statistical technique that allows study 
of differences between 2 or more groups of data simultaneously 
(Hanley and Hanley 1982, Ortega 1991). This technique permits 
the separation of llama and sheep diets if forage selection is signifi- 
cantly different. Discriminant analysis was applied to the diet data 
pooled across all seasons, only including plant species or categories 
comprising more than 5% of the diet. To test for statistical signifi- 
cance among groups, the F ratio for the Mahalanobis distance 
between each pair of groups was calculated (Hanley and Hanley 
1982). 

A comparative digestion trial was then performed using paja 
brava as a unique source of feed. Three 4-year-old male llamas 
(mean weight 90 kg), and three 2-year-old castrated criollo sheep 
(mean weight 2 1 kg) were housed in metabolic cages at the experi- 
mental station of Turco (PROCATUR). Animals were fed ad 
libitum paja brava over 14 days. Fresh material of paja brava was 
collected daily, imitating the selection of free-ranging animals, 
during 2 periods in February and September, months within the 
wet and dry seasons, respectively. For the final 6 days, samples of 
feeds, orts, and faeces were collected and dried to determine dry 
matter digestibility (DMD) and for laboratory analyses. These 
included crude protein, crude fiber, ether extract, non nitrogen 
extract, and ash contents. Digestion coefficients were calculated on 
the basis of dry matter. Metabolizable energy (ME) was estimated 
based on organic matter digestibility, following Morgan (1974). 
An analysis of variance was performed to compare the differences 
in digestibility between llama and sheep. The Newman-Keuls test 
was used to compare digestion coefficients between species. Per- 

0 N DJ FMAMJJAS 

MONTHS 

m F orthophylla m Onerbulcngrasses m SOflnerbS/graSSeS m Shrubs 

Fig. 1. Annual fluctuation in the botanical composition of llama diets. 
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Fig. 2. Annual fluctuation in the botanical composition of sheep diets. 

cent data were submitted to an arcsine transformation. following 
Steel and Torrie (1980). 

Results and Discussion 

Botanical Composition of Diets 
Forages were grouped into 4 classes: paja brava, other coarse 

bunchgrasses, soft herbs and other grasses, and shrubs. Monthly 
contributions to diet of F. orthoph?slla, the other coarse bunch- 
grasses (Stipa ichu and F. dolichophylla), soft herbs and grasses 
(Calamagrostis heterophylla, Poa candamoana, Muhlenbergia 
peruviana, M. fastigiata, Malvastrum peruvianum, Distichlis 
humilis, etc...), and shrubs ( P. lephidophylla, P. quadrangularis, 
Baccharis incarum, Tetraglochin cristatus, Adesmia spinossis- 
sima) are shown in figure I for llama and figure 2 for sheep. A 
detailed description of diets by forage species, is presented by 
Villca (1993). Throughout the year, coarse bunchgrasses consti- 
tuted the major component of diets selected by llama (48-75%) and 
sheep (37-687~). Llamas consumed 15 to 20Yc more (P<O.O5) of the 
coarse bunchgrasses than sheep, irrespective of season. Paja brava 
was the most consumed species by llama (20 to 4 1 Cc) and sheep ( I5 
to 33%). 

Differences in consumption of soft herbs and grasses reached to 
50.6% in the dry season (April to December), and 29yc in the wet 
season (January to March), in favor of sheep. 

Though the shrub foliage was abundant in the rangeland, shrubs 
represented less than 20% of the dietary components by both 
llamas and sheep, and were slightly more consumed by llama than 
by sheep (differences in consumption of 28 (PCO.10) to %% 
(DO. 10) in wet and dry season, respectively). 

San Martin (1987) found a similar spectrum for botanical com- 
position of llama and sheep diets in a sub-humid zone of the 
Peruvian highlands. Tall grasses comprised 42 and 25Y0 to the diet 
of llama and sheep, respectively. Llamas are viewed primarily as 
grazer herbivores, and their feeding behavior specificity lies in their 
ability to consume large quantities of coarse bunchgrasses (San 
Martin 1989; Pfister et al. 1989). 

The F-ratio for the most important forages consumed showed 
significant differences in consumption between llama and sheep for 
paja brava, gramadal, annual grasses, C. heterophylla, P. can- 
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Table 1. F-ratios resulting from analysis of variance for animal species 
effects (llamas and sheep) on forage consumption by plant species or 
categories. 

Forage species F P>F 
F. orrhophylla 
S. ichu 
P. lepidophylla 
B. incarum 
A. spinossisima 
T. cristatus 
P. candamoana 
C. heterophylla 
Annual grasses 
F. dolichophylla 
gramadal 

**:p<o.o1 (*):p<o.lo 

17.59 o.o002** 
1.66 0.21 
1.36 0.25 

18.80 0.ooo1** 
3.84 0.059(*) 
0.47 0.50 

10.78 0.0025** 
7.11 0.01** 

11.84 0.0017** 
0.49 0.49 

14.99 o.o005** 

&moann, and B. incarum (Table 1). 
Results of canonical discriminant analysis are shown in figure 3. 

The first canonical axis (CAN 1) allowed a complete discrimination 
of llama and sheep diets. Forages which strongly determined this 
axis were positively paja brava, B. incarum, S. ichu, P. lephido- 
phylla and P. qudrangulare, and, negatively, gramadal, annual 
grasses, P. candamoana and C. heterophylla, Llama’s diets were 
always positive scores on this axis (mean 2.38), while sheep’s diets 
presented negative values throughout the year (mean -2.53). The 
CAN2 axis did not segregate any particular group. 

These results support the data presented by Alvarez (1993), who 
compared winter diets of alpaca, llama, and sheep in the sub- 
humid region of Puno, Peru. 

Table 2. Chemical composition ofF&uca orthophyllo during wet (vegeta- 
tive stage) and dry (mature stage) seasons. 

DM OM CP CF EE NFE ash 

_______________ (%I--- - __----____- 
56.2 94.9 6.6 44.0 1.0 38.3 3.9 
12.5 92.8 1.4 42.7 0.7 44.5 1.2 

Wet season 
Dry season 

Data tend to demonstrate that there is not a strong dietary 
overlap between llama and sheep in the arid highlands of Bolivia. It 
seems that mixed species herds allow a better utiliiation of forage 
resources than monospecific herds in this environment. This 
assumption was clearly demonstrated for sheep and cows in other 
situations (Nolan and Connolly 1977). 

Digestibility of F. orthopl?ylkr 
Chemical composition of paja brava showed that this species is a 

poor quality forage even in vegetative stage (Table 2). Llamas had 
higher digestion coefficients for paja brava than sheep, with a 
difference in dry matter digestibility of 23% and 5% during the wet 
and dry season trials, respectively (Table 3). Digestion coefficients 
in the vegetative stage were all significantly higher in llama than in 
sheep. Llamas generally have greater digestive efficiency than 
sheep for low and medium quality diets (San Martin and Bryant 
1989). This may be explained by a longer retention time of digesta 
(San Martin 1987), and by more frequent contractions of the 
forestomach, the rumination cycle, and the higher ratio of salivary 
flow to forestomach size in llama (San Martin and Bryant 1989). 
These characteristics provide for more efficient maceration, mix- 
ing, and absorption of digesta in llama. Finally, nitrogen metabo- 
lism has been shown to be more efficient in llama (Engelhardt and 
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Fig. 3. Canonic discrimination of selectivity of llamas and sheep for forages in the Bolivian arid highlands. 
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Table 3. Digestion coefficients, intake, ad performances of IIamaa and 
sheep consuming Festuca orthophylk 

Wet season Dry season 
Llama Sheep Llama Sheep 

Digestion Coefficients 
D.M. 54.2. 41.4b 41.3’ 39.4a 
O.M. 56.9. 42.3b 47.7’ 42.4b 
C.P. 59.7. 52.0b -60.5” -57.2’ 
C.F. 64.2” 50.5b 59.4’ 52.6b 
E.E. 45.8’ 17.9b -18.4a 26.5b 
N.F.E. 48.5” 31.9b 40.7’ 35.9’ 

Intake and Performances 
intake looo.1 377.5 695.3 300.6 

(gl head/day) 
Intake 34.2’ 40.2b 24.4’ 30.gb 

(gl Kg0.76/ day) 
Intake 1.1 1.9 0.8 1.4 

(70 live weight) 
Metabolizable 
energy 68.7 60.1 40.4 47.9 

(kcal/ Kgwo.‘J) 
liveweight +140 -61 -618 -282 

Ialheadldavl 
Means in row with different superscripts, by season, differ @<0.05). 

Schneider 1977), which could greatly improve microbial fermenta- 
tion with low quality diets. 

Intake of paja brava was low in relation to the levels of intake 
previously reported (San Martin and Bryant 1989). This lower 
intake has to be related to the very low quality of the forage used 
(Table 2). For the 2 experimental trials, intake (in g/ KgMBW/d) 
was always lower in llama than in sheep, with a difference of 15 and 
21% in wet and dry periods, respectively. 

Llama gained 14Og during the wet period, while sheep lost 61g 
daily. Estimates of dietary metabolizable energy indicated that 
llamas could meet maintenance requirements (61.2 Kcal/ kg 
MBW/d; Engelhardt and Schneider 1977) during the wet period. 
However, sheep maintenance requirements are 60% higher (98 
Kcal/kg MBW/d; NRC 1975) and exceed the energy content of 
paja brava (Table 3). During the dry season trial, energetic supplies 
were not sufficient to meet requirements in both llamas and sheep. 

Conclusion 
Dominant rangelands of the arid bolivian highlands support 

poor quality forages. Nevertheless, livestock production is an 
important activity of this zone. Mixed herds of llamas and sheep 
allow a better utilization of the overall available forage. Llamas, 
due to their forage preferences and digestive physiology, are able to 
use the dominant bunchgrasses of the area better than sheep. These 
plant species are well adapted to the environment and can support 
camelid production during the wet season. Sheep are more 
dependent upon the presence of short grasses and forbs communi- 
ties (bofedal and gramadal). During the dry season, however, 
forage is scarce and rough. Mortality is high, especially in young 
animals. Management should emphasize eventual feed alternatives 
to meet nutritional requirements of the animals during this season, 
such as chemical treatment of coarse bunchgrasses or adapted 
cultivated forages supplementation. 
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Abstract 

A large number of inexpensive rain gauges were required for a 
study currently being conducted in the Black Hills of South 
Dakota. A gauge utilizing discarded 24iter plastic soft drink bot- 
tles was designed and constructed at very low cost. Assembly took 
less than 5 minutes per gauge and required minimal equipment. 
The gauges have been in use for 1 growing season and have pro- 
vided accurate, reliable data. 

Key Words: precipitation measurement, rain gauge, soft drink 
bottles, recyclable 

Intensive rainfall measurements were required during a study of 
overstory-understory interactions in relation to soil moisture in the 
Black Hills of South Dakota. The study required 88 sampling 
stations under varying ponderosa pine (Pinus ponderosa Laws.) 
canopy densities. Rainfall was to be measured weekly, or more 
frequently if heavy precipitation events were encountered. Project 
budget limitations dictated the need for an inexpensive precipita- 
tion gauge. Standard, “Forest Service type” rain gauges (18.4 cm 
diameter X 25.4 cm height), cost approximately $170.00 each (Ben 
Meadows Company). Randomness of precipitation throughfall 
under pine canopy ruled-out the use of the “homeowner” type 
gauges, usually made of plastic and having a much smaller orifice. 
These types can cost from about S3 to nearly $30 each. A gauge 
assembly similar to that described by Ohlenbush (1972) was consi- 
dered, but appeared to be expensive and difficult to construct. 
Thus, the high cost associated with purchasing a large number of 
commercially available gauges necessitated the development of an 
inexpensive, yet effective gauge. 

Methods, Materials, and Discussion 

The alternative gauges were constructed using discarded 2-liter 
plastic soft drink bottles obtained from a local recycling center at 
no charge. Total assembly time was less than 5 minutes per gauge. 
Although 2-liter plastic soft drink bottles were selected for this 
study, other discarded plastic containers such as bleach bottles or 
3-liter plastic soft drink bottles could also be used. Precipitation 
(ppt) is measured volumetrically in milliliters using a graduated 
cylinder. A general equation to convert milliliters (ml) of water 
collected to millimeters (mm) of ppt is derived as follows: ppt in 
mm = ml of water collected f (3.1416) X (radius of the collection 
area of the gauge in mm)* X (1 mm depth in spout) X 0.001) ml per 
cubic mm of precipitation. This general derivation is provided to 
allow conversion factors to be calculated for gauges with various 
collection area radii. For example, to convert ml collected to mm 
of ppt for a 2-liter soft drink bottle gauge with a collection radius of 
54.77 mm, the following equation is used: 

ppt (mm) = ppt (ml collected) f (3.1416) X (0.001) X (5477P. 

Manuscript accepted 21 Jun. 1993. 

JOURNAL OF RANGE MANAGEMENT 47(3), May 1994 

The assembly process is depicted in Figure 1. Construction 
requires a ruler or tape measure, and a sharp knife or razor blade. 
First, remove the cap and label from the bottle. Next, rinse the 
bottles to remove any residue. Make a straight cut around the 
bottle 18 cm from the bottom (Pig. 1 A). It may be easier to mark a 
line on the bottle first. For producing large numbers of these 
gauges, a large can or tube with a hole in the side 18 cm from the 
bottom can be used to mark a level line at the correct height. 

‘ig. 1. Construction of P gauge. 

Simply place the bottle in the tube or can and insert a permanent 
marker through the hole from the outside and rotate the bottle. 
Invert the top portion of the bottle (spout) and insert it firmly into 
the bottom section of the bottle (Fig. 1 B). These 2 sections should 
fit together very tightly. Although we have not experienced any 
difficulties during field use, tape or some type of clip may be used to 
prevent separation of the parts due to high winds. The gauge is now 
complete and ready to be mounted as desired (Fig. 1C). 

The gauges may easily be mounted in a variety of ways and 
locations. The mounting method used in the current study required 
the use of another 2-liter plastic soft drink bottle as a gauge holder 
as shown in Figure 2A. Mark and cut as if you were making 
another gauge. Return the top portion to a local recycling center. 
Slit the bottom section from the top edge to the top of the hard 
plastic base. The gauge holder can be attached to a wooden post or 
stake using a sheet metal screw. The gauge will slip firmly inside, 
yet is easily removed for measurement. In areas of low growing 
vegetation, the gauge can be staked to the ground using 2 stiff wires 
with a small hook bent on the upper end as shown in Figure 2B. 
When wires are inserted into the soil and over the rim of the gauge 
orifice, the gauge will be firmly attached at ground level. 

This type of gauge has many advantages. First, it provides 
accurate data for research purposes. A comparison was made 
between the precipitation measured in standard type gauges and 
alternative bottle gauges using regression analysis (PROC GLM, 
SAS@ Institute 1988). The relationship was essentially linear (Y = 
-0.013 + 1.10X, R*= .99, df = 1) and the intercept was not signifi- 
cantly different from zero (EO.05, T = -1.68, df = 1). The gauge is 
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Fig. 2. Mounting methods. 

also inexpensive and requires minimal preparation time. It allows 
the use of large sample sizes with little capital outlay. If gauges are 
damaged, either by livestock, wildlife, or vandals, they can be 
easily replaced and only the data will be lost. The gauges are 
capable of producing reliable, consistent data for research pur- 
poses. The funnel-shaped top section hinders debris from entering 
the gauge and prevents animals from altering the contents. Con- 
version of bottles to rain gauges is also environmentally friendly, 
providing a direct reuse of plastic products without energy con- 
sumption for reforming. 

The flexible material will not deteriorate because of exposure to 
the elements. The plastic is rustproof and will not crack, even when 
exposed to freezing temperatures. The plastic is impervious to both 
oil and anti-freeze. Additionally, measuring the rainfall is simpli- 
fied because the flexible container is easily squeezed to permit 
pouring into a graduated cylinder. Because precipitation may vary 
considerably even over small distances, this low cost gauge will 
allow researchers to collect precipitation data at specific study 
locations. Furthermore, water beads up on the material and flows 
easily into the collection reservoir. The gauges are ultra-light- 
weight and stackable for easy transport into remote areas. 

The gauge has some disadvantages. The maximum capacity of 
the gauge as presented is approximately 530 ml, which is equivalent 
to 56.1 mm of precipitation. Maximum capacity is reached when 
the water level in the gauge reaches the bottom of the spout inside. 
Because the 2 sections of the gauge form such a tight seal, air 
pressure does not allow additional precipitation to enter tlie collec- 
tion reservoir. Large precipitation events or using this gauge in 

areas where it is not frequently checked would present problems. 
However, the gauge could be modified to a maximum capacity of 
820 ml or 86.9 mm by cutting off the lower portion of the spout as 
shown in Figure ID. 

A second disadvantage results from the transparency of the 
plastic material. When exposed to the sun, the moisture in the 
gauge evaporates and condenses on the inner sides of the collection 
reservoir. This moisture can be retrieved by simply tapping the 
gauge prior to measurement causing the moisture to return to the 
bottom. 

The use of a small quantity of oil in the gauge will prevent 
evaporation. A preliminary test was conducted to determine the 
effectiveness of oil in preventing evaporation in this type of gauge. 
Four gauges, each containing 250 ml of water were placed in an 
environmental chamber for 10 days. Ten ml of 30 weight motor oil 
were added to 2 of the gauges. Duririg field use, it would be 
suggested that a nontoxic oil be used in place of motor oil. The 
temperature was kept at 32” C and a small fan was operated 
continuously to simulate wind action 24 hours a day. After 10 days, 
the 2 gauges containing oil retained the original 250 ml, while the 2 
without oil averaged only 130 ml. This suggests that oil would be 
required if the gauges were left for long periods of time. It should be 
noted that rarely would conditions be encountered that are as 
conducive to evaporation as our experiment for such extended 
periods of time. 

In summary, the gauge described provides a low cost method to 
determine precipitation for researchers, public land managers, 
ranchers, or homeowners. The low cost and simple design satisfied 
the needs of the current project and may prove useful in other 
research projects requiring intensive precipitation measurement. 
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Abstract 

Plains pricklypear cactus (Opuntiupolyacantha L.) is abundant 
on the Central Great Plains with dry matter yields from 1,500 to 
2,000 kg/ha. Cactus spines prevent cattle from grazing as much as 
50% of the herbage around the plant. Pricklypear pads are quite 
palatable once spines have been removed. The possibility of simul- 
taneously controlling and feeding plains pricklypear led to devel- 
opment of machinery for harvesting cactus. The harvesting 
machine is a side-delivery rake modified to uproot and windrow 
pricklypear which is later despined and fed to cattle. Machine 
harvesting was compared to hand harvesting on both a sandy loam 
and a clay loam site. There was no significant difference in cactus 
removal between hand and machine harvested plots or significant 
damage to desirable forage species. Pricklypear phytomass remo- 
val by the harvester averaged 89% and 88% on the sandy and clay 
loam sites, respectively. This provided an average of 1,166 kg/ha 
cactus as potential feed and increased availability of desirable 
forage species. 

Key Words: cactus, machine harvester, range improvement, 
Opwttia polyacantha, shortgrass range 

Over 2,400,000 ha of rangeland in eastern Wyoming and north- 
eastern Colorado have pricklypear (Opuntiu polyacunrha L.) 
infestations of economic consequence (Alley and Lee 1969, Sims 
1973). Pricklypear dry matter yields frequently exceed 2,000 
kg/ha. Pricklypear spines make about 50% of perennial grass 
production in and around the plant unavailable for grazing (Smith 
et al. 1985). Several methods for eradicating it have been attemp- 
ted. Picloram (4-amino-3,5,6,-trichloro-2-pyridinecarboxylic acid) 
and Silvex [(2-(2,4,5+richlorophenoxy) propionic acid] provide 
effective chemical control (Thatcher et al. 1964, Hyde et al. 1965, 
Sims 1973). Silvex is no longer available for use and picloram may 
damage desirable forage species and leave cactus pads intact for 2 
or more years. Other control methods have included blading, 
beating, and burning (Hyde et al. 1965). Blading causes damage to 
other vegetation. Beating leaves cactus pads on the ground where 
they can start new plants by rooting (Costello 1941, Hyde et al. 
1965, Laycock 1982). Burning cactus can result in nearly 100% 
control if sufficient forage (500 kg/ ha continuous grass) is avail- 
able as fuel (Smith et al. 1985). 

Cattlemen historically have used pricklypear both as a drought 
feed and as forage (Griffiths 1906, Woodward et al. 1915). In some 
instances it is still used as emergency feed during drought. Chemi- 
cal analysis and digestion trials have shown plains pricklypear 
digestibility to be equal or superior to that of high quality hay 
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(Shoop et al. 1977). Attempts have been made to make pricklypear 
more available as a feed by removing spines in the field with fire. 
Shoop (personal communication) found that 670 kg/ ha of herbage 
is required for fuel to effectively singe cactus spines in place. Some 
protected spines are impossible to remove even with greater 
amounts of fuel. To singe or destroy pricklypear in place, the 
current year’s forage that must be burned is lost as livestock feed. 

The possibility of simultaneously controlling and collecting 
plains pricklypear for later feeding to livestock led to development 
of cactus harvesting machinery at the Central Plains Experimental 
Range (CPER) in northeastern Colorado. We postulated that a 
harvester would pay for the cost of pricklypear control by making 
the cactus available as feed. 

The objective of this study was to modify existing machinery to 
uproot and windrow cactus with minimal turf or soil disturbance 
and to develop equipment to pick up pricklypear for spine removal 
and feeding. 

Equipment 

A front-mounted International Harvester No. 8, high-speed 
parallel-bar type, side-delivery raker was modified for uprooting 
and windrowing pricklypear. Major modifications included the 
addition of vertically adjustable wheels, replacement of the solid 
mount to the tractor with a rotating mount (Fig. l), and altering 
the teeth to a fork like configuration by attaching a small 3- 
pronged fork at a 45O angle to the tip of each rubber-mounted rake 
tooth (Fig. 2). Wheels, located at the rake axis, gave instant 
response to any change in ground contour and allowed reel height 
to be adjusted. The rotating mount used a modified truck front 
axle which attached the rake to the tractor and provided a bearing 
surface on which the rake frame could rotate in response to any 
irregularities in terrain encountered by the rake wheels. The 45’ 
angle on the fork allowed it to slide under the cactus pads. Spacing 
the fork teeth 2.5 cm apart prevented cactus pads from escaping 
between the teeth, enabling the rake to pull cactus from the ground. 

The rake used 4 bars with 30 teeth on each bar to accomplish 
raking action. The rake was powered at a reel speed of 165 rev/ min 
by a hydraulic motor that delivered 9.7 kw when driven by the 
tractor hydraulic system which pumped 38 liters/mm at 16 mPa. 

Thirteen-millimeter-hardware cloth around the front and top of 
the rake prevented cactus pads from being tossed in the air, while 
2.5- X 15-cm chains at the bottom of the screen prevented pads 
from escaping underneath (Fig. 1). Cactus pads torn loose by the 

1 Mention of a trademark or manufacturer by the USDA does not imply its approval to 
the exclusion of other products or manufacturers. 
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Fig. 1. Mechanical pricklypear harvester developed by USDA-ARS at Central Plains Experiment Station. Lenern refer to the following: (a) 30-cm 
diameter wheels;(b) 1.3~cm screen; (c) 1.3-m chain;(d) conveyor;(e) pickup; (0 25 X I- X 73.7~cm spron chain; (9) *O-cm wheels. 

bIODIFIED 

RAKE TOOTR 

a\ 

ORIGINAL 
RAKE TOOTH 

Fig. 2. MDdifidrubber-mauntedrslrrtoath.Lettrnrcfcrtothrfollowinb: 
(8) 7.s-cmlongfork;(b)45” a”gle;(c)2.s-cm spPeingbctwecn,orlttnth; 
(d) 25cm tooth;(e) 28” angle; (0 20-cm rubber-mounted rake twth. 
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raxe were windrowed. 
A pickup device lifted cactus pads from the windrow onto the 

conveyor (Fig. I). The pickup, mounted in front of the conveyor 
wheels, consisted of 6 pieces of pipe attached to an aprondrive- 
gearassembly(Fig. 3). Ten, springsteelteethweremounted5.0cm 
apart on each pipe (Fig. 3). The pickup reel was rotated in the 
direction of travel at approximately 166 rev/min by the same 
hydraulic motor that powered the apron chain. 

One end of a 0.3- X 74-X 30-cm sheet metal scoop was mounted 
to the pickup drive shaft while the other end rested on the apron. 
As the scoop scraped along the ground it prevented cactus pads 
from escaping under the conveyor. Slots were cut into the scoop so 
that unwanted residue could escape (Fig, 3). An onion conveyor 
chain was selected because it appeared to be the correct sire to 
retaincactuspads yetallow trashtofall through thechain(Fig. I). 
Adjustable wheels at the front of the conveyor ensured a constant 
height above the ground (Fig. 1). 

A separate hydraulic system powered the conveyor and pickup 
attachment. A PTO-drive l2-kw rated hydraulic pump delivered 
68 liters/min at 10 mPa when operated at 540 rev/min. A 7 kw 
motor drove the apron chain at 31 cm/s. 

Methods 

The study to test the pricklypear harvester was conducted at the 
Central Plains Experimental Range near Nunn in northeastern 
Colorado on both a sandy loam and a clay loam site. Perennial 
grasses dominated the experimental areas on both soils. In 1980 
blue grama [Boutelouo grocilis (H.B.K.) Lag. ex Griffiths] made 
up 63% of nonpricklypear phytomass on the sandy loam site, while 
buffalo grass [Buchloe doctyloides (Nutt.) Englm.] made up 57% 
of composition of the clay loam site. Common shrubs were spread- 
ing wild buckwheat (Eriogonum elfsum Nutt.) on the 
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Table 1. Grws, forb, shrub, and E.C~US August 1980 and 1981 st.nd,ng 
crop after machine and bsnd harvesting May 1980 md April ,981. 

Sampk Dry weight 
*ate Site Check Machine Hand Mean 

Fig. 3. Pickup. Letten refer to the fallowing: (a) 3.2. X 69.cm pipe; (b) 
apron drive assembly for 5. X 1. X 7Ccm spron chain; (c) 0.6. X 20-cm 
spring steel teeth;(d) OS X 74. X 3O.cm curved sheet metal seoof,; (c) 
2.5~cm 6101s; (f) &cm HD pillow block bearing; (g) 1.3-cm dots; (b) 
Wcm bwc clamps; (i) S-cm spacers. 

sandy loam site and fringed sagewort (Artemisiafrigida Willd.) on 
the clay loam site. The most abundant forb on both sites was scarlet 
globemallow [Sphaeralceo cocciflea (Pursh) Rydb.]. Plains prick- 
lypear accounted for approximately 7% of the vegetative coverand 
58% of the total aboveground standing crop on both sites, 

Machine-harvest and hand-harvest treatments were tested against 
a control (no treatment) on both sandy loam and clay loam sites in 
May I980 and April 1981. Machine harvesting was performed 
without a pickup and conveyor in 1980. Windrows formed by the 
machine harvester in 1980 were removed by hand. In 1981 the 
harvester used a pickup and conveyor to remove windrows as they 
wereformed. Hand-harvestingand removalwasdone in both 1980 
and 1981 with hand held forks and rakes. Both treatments (hand- 
harvest and machine-harvest) removed cactus either by uprooting 
or breakage of the pads at ground level. The harvester was tested in 
both a sandy loam and clay loam soil, to determine if soil type 
influenced harvester efficiency. Completely randomized, long, 
narrow plots (9. I-X 54.9-m) were used to facilitate efficient opera- 
tion of the tractor harvester. Each olpt was subdivided into 2 

----_.._.-----._.---gr~~~ej(kg,h~)___.________________ 

August Sandy lOam 683 832 
,980 Clay loam 

782y 
4.56 473 414 45,x 

Mean 649a 578a 623a 
August Sandy loam 873 79, 825 83Oy 
1981 Clay loam 610 516 609 578x 

Mean 742a 6% 717a 

.__.______--_._.____a”““~,f~~b~(kg,b~)____________________ 
August Sandy loam 41 17 8 22x 
1980 Clay loam 18 14 14 ,5x 

Mean 30a ,ea ,,a 
August Sandy loam 129 125 141 132~ 
,981 clay loam 7 24 17 ,6x 

Mean @.a 75a 79a 

~~~~~. .__. .--.. ._. ,,ere”“i;;c,& (kgdgha) . .._.__.____._...... 
Sandy loa,,, 77 

,980 
lloy 

Clay loam 40 50 38 43x 
Mean 9% 75a 58a 

August Sandy loam 62 76 51 63x 
1981 Clay loam 32 47 43 41x 

Mean 47a 6k 47a 

A”g”St 
1980 

August 
,981 

August 
,981 

.-shrubs(kg,ha)________ __.. 

286 132 188 
37 34 79 

162a 83a 134a 
66 5, 33 
2, I8 4, 
44a 3% 378 

._eact”s(kg,,,a)__ _......... 

1398 221 6 
,202 161 22 
13twb 191a 14a 
1106 46 56 
,454 181 42 
1280b ,,4a 49a 

202y 
50x 

50x 
27.x 

542x 
462x 

403x 
559x 

sub-plots for vegetation sampling. The machine-harvest treatment 
and control were replicated 4 times on each site. Hand-harvest 
treatment was replicated only twice because ofthe time required to 
uproot and remove pricklypear with hand rakes and forks. 

Peak aboveground standing crop for all plant species was 
sampled in mid to late August of 1980, 1981, and 1982 using a 
weight-estimate method. Sampling was done on 25 quadrats (30- X 
30-cm) in each subplot. Field weights were convened to oven-dry 
weights based on samples of each species collected in the field and 
oven dried. 

Analysis of variance was used to compare treatments. Duncan’s 
new multiple range test was used for mean separation. Differences 
were considered significant at KO.05. 

Results and Discussion 
Control plot cactus production in 1980 averaged 1,398 kg/ ha on 

the sandy loam site and 1,202 kg/ ha on the clay loam site. In 1980 
the pricklypear harvester removed all but 221 kg/ ha and I61 kg/ ha 
of pricklypear phytomass from the sandy and clay loam sites, 
respectively. In 1981, the harvesterremovedall hut46 kg/haofthe 
cactus from the sandy loam site and 181 kg/ha of the cactus from 
the clay loam site. Cactus production on the sandy and clay loam 
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Harvest Dry weight 
date Site Control Machine Hand Mean 
-________ -----------grasses(kg/ha)-------- ______ __ ____ 
August Sandy loam 789’ 695 687 724~ 
1980 Clay loam 556 581 533 557x 

Mean 673a 638a 610a 
August Sandy loam 789 778 798 788~ 
1981 Clay loam 556 523 547 542x 

Mean 673a 651a 673a 

--------------------annua]forbs(kg/ha)-------------__-__-- 
August Sandy loam 46 25 62 44Y 
1980 Clay loam 5 4 14 8x 

Mean 26a 15a 38a 

August Sandy loam 46 39 65 50Y 
1981 Clay loam 5 8 5 6x 

Mean 26a 24a 35a 

Table 2. Cactus, forb, shrub, and grass standing crop in August 1982 of machine harvested plots (Table 2). An explanation of why shrubs 
plots machine harvested and hand grubbed in May 1980 and April 1981. were affected by harvesting in 1980 is not available. 

Conclusions 

The pricklypear harvester is as effective at removing cactus as 
hand grubbing and does not damage desirable grasses and forbs. In 
1981, the harvester-pickup combination removed 96% of the cac- 
tus from a sandy loam site and 88% of the cactus from a clay loam 
site. Machine harvesting reduced cactus phytomass an average of 
91% and provided 1,166 kg/ ha of cactus as potential feed. Harvest- 
ing cactus by machine should not only provide winter and/or 
emergency feed, but should also make previously unavailable grass 
forages available to livestock. The prototype harvester addressed 
only function, and not durability or safety. A commercial unit 
would require heavier duty components and need to pass required 
safety standards. 

--------------------perennialforbs(kg/ha)---------_--_------- 
August Sandy loam 46 47 115 69~ 
1980 Clay loam 33 29 38 33x 

Mean 40a 38a 7la 

August Sandy loam 46 78 89 7lY 
1981 Clay loam 33 37 31 34x 

Mean 40a 58a 6Oa 

______ --------------sh~bs(kg/ha)------- _______ _ ____. 
August Sandy loam 89 26 45 53Y 
1980 Clay loam 39 11 40 30x 

Mean 64b 19a 43b 

August Sandy loam 89 63 70 74Y 
1981 Clay loam 39 27 36 34x 

Mean 64a 45a 53a 

--------------------cactus(kgiha)--_----~~~~__~~_~~_~~ 
August Sandy loam 1240 231 4 49x 
1980 Clay loam 1175 271 15 487x 

Mean 1208b 251a 10a 
August Sandy loam 1240 103 52 465x 
1981 Clay loam 1175 196 62 478x 

Mean 1208b 15Oa 57a 

IMeans within rows with the same letter are not significantly different (P<O.OS). 

control plots in 198 1 averaged 1,106 and 1,454 kg/ ha, respectively 
(Table 1). The harvester removed an averaged of 89% of the cactus 
while hand harvesting removed more than 95% of the cactus; 
however, the difference was not significant (Table 1). 

During 1980, before the pickup device was developed, attempts 
were made to windrow cactus from 2 swaths with the harvester. 
Weight of 2 windrows bent rake teeth and permitted some cactus 
buried beneath the first windrow to remain rooted, leaving a row of 
attached cactus. Addition of the pickup and conveyor in 1981 
permitted cactus to be deposited in bags as it was harvested. The 
harvester-pickup combination did not leave rows of rooted cactus, 
which increased cactus removal efficiency on the sandy loam site 
from 84% in 1980 to 96% in 198 1. Advantages of the pickup device 
were not evident in pricklypear phytomass data on the clay loam 
site although the rows of partially remaining pricklypear were not 
left in 1981 (Table 1). Vegetation sampling the years that treat- 
ments were applied (1980 and 198 1) showed no significant harves- 
ter effects on grass, forb, or shrub production (Table 1). However, 
1982 vegetation sampling of treatments applied in 1980 and 1981 
showed a significant reduction in shrub phytomass on the 1980 
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Book Reviews 
The Biology of Deer. Edited by Robert D. Brown. 1992. 

Springer-Verlag New York Inc., ‘New York. 596~. US$98.00 
hardbound. ISBN O-387-97576-4. 
This effort is the proceedings of the International Conference on 

the Biology of Deer held at Mississippi State University in 1990. 
The first symposium held by this group (1983) was entitled Biology 
of Deer Production. While the word “production” was dropped 
from the second symposium, “to better reflect the comprehensive 
nature of the meeting”, commercial and production aspects of the 
world’s deer ranching industry provide most of the impetus for the 
research and discussions presented. 

Contributions are dispersed among eight major categories: biol- 
ogy of wild populations, animals’health and disease, management 
and behavior of farmed deer, deer products, reproduction, genet- 
ics, nutrition and physiology, and antler physiology. Each category 
contains a plenary lecture, two to seven manuscripts, and five to 
fifteen abstracts. Plenary lectures and manuscripts are well assembled 
and referenced. My only criticism is that many abstracts simply 
introduce pending interpretations. A special section, debating the 
commercialization of deer, a closing address on the biology of 
seasonal breeding in deer, and brief minutes of ten workshops 
complete the bulk of the text. 

Major emphases are on the most commercially valued red, 
white-tailed, and fallow deer, with the balance of the contributions 
dispersed among numerous lesser-known species. Much of the 
value and strength of the book is in the diversity of biomes and 
species covered. This breadth reveals many of the genetic and 
physiologic adaptations that have occurred in deer to facilitate 
survival from tundra to tropic regions. Specific species and topics 
of interest can be easily accessed because the book is well indexed. 

The commercial motivation of many of the book’s contributors 
may go against the grain of some North American big game 
research and field biologists. The commercial entities, however, 
have contributed greatly to the understanding of genetic, physio- 
logic, and nutritional processes of deer by providing money, facili- 
ties, animals, and controls necessary to address complex hypo- 
theses nearly impossible to quantify in free-roaming populations. 
Despite possible philosophic differences, wildlife biologists and 
game ranchers seriously interested in deer biology should consider 
acquisition of this book. Excerpts might also prove useful in wild- 
life and range-animal relations classes. While the book is not as 
all-encompassing as its title suggests, it is an excellent reference 
with applications to both wild and controlled populations.- 
David C. Gmskopp, USDA-AR& Burns, Oregon. 

Wilderness Issue in the Arid Lands of the Western United 
States. Edited by Samuel I. Zeveloff and Cyrus M. 
McKell. 1992. University of New Mexico Press, Albu- 
querque,NM 142~. US$29.95har&ound. ISBNO-8263-1365-5. 
There are presently more than 90 million acres within the 

National Wilderness Preservation System. A broad diversity of 
ecosystems is represented in the system. However, arid lands are 
generally under represented, Wilderness Issues In The Arid Lands 
Of The Western United States explores some of the issues involved 
in designating and managing arid lands as wilderness. 

Chapter 1, Arid Land Wilderness Issues identifies the issues and 
describes the lands at stake. This chapter introduces the seven 
other essays which were either adapted from a 1990 American 
Association For The Advancement Of Science meeting or solicited 
for this book. Chapter2, Is Reservation of Utah’s Remaining Ww~r 
in Utah’s Best Intrest? by Congressman Wayne Owens, is an expla- 
nation of the Utah Bureau of Land Management Wilderness Bill 
(H.R. 1500) which he introduced in 1989. 

The remaining chapters were not intended to provide anydevel- 
opmental sequence or continuity from essay to essay. Each has its 
own style, format and rigor. While the book has a pro-wilderness 
perspective it is not necessarily crafted to influence the reader. The 
editors point out that the selection of essays was not to provide an 
exhaustive treatment on every issue concerning arid lands wilder- 
ness designation and management, but rather to attempt to pro- 
vide an indepth look some of the vital issues. 

There are 3 chapters on wildlife issues. Chapter 3 discusses the 
management issues facing the Snake River Birds of Prey Sanctuary 
in southern Idaho. Chapter 4 reviews the ecology and management 
of bighorn sheep and feral horses. A conflict concerning the com- 
petition between these species is developing at the Bighorn Canyon 
National Recreation Area and Pryor Mountain Wild Horse Range 
on the border of Wyoming and Montana. An essay on fish and 
other aquatic resources is included because the editors believe that 
their limited supply and uneven distribution make them vital issues 
on arid lands. 

The remaining 3 essays focus on economic and other real and 
perceived social issues of wilderness designation and management 
of arid lands. The concerns of the ranching industry are enumer- 
ated in Chapter 6. Descriptions and aesthetic justification for 
preserving several unique wildland areas of southern Utah are 
presented in Chapter 7. The last essay (Chapter 8) addresses the 
economic impacts of wilderness designation. 

The book represents a compilation of independent essays offer- 
ing the reader varying insights into some of the issues of arid land 
wilderness designation and management in western United States. 
It draws attention to issues such as raptor habitat preservation, 
aquatic resource allocation and exotic species management which 
may be overlooked in similar discussions. The essay on the Utah 
BLM Wilderness Act (H.R. 1500) was written to explain and 
justify this legislation. Its inclusion provides valuable historic and 
political perspectives but does cause the book to appear dated. 
-Richard Shew, Department of Natural Resource Sciences, Pul- 
lman, Washington. 

New Advertising Rate 
Effective July I,1994 the new rate for advertising is as follows: 

Rates’ 1 Time 

inside Front Cover (8 l/2 X 11) 
Inside Back Cover (8 l/2 X 11) g:: 
Full Page (Bleed) (8 l/2 X 11) $660.00 
Full Page (7 l/l3 X 9 l/2) 
2/3 Page (7 l/8 X 9 l/2) g:t 
l/2 Page (3 l/2 X 9 l/2 or 7 l/8 X 4 3/4) $320.00 
l/3 Page (3 l/2 X 7 l/8 X 3 l/4) $200.00 
l/4 Page (3 l/2 X 4 3/4 or 7 l/8 X 2 l/2) $160.00 
l/8 Page (3 l/2 X 2 3/8) $80.00 
1 Column Inch (33 l/2 X 1) $40.00 

*Advertising Rates last increased February 1980. 

6 Times (Each) 

$700.00 
$640.00 
$560.00 
$520.00 
$360.00 
$200.00 
$168.00 
$140.00 
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