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Leafy Spurge Control and Herbicide Residue From Annual 
Picloram and 2,4-D Application 
RODNEY G. LYM AND CALVIN G. MESSERSMITH 

Abstract 
Annual application of picloram (4amino-3,5,6-trichloro-2-py- 

ridinecarboxylic acid) and picloram plus 2,4-D [(2,4-dichloro- 
phenoxy)acetic acid] and biannual application of 2,4-D for 5 con- 
secutive years was evaluated for leafy spurge (Euphorbia esula L.) 
control. The picloram treatments were evaluated for soil residue. 
The experiment was located at 2 sites in eastern North Dakota and 
1 site in western North Dakota on various soil types. Picloram at 
0.28,0.42, and 0.56 kg/ha provided 48,75, and 90% leafy spurge 
control after 4 annual treatments, respectively. Control increased 
to 85 and 91% when 2,4-D at 1.1 kg/ha was added to the amural 
treatment of picloram at 0.28 and 0.42 kg/ha, respectively. How- 
ever, 2,4-D with picloram at 0.56 kg/ha did not increase leafy 
spurge control compared to picloram alone. 

Picloram did not accumulate in the upper 15 cm of the soil 
profile and generally was not detected above the 2 ppbw level 12 
months following each annual application. Greater picloram 
residue was found deeper in sandy than clay soil and in soil with 
high compared to low organic matter. Picloram at 500 and 250 
ppbw was required to reduce leafy spurge seedling emergence and 
subsequent survival by 50$& respectively. However, picloram at 
125 ppbw reduced leafy spurge regrowth from root segments of 4 
lengths to near zero. Picloram at 8 to 32 ppbw stimulated leafy 
spurge seedling emergence compared to the control. Annual appli- 
cation of picloram at low rates gradually controlled leafy spurge, 
but picloram soil residues were not high enough to control subse- 
quent seed germination and shoot regrowth from roots. 

Key words: herbicide interaction, Euphorbia es& L., HPLC 

Picloram (4amino-3,5,6-trichloro-2-pyridinecarboxylic acid) is 
the most effective herbicide for control of leafy spurge (Euphorbia 
esulu L.) (Lym and Messersmith 1985a). Picloram at 2.2 kg/ ha has 
given 80% leafy spurge control 27 months after application in 
North Dakota and for 36 to 39 months in Wyoming (Alley et al. 
1983). The cost of picloram at 2.2 kg/ ha is often 5% or more of the 
total land value and 8 to 10 times higher than the cash rent value of 
pasture and rangeland (Johnson 1984). Thus, it often is not eco- 
nomical to control leafy spurge with high rates of picloram on large 
infestations in pasture and rangeland. 

24-D [(2,4dichlorophenoxy)acetic acid] dimethylamine at 1.1 
kg/ ha enhanced leafy spurge control when applied with picloram 
at 0.6 kg/ ha or less (Lym and Messersmith 1985a). Annual treat- 
ment of picloram at 0.3 to 0.6 kg/ ha with 2,4-D at 0.3 to 1.1 kg/ ha 
gradually improved leafy spurge control to 80% or better after 3 
years. This combination treatment also increased forage produc- 
tion up to 71% and reduced leafy spurge yield by 96% after 3 annual 
applications in North Dakota (Lym and Messersmith 1985b). 

Annual application of picloram could become an environmental 
hazard because of long persistence, relatively high water solubility 
and leaching potential, and high phytotoxicity. However, residue 
from picloram applied at 0.56 kg/ha or less generally does not 
persist in the environment. Herr et al. (1966) found that the highest 
picloram concentration in heavy to medium textured soil following 
annual application was near the surface but picloram residue was 
much deeper in light textured soil. Picloram dissipated faster at 
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low than high application rates on all 3 soil types. Picloram applied 
on rangeland generally has dissipated rapidly with the highest 
concentration remaining in the top 15 cm of the soil profile (Scifres 
et al. 1977). Picloram applied at 0.28 kg/ ha or less often dissipated 
within 60 days (Bauer et al. 1972; Scifres et al. 1971a, 1971b). 
Picloram at 2.2 kg/ ha applied 5 times in 2 years did not accumulate 
in the vegetation, soil profile, or well water on the prairie ecosys- 
tems of central Texas (Bovey et al. 1974, 1975). 

The purpose of this study was to evaluate various annual piclo- 
ram and 2,4-D treatments for leafy spurge control and determine 
picloram soil residue and effect on seedling emergence and growth 
in 3 areas of North Dakota following a 5-year annual treatment 
program. 

Materials and Methods 

An experiment to evaluate leafy spurge control from annual 
applications of picloram and picloram plus 2,4-D and biannual 
application of 2,4-D alone was established at 3 sites in North 
Dakota. The sites included a bluegrass (Pea spp.) pasture near 
Sheldon, a mixed grass prairie on a federal game management area 
near Valley City, both in eastern North Dakota, and a mixed grass 
pasture near Dickinson in western North Dakota. Soil properties 
and annual precipitation received during the study at each site are 
listed in Table 1. All sites had at least an 80% ground cover of leafy 
spurge with few other forbs present. 

Herbicides were applied using a tractor mounted sprayer deliver- 
ing 75 L/ha water at 240 kPa. The experiment was begun on 25 
August 1981 at Dickinson, 1 September 1981 at Sheldon, and 11 
June 1982 at Valley City. All treatments were applied annually 
except 2,4-D alone which was applied biannually (twice per year). 
Picloram treatments were applied in late August 1981 and in June 
1982 through 1985. The 2,4-D biannual treatments were applied in 
June and August of each year. Thus, the Dickinson and Sheldon 
sites were sprayed with picloram and picloram plus 2,4-D treat- 
ments 5 times, and 24-D alone 8 times, while the Valley City site 
received 4 and 7 treatments, respectively. Herbicides were applied 
when leafy spurge was flowering in June or had resumed fall 
regrowth following a summer dormancy period in August. The 
plots were 3.1 by 9.1 m and each treatment was replicated 4 times in 
a randomized complete block at all sites. Evaluations were based 
on visual percent stand reduction as compared to the control. 

Soil samples for picloram residue analysis were taken twice each 
year except 1985 at all locations. The first yearly sample was 
collected prior to herbicide application in June and the second in 
late August or early September from the untreated control and 
picloram-alone treated plots. Three subsamples 15-cm deep were 
collected per plot and combined for each sampling date from 1982 
through 1984. Four subsamples 120-cm deep were collected per 
plot in September 1985 and divided into 5 segments consisting of 0 
to 15, 15 to 30, 30 to 60,60 to 90, and 90 to 120 cm depths and 
combined. 

Picloram concentration was determined by bioassay using sun- 
flower (Heliunthus URIIUUS L.) for samples collected from 1982 
through 1984. Soil samples were forced-air-oven dried at 27” C, 
screened to pass through a 4-mm mesh screen and divided into 
500-g subsamples. The standard curve was prepared by adding 
technical picloram at 2 to 250 ppbw to 4 replicate subsamples of 
untreated soil from each location and depth. Ten ml of water which 
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Table 1. Physical and chemical characteristics of soils and ammal precipitation at the various study sites in North Dakota. 

Precipitation 

1981 1982 1983 1984 1985 

Cation Trt. Trt. Trt. Tit. Trt. 
ex- to’b t0.b toab t0.b to-b 

Organic change samp- samp- samp- samp- samp- 
Location Soil type Sand Silt Clay matter pH capacity ling Annual ling Annual ling Annual ling Annual ling Annual 

------+%)_-- (mesi -_--_ 
Sheldon Hamar- 100 g) 

___---(cm)__---_ 

Ulehfine 78 13 9 2.1 7.7 12.8 27.1 58.3 15.7 51.6 19.0 46.3 10.4 53.5 15.3 38.2 
sandy loam (166) (76) (65) (95) (76) 

Valley Barnes 43 41 16 9.4 6.7 37.7 45.0 45.4 22.5 36.0 11.0 38.8 15.3 42.0 
City stony loam (73) (92) (78) 

Dickinson Felor loam 17 56 27 3.6 6.6 20.0 47.0 40.0 13.3 60.1 14.5 39.5 20.8 45.2 13.0 43.4 
(167) (86) (72) (90) (105) 

‘Number in ( ) are the number of days from treatment to sampling each year. 
?reatment applied fall 1981 and in June each year thereafter. 

contained enough picloram to give the required concentration 
were added to each 500-g soil sample, air dried for 18 h, and 
thoroughly mixed. The samples for both the standard curve and 
field samples were placed in ll- by 1 I- by 5-cm plastic pots, 
watered to 80% field capacity, and allowed to equilibrate for 24 h. 
Eight sunflower seeds were placed on the soil surface and covered 
with 2 cm of Styrofoam beads. The pots were arranged in a com- 
pletely random design in a greenhouse at 24O C, and natural light 
was sup_gleTented by metal halide lights with an intensity of 450 
PE l m l s ‘for a 16-h photoperiod. The pots were rerandomized 
weekly. Sunflowers were harvested after 30 days. The topgrowth 
was oven dried at 60” C. A linear standard curve was calculated 
using regression analysis (Stat. Anal. Syst. 1982), and the mean 
sunflower dry weights for field samples were compared to those 
from known concentrations to estimate picloram concentration. 

Picloram concentration from the samples collected in 1985 was 
determined by high pressure liquid chromatography (HPLC). Soil 
samples were dried and mixed as described earlier. Replicate 40-g 
soil samples were placed in 250-ml flasks, and then 80 ml of 
acetonitrile/water/ammonium hydroxide (70: 18:12, v/v/v) were 
added and shaken for 0.5 h. The soil samples were held at room 

temperature for 18 h and then shaken a second time for 0.5 h 
(Smith and Milward 1983). The sample was vacuum filtered 
through 6 pm filter paper and the aqueous extract was evaporated 
to approximately 14 ml with a rotary evaporator at 40’ C. The 
sample was brought to 40 ml with 5% aqueous sodium carbonate 
(w/v) and centrifuged for 10 min at 10,000 rpm. The sample was 
filtered a second time through an 0.2 pm glass fiber syringe filter 
and then brought to 100 ml with the 5% sodium carbonate solu- 
tion. The solution was transferred to a separatory funnel and 
extracted with 25 ml N-hexane. The inorganic fraction was 
discarded. 

The aqueous phase containing picloram was acidified with 15 ml 
concentrated sulfuric acid. The sample was further clarified by 
adding 1.5 ml of saturated potassium permanganate and held at 
room temperature for 5 min, after which 5 M sodium bisulfite was 
added dropwise until the solution was colorless (Wells et al. 1984). 
The sample was extracted twice with 10 ml of methylene chloride 
and the eluate was evaporated to dryness on a rotary evaporator. 
The concentrated sample was redissolved in 3 ml of acetonitrile/- 
water (60:40, v/v) and a 10 PL injection of the eluate from this 
procedure was quantified by HPLC using a C-18 reverse-phase 
cartridge (0.45 i.d. by 25 cm). The solvent system consisted of: 

Table 2. Leafy spurge control from five annual picloram or picloram plus 2,4-D treatmentsand eight biannual 2,4-D treatments at three locations in North 
Dakota. 

Herbicide 

Picloram 
Picloram 
Picloram 
2,4-D biannual 
2,4-D biannual 
2,4-D biannual 
Picloram+2,4-D 
Picloram+2,4-D 
Picloram+Z,CD 
Picloram+2,4-D 
Picloram+Z,CD 
Picloram+2,4-D 
Picloram+Z,CD 
Picloram+2,4-D 
Picloramt2,CD 

LSD (0.05) 

Rate 

(kg/ ha) 

0.28 
0.42 
0.56 
I.1 
1.6 
2.2 

0.28+l.l 
0.28+1.6 
0.28t2.2 
0.42t1.1 
0.42tl.6 
0.42t2.2 
0.56+l.l 
0.56+ I .6 
0.56+2.2 

Site and I985 evaluation date 

Sheldon Dickinson Valley City’ 

June Aug June Aug June Aug I2 

------------@I control)- 

I2 60 61 35 34 39 39 
55 88 66 62 78 48 65 
87 94 77 86 58 59 65 
31 61 44 43 23 31 22 
35 74 31 21 38 52 22 
51 87 29 21 41 46 19 
48 85 82 84 51 74 52 
72 91 71 75 48 60 58 
70 95 71 71 58 70 57 
77 97 82 84 65 72 69 
63 96 85 93 69 82 68 
90 99 75 86 64 66 68 
86 96 89 92 70 74 71 
78 96 85 97 81 62 64 
71 96 86 96 84 73 76 

33 12 23 21 24 30 18 

Mean 

Months after treatment 

24 36 48 

_-_ --- 

48 41 48 
62 50 75 
71 73 90 
30 35 52 
24 34 48 
30 35 54 
66 66 85 
66 67 86 
62 67 83 
72 71 91 
74 78 95 
59 73 93 
75 82 94 
73 73 97 
75 78 96 

14 18 16 

‘Experiment at Valley City received only4annual picloram or picloram plus 2,4-D treatments and 7 biannual 2,4-D treatments and data are not included in the 48 month mean. 
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eluent ‘A’, 1% acetic acid in water (v/v) and eluent ‘B’, 1% acetic 
acid in acetonitrile (v/v) using a linear gradient of 5 to 80% ‘B’in 25 
min. The detector was a variable wavelength spectrophotometer 
operated at 254 nm. Retention time was approximately 9 min. 
Data were quantified by comparing peak areas against standards 
of known concentrations. Analysis of fortified samples indicated 
the least detectable limit was 0.5 ppb. 

Leafy spurge seedling susceptibility to picloram was determined 
in a petri dish bioassay. Ten g soil samples were prepared as 
described in the bioassay experiment. Technical picloram at 2 to 
1,000 ppbw was added to 4 replicate subsamples of untreated soil 
from each location. Ten leafy spurge seeds were planted per dish 
just below the soil surface and the dishes were placed in a growth 
chamber. The temperature was 30/ 20’ C (day/ night) for the first 
week and 25/20” C (day/ night) for the next 3 weeks with 80 to 90% 
relative humidity. A combination of fluorescent and incandescent 
bulbs provided 490 PE l me2 l s-r during the 12 h day. These are the 
optimum conditions for leafy spurge seed germination and seed- 
ling growth (Bakke 1936). Petri dishes were rotated weekly and 
plants were watered as needed. The percentage of emerged seed- 

lings and seedling survival after 4 weeks was compared to the 
control. 

Leafy spurge root segments 1, 5, 10, and 20 cm long of uniform 
diameter were obtained from 2-year-old greenhouse grown plants. 
One root segment was planted 1.5 cm deep per 4 cm diam by 20 cm 
long conical pot which contained 200 g of a soil-less medium of 
peat, perlite, and vermiculite. Technical picloram at 0 to 1,000 
ppbw was added to the soil-less medium. The growth chamber 
temperature was 25/ 20” C (day/ night) with 50% relative humidity 
in a 16-h day. The number of emerged shoots was recorded 28 days 
after planting. A similar experiment was conducted using 200-g 
soil samples from the 3 field locations and IO-cm leafy spurge root 
segments. All growth chamber experimental designs were com- 
pletely random with 4 replications and repeated, except the field 
soil study which was repeated 3 times. Data for leafy spurge 
control, seed germination, and regrowth from root segments were 
analyzed using the general linear models procedure (Stat. Anal. 
Syst. 1982). 

Table 3. Picloram concentration from various a~unl application rates for 4 years at three locations in North Dakota as determined by a sunflower 
bioassay iu 1982 through 1984 and HPLC in 1985. 

Location Depth 
Treatment 

rate 

Sampling date 
1982 1983 1984 1985 

June A% June Aw June Aw Sept 

Sheldon 
(cm) 

O-15 

15-30 

30-60 

60-90 

90-120 

Dickinson O-15 

15-30 

30-60 

60-90 

Valley City O-15 

15-30 

30-60 

60-90 

90-120 

(kg/ ha) 
0.28 
0.42 
0.56 
0.28 
0.42 
0.56 
0.28 
0.42 
0.56 
0.28 
0.42 
0.56 
0.28 
0.42 
0.56 

0.28 
0.42 
0.56 
0.28 
0.42 
0.56 
0.28 
0.42 
0.56 
0.28 
0.42 
0.56 

0.28 
0.42 
0.56 
0.28 
0.42 
0.56 
0.28 
0.42 
0.56 
0.28 
0.42 
0.56 
0.28 
0.42 
0.56 

c2 
u 
u ** 
** 
** 
** 
** 
** 
** 
l * 
** 
** 
** 
** 

g 
-a ** 
** 
** 
** 
** 
** 
** 
** 
** 
*t 
** 
** 
** 
** 
** 
** 
** 
** 
** 
** 
** 
** 
** 
** 

102 
121 
182 
*** 
*** 
*** 

*** 
*** 

*** 
*** 
*** 
*** 
*** 

2 
11 

*** 
*** 
*** 

*** 
*** 

*** 
*** 

z 
(2 
*** 
*** 
*** 
*** 
*** 
*** 
*** 
*** 
*** 
*** 
*** 

c2 

2 ** ** ** ** ** ** ** ** ** ** ** ** 
2 
IO 
** 
** 
** 
** 
** 
** 
** 
** 
l * 

2 
31 
** 
** 
*+ 
** 
** 
** 
** 
** 
** 
** 
** 
** 

I2 
38 
45 
** 
** 
** 
** 
** 
** 
** 
** 
** 
** 
** 
** 

10 
13 
83 

** 
** 
** 
** 
** 
l * 
** 
** 
** 

102 
86 
95 
** 
** 
** 
** 
** 
** 
l * 
** 
** 
l * 
** 
** 

<2 55 
c2 46 

2 
66 

** 

u ** 

15 ** 
** ** 
** ** 
** ** 
** ** 
l * ** 
** ** 
** ** 
** +* 
** ** 

=: 
10 
I3 

<2 20 
22 ** 
34 ** 
14 ** 
** ** 
** ** 
** ** 
** ** 
** ** 
** ** 

22 64 
65 126 
55 I05 
** ** 
** ** 
** ** 
** ** 
** ** 
** ** 
** ** 
** ** 
** ** 
** ** 
** ** 
** ** 

20 
45 
59 
25 
52 
30 

2 
<I 

4 
3 
6 

I8 
<I 
14 
I4 

I5 
I9 
22 

5 
4 
3 
2 
3 

ND 
ND 
ND 
ND 

20 
41 
30 
20 
16 
8 
I 

<I 
5 

ND 
<I 
<I 
ND 
20 

1 
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Results and Discussion 
Picloram at 0.28,0.42, and 0.56 kg/ ha provided 48,75, and 90% 

leafy spurge control, respectively, after 5 annual applications when 
averaged across the Dickinson and Sheldon locations (Table 2). 
Control gradually improved over time with picloram at 0.42 and 
0.56 kg/ ha, but not at the 0.28 kg/ ha application rate. Leafy spurge 
control from similar picloram applications averaged 39, 48, and 
59%, respectively, following 4 annual treatments at Valley City. 

Leafy spurge control was 5 1% following 8 biannual 2,4-D appli- 
cations averaged over rate and location. Leafy spurge control 
gradually increased over time regardless of the 2,4-D application 
rate. However, Bybee and Messersmith (1976) reported that leafy 
spurge reestablished to the original density within 1 year after 
discontinuation of treatments that had been applied biannually for 
4 to 5 years. Biannual 2,4-D treatment would be useful in areas 
where environmental conditions would prohibit picloram use but 
likely would only prevent leafy spurge seed production and spread 
with little change in area of the original infestation. 

Leafy spurge control increased when 2,4-D was applied with 
picloram at 0.28 or 0.42 kg/ ha compared to picloram alone at similar 
application rates (Table 2). Control averaged 85 and 93% with 
picloram at 0.28 or 0.42 kg/ ha plus 2,4-D at 1.1 to 2.2 kg/ ha, 
respectively, compared to 48 and 75%, respectively, with similar 
picloram treatments applied alone. Picloram at 0.56 kg/ ha plus 
2,4-D provided 96% leafy spurge control and was similar to piclo- 
ram at 0.56 kg/ ha alone at 90% control. The benefit of applying 
2,4-D with picloram for improved leafy spurge control decreased 
as the picloram rate increased. Leafy spurge control with picloram 
at 0.28 and 0.42 kg/ ha increased 37 and 18%, respectively, when 
averaged over all 2,4-D rates compared to similar picloram treat- 
ments applied alone. Leafy spurge control did not improve as the 
2,4-D rate was increased from 1.1 to 2.2 kg/ ha in combination with 
picloram. 

After 3 years of annual application of picloram at 0.56 kg/ha 
alone or at 0.28 and 0.42 kg/ ha with 2,4-D at 1.1 to 2.2 kg/ ha leafy 
spurge control was comparable to that from picloram applied once 
at 2.2 kg/ ha (Lym and Messersmith 1985b). Leafy spurge control 
with picloram at 2.2 kg/ha averaged 76 compared to 71% with 
picloram applied annually either at 0.56 kg/ ha alone or at 0.28 and 
0.42 kg/ ha with 2,4-D at 1.1 to 2.2 kg/ ha. However, the combined 
3-year annual treatment costs were 25,55 and 36% lower, respec- 
tively, compared to picloram applied once at 2.2 kg/ ha. Further- 
more, a retreatment following the picloram at 2.2 kg/ ha treatment 
would be necessary after the third year to maintain satisfactory 
leafy spurge control (Lym and Messersmith 1985a). 

Picloram did not accumulate in the top 15 cm of the soil follow- 
ing annual application regardless of soil type or annual precipita- 
tion (Table 3). In general, picloram was not detected above 2 ppbw 
in the top I5 cm of the soil profile 12 months following application 
except at the Valley City site in 1984. The amount of picloram 

detected in August of each year varied with the annual precipita- 
tion received from June to August; generally, more picloram 
remained in the upper 15 cm in drier than wet years (Tables 1 and 
3). More picloram residue was retained in the upper 15 cm of soil at 
Valley City than at Dickinson and Sheldon probably because the 
Valley City soil contained more organic matter (Bauer et al. 1972; 
Herr et al. 1966; Phillips and Feltner 1972; and Scifres et al. 197la). 
The greater retention of picloram at Valley City also could explain 
the reduced leafy spurge control compared to the other 2 sites. Less 
picloram may have been available for root absorption especially at 
lower soil levels, thus limiting long-term leafy spurge root control. 

Picloram was detected throughout the entire 120-cm soil profile 
sampled in 1985 at Sheldon and Valley City, but not at Dickinson 
(Table 3). In general, the picloram concentration in lower soil 
depths increased directly with the sand content of the soil. The soil 
at Sheldon has 71% sand and there was 14 ppbw picloram at 120 
cm, while the soil at Dickinson has only 17% sand and no picloram 
was detected below 60 cm (Table 1). Picloram residues were not 
uniformly distributed throughout the soil profile. Picloram moves 
through soil in concentration pulses following high precipitation 
and is relatively immobile during drought periods (Neary et al. 
1985). Thus, higher picloram residue at the 90 to 120 cm level than 
at 30 to 60 or 60 to 90 cm at Valley City and Sheldon, respectively, 
is probably due to concentration pulses. Generally, concentration 
pulse patterns at lower depths are of lower magnitude and delayed 
compared to upper soil levels. 

Since picloram did not accumulate in the soil profile after 4 
annual applications of 0.56 kg/ ha or less, this treatment program 
should not be considered an environmental hazard when herbicide 
label directions are followed. Previous studies have shown that 
residue in runoff water from picloram application of 0.56 kg/ ha or 
less was of little consequence especially 10 to 20 days after applica- 
tion (Bauer et al. 1972; Scifres et al. 1969, 197lb; Trichell et al. 
1968). The possibility of accidental contamination of open wells or 
surface water still exists if the applicator is careless. Since picloram 
should not be applied in areas where the water table is within 3 m or 
less of the soil surface, introduction into underground water by 
leaching does not seem likely. 

A picloram concentration of 500 and 250 ppbw was required to 
reduce leafy spurge seedling emergence and survival by at least 
50%, respectively (Table 4). A picloram concentration of 8 to 32 
ppbw tended to increase leafy spurge emergence compared to the 
control and did not affect seedling survival. Bowes and Thomas 
(1978) found that picloram concentrations up to 1,000 ppbw did 
not affect leafy spurge seed germination in the lab. Apparently, 
leafy spurge seed germination is not inhibited by picloram, but 
subsequent growth required for emergence is decreased at piclo- 
ram concentrations of 500 ppbw or more. 

Picloram at 125 ppbw was required to decrease seedling survival 
and 5% of the leafy spurge seedlings that emerged at 1,000 ppbw 

Table 4. Leafy spurge seedling emergence and survival after 4 weeks in three North Dakota soil types and at various picloram concentrations. 

Sheldon 
Picloram concentration Emergence Survival 

(ppbw) --- 
0 15 100 
8 90 75 

16 90 97 
32 100 98 
64 60 89 

125 80 79 
250 80 50 
500 40 29 

1000 40 6 

LSD (0.05) 30 28 

Soil location 
Dickinson Valley City Mean 

Emergence Survival Emergence Survival Emergence Survival 

-_--I_-_ -- --_-----__ 
85 

loo ---(%)- 
60 100 13 100 

100 100 100 100 97 100 
100 96 100 96 97 100 
90 95 70 95 87 96 
75 89 70 86 68 88 
80 72 65 52 75 68 
60 56 70 34 70 47 
40 19 50 9 43 19 
40 4 50 4 43 5 

27 16 31 32 19 17 
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picloram grew for at least 4 weeks in a growth chamber (Table 4). A 
higher mortality rate may be expected under field conditions where 
environmental conditions are less favorable for survival than in the 
growth chamber. However, less than 100 ppbw of picloram gener- 
ally remained in the upper 15 cm of soil 3 months after application, 
so the herbicide residue probably would not limit the growth of 
leafy spurge seedlings. Indeed, the low concentration of picloram 
remaining in the soil 3 to 12 months after application may stimu- 
late leafy spurge seed germination. 

Table 5. Leafy spurge shoot regrowth from root segments of four kngths 
exposed to various pkionm concentmtions for 28 days. 

Picloram 
concentration 1 cm 

Original root length 
5 cm 10 cm 20 cm 

ppbw with 
0 ---6----(% $roots sliits) 81 

125 0 13 13 6 
250 0 0 0 0 
500 0 0 0 0 

LSD (0.05) = 17 

Lower picloram concentrations were required to control leafy 
spurge regrowth from roots than from seeds (Tables 4 and 5). More 
leafy spurge shoots were produced from 20 cm long root segments 
than shorter segments, but 5 and 10 cm long segments provided a 
similar number of new shoots when grown in a soil-less plant 
mixture. Regrowth was reduced when picloram at 125 ppbw was 
added to the soil-less medium, and no regrowth occurred at higher 
picloram concentrations. 

Leafy spurge shoot regrowth increased as root segment length 
increased, but segment length had little effect on the regrowth 
response to picloram (Table 5). Leafy spurge shoots grew from 
8 1% of the 20 cm root segments compared to 6% from 1 cm root 
segments, but regrowth fell to 6 and O%, respectively, when treated 
with 125 ppbw picloram in the soil-less medium. 

Regrowth from IO-cm leafy spurge segments declined as piclo- 
ram concentration increased in soil from the 3 experimental sites, 
but not as rapidly as when grown in the soil-less medium (Table 6). 

Table 6. Leafy spurge shoot regrowth from 10 cm root segments in three 
North Dakota soils exposed to various piciomm concentrations for 28 
hp. 

Picloram 
concentration 

Soil location 
Sheldon Dickinson Vallev Citv Mean 

wbw 
0 

64 
125 
250 
500 

1000 
LSD 

-75---(\% ogfroots with shoots)------ 
63 67 

50 25 38 38 
25 38 50 38 
13 13 38 21 

3: 
25 13 13 
0 0 13 

46 51 52 24 

Leafy spurge regrowth averaged 67% (at all 3 locations) in 
untreated soil, but averaged 13 to 38% in soil treated with picloram 
concentrations of 64 to 1,000 ppbw. The picloram residue concen- 
tration detected in soil may be high enough through August to 
reduce leafy spurge regrowth from roots (Table 3), but generally 
were low enough that at least half of the newly emerged shoots 
would survive (Table 6). 

The addition of 2,4-D to picloram at 0.28 to 0.42 kg/ ha 
improved leafy spurge control, but did not affect control from 
picloram at 0.56 kg/ha. Picloram at 0.28 to 0.56 kg/ha did not 
accumulate in the upper soil profile after 5 annual applications 
regardless of location. Control was slightly less and picloram 

residues were higher in soil with high organic matter contents, and 
organic matter apparently was the only soil characteristic that 
affected leafy spurge control. Picloram at 250 to 500 ppbw or 
greater was needed to decrease leafy spurge seedling emergence 
and growth by 50%, but leafy spurge shoot regrowth from root 
segments was reduced by picloram at 64 ppbw. 

Picloram plus 24-D at 0.28 plus 1.1 kg/ ha applied annually over 
time provided similar leafy spurge control to picloram at 0.56 
kg/ ha applied annually or picloram at 2.2 kg/ ha applied once. The 
combination treatment over a few years can increase a landowner’s 
net income by 50% or more through reduced herbicide cost and 
increased forage production as compared to less frequent treat- 
ment with higher herbicide rates. The potential for unacceptable 
environmental contamination by picloram should be much smaller 
from low rates applied annually compared to high rates applied 
less frequently. 
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Integration of Cattle Production and Marketing Strategies 
with Improved Pastures and Native Range 
D.E. ETHRIDGE, J.D. NANCE, AND B.E. DAHL 

Abstract 

Forty-eight stocker cattle enterprises on tobosagrass, bluestem, 
and lovegrass pastures being bought and sold at different points in 
the seasonal cattle price cycle were evahrated to determine the set of 
enterprises which maximize ranch profits. All optimal plans for the 
397-ha (980 ac) ranch included enterprises which showed ranch 
profit gains from forfeiture of some physical weight gains for the 
price advantages of off-season buying/selling. 

Key words: cattle production and marketing, seasonal grass man- 
agement, ranch management, linear programming 

While net returns to ranching have been declining in recent 
years, rates of return on investment in ranching have historically 
been low. U.S. agricultural production costs rose at an annual rate 
of 9.6% between 1978 and 1982 (U.S. Dept. of Agr. 1984) while 
cattle prices rose at an annual rate of 4.9% in the same period (Tex. 
Crop and Livestock Reporting Serv. 1984). However, the 25% 
increase in cattle prices over the 4-year period was not uniform 
across months. For example, April cattle prices increased at an 
8.6% annual rate while October prices increased at a 1.4% annual 
rate. Most producers purchase cattle or produce spring calves 
when native range grasses become most productive and cattle 
prices are highest, and sell in October or November when grasses 
become dormant and cattle prices are lowest. While this strategy is 
efficient for weight gains, it may not be economically efficient. 

A profitable alternative may be available when high producing 
grasses such as weeping lovegrass (Eragrostis curvula) and old 
world bluestem (Bothriochloa ischaemum var. ischaemum) are 
established on a portion of ranch acreage, altering the production 
period and exploiting the seasonal cattle price pattern. The objec- 
tives of this study were to identify feasible alternative purchase and 
sale dates for stocker cattle enterprises on lovegrass, bluestem, and 
tobosagrass pastures in the Southern High Plains/ Rolling Plains 
and determine the combinations of enterprises which maximize 
profits for ranches in the region. Objectives did not include deter- 
mination of optimum acreages of the various pastures, but annual- 
ized establishment costs for improved pastures were included in 
enterprise costs. The optimum combinations of enterprises were 
evaluated on a model ranch which has the improved pastures 
established. 

Several studies with related emphases have been done. Angirasa 
et al. (198 I) evaluated a related question of fall and spring calving 
in East Texas. Leistritz and Qualey (1975) analyzed use of various 
forages and alternative sale dates of calves in a cow-calf operation 
in southwestern North Dakota. Lance et al. (1974) studied the 
profitability of winter and summer stocker and cow-calf enter- 
prises for the southeastern U.S. and concluded that a combination 
of summer cow-calf and winter stockers was the optimal produc- 
tion system. Woodworth (1973) determined the optimal distribu- 
tion of steers and heifers between 2 types of pastures. Kennedy 
(1972) described a method to determine optimal production possi- 
bilities for stocker enterprises which included using capital budgets 
for a wide range of management practices. That approach was used 
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in this study. Bentley and Shumway (1981) showed that forecasts 
of patterns in beef prices could be incorporated in profit maximiz- 
ing ranch management decisions. 

Methods 

The Texas Tech Experimental Ranch, located at Justiceburg, 
Texas, in the eastern part of Garza county, has 397 ha (980 ac) of 

* productive land, consisting of pastures of weeping lovegrass, old 
world bluestem, and native tobosagrass (Hilaria mutica). It was 
used as the model ranch for this analysis. The bluestem and love- 
grass pastures each contain 30 ha (75 ac). The tobosagrass area, 336 
ha (830 ac), was treated with herbicides in 1983 for honey mesquite 
(Prosopis glandulosa), was burned in 1981, 1982, and 1983 (I/ 3 
each year), and has about 10% canopy cover. All 3 pastures have 
rotation grazing systems using 6 paddocks in each pasture. The 
herd on tobosagrass is rotated weekly while the herds on lovegrass 
and bluestem are rotated by decision as dictated by pasture condi- 
tions. The estimated annual grass production available for grazing, 
based on clipping samples from these and other sites, was 3,226 
kg/ ha (2,880 lb/at) for the bluestem, 3,584 kg/ ha (3,200 lb/at) for 
the lovegrass, and 806 kg/ha (720 lb/at) for the tobosagrass. 
Fertilized bluestem commonly yields 4,000 to 4,500 kg/ ha in the 
area. Similarly, lovegrass yields from 4,500 to 5,000 kg/ ha and 
unfertilized tobosagrass 1,300 to 1,600 kg/ ha. These values assume 
that at least 900 kg/ ha (800 lb/at) will be left on bluestem and 
lovegrass pastures and that 540 kg/ ha (480 Ib/ac) will be left on 
tobosagrass pastures to allow for maintenance of stand. The pro- 
duction estimate for the tobosagrass site is conditioned on pres- 
cribed burning on a cycle of approximately 5 years. 

The enterprises examined consisted of stocker steers and stocker 
heifers. The enterprises differed in the purchase weights, purchase 
and sale dates of the cattle, and in types of forage consumed. 
Alternative purchase and sale dates were selected from 566 enter- 
prises (Nance et al. 1985) on the basis of profitability of the enter- 
prise, affected by rate of weight gain and price spreads between 
purchase and sale, and technical feasibility, affected by forage 
availability in different months. Weight gains for each enterprise 
were based on unpublished experimental data and experience from 
operating the ranch. Considerable data compare steers and heifers 
before weaning and in the feedlot phases of cattle production, but 
little data exist for the stocker pasture and range phase. However, 
from the relatively few pasture studies conducted with stockers, 
little difference exists between weight gains of steers and heifers for 
this phase. The only published comparative data found confirmed 
this and was from Kessler et al. (1951) in a Kansas study. Also 
Snapp (1949) and Morrison (1949) report from several Midwestern 
feedlot studies that if steers and heifers are marketed when the 
finish required for the respective sex is attained, heifers gained as 
well or better than steers. However, when both sexes were fed the 
same length of time the steers outperformed the heifers. For lack of 
a better guide, this analysis assumed the same daily gain from steers 
and heifers. There are, however, differences in rate of weight gain 
from both steers and heifers in different months; cattle on pasture 
gain more rapidly during the spring, summer, and fall periods than 
during the winter months even with supplemental feeding in the 
winter. 

Enterprise budgets constructed for each alternative strategy and 
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procedure are described in Nance et al. (1985). The budgets were 
also modified to determine costs and returns for alternative levels 
of cattle prices. 

A linear programming model was constructed to determine the 
combination of enterprises for maximum net revenue with high, 
low, and average cattle prices. Profitability for each enterprise was 
indicated by its residual returns to land and management. 

prises using lovegrass during the April 15-May I5 period were 
rotated to tobosagrass pastures for this period to protect the love- 
grass productivity. Eight steer and six heifer enterprises were con- 
sidered on tobosagrass. Livestock stocking rates were derived from 
median forage production and utilization values obtained from 
relatively intense management of pastures in west Texas by Texas 
Tech University researchers. 

Seven stocker steer and ten stocker heifer enterprises on blue- The linear programming model used to maximize net ranch 
stem were evaluated in the model (Table 1). Two heifer enterprises, income included the 48 enterprises (Table 1) plus 36 transfer activi- 
CBl and CB2, were purchased October 15 and grazed initially on ties. The transfer activities transferred consumed grass from one 
tobosagrass, then rotated to bluestem on June 1 and 15, where they month to the next. The limiting resources were land area in each of 
remained until sold. Seven stocker steer and ten stocker heifer the grasses and labor. Allocation of land was based on daily grass 
enterprises were considered for the lovegrass. Three heifer enter- consumption per head for each month for each enterprise. The 
prises, CLl-CW, were grazed on tobosagrass from their purchase total amount of grass available in any month was the sum of grass 
date until May 15, June 1, and June 15, respectively, then rotated produced and grass transferred into that month, less the senescence 
to lovegrass for the duration of the production period. All enter- and trampling losses. 

Table 1. Specification of enterprises evaluated in ranch operation. 

Pasture Sex 
Enterprise 

code 

Purchase Sale 
Net revenue’ 

Date Weight kg/ lb Date Weight kg/ lb %/hd/yr 
Bluestem 

Bluestem 

Steers 

Heifers 

BSI 
BS2 
BS3 
BS4 
BS5 
BS6 
BS7 
BHl 
BH2 
BH3 
BH4 
BH5 
BH6 
BH7 

Bluestem 8t Tobosa 

Lovegrass 

Heifers 

Steers 

Lovegrass Heifers 

Lovegrass & Tobosa Heifers 

Tobosa Steers 

BH8 
CBl 
CB2 
LSl 
LS2 
LS3 
LS4 
LSS 
LS6 
LS7 
LHI 
LH2 
LH3 
LH4 
LHS 
LH6 
LH7 
CL1 
CL2 
CL3 
TSI 
TS2 
TS3 
TS4 
TS5 
TS6 
TS7 
TS8 
THl 
TH2 
TH3 
TH4 
THS 
TH6 

Tobosa Heifers 

Jan. 01 
Jan. 15 
Jan. 15 
Jan. 15 
Apr. 01 
Apr. 15 
Jun. I5 
Jan. 15 
Apr. 01 
Apr. 15 
Jun. 01 
Jun. 01 
Jun. 15 
Jun. 15 
Jun. 15 
Oct. 15 
Oct. 15 
Jan. 01 
Jan. 15 
Jan. 15 
Apr. 01 
Apr. 15 
Oct. 01 
Oct. I5 
Jan. 01 
Jan. 01 
Jan. 15 
Apr. 01 
Jun. 01 
Jun. 15 
Oct. 01 
Oct. 15 
Oct. 15 
Oct. 15 
Jan. 01 
Jan. 01 
Jan. 01 
Jan. 15 
Jan. 15 
Apr. 01 
Oct. 15 
Jan. 15 
Jan. 01 
Jan. 15 
Jan. 15 
Apr. 01 
Oct. 01 
Oct. 15 

181/400 Oct. 01 331/730 25.03 
181/400 Jul. 01 2671589 15.72 
lSl/400 Aug. 15 2991660 22.19 
181/400 Oct. 01 3281724 34.28 
lSl/400 Oct. 01 3171699 38.22 
181/400 Oct. 01 3131689 35.37 
181/400 Aug. 01 218/481 14.44 
181/400 Oct. 15 3371742 63.49 
181/400 Oct. 15 3251717 65.63 
181/400 Oct. 15 3211707 64.79 
2271500 Oct. 15 3261719 40.35 
181/400 Dec. 15 2981658 18.64 
318/700 Oct. 01 3931866 20.49 
318/700 Oct. 15 4011884 18.21 
181/400 Oct. 15 2651584 10.66 
181/400 Oct. 15 3501772 79.01 
181/400 Oct. 15 3441759 73.27 
181/400 Oct. 01 3141692 23.21 
181/400 Jul. 01 2671588 18.74 
181/400 Oct. 01 3171698 42.38 
181/400 Oct. 15 312/688 19.48 
181/400 Oct. 15 304/671 15.93 
181/400 Jul. 15 3171698 9.98 
181/400 Jul. 15 3071676 8.65 
318/700 Jun. 15 3901859 11.70 
181/400 Oct. 15 3241715 53.46 
181/400 Oct. 15 3271720 65.28 
181/400 Oct. 01 3021666 23.29 
318/700 Oct. 15 401/883 18.52 
181/400 Dec. 15 280/617 12.00 
181/400 Jun. 15 2911654 6.26 
181/400 Oct. 15 3381745 72.16 
181/400 Oct. 15 3341737 76.38 
181/400 Oct. 15 3321731 68.82 
181/400 Jul. 01 2571566 24.21 
181/400 Aug. 01 2691593 37.44 
181/400 Oct. 01 2801617 24.89 
181/400 Jul. 01 2571566 33.06 
181/400 Aug. 01 2691592 46.36 
181/400 Oct. 01 2691594 29.01 
181/400 Jul. 15 2701596 23.40 
181/400 Jul. 15 2611576 38.21 
318/700 Jun. 15 388/855 50.22 
318/700 Jun. 15 388/855 51.73 
2271500 Oct. 15 3271721 55.94 
181/400 Jun. 15 2691594 26.35 
181/400 Jun. 15 2631580 9.45 
181/400 Jun. 15 2691575 12.38 

Source: Nance et al. 1985. 
*Average (1978-1984) cattle prices. 
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Labor requirements for each enterprise were specified on a per 
month basis. Estimates of labor required were from Texas Agricul- 
tural Extension Service/Texas Agricultural Experiment Station 
(1984) livestock enterprise budgets for the region. An additional 
.04 hr of labor per head was used in the month when animals were 
purchased to account for vaccination, branding, and associated 
activities. The months when the cattle were sold, as well as when 
the cattle were rotated from one site to another, had an additional 
.02 hr more labor per head added. Labor available in each month 
was the number of daylight hours in that month, or the labor of one 
man working daylight to dusk each day. 

Three model solutions were obtained, one each for average, 
high, and low cattle prices. Average prices were 7-year averages of 
prices for each weight group for each month (Nance et al. 1985). 
High and low cattle prices were 1 standard deviation above and 
below the average, respectively. Because price variability is not 
constant across months, weight groups, or sex, net returns of the 
various enterprises did not move proportionately. 

Results 

A result common to all solutions was that labor requirements 
never exceeded the total labor available. However, additional 
labor was hired for veterinary and processing activities during the 
months of purchasing and selling. 

The optimal solutions are summarized in Table 2. The average 
cattle price model yielded a total annual net return over variable 
costs of $19,833 on the 397 ha and net returns to land and manage- 
ment of $14,549 after subtracting the $5,284 fixed costs of the 
ranch. The bluestem site’s cattle production was limited to 65 head 
of heifers by the grass produced and transferred into August, all of 
which was consumed. The value of the dual activity (the activity’s 
shadow price) for the bluestem site was $.0441/kg (.02/lb); an 
additional kilogram of bluestem grass would increase net income 
by %.0441. An additional hectare of the bluestem would have 
increased net ranch returns by $142 per year ($.0441/ kg X 3,226 kg 
grass/ ha/ yr). The additional hectare would produce net income 
from almost 2 heifers. 

The lovegrass site was limited to 61 heifers by the grass available 
in March. The value of the dual activity for this site was $.033 1 /kg 
($.015/ lb), indicating that an additional hectare of lovegrass would 
be worth $119 annually. The tobosagrass site was limited to 225 
heifers by the grass available in April. The shadow price was 
$.0441/kg ($.02/lb) and the value of an additional hectare of 
tobosagrass was $35.58 ($14.40/ac). 

In the average cattle price model, $70,241 of annual operating 

Table 2. Optimal ranch plans under three cattle price levels. 

capital (to purchase cattle, fedd, supplies, and other operating cost 
items) was required for the enterprises. The operating capital for 
the lovegrass enterprise was larger than for bluestem and tobosa- 
grass. The extended duration of grazing on lovegrass required 
more supplemental feeding, fertilization, and interest cost (Nance 
et al. 1985). 

The optimal solution for the high cattle price model yielded a net 
return over variable costs of $22,881 and a net return to land and 
management of $17,597,15 and 2 1% above the average price model 
solutions, respectively. The solution consisted of 282 steers on 
bluestem, 61 heifers on lovegrass, and 225 heifers on tobosagrass, 
and required $79,083 of operating capital. 

Bluestem use was limited to 282 head by the grass available in 
July. The value of additional bluestem grass was $.044/kg or 
$142/ha annually. Allocation of the lovegrass and tobosagrass did 
not vary from the average price model, but their net returns did. 
The shadow price for lovegrass fell to $.022/kg ($.Ol/ lb) of grass 
and $461 ha ($18.72/ac) annually. This happened because increased 
cattle prices caused per head net revenue to decline on lovegrass 
and increase on tobosagrass. 

With low cattle prices, the optimal solution resulted in net 
returns over variable costs of $22,593, 14% over those for the 
average price model, and net returns to land and management were 
19% greater. These returns were generated with 65 heifers on 
bluestem, 61 heifers on lovegrass, and 201 steers on tobosagrass 
and required $52,135 of operating capital. Use of the bluestem and 
lovegrass sites for the low price model did not vary from the 
average price model, but the value of an additional kilogram (ha) 
of bluestem increased to $.0441(%158) annually. The 201 head on 
tobosagrass was limited by grass available in April. The shadow 
price of an additional kg (ha) of tobosagrass was $.0441 ($36) 
annually in the low price model. 

The optimal ranch use with average cattle prices is production of 
heifers on all sites. With high cattle prices, the optimal solution 
substitutes steers for heifers on the bluestem site. Low cattle prices 
results in substitution of steers on tobosagrass and the same use of 
the other sites as with average cattle prices. 

Comparison of results with average, high, and low cattle prices 
shows that income is highly dependent on the buy-sell price differ- 
entials, not on absolute price levels. These results also indicate that 
variation in cattle prices, if predictable, do not lower net returns if 
the enterprise mix can be varied in response to price changes. Net 
returns were greater with both high and low cattle prices than with 
average prices. Increased profits with low cattle prices resulted 
from a decrease in purchase prices relative to sale prices due to 

Cattle 
price 
level 

Average 

Pasture 

Bluestem 
Lovegrass 
Tobosa 

Number 
(head) 

65 
61 

225 

Purchase Sale 

Weight Price Weight Price Net revenue2 
Sex’ kg(lb) a/kg (a/lb) Date kg(lb) a/kg (a/W Date % 

H 181(400) 146.85(66.61) Apr. 15 321(707) 136.38(61.86) Oct. 15 4,212 
H 181(400) 134.15(60.85) Jan. 15 327(720) 136.38(61.86) Oct. I5 3,982 
H 318(700) 131.44(59.62) Jan. 15 388(855) 142.44(64.61) Jun. 15 11,639 

High 

Total 351 

Bluestem 282 s 
Lovegrass 61 H 
Tobosa 225 H 

Low 

Total 

Bluestem 
Lovegrass 
Tobosa 

568 

65 H 
61 H 

201 S 

19,833 

181(400) 189.57(85.99) Jun. 15 218(481) 185.9q84.34) Aug. 01 4,289 
181(400) 162.37(73.65) Jan. 15 327(720) 148.81(67.50) Oct. 15 3,141 
318(700) 144.18(65.40) Jan. 15 388(855) 157.92(71.63) Jun. 15 15,451 

22,88 1 

181(400) 118.08(53.56) Apr. 15 321(707) 123.9q56.22) Oct. 15 5,271 
181(400) 105.93(48.05) Jan. 15 327(720) 123.9q56.22) Oct. 15 5,097 
181(400) 125.8q57.08) Jan. 15 269(592) 128.57(58.32) Aug. 01 12,225 

Total 327 22.593 

IH = Heifers, S q  Steers 
*Net returns over variable costs. 
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larger standard deviations for prices of lighter cattle than for 
heavier cattle. Furthermore, low cattle prices decreased operating 
capital requirements. However, if the ranch manager is to benefit 
from high or low cattle prices, he must have reliable forecasts of the 
movement of prices and alter his production strategy to exploit it. 

The results of management choices of the high, average, of low 
cattle price strategies with various outcomes-high, average, or 
low cattle prices-actually occurring are shown in Table 3. If an 

Table 3. Net ranch incomes of various cattle price outcomes under various 
price strntegies. 

Price strategy 
Outcomes 

High prices Average prices Low prices 

-------------dollars------ 
High prices 17,517 14,409 I i ,494 
Average prices 16,460 14,549 12,910 
Low prices 7,421 12,228 17,309 

average cattle price strategy is followed and average cattle prices 
actually occur, the ranch makes a net income to land and manage- 
ment of % 14,549. If the average price strategy is followed and low 
prices result, the net ranch income (return to land and manage- 
ment) is $12,910, a reduction of $1,639 from the average price 
outcomeand a reduction of $4,339 (%17,309-%12,81O)from thelow 
price strategy-low price outcome. Table 3 can be used in the above 
illustrated manner to evaluate potential losses and gains from 
various strategies. In general, comparison of the potential out- 
comes identifies the value of reliable cattle price outlook informa- 
tion to ranch managers. 

The use of improved pastures in ranch production systems 
coupled with unconventional marketing techniques of seasonal 
buying and selling activities can increase the profitability of stocker 
cattle operations. Production of heifers is more profitable than 
production of steers with average market price differences and the 
production responses used in this study. 

The study also indicates that larger ranch profits can be made 

with both high and low cattle prices than with average cattle prices 
if (a) price levels are predictable and (b) ranch production is 
modified to take advantage of the price movements. The analysis 
included variations in cattle prices, but normal weather was 
assumed throughout. Therefore, price risk was recognized but 
production risk was not. 
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JRM X-year Index Now Available 
The index to volumes 1 through 35,1948 to 1982, is now available. Edited by Elbert H. Reid, the publication 

contains a subject and author index with keywords and taxons followed by a chronological list of all articles 
printed in the journal from 1948 to 1982. Using the two lists enables the reader to locate the subject of 
interest and identify the articles without going to the magazine itself. 

The index is 100 pages8 l/2 by 11 and is perfect bound and sewed. It can be purchased postpaid for $10.00 
(US) from the Society for Range Management, 1839 York Street, Denver, Colorado 60206. 
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Leaf Water Potential Trends in Three Grasses Native to 
Semiarid Argentina 
ROBERTO A. DISTEL AND OSVALDO A. FERNANDEZ 

AbstrpCt 
The natural grazing land of the zemiarid region of central Argen- 

thra is subject to long and intense periods of drought during the hot 
season. 

The rhn of the present study was to analyze the pattern of leaf 
water status for the cool-season grasses PQ&&Wbun napostaen- 
se and Stipa tenuis and the warm-season grass Pappophonun 
subbuibosum, which are important forage species in this grazing 
area. Leaf water potential, soil water potential, and relative humid- 
ity were measured during 1983 and 1984. At soil water potentials 
above -0.5 MPa, the leaf water potential of the 3 species showed 
high values at 0800, after nocturnal rehydratation, and minimum 
values at 1400, coincident with maximum atmospheric water 
demand. P. subbulbosum showed a greater capacity to withstand 
the drop in water potential at 1400 than did the cool-season spde~. 
During periods of low soil water potential the range of daily 
variation in leaf water potential was reduced in the 3 species 
because of marked decreases in the maximum and minimum 
values. Leaf water potential in the cool-season species correlated 
better with the deficit of atmospheric vapor pressure than with soil 
water potential. Leaf water potential of P. subbulbosum on the 
other hand showed a higher correlation with soil water potential 
than with atmospheric vapor pressure deficit. 

Key Words: Piptochaetium napos~nse @peg.) Hack., St@ 
teds Phil., Pappohorum subbulbosum Arech. 

Piptochaetium napostaense @peg.) Hack, Stipa tenuis Phil. and 
Pappophorum subbulbosum Arech. are 3 prominent perennial 
forage grasses native to the rangeland of a semiarid phyto- 
geographic area of central Argentina known as the Calden District 
(Cabrera 1976). P. napostaense and S. tenuis are cool-season 
grasses (Distel and Pelaez, unpublished) that fix carbon dioxide 
via the Cs photosynthetic pathway, whereas P. subbulbosum is a 
warm-season C4 grass. With proper range management the 2 win- 
ter species form an extensive gramineous steppe that frequently 
accounts for more than 75% of the total herbaceous plant cover of 
the stand. The summer species on the other hand is less abundant 
and occurs in patches. The size and potential of the region in which 
these species are widespread make it one of the principal natural 
cattle-raising areas in the country. 

The climatic diagram in Figure 1 shows that drought occurs at 
various times of the year in the study area, but that those of greatest 
intensity occur in the summer (during November through Febru- 
ary). Such climatic pattern underscores the importance of water in 
pasture production. 

Sala et al. (1981) found that cool-season grasses differ from 
warm-season grasses in their plant water potential response to 
drought conditions. The cool-season species they studied did not 
show the same capacity as the warm-season species in recovering 
the high leaf water potential level consistent with high physiologi- 
cal activity. Because many morphological characteristics are very 
sensitive to water stress (Turner and Begg 1978), the effects of 
drought are particularly important in forage species where leaf 
production is critical. It is thus important to know the particular 
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Fig. 1. Climate diagram of Rio Colorado (390 01’ S Lat. and 640 05’ W 
Long.) according to Walter’s instructions (Walter 1977). The annual 
mean temperature of a IO-year period is 15.3O C; the annual mean 
precipitation of a 30-year period is344 mm: the average temperature in 
January is 23.6” and the absolute maximum temperature is 42. P C; the 
average temperature in June is 7.4O C and the absolute minimum 
temperature is -11 .a0 C; the frost-free period is 188 days. 

level of drought the plant is exposed to, and plant water potential is 
a good indicator of this level (Richter 1976). 

The aim of the present study was to analyze the patterns of leaf 
water potential, soil water potential, and atmospheric water 
demand at different times of the year for P. napostaense, S. tenuis. 
and P. subbulbosum, with a view to evaluating the behavioral 
characteristics of these species with respect to water. 

Site Description 
The site where the study was conducted is located in the south- 

eastern zone of La Pampa province (38“45’ S Lat., 63’45’ W 
Long.) and comprises an area of 20 ha which has been closed to 
grazing for the last 12 years. The general characteristics of this 
region concerning climate, soil, and vegetation, have been des- 
cribed previously (INTA et al. 1980). It is a semiarid region with 
temperate climate and has an average temperature of 7.4’ C during 
the coldest month (June) and 23.6O C during the hottest month 
(January). The annual mean temperature is 75.3” C, and the 
absolute minimum and maximum temperatures are -12.8” C and 
42.7’ C, respectively. There are an average of 188 frost-free days 
per year, with the first frost occurring about the middle of April 
and the last in the first week of October. The average monthly 
relative humidity ranges from a winter maximum of 76% in June to 
a summer minimum of 47% in January. The predominant winds 
are NW and SW with a mean annual velocity of 14 km/h, and the 
strongest winds occur in the spring. The average rainfall is 344 mm 
per year, concentrated mainly in spring and autumn, and the 
annual water deficit is approximately 400 mm. 

The soil in the area is a Typic Paleorthid, well-drained, of 
medium to thick texture with a 0.5 to 1% slope. The soil profile is 
quite shallow with a petrocalcic horizon found at depths of 40 to 60 
cm. The soils of the region have been classified as thermic and arid 
(Van Wambeke and Scoppa 1976). 

The vegetation of the site is a gramineous steppe with isolated 
shrubs. The grasses P. napostaense and S. tenuis account for an 
average of 95% of the total perennial herbaceous biomass. 
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Fig. 2. Soil water potential at IO cm (- ) and 30 cm (----), and seasonal distribution of rainfall during the measurement period. 

Materials and Methods 
A monthly evaluation of soil, atmospheric, and plant water 

status was conducted throughout 1983 and 1984. Soil water poten- 
tial was measured with Wescor PCT-55 thermocouple psychrome- 
ters with ceramic cups. Individual calibration of each unit was 
achieved with sodium chloride (Na Cl) solutions of 0.1, 0.3, 0.5, 
0.8, and 1.0 Molal (Wiebe et al. 1971). The microvolt output for 
each was measured with a Wescor HR 33-T microvoltimeter. A 
regression equation was calculated for each thermocouple psych- 
rometer, allowing conversion of the field recorded microvolt read- 
ings into water potential values expressed in MPa. The psychrome- 
ters were placed in the soil between grasses at depths of 10 cm and 
30 cm, with 3 replications at each level. One reading was taken at 
0800 on each sampling date. 

Leaf water potential was estimated using the pressure chamber 
technique (Scholander et al. 1965). Measurements were made on 
expanded green leaves of 3 plants for each species at approximate 
intervals of 30 days. Measurements for the 2 cool-season grasses 
were taken throughout the year, while for P. subbulbosum no 
measurements were taken during the period of winter dormancy 
because of the lack of appropriate leaves. During 1983, leaf water 
potentials were determined 3 times a day: 0800, 1400, and 1800. 
During 1984, measurements were obtained only at 0800 and 1400. 

Relative humidity and air temperature measurements were 
obtained concomitantly with leaf water potentials, using a Taylor 
hygrometer. These data were used to calculate atmospheric vapor 
pressure deficit. Precipitation at the study site was measured with 
an automatic rain gauge. 

The leaf water potential values were subjected to completely 
randomized design statistical analysis, and the comparison among 
species was performed by the Least Significant Difference test of 
Fisher; the minimum leaf water potential of each species at each 
sampling date was correlated (Snedecor and Cochran 1971) with 
the maximum soil water potential and with the maximum deficit of 
atmospheric vapor pressure. 

Results 
Figure 2 shows the seasonal distribution of precipitation and the 

course of soil water potential during the study period. In 1983 and 
1984 precipitation totalled 532 mm and 632 mm, respectively; both 
of these amounts exceeded the long-term average. Summer rains 

204 

deviated the most from the mean distribution pattern. In 1983 
summer rainfall totalled 265 mm, considerably more than the 
long-term average of 100 mm. Nevertheless, there were several 
periods of water deficit during the hot season as evidenced by the 
low soil water potentials for November and December 1983, Feb- 
ruary 1984, and January 1985. Soil water potentials of -2 MPa 
were measured at a depth of 10 cm and -3 MPa at a depth of 30 cm 
in December 1983 and February 1984. For most of the other dates 
soil water potentials stayed at or above -0.5 MPa. 

The vapor pressure deficit followed a wavelike pattern of varia- 
tion with low values in winter, high values in summer, and inter- 
mediate values in spring and autumn. During the day, minimum 
values were recorded at 0800 and maximum values at 1400. 

Figures 3 and 4 show the seasonal course of leaf water potential 
for the 3 species under study. The differences observed between 
winter species (P. napostaense and S. tenuis) were not significant 
(X0.05). On those dates having soil water potentials close to or 
greater than -0.5 MPa the daily leaf water potential followed the 
expected course with high values at 0800 (Fig. 3) after nocturnal 
rehydratation, bringing plant water potential into equilibrium with 
soil water potential. Minimum values for leaf water potential 
occurred at 1400 (Fig. 4), which coincided with maximum atmos- 
pheric water demand. Intermediate values of leaf water potential 
occurred at 1800. At times of water deficit the range of daily 
variation in plant water potential was reduced in both winter 
species because of marked decreases in the maximum and min- 
imum values. 

With soil water potentials above -0.5 MPa, P. subbulbosum 
showed a greater capacity to withstand the drop in water potential 
during times of higher atmospheric water demand than did the 
winter species (Fig. 4). This difference was statistically significant 
(X0.05) and continued so in situations of less severe drought 
(November 1983 and January 1985). In periods of more severe 
drought, however, P. subbulbosum resembled the winter species in 
its reduced range of daily variation in leaf water potential, with low 
values even at 0800 (Fig. 3). 

Table 1 showed the simple linear correlation COCffiCientS (7) 
between minimum leaf water potential (which always occurred at 
1400) and maximum soil water potential (the highest values at 
depths of 10 and 30 cm) and maximum deficit of atmospheric 
vapor pressure. In the case of the winter species, leaf water poten- 
tial correlated better with the deficit of atmospheric vapor Pressure 
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Fig. 3. kaf water potentials at 0800. For each date, values with the same letter are not significantly dif/erent (PCO.05). 

than with soil water potential, although the correlation with both 
parameters was highly significant (JYO.01). Leaf water potential 
of P. subbulbosum on the other hand showed a higher correlation 
with soil water potential (highly significant, X0.01) than with 
atmospheric vapor pressure deficit. 

Table 1. Correlation coeft%ients(r) relating minimum leaf water potential 
with maximum soil water potential and maximum vapor pressure deficit. 

Environmental Parameters 
Maximum soil water Maximum vapor 

Species potential pressure deficit 

P. napostaense .630** .708** 
S. tenuis .645** .746+’ 
P. subbulbosum .969** .713* 

***Significant at the 0.05 and 0.01 levels, respectively. 

Discussion 

The correlation coefficients in Table 1 show that both soil water 
potential and atmospheric water demand are important modula- 
tors of plant water potential in all 3 species studied. Kramer (1969) 
points to these 2 variables as the principal determinants of plant 
water potential, though he does state that such potential also 
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depends on the intrinsic properties of each species. In the case of 
the winter species, the fact that soil water availability was not 
limited in the cool season accounts for the low correlation between 
leaf water potential and soil water potential. 

Under conditions of water deficit the daily leaf water potential in 
P. napostaense and S. tenuis was low throughout the entire day. A 
similar pattern was observed for Agropyron smitii and Stipa 
comata (Barnes and Harrison 1982). Similar models have also been 
described by Sala et al. (198 1) for the winter species of a grazing 
area in the Depresion de1 Rio Salado, Argentina, and by Redman 
(1973) for Agropyron dasystachyum in Canada. The results of the 
present study indicate that P. napostaense and S. tenuis are not 
capable of daily recovering the high leaf water potential consistent 
with high physiological activity under drought conditions. This is 
further corroborated by the fact that these plants complete their 
entire growth cycle and senesce before commencement of the dry 
summer season. In summer months, the number of green leaves 
increases only after abundant rain. On the basis of this pattern, P. 
napostaense and S. tenuis would be classified as drought avoiders 
by Kramer (1980). These species have certain morphological and 
physiological characteristics that enable them to be “opportunis- 
tic” concerning their water use. One such characteristic is the 
distribution of their roots in the upper soil profile. At the study site 
where both species are dominant, 67% of total root biomass was in 
the top 20 cm of soil (Distel and Fernandez 1986). Redman (1973) 
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reported similar findings by R.T. Coupland for a natural grazing 
area in Canada dominated by perennial winter grasses, where 67% 
of the roots were in the top 15 cm of soil. 

Williams and Markley (1973) reported that many species that 
grow in the cool season carry out photosynthesis via the Calvin 
cycle (Cs). Unpublished observations from our laboratory show 
that both P. napostaense and S, tenuis have a leaf anatomy typical 
of Cs plants (Esau 1977). According to Black (1971), the highest 
rates of photosynthesis in Cs plants occur at temperatures between 
10 and 25O C. It has also been reported that grasses from temperate 
climates have a high rate of potential transpiration compared with 
grasses from tropical climates (Downes 1969). These characteris- 
tics permit rapid growth of P. napostaense and S. tenuis in the 
autumn and at the commencement of spring when the temperature 
is optimal and.when water is usually available in the soil. 

The low leaf conductances of P. subbulbosum would account for 
its higher leaf water potentials than the cool-season species at 1400, 
when soil water potential was above -0.5 MPa. Barnes and Harri- 
son (1982) reported that the Cs grasses they studied showed higher 
maximum leaf conductances and hence higher transpiration rates 
and lower leaf water potentials than the Cd grasses they studied 
when soil moisture was abundant. 

The daily course of leaf water potential in P. subbulbosum under 
drought conditions differ from the pattern reported by Sala et al. 
(1981) who observed that Cd species in a natural rangeland of the 
Depresion de1 Rio Salado in Argentina did not reduce their range 
of daily variation in leaf water potential under conditions of water 
deficit, showing a capacity to revert daily to relatively high levels of 
leaf water potential. Barnes and Harrison (1982) underscored the 
importance of the ability of the roots of G Andropogon halliiand 
Calamovilfa longifolia to exploit the deeper soil layers for water, 
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which is sometimes the only available source of water during the 
hot season. In the present case, it is proposed that the shallowness 
of the soil profile (40-60 cm) affects the water relation of P. 
subbulbosum during the periods of more severe drought, not 
allowing the leaves of this species to revert daily to a situation of a 
relatively high water status; a strong correlation was observed 
between the leaf water potential and soil water potential at 10 and 
30 cm depth. 
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Caryopsis Weight and Planting Depth of Blue Grama 
I. Morphology, Emergence, and Seedling Growth 
C.J. CARREN, A.M. WILSON, R.L. CUANY, AND G.L. THOR 

Abstract 

Blue grama [Bouteloua grads (H.B.K.) Lag. ex Steud.] has 
been diicult to establish from seed on disturbed areas of the 
Central Plains. The objective of this study was to investigate the 
relationship of caryopsis weight, planting depth, and genetic vari- 
ability on seedling emergence of blue grama. Two experiments 
were conducted in the greenhouse under favorable moisture condi- 
tions with 3 accessions and various combinations of caryopsis 
weight and planting depth. Measurements included rate of germi- 
nation and emergence as an index, percentage emergence, shoot 
length, shoot weight, seminal root length, coleoptile length, subco- 
leoptile internode length and weight, adventitious root weight, and 
longest adventitious root length. 

The length of the subcoleoptile internode increased in response 
to greater planting depth but weight per unit length deereased. If 
this indicates a decrease in internode diameter it could decrease the 
rate of water transport through the internode. Deep plantings were 
not advantageous to emergence or seedling growth under favor- 
able soil moisture conditions and caused a delay in emergence and 
decreased percentage emergence, shoot weight, and adventitious 
root weight. High crryopsisweight was associated with an increase 
in emergence, weight per unit length of the subcoleoptile internode, 
coleoptile length, shoot weight, and adventitious root weight. 
Therefore, high caryopsis weight is advantageous in the deep plnnt- 
ing of blue grama seeds and allows seeds to be planted deeper to 
take advantage of moisture for germination and emergence. 

Key Words: seed weight, Bouteloua grad&, adventitious roots, 
seedling morphology, path analysis, seedling establishment 

Blue grama [Eouteloua grucilis (H.B.K.) Lag. ex Steud.] is the 
dominant native grass of the Central Plains of the United States. 
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There are, however, about 5 million acres of abandoned cropland 
in the Central Plains on which blue grama has not become natu- 
rally reestablished during the 40 to 50 years since cultivation ceased 
(Bement et al. 1965). 

The difficulty of establishment of blue grama from seed in range 
plantings is related to several factors, including: small seed size, the 
presence of a single branched (but thin) seminal root, a thin subco- 
leoptile internode which must transport all water necessary for 
seedling survival, a short coleoptile, and the location of the crown 
near the soil surface (Hyder et al. 1971, Nason et al. 1987) (Fig. 1). 

LEAF 

Fig. 1. Diagram of blue grama seedling that has emerged through dry soil 
layer, The coleoptilar node is the site of ahentitious root formation. 

The plant will not survive if the seminal root is killed by desiccation 
before adventitious roots are established, because new seminal 
roots cannot be formed. Adventitious roots will only develop and 
grow when soil at the plant’s crown is moist for approximately 3 

JOURNAL OF RANGE MANAGEMENT 40(3), May 1987 207 



days after the plant has reached at least 2 weeks of age (Wilson and cm) for a total of 324 pots (3 accessions X 6 weight classes X 3 
Briske 1979). If the drying front of the soil progresses downward plants X 6 planting depths) in each of 4 replications. The planting 
faster than the new adventitious roots extend themselves, the plant method was similar to that used in the morphology experiment 
will probably die from desiccation in the unsuccessful attempt at (Fig. 1) and prevented adventitious root development by maintain- 
adventitious rooting. ing the dry soil layer above the seed. 

In other grass species, improved vigor and ability to emerge from 
deep plantings are often associated with heavier seeds (Rogler 
1954, Kneebone and Cremer 1955, Tossell 1960, Arnott 1969, 
Knipe 1970, Trupp and Carlson 197 1, Wright 1977). Wilson et al. 
(198 1) concluded that caryopsis weight is a genetic characteristic in 
blue grama and therefore it is possible to select and improve the 
species for high caryopsis weight. 

From the third day to the tenth day after seeds were planted, the 
number of seedlings that emerged each day was recorded. A rate of 
emergence index was calculated using the formula: 

(Z n) X 100 
X (n X D) 

The objective of this study was to investigate the relationship of 
caryopsis weight, planting depth, and accession on seedling emer- 
gence, morphology, and growth of blue grama. 

Materials and Methods 
Morphology Experiment 

Three blue grama accessions were used: 2 released cultivars, 
‘Hachita’ and ‘Lovington’, originated from seed collected south of 
Hachita and near Lovington in SW and SE New Mexico, respec- 
tively. The third was a composite, PM-K-1483, of accessions from 
Kansas and Texas that was maintained by the Soil Conservation 
Service (SCS). All 3 accessions come from regions of the Great 
Plains with more precipitation and a greater number of degree days 
than are found near Fort Collins, Colo. Spikelets (seeds) of these 3 
accessions were harvested in 1978 in related research (Wilson et al. 
1981) from individual plants in a 1080-plant nursery located at the 
SCS, Plant Materials Center, Los Lunas, New Mexico. Average 
caryopsis weight of the seeds from each plant was determined, and 
each plant was assigned to 1 of 5 caryopsis weight classes (35-40, 
40-45,45-50,50-55, and 55-60 mg/ 100 caryopses, designated as 
class 1 through 5, respectively). The spikelets were processed with a 
South Dakota seed blower to eliminate unfilled spikelets. 

where n = number of seedlings that emerged on each day and D = 
the number of days after planting(Kotowski 1926, Maguire 1962). 
This formula provides for an index that is expressed in reciprocal 
days and is independent of the total number of plants that emerged. 
A high index indicates early emergence. A rate of germination 
index was calculated by applying the above formula to the daily 
germination data from a IO-day, 25” C blotter paper germination 
test of spikelets from the same 54 parent plants. The percentage of 
emerged seedlings was calculated by dividing the total that 
emerged by the total number of germinable seeds planted (based on 
the germination test). 

Seedlings were randomly thinned to 3 per pot after 3 weeks, and 
subirrigated as needed (by weight) to maintain field capacity of the 
bottom moist soil layer for approximately 6 weeks while the plants 
subsisted solely on their seminal roots. Then adventitious root 
growth was promoted by covering the crowns of seedlings with 1 
cm of screened soil and surface irrigating daily to maintain the 
entire pot at field capacity. After 3 days, soil was washed from the 
plants and 3 growth characteristics were measured: length of long- 
est adventitious root, dry weight of shoots, and dry weight of 
adventitious roots. The data for each pot was the mean of those 
seedlings which had emerged and survived to the end of the test. 

An equal quantity of seed from 10 plants within each of the 3 
accessions and the 5 weight classes was taken to form 15 seed lots. 
Each seed lot was planted in pots at each of 3 depths (1 .O, 2.0, and 
3.0 cm), which resulted in 45 pots (3 accessions X 5 weight classes X 
3 planting depths) in each of 7 replications. Plastic pots (15 cm 
diameter and 15 cm height) were filled with 1,600 g of sterilized, 
screened McGrew sandy loam soil (fine-loamy, mixed, mesic 
Aridic Argiustoll). Fifteen seeds were spaced evenly on the soil 
surface in each pot, covered with 50 g of soil (approximately 0.2 
cm), irrigated with 250 ml of water to bring the soil to field capacity 
(about -0.03 MPa), and then covered with enough dry soil to 
obtain 1.0, 2.0, or 3.O-cm planting depths. Pots were subirrigated 
as necessary (determined by weight) to maintain field capacity up 
to the planting depth, but seedlings were required to emerge 
through a dry soil layer (Fig. 1). Moisture rose a few millimeters 
into the dry soil but because of the irrigation procedure this soil 
layer remained dry. Pots were maintained in the greenhouse with 
14 hours of supplemental sodium vapor lighting and 25 to 35’ C 
temperatures. The soil was washed from the seminal roots of 
seedlings 10 days after planting. If more than 10 seedlings emerged 
in a pot, the excess seedlings were randomly eliminated. Measure- 
ments were taken on shoot length (coleoptilar node to the tip of the 
longest leaf), seminal root length, coleoptile length, subcoleoptile 
internode length, and subcoleoptile internode weight. Weight per 
unit length of the subcoleoptile internode (which may be an indica- 
tion of its diameter) was calculated. 

Emergence and Seedling Growth Experiment 

Statistical analyses for the 2 experiments included an analysis of 
variance on each of the variables investigated (including all possi- 
ble interactions; if no interaction is mentioned, the interaction was 
not significant); Duncan’s multiple range test to separate signifi- 
cant accession and parent plant differences; and multiple regres- 
sion of subcoleoptile internode weight per unit length on caryopsis 
weight and planting depth. Analysis of covariance for percent 
emergence, with caryopsis weight as the covariate, was used to 
determine if there were differences among parent plants and plant- 
ing depths after adjusting for the effects of different caryopsis 
weights. Simple bivariate correlations were calculated between 
selected factors and variables. Standardized partial regression 
coefficients or path coefficients (p) (Wright 1934, Nie et al. 1975) 
were calculated to determine the relative effects of planting depth 
and caryopsis weight on subcoleoptile weight per unit length. 

Cause-and-effect assumptions (based on the developmental 
sequence in blue grama) were made among the variables of adven- 
titious root weight, and caryopsis weight, planting depth, germina- 
tion index, emergence index, and final shoot weight. Data from the 
experiment were subjected to path coefficient analysis (Wright 
1934, Nie et al 1975) to determine statistical significance of those 
assumed cause-and-effect relationships. 

Results and Discussion 

Morphology Experiment 

In this experiment, plants belonging to the same accessions 
described earlier were divided into 6 caryopsis weight classes by 
adding a 60 to 70 mg/ 100 caryopses class to the 5 classes previously 
described. Spikelets harvested from 3 separate plants within each 
accession and weight class were used. Twenty-five spikelets from 
each of the 3 plants per weight class and accession were planted per 
pot, at each of 6 different soil depths (2.0,2.5,3.0,3.5,4.0, and 4.5 

Increased planting depth shoot length and likewise seminal root 
root length (table 1). Increased planting depth also decreased the 
weight per unit length of the subcoleoptile internode. Conversely, 
increased planting depth increased coleoptile length slightly and 
subcoleoptile internode length considerably (Table 1). Even though 
these coleoptile differences were statistically significant, they may 
not be biologically meaningful because a fraction of a millimeter 
probably would not affect seedling establishment. 

Increased caryopsis weight was associated with increased shoot 
length, increased weight per unit length of the subcoleoptile inter- 
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Table 1. Effect of planting depth on seedling trait+. 

Planting depth (cm) 

Trait 1 2 3 

Shoot length (cm) 5.8 5.0 4.1 
Seminal root length (cm) 11.5 11.2 9.6 
Subcoleoptile internode weight 

per unit length @g/cm) 67 57 43 
Coleoptile length (cm) 0.54 0.55 0.60 
Subcoleoptile internode 

length (cm) 0.6 1.4 2.3 
Subcoleoptile internode + 

coleoptile length (cm)2 1.1 2.0 2.9 

‘Differences among plant depths were significant for all traits (EJI.OI). 
*Subcoleoptk internode length + coleoptile length is approximately equal to planting 
depth. 

node, and increased coleoptile length (Table 2). The frequency of 
coleoptiles with a length greater than 0.70 cm was more than 3 
times greater in the highest weight class than in the lowest weight 
class. Seedlings from the 5 caryopsis weight classes differed in 
seminal root length but not in a consistent pattern. 

Table 2. Effect of caryopsis weight on seedling traits*. 

Trait 

Shoot length (cm) 
Seminal root length (cm) 
Subcoleoptile internode 

Caryopsis weight class 

I 2 3 4 5 

4.6 5.0 5.1 4.9 5.5 
10.2 11.2 11.0 10.6 11.0 

weight per unit length (ug/cm) 51 55 54 60 60 
Coleoptile length (cm) 0.54 0.56 0.56 0.57 0.59 

‘Differences among caryopsis weight classes were significant for all traits @O.Ol). 

Hachita had a greater shoot length than the other 2 accessions 
(Table 3). Accession PM-K-1483 had longer seminal roots than did 
the other 2 accessions. Although the accessions did not differ in 
subcoleoptile internode length, Hachita had the longest coleoptiles 
(Table 3). 

Table 3. Effect of recession on seedling tnitsl. 

Accession 

Trait Hachita Lovington PM-K-1483 

Shoot length (cm) 5.4” 4.8b 4.8b 
Seminal root length (cm) 10.6b 10.6b 11.2” 
Coleoptile length (cm) 0.58^ 0.56b 0.56b 

‘Means for a particular trait having the same letter were not significantly different 
(130.05 according to Duncan’s multiple range test. 

Regression analysis indicated that an increase in caryopsis 
weight was associated with increased weight per unit length of the 
subcoleoptile internode (path coefficient, p q  0.15), whereas 
increased planting depth was associated with decreased weight per 
unit length of the internode (p = -0.49). This indicated the opposing 
influences of the 2 independent variables. 

Emergenee and Seedling Growth Experiment 
A deep planting depth dramatically decreased the emergence of 

seedlings, but a greater caryopsis weight was associated with 
increased emergence (Fig. 2). Emergence ranged from a low of 1% 
at the 4.5-cm depth for weight class 1 to a high of 98% at the 2.0-cm 
depth for weight class 6. Accessions PM-K-1483 and Hachita were 
superior to Lovington in percentage emergence with mean values 
of 59,60, and 55%, respectively, over all depths and weight classes. 

Different average emergence percentages were noted among 
seedlings from the 54 parent plants, which ranged from 30 to 76%. 
The correlation coefficient (r) between caryopsis weight and per- 

PLANTING DEPTH (cm) 

2.5 

3.0 
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Fig. 2. Effects of caryopsis weight andplanting depth on seedling 
emergence of blue grama seedlings grown under favorable soil 
moisture conditions. Differences among caryopsis weight means 
andplanting depth means were significant (~10.01). me interac- 
tion of caryopsis weight and planting depth was significant 
(p10.01). 

centage emergence was 0.73 when the percentage emergence for 
each parent plant was averaged over all planting depths. Analysis 
of covariance indicated that parent plants still had different emer- 
gence percentages after adjusting for the effects of caryopsis 
weight. These results and those of our other studies suggest that 
blue grama emergence could be improved by recurrent selection 
for high caryopsis weight and emergence from deep plantings. 

The rate at which seedlings emerged was decreased with 
increased planting depth (from 24.5 to 17.3 emergence index), 
probably because of the greater distance the subcoleoptile inter- 
node had to elongate to elevate the coleoptile to the soil surface. 
There were no consistent trends in the effect of caryopsis weight on 
emergence index. The 3 accessions had emergence indices of 22.8, 
21.2, and 19.0 for PM-K-1483, Lovington, and Hachita, respectively. 

Deep plantings were associated with lower shoot weights (Fig. 
3), whereas heavier caryopses were associated with higher shoot 
weights and overcame the inhibitory effects of deep planting. Large 
caryopses may have both larger embryos and a greater amount of 
stored energy, which may result in larger first leaves. With the 
exponential growth typical of seedling leaf area, large caryopses 
may thus contribute to more rapid shoot growth. The 3 accessions 
differed in shoot weights with 254, 242, and 220 mg/seedling for 
Hachita, Lovington, and PM-K-1483, respectively. 

Planting depth had no significant effect on length of the longest 
adventitious root. Although there were differences among caryop- 
sis weight classes for adventitious root length, there were no appar- 
ent trends. Mean adventitious root lengths among the 54 parent 
plants varied from 7.4 to 9.8 cm indicating potential for selection, 
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Fig. 4. Path coefficient diagram of relationships among growth variables 
in bluegrama seedlingsgrown underfavorable soilmoisture conditions. 
** Indicates significant path coefficients at PSO.01. 

Fig. 3. Effects of caryopsis weight andplanting depth on shoot weight of 
blue grama seedlings grown under favorable soil moisture conditions. 
Dtfferences among caryopsis weight means and planting depth means 
were significant (pSO.01). The interaction of caryopsis weight andplant- 
ing depth was not significant (F’X.05). 

Broad sense heritabilities for this characteristic were estimated at 
0.80 in our other studies. Adventitious root lengths were uncorre- 
lated with caryopsis weight. The 3 accessions tested had different 
(EO.01) mean root lengths (8.9, 8.6, and 8.1 cm for Hachita, 
Lovington, and PM-K-1483, respectively), which also suggests 
that root growth is under partial genetic control. Wilson et al. 
(unpubl. data) found a broad sense heritability of 0.17 for this trait 
among a group of highly selected progenies. 

Greater planting depth was associated with a negative effect on 
adventitious root weight (Table 4). Adventitious root weight 

direction of that effect is shown by an arrow extending from the 
independent to the dependent variable. Independent variables may 
also exert indirect effects through their actions on other independ- 
ent variables which are illustrated by alternative paths that connect 
the independent and dependent variables. The magnitude of the 
indirect effect is equal to the product of coefficients along the 
connecting paths. 

The 4 most influential relationships revealed by the path coeffi- 
cient analysis were the direct positive association of shoot weight 
with adventitious root weight (Psi = 0.85), the direct negative 
association of planting depth with rate of emergence (PM q  -0.57), 
the direct negative effect of planting depth on shoot weight (Pa = 
-0.47), and the large indirect negative effect of planting depth on 
adventitious root weight through its effect on shoot weight (PZS X 
Psi -0.41). 

Table 4. Effect of planting depth and caryopsis weight on adventitious root 
weight of blue gnma seedlings grown under favorable soil moisture 
conditions. 

Planting Depth (cm) 
2.0 2.5 3.0 3.5 4.0 4.5 

Adventitious root 
wt. (mg) 39.1 38.4 36.3 36.4 33.6 31.6 

Caryopsis Weight Class 
1 2 3 4 S 6 

Adventitious 
root wt. (mg) 31.6 34.3 34.7 37.4 41.3 38.5 

‘Differences among planting depth means and weight class means were significant 
m.05 and 10.01, respectively. 

Caryopsis weight had only a slight direct association with adven- 
titious root weight (Psr = -0.09). Caryopsis weight did have a 
positive total correlation with root weight t = 0.10 through an 
increase in final shoot weight (PM = 0.25), which in turn was 
associated with an increase in root weight (Psi = 0.85). It was 
unexpected that higher caryopsis weight did not result in an 
increase in the rate-of-emergence index and that earlier emergence 
was associated with a decrease in adventitious root weights. 

The strongest association revealed in the path coefficient analy- 
sis was that heavier shoots were associated with heavier adventi- 
tious roots. Heavier caryopses did promote the desirable character- 
istic of heavier shoots. However, under the favorable moisture 
conditions of this experiment, deeper plantings were associated 
with decreased shoot weights and thereby root weights. A compan- 
ion paper (Carren et al. 1987) describes results under less favorable 
moisture conditions. 
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increased as seed weight increased up to weight class 5 and then 
dropped off in class 6 (Table 4). It must be remembered that there 
was a genetic difference among weight classes because the seeds in 
each weight class came from different parent plants. The lower root 
weight for weight class 6 is therefore not necessarily associated with 
seed weight. Accessions differed (RSO.01) in adventitious root 
weight (40.3, 37.9, and 3 1 .O mg/ seedling for Hachita, Lovington, 
and PM-K-1483, respectively). 

Path Coeffkient Analysis 
Path coefficient analysis yielded statistically comparable stand- 

ardized path coefficients (p) for variables associated with adventi- 
tious root weight (Fig. 4). A direct causal effect and the postulated 



Discussion and Conclusions 
The subcoleoptile internode of blue grama elongates in response 

to planting depth and elevates the coleoptile to near the soil surface 
(coleoptile node within 4 to 6 mm of surface) with only a slight 
increase (about 0.5 mm) in coleoptile length. Weight per unit 
length of the subcoleoptile internode decreased in response to 
planting depth. If this parameter is indicative of xylem vessel 
diameter, deep plantings might result in seedlings with a slender 
subcoleoptile internode which could restrict water translocation 
from the seminal root to developing leaves. A decrease in the 
amount of water available to the shoot would cause a decrease in 
the maximum shoot weight that can be supported by the seminal 
root (Nason et al. 1987). 

Although seminal root length decreased with increased planting 
depth, there was little difference in the actual depth of the root tip 
in the soil profile. The subcoleoptile internode increased in length 
about the same amount that the root decreased in length. Planting 
depth therefore had little adverse effect on depth of seminal roots. 
Differences among accessions and among caryopsis weight classes 
for seminal root length, shoot length, and coleoptile length suggest 
that these characteristics might be improved through breeding and 
selection. Under favorable soil moisture conditions, deep planting 
was not advantageous for emergence of seedling growth. Deep 
planting resulted in delayed emergence, decreased percentage 
emergence, and decreased shoot growth and root weight. 

There was a clear advantage of high caryopsis weight for seed- 
ling establishment because high caryopsis weight was associated 
with increased emergence, shoot weight, and adventitious root 
weight. High caryopsis weight might overcome the disadvantages 
of deep planting and allow seeds to be placed in moist soil for 
germination and emergence. Because high shoot weight was highly 
correlated with high adventitious root weight, large caryopses 
could indirectly increase root growth through their positive effect 
on shoot growth. This could then lead to successful establishment 
of blue grama seedlings. 
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Caryopsis Weight and Planting Depth of Blue Grama 
II. Emergence in Marginal Soil Moisture 
C.J. CARREN, A.M. WILSON, AND R.L. CUANY 

Abstract 

Blue grama [Boute~ouugrociris(H.B.K.) Lag. ex Steud.] has not 
been able to establish itself, or to be successfully planted, from seed 
on abandoned croplands of the Central Plains. The objectives of 
this study were to test blue grama phmt material under limited 
moisture and develop methods for improving emergence and 
establishment of blue grama seedlings. Experiments were con- 
ducted in the greenhouse and at the Central Plains Experimental 
Range near NUM, Colorado, with 3 accessions. Under limited 
moisture conditions in the greenhouse, seedlings emerged better 
from planting depths of 2.0 and 2.5 cm than from depths of 0.5,l.O 
or 1.5 cm. Higher caryopsis weight was associated with a signifi- 
cant increase in percentage emergence at all planting depths. 
Accession PM-K-1483 had greatest emergence, followed by ‘Hachita’ 
and ‘Lovington’. Under favorable soil moisture conditions in the 
field (2 cm of water applied at planting dates in June and July 
1981), deep planting resulted in decreased emergence. Averaged 
over all planting depths, percentage emergence increased nearly 
2-fold with an increase in caryopsis weight from 39 to 59 mg/lOO. 
When soil moisture conditions were marginal (only 1 cm water 
added), satisfactory emergence was obtained only when high- 
weight seeds were planted at a depth of 2 cm. Soil at a planting 
depth of 1 cm dried quickly and prevented emergence. Genetic 
improvement of caryopsis weight combined with planting at 
depths of about 2.0 cm should improve the emergence and estab- 
lishment of blue grama seedlings. 

Key Words: Bouteloua gracilis, seedling establishment, path 
analysis, seed weight 

The rationale for this study is given in the companion paper 
(Carren et al. 1987). In that study, we found that deep plantings 
resulted in reductions in emergence for all weight classes of blue 
grama seedlings under favorable soil moisture conditions. How- 
ever, conditions on the Central Plains are seldom favorable 
because the soil surface dries rapidly after rainfall. This study was 
conducted to determine the effects of planting depth and caryopsis 
weight on emergence and growth of blue grama seedlings when soil 
moisture was not optimal. Experiments were conducted in the 
greenhouse and under field conditions. The greenhouse study sim- 
ulated conditions in which the soil profile was moistened from 
rainfall but no additional water was supplied after the initial 
amount. The field study was conducted to determine the effects of 
planting depth, caryopsis weight, and soil moisture on the emer- 
gence of blue grama seedlings on the Central Plains. 

Materials and Methods 

Greenhouse Study 
Spikelets (seeds) from the 3 blue grama accessions described in 
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Carren et al. (1987) were used in this study: ‘Hachita’, ‘Lovington’, 
and PM-K-1483. Seeds of these 3 accessions were harvested in 1978 
in related research (Wilson et al. 1981) from individual plants. 
Average caryopsis weight of the seeds from each plant was deter- 
mined, and each plant was assigned to 1 of 5 caryopsis weight 
classes (3540,40-454%50,50-55, and 55-60 mg/ 100 caryopses, 
designated as class 1 to 5, respectively). The spikelets were pro- 
cessed with a South Dakota seed blower to eliminate unfilled 
spikelets. An equal quantity of seed from 10 plants within each of 
the 3 accessions and 5 weight classes was taken to form 15 seed lots. 
Plastic pots (20 cm diameter by 20 cm deep) were filled with 
sterilized, screened sandy loam. Fifty seeds were spaced evenly on 
the soil surface and covered with 0.2 cm of soil. Enough water was 
added to the top of the pot to bring the soil to field capacity (about 
20%). Seeds were covered with an additional amount of dry soil to 
give planting depths of 0.5, 1.0, 1.5,2.0,2.5, and 3.0 cm. Seedlings 
emerged through the dry soil layer as described in Carren et al. 
(1987), but in contrast to that study no additional water was added 
after planting. Six additional pots per planting depth (without 
seeds) were prepared to determine percent gravimetric soil water 
content at planting depth. Each of the 4 replications of 126 pots 
[( 15 seed lots X 6 depths) + (6 extra pots X 6 depths)] was com- 
pletely randomized, with replications being conducted consecu- 
tively in time. The study was carried out in the greenhouse where 
daylength was 15 hours (supplemented with sodium vapor lamps) 
and air temperatures varied from 25 to 35” C. Rate of germination 
index, rate of emergence index, and percentage emergence were 
determined as in Carren et al. (1986). 

All pots were weighed on the day of planting and on the 3rd, 6th, 
and 9th day after planting to determine the total amount of water 
evaporated from the pots for each of the 6 planting depths. On days 
0, 1,2,3,4, and 5 for the 0.5 and l.O-cm depths, and days 0,2,4,6, 
and 8 for the 1.5 through 3.0-cm depths, percentage soil moisture at 
planting depth was determined gravimetrically. Soil samples for 
this measurement were taken by collecting a l-cm increment of soil 
around each planting depth. The rate of drying of the soil at each 
planting depth was estimated as g water evaporated per 100 g soil 
per day (g water X 100 g-l X day-‘). 

Analysis of variance was performed on each variable measured. 
Polynomial regression was performed for each planting depth to 
determine relationships between water evaporated and sampling 
date. Duncan’s multiple range test was used to evaluate differences 
among accessions in percentage emergence, emergence index, and 
germination index. Path coefficient analysis (Nie et al. 1975, 
Wright 1934) was used to evaluate possible cause-and-effect rela- 
tionships among plant and seedbed characteristics. 

Central Plains Study 
This experiment was conducted at Section 18 of the Central 

Plains Experimental Range about 16 km northeast of Nunn, Colo. 
Soil was a sandy loam (fine-loamy, mixed, mesic Aridic Argiustoll) 
as in the greenhouse experiment. Before planting, the field was 
plowed, disced, and packed. Seeds for this study were harvested in 
1980 from individual plants in the author’s 1680-plant Cycle-l 
breeding nursery at Los Lunas, New Mexico. Average caryopsis 
weight of individual plants was determined and plants were 
assigned to 1 of 5 weight classes. Seeds from 10 plants in each 
weight class (30-40, 40-50, 50-60, 60-70, and 70-80 mg/ 1.00 
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caryopses) were thoroughly mixed to give 5 combined weight 
classes. Accession was not included as a variable because the seed 
was derived from recombination in the population. 

Metal frames (10 cm wide by 100 cm long by 8 cm deep) were 
hammered into the soil until the top of the frame was even with the 
soil surface. The 4 planting depths were obtained by using a metal 
scraper inside the frame to remove a layer of soil 1,2, 3, or 4 cm 
deep. One hundred seeds from each weight class were sprinkled 
within the frame and covered with 2 mm of soil; then each plot was 
irrigated. The additional soil that had just been removed was added 
to level the soil in the frame with the surrounding soil surface, then 
the frame was removed. There were twenty l-meter plots per row, 
with a 30-cm space between plots along the row and 6Ocm distance 
between rows. 

PLANTING DEPTH km) 

4 
OF 

0.96 

0.97 
Seeds were planted on 4 dates (11 June, 23 June, 7 July, and 22 

July 1981) each with 3 to 5 replications of 20 plots each (5 weight 
classes X 4 planting depths). Plots of the first planting received 1 
cm of supplemental water, and plots of the second, third, and 
fourth plantings received 2 cm at the time they were planted. 
Percentage seedling emergence 3 weeks after planting (based on the 
number of germinable seeds planted) was analyzed separately for 
each planting date. Percent stand (aerial cover) was determined in 
September 1982 at the end of the growing season and was analyzed 
on data averaged from the 4 planting dates. 

On each planting date an additional row of plots was prepared 
without any seeds. Plots were irrigated with 1 or 2 cm of water (as 
indicated) and sampled 1 week later to determine soil moisture 
gravimetrically at planting depth. Rainfall (31 cm average annu- 
ally) is erratic at this location and a 1980 experiment with no 
supplemental water failed because of insufficient June-July rain- 
fall following a cold May. 

Results and Discussion 

Greenhouse Study 
I 1 1 
3 6 9 

There were no significant differences in germination index 
among seed weight classes; however, germination indices were 
significantly different for different accessions (Table 1). 

TIME AFTER PLANTING (days) 

Table 1. Rate of germination index of composite IO-plant seed sources 
(1978 harvest). 

Fig. 1. Effects of dry soil layer on water evaporatedfrom pots over aperiod 
of 9 days. Differences between time afterplanting and betweenplanting 
depths were significcmt (~10.01). The interaction of time X depth was 
signtjicant (pSO.01). 

Caryopsis weight class* Accession 
Accession 35-40 40-45 45-50 50-55 55-60 mean 

PM-K-1483 45.0 42.3 48.0 43.9 45.8 45.0a2 
Hachita 34.8 39.1 39.0 37.1 33.8 36.7~ 
Lovington 43.1 43.0 42.2 40.3 44.4 42.6b 

Wt. class mean 41.03 41.4 43.1 40.4 41.3 

lWcight classes were actually 35.0-39.9 mg/ 100 etc. 
%&cession means differed significantly with Duncan’s multiple range test (~10.01). 
There was a slgnificant accession X weight class interaction (m.01). 

Table 2. Effect of planting depth on rate of drying of soil at planting depth 
and rate of emergence index for blue grama seedlings grown under 
drying soil conditions. 

Planting depth (cm) 

0.5 I.0 1.5 2.0 2.5 3.0 

The dry layer of soil acted as an effective mulch and slowed down 
the total water loss from the pots throughout the IO-day test (Fig. 
1). The 3.0 cm planting depth retarded moisture loss the most. 
Water evaporated rapidly from pots with 0.5 cm of dry soil during 
the first few days of the test, whereas evaporation from pots with 
3.0-cm of dry soil was slower. Rates of drying of the l-cm incre- 
ments of soil at planting depth also showed a decrease in rate of 
water loss with an increase in thickness of the dry soil layer (Table 
2). 

Rate of soil drying (g water X 1OOg~’ X day-‘)! 
11.2 6.0 2.8 2.3 1.9 1.8 

___ll____-_-_---____--_____-___ 

Emergence index2 14.3 35.7 31.5 28.6 25.7 23.7 

‘Differences among planting depths were significant (p10.01). 
*Differences among planting depths were significant (~~50.01). 

Seedling emergence increased from a low of 4% at the 0.5-cm 
depth to a high of 72% at 2.0 and 2.5 cm, and then decreased to 67% 
at 3.0 cm (Fig. 2). The high emergence at 2.0 and 2.5 cm resulted 
from 2 different effects associated with deep plantings. The first 
effect was a reduction in rate of water loss from the seedbed when 
the depth of overlying dry soil increased. The second effect was 
related to the capacity for elongation of the subcoleoptile inter- 

node. Soil depths of 2.0 or 2.5 cm, over the planted seed, did not 
exceed the maximum reach of the subcoleoptile internode for most 
seedlings; but a soil depth greater than 3 cm often exceeded the 
potential of the subcoleoptile internode and coleoptile to elongate 
and to reach the soil surface (Carren et al. 1987). Accession PM-K- 
1483 had the highest overall emergence, 62.8%, as compared with 
43.8% for Hachita and 49.3% for Lovington. High emergence was 
generally associated with high caryopsis weight (Table 3). There 
was a significant interaction of accession and planting depth, 
which resulted from high emergence of PM-K-1483 from shallow 
planting depths (Fig. 2). There was also a significant interaction of 
accession and caryopsis weight, which resulted from the highest 
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PLANTINO DEPTH Iem) 

Fig. 2. Effects of accession andplanting depth on emergence of bluegrama 
seedlings grown in the greenhouse under drying soil conditions. Differ- 
ences amongplanting depth means were significant (p10.001). Accession 
means differed significantly (p10.01) in Duncan’s multiple range test. 
The interaction of accession X planting depth was significant (plo.01). 

Table 3. Effects of caryopsis weight (mg/lOO) and accession on percent 
emergence of blue gramr seedlings grown under drying soil conditions in 
the greenhouse. 

Carvousis weight class 

Accession 3540 4045 45-50 50-55 55-60 Mean 

PM-K-1483 
Hachita 
Lovington 
Mean of three 

accessions 

54.1 58.0 65.8 61.3 68.8 62.8a1 
31.7 49.6 49.5 44.9 43.2 43.8~ 
45.1 47.3 46.6 59.2 48.3 49.3c 

43.62 51.6 54.0 57.1 53.4 52.0 

IAccession means differed significantly @SO.OI) in Duncan’s multiple range test. 
Weight class means differed significantly @10.01). The interaction of accession X 
weight class was significant @SO.OI). 

Pzr’-0.a4- 

I 
(X2) FlANTINQ DEPTH / 

emergence within each accession occurring in different caryopsis 
weight classes (Table 3). A possible explanation for this interaction 

Fig. 3. Path coefficient diagram of relationships among caryopsis weight, 

is that caryopsis weight classes were made up from different plants 
rate of germination, planting depth, rate of drying of soil at planting 
depth, and percent emergence of blue grama seedlings grown under 

and therefore differed in genetic characteristics that were inde- drying soil conditions. * Significant at PIo.05, **significant at P10.01. 

pendent of seed weight. 
Seedlings emerged most rapidly from a planting depth of 1 .O cm, 

and their emergence index then decreased with a further increase in 
planting depth (Table 2). It was expected that seedlings from 0.5 
cm would emerge most rapidly because they had less distance to 
grow. However, the rapid drying of soil at 0.5 cm probably adver- 
sely affected the developing seedlings and slowed their rate of 
growth. There was no significant difference among caryopsis 
weight classes in emergence index. For the equivalent weight 
classes accession PM-K-1483 emerged significantly more rapidly 
(EO.01) with an index of 30.0, as compared with 23.7 and 25.9 for 
Hachita and Lovington, respectively. The trend in rate of emer- 
gence among accessions was the same for rate of germination 
(Table l), indicating that seeds that germinated rapidly also 
emerged rapidly. Caryopsis weight was not apparently an influen- 
tial factor in speed of emergence; therefore, some other unknown 
factor was involved. Rapid germination and emergence appeared 
to be under genetic control, evidenced by differences among acces- 
sions. A combination of the high caryopsis weight with the rapid 
emergence of genotypes would appear to be a useful breeding 
objective. 

Path coefficient analysis was used to determine the relationships 
among caryopsis weight, rate of germination index, planting 
depth, and rate of drying of soil at planting depth, and to evaluate 
their relative effects on percentage emergence (Fig. 3; Table 4). 

P41* a2v 
(XI) PERCENT EYEROENCE 

IX,) RATE OF DRYINS OF !KHL 
AT PUNTIN DEPTti 

Table 4. Partitioning of total correlation (r) among causal direct effects(p), causal indirect effects, and noncausal correlation in the study of blue grama 
seedling emergence under drying soil conditions in the greenhouse. 

Causal effects 
Total correlation Direct Total Noncausal 

Variables’ (r) (P) Indirect (cl correlation 

Percent emergence-caryopsis 
PSI weight 0.137**2 0.126* 0.011 0.136 0.001 

Percent emergence-rate of 
P41 germination 0.234** 0.228** 0 0.228 0.006 

Percent emergence-rate of drying 
P31 of soil -0.796** -0.738** 0 -0.738 -0.058 
PZl Percent emergence-plant depth 0.690** 0.069 0.621 0.690 0 

Rate of drying of soil-planting 
P23 depth -0.842** -0.842** 0 -0.842 0 

Rate of germination-caryopsis 
P54 weight 0.049 0.049 0 0.049 0 

IThe dependent variable is given first. 
2Double asterisk (**) indicates significance at pSO.01. Indirect, total causal, and noncausal effects do not have significance tests. 
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Fig. 4. Effects of coryopsis weight class and planting depth on percent 
emergence of blue gromo seedlings grown under (A) favorable (2 cm 
water added) and(B) margin01 (1 cm water odded) soil moisture condi- 
tions at the Central Plains Experimental Range. (A) DSfferences among 
weight chss means ond planting depths were significant (pSO.05 ond 
pSO.01. respectively). (B) Dijjferencesomongplontingdepths weresignif- 
icont (plo.01). The interaction between weight ckzss ondplonting depth 
wos signijkont (prO.05). 

Cause and effect assumptions were made on the above variables 
based on the chronological sequence of events that occur in germi- 
nation and emergence. A path coefficient is a standardized partial 
regression coefficient that yields statistically comparable values. A 
direct causal effect (path coefficient, P) and the direction of that 
effect is shown by an arrow extending from the independent to the 
dependent variable. Independent variables may also exert indirect 
effects through their actions on other independent variables which 
are illustrated (Fig. 3) by alternative paths that connect the inde- 
pendent and dependent variables. The magnitude of the indirect 
effect is equal to the product of coefficients along the connecting 
path. 

High caryopsis weight had a small direct influence on emergence 
(Psr = 0.13). This coefficient was smaller than expected, perhaps 
because none of the seed sources was planted deeply enough to 
prevent emergence; even seeds of the low weight class emerged 
fairly well. Rapid germination was associated with increased emer- 
gence (P41 = 0.23), most likely because seeds that germinated 
rapidly resulted in emergence (and rooting) of seedlings before the 
soil had a chance to dry out. 

The analysis indicated no significant direct effect of planting 
depth on percentage emergence (Fig. 3; Table 4). The influence of 
planting depth on emergence was primarily expressed through the 
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negative effect of depth on rate of drying of soil (Pss = -0.84). Soil at 
shallow depths dried rapidly and prevented emergence, whereas 
with deep plantings the soil remained moist long enough for seed- 
lings to emerge. The total positive effect of planting depth on 
percentage emergence (c = 0.69) resulted primarily from the indi- 
rect effect given by the product of Pa X PSI (-0.84 X -0.74 = 0.62). 

Central Plains Study 
Emergence was highest for the 2-cm planting depth and lowest 

for l-cm under the dry soil conditions of plots that received 1 cm of 
additional water (Fig. 4B). Apparently, the soil at 1 cm dried too 
quickly for seeds to germinate and seedlings to emerge. Soil mois- 
ture at the 2-cm depth was favorable long enough to permit emer- 
gence, whereas at 3-cm emergence decreased because of the detri- 
mental effects of deep planting. Emergence increased at the 2 and 
3-cm depth with an increase in caryopsis weight. At 1 cm, high 
weight seeds did not improve emergence. No seedlings emerged 
from a 4-cm planting depth. 

In the plantings which received 2-cm of additional water, mois- 
ture conditions were more favorable at the 2-cm planting depth 
than at the l-cm depth. Germination, rooting, and emergence 
occurred at both depths even though soil moisture was low 1 week 
after planting (4.9 and 2.2% moisture by weight for 2 cm and 1 cm 
depths, respectively). Emergence decreased with increased plant- 
ing depth (SO, 43, 21, and 5% averaged over all caryopsis weights 
for I, 2,3, and 4 cm, respectively) (Fig. 4A). Emergence increased 
with increased caryopsis weight (21,26,29,33, and 39% averaged 
over all depths for weight classes l-5, respectively) (Fig. 4A). High 
caryopsis weight overcame the disadvantage of deep planting. For 
example, seeds in weight class 5 planted at 2 cm had a higher 
emergence than seeds in weight class 1 planted at 1 cm (53% and 
38%, respectively). Class 5 could even be planted at 3 cm and still 
have emergence over 3% (Fig. 4A). 

Percent stand after 1 year (averages of all 4 planting dates) gave 
an indication of seedling establishment. The trends observed for 
emergence continued; high caryopsis weight was associated with 
increased stand and deep plantings were associated with decreased 
stand (Table 5). Satisfactory stands were obtained from I, 2, and 3 

Table 5. Percent stand (aerial cover) of blue grama plants one year after 
planting (averaged over all four planting dates). 

Caryopsis Planting depth (cm) 

Weight class 1 2 3 4 Mean 

30 - 40 47.0 28.9 12.8 1.2 22.5’ 
40 - 50 74.0 41.2 31.5 2.2 31.2 
50 - 60 63.2 54.5 29.0 9.5 39.0 
60 - 70 73.0 59.0 39.2 6.8 44.5 
70 - 80 73.1 62.5 36.5 9.2 45.5 

Mean 66.2’ 49.2 29.8 5.8 

1Diiferences among weight class means and among planting depth means were signifi- 
cant @SO.Ol). The interaction of weight class X planting depth was significant 
CpSO.05). 

cm. However, it must be remembered that some supplemental 
moisture was used in this field experiment. Although planting at 2 
cm did not always result in higher emergence than at 1 cm (Fig. 4A) 
and showed less stand survival after 1 year (Table 5) under favor- 
able moisture conditions, planting at a 2 cm depth may be the most 
reliable, particularly under water-limited conditions. Planting at a 
2-cm depth will maximize the probability of establishment and will 
reduce the chances of exposure to the highly fluctuating soil mois- 
ture conditions near the soil surface. 

Conclusions 

Heavier seeds emerged more successfuly from deeper depths 
than lighter seeds in both the greenhouse and the field. When 
moisture conditions were marginal, deep planting increased emer- 
gence because seeds remained in moist soil during the crucial 
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14- vs. 4%Paddock Rotational Grazing: Aboveground Bio- 
mass Dynamics, Forage Production, and Harvest Efficiency 
R.K. HEITSCHMIDT, S.L. DOWHOWER, AND J.W. WALKER 

Abstract 
Research was initiated at the Texas Experimental Ranch in 1981 

to quantify the effects of 2 stocking densities, equivalent to 14 and 
42-paddock rotational grazing (RG) treatments, on aboveground 
biomass dynamics, aboveground net primary production (ANPP), 
and harvest efficiency of forage. Baseline data were collected in 
1981 from 3 adjacent 30-ha paddocks in a lepaddock, cell 
designed RG treatment. Near the beginning of the 1982 growing 
season the center paddock was subdivided into three, lo-ha pad- 
docks to establish the RG-42 treatment. Stocking densities in the 
14 and 4Zpaddock treatments were 4.2 and 12.5 AU/ha, respec- 
tively, from March 1982 to June 1984 and 3.0 and 9.1 AU/ha from 
June to November 1984. During 1981, estimated ANPP in the two 
RG-14 paddocks averaged 4,088 kg/ha as compared to 5,762 in the 
single RG-42 paddock. Following subdivision, ANPP in the RG- 
14 paddocks averaged 2,533 kg/ha as compared to 2,670 kg/ha in 
the RG-42 paddocks. Although ANPP varied significantly among 
the 4 years of the study it was not affected by density treatment. 
Likewise, harvest efficiency varied among years but was unaffected 
by density treatment. Average harvest efficiency over the 4 years 
was about 42%. Aboveground biomass dynamics were also gener- 
ally unaffected by density treatments. 

Key Words: stocking density, cell grazing, aboveground net pri- 
mary production, growth dynamics 

Interest in rotational-type grazing systems (RG) has increased 
dramatically in the U.S. during the past 10 years. Of particular 
interest has been the claim that proper implementation of a multi- 
paddock RG system will improve rangeland productivity in terms 
of livestock carrying capacity (Savory and Parsons 1980). This 
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increase in carrying capacity has been attributed generally to sub- 
stantial increases in forage production as a result of the positive 
effects of the physical impact of the grazing herd on plant growth 
and ecological succession. An extension of this claim has been that 
as livestock density is increased a similar increase in herbage pro- 
duction can be anticipated because of the greater amount of animal 
impact (herd effect). This claim was made, however, in the absence 
of any supportive scientific data. Thus, in I98 1 we designed a series 
of studies to evaluate the effects of a RG treatment on quantity and 
quality of herbage produced and consumed, harvest efficiency, 
animal behavior, watershed condition, livestock performance 
(cow/ calf), and economic profits. This paper is the third of a series 
of papers that report on the effects of 2 livestock densities in a RG 
treatment on quantity and quality of forage produced and con- 
sumed, harvest efficiency, watershed condition (Pluhar et al. 1987), 
and animal behavior (Walker and Heitschmidt 1986). Our objec- 
tive in this paper is to quantify the effects of a 3-fold increase in 
stocking density in the RG treatment on aboveground biomass 
dynamics, forage production, and harvest efficiency. Subsequent 
papers will contrast the response of the various parameters in the 
RG treatment to those in a yearlongcontinuously grazed treatment. 

Methods 

Study Area 
Study was conducted at the Texas Experimental Ran&located 

(99O14’W, 33O20’N) on the eastern edge of the Rolling Plains 
resource region. Climate is continental, semiarid, and highly vari- 
able. Annual precipitation is bimodally distributed (Fig. 1) and has 
averaged 682 mm over the past 25 years. Peak precipitation 
months are May (96 mm) and September (1 I8 mm). Average 
maximum daily temperatures range from 11.4“ C in January to 
35.8” C in July. Average minimum daily temperatures range from 
-2.4O C in January to 22.0° C in July. 

Soils at the ranch range from deep, well-drained clays and clay 
loams on the rolling upland (l-3% slopes) and in the broad valleys 
(<lo/, slope) to shallow, stoney clay and clay loams on the steeper 
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Fig. 1. Monthlyprecipitation (mm)at the Texas Experimental Ranchfor 
1981 through 1984. Closed lines represent long-term monthly averages 
from 1960 through 1982 (Heitschmidt et al. 1985). 

slopes (>5%). Elevation ranges from 408 to 463 m. Vegetation is a 
mixture of mid- and shortgrasses with a light to moderate stand of 
honey mesquite (Prosopsis glandulosa var. glandulosa Torr.). 
Dominant midgrasses are sideoats grama [Bouteloua curtipendula 
(Michx.) Torr.], a warm-season perennial, Texas wintergrass 
(Stipa leucotricha Trin. and Rupr.) a cool-season perennial, and 
Japanese brome (Bromus japonicus Thunb.), a cool-season annu- 
al. The dominant shortgrass is buffalograss [Buchloe dactyloides 
(Nutt.) Engelm.], a warm-season perennial. Brownspine prickly- 
pear (Opuntia phaecantha Engelm. and Bigel.) is the dominant 
succulent. Texas broomweed [Xanthocephalum texanum (DC.) 
Shinners] is the dominant annual forb and heath aster (Aster 
ericoides L.) is the dominant perennial forb. For a complete des- 
cription of the climate, soils, and vegetation at the ranch see 
Heitschmidt et al. (1985). 

Treatment and Sample Plots 
The 465-ha, cell-designed (paddocks fenced radially around 

common center, see Fig. 2) RG treatment was initiated in March 

EXPERIMENTAL DESIGN 

Mar 1981. Fcb 1982 Mar 1982. ’ 

H 

K K 

0 L i 

I A 

Fig. 2. Illustration depicting experimental design utilized in study. RG-14 
study plots were located in paddocks L and N. RG-42 study plots were 
located in paddock M (1981) and paddocks MI and M2 (I 982-l 984). 

1981. Initially the treatment consisted of 14 paddocks that aver- 
aged 33 ha in size and ranged from about 49 to 26 ha. The treatment 
was stocked with 125 Hereford/ Angus crossbred cows at a heavy 
rate of 3.7 ha/cow/ yr. Rate of stocking was constant until June 
1984 when it was reduced to 5.2 ha/cow/ yr because of drought. 
Rate of rotation was flexible and varied according to vegetation 
growth rates and the nutritional requirements of the cows with 
rates of rotation most rapid during periods of rapid vegetation 
growth and high nutrient requirements. Days of rest between 
grazing events ranged from about 30 to 65. 

Four permanent 0.25-ha study areas were located in 3 adjacent 
paddocks (L, M, and N) in March 1981 (Fig. 2). Two plots were 
located in paddock M and 1 each in paddocks Land N. Location of 
the 2 study areas in the M paddock was such that when the 
paddock was subdivided into three, IO-ha paddocks in March 
1982, the 2 study areas were then located in different paddocks (M 1 
and M2). All study areas were located approximately two-thirds of 
the distance away from the center to the back of the paddocks 
within 400 m of one another. Based on desired rest periods, length 
of graze in the 4 paddocks ranged from 18 hours in the IO-ha 
paddocks to 4 days in the 27-ha paddocks. The IO-ha paddocks 
hereafter are referred to as the RG-42 treatment and the 27-ha 
paddocks as the RG-14 treatment.’ 

All 4 study areas were located on a nearly level upland site on 
Nuvalde soils. This soil series is a member of the fine-silty, mixed, 
thermic family of Typic Calciustolls. It is a deep, well-drained, 
moderately permeable soil of clay loam texture. Range site classifi- 
cation is clay loam. Dominant herbaceous species were sideoats 
grama, Texas wintergrass, Japanese brome, and annual broom- 
weed. Other common grasses were buffalograss, common curly- 
mesquite [Hifaria belangeri(Steud.) Nash], red threeawn (Aristida 
longiseta Steud.), silver bluestem [Bothriochloa saccaroides Swartz) 
Rydb.], and tumblegrass [Schedonnardus paniculatus (Nutt.) 
Trel.]. The areas supported a light stand of honey mesquite (<lo% 
canopy cover) and a sparse stand of brownspine pricklypear. 

Vegetation Sampling 
Immediately before and after every grazing period from March 

1981 to December 1984, the herbaceous standing crop in ten, 
0.25-m2 quadrats was clipped at ground level. Before grazing, all 20 
quadrats were located as 10 pairs. The first 10 quadrats were 
located randomly. The second 10 quadrats were then located near 
the first 10 in a paired manner with similar standing crop and 
composition. A coin flip identified which quadrat of the pair was 
clipped before grazing and which was clipped after grazing. 

Herbage was clipped by the dominant species/ species groups on 
all sample dates except during the winter of 1981 when cold, wet 
conditions restricted field sampling. Dominant species/ species 
groups, hereafter referred to as species, and their designated codes 
were sideoats grama (Bocu), Texas wintergrass (Stle), annual 
grasses (Angr), other warm-season grasses (Wsgr), annual broom- 
weeds (Xasp), and other forbs (Forb). Following drying (60° C) 
and weighing, live/dead ratios were estimated by hand separation 
of 5 subsamples of each species from each study area both prior to 
and after grazing. Subsamples by treatment (RG-14 and RG-42), 
category (live and dead), and time (before and after) were then 
ashed at 600° C for expression on an organic matter basis. The 
same procedures were followed during the winter of 1981 except all 
grasses were clipped as a group. Species composition and live/dead 
ratios were then estimated in the laboratory by hand separation of 
subsamples. 

Following harvest, ground litter in all quadrats was collected by 
hand and vacuum, floated in water to remove soil contamination, 
oven dried, and weighed. Subsamples were then ashed for expres- 
sion on an organic matter basis. 

Data Summarization and Statistical Analyses 
Standing live in each quadrat was estimated by multiplying total 

standing crop by the percentage live estimate. Standing dead was 
then estimated by subtraction. Aboveground net primary produc- 
tion (ANPP) was calculated for each species group by summing 
incremental increases in either the standing live component only 

IStocking rate is the integrated product of stocking density and length of grazing 
period. Therefore, stocking rate in any given paddock in a set-stocked RG treatment 
can be adjusted by changing length of grazing period. But because the objective of this 
study was to evaluate the effect of number of paddocks (stock density) in a RG 
treatment on various vegetation parameters and not the effects of stocking rate, length 
of each grazing period was adjusted by an amount proportional to the size of 
treatment (RG-14 vs. RG-42) paddocks. For a more thorough discussion of the 
relationship between stocking rate and stocking density, see Scarnecchia and Koth- 
mann (1982). 
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(LIVE) or the sum of the standing live and dead components 
(TOTAL). Total ANPP for both methods was calculated by sum- 
ming across species. 

All standing crop data were subjected to least squares analyses of 
variance utilizing a split block model (Little and Hills 1978). Main 
effects were treatment (RG-14 vs. RG-42), time (before and after 
grazing), and category (live vs. dead). The error term for testing 
significant effects (PCO.05) of treatment, time, and treatment by 
time interactions was pastures within treatment. The residual was 
used to test for significant (x0.05) category, category by treat- 
ment, category by time, and the 3-way interaction effects. A split- 
plot model was used to test for significant (KO.05) differences 
among years and between treatments in ANPP estimates (Little 
and Hills 1978). Student Q tests were used for mean separations 
when appropriate (Snedcor and Cochran 1967). Unless otherwise 
noted, statistical significance is at KO.05. 

Results 
Precipitation 

Precipitation during the 4 years was highly variable (Fig. 1) and 
ranged from 699 mm in 1982 to 561 mm in 1984. Adequate precipi- 
tation during spring and abundant precipitation during fall gener- 
ally prevented extended periods of drought during all years except 
1984 when a rather severe drought extended from early spring to 
fall. The 1984 drought was accompanied by above-average temper- 
atures from April through August. 

Herbage Standing Crop 
Seasonal dynamics of the herbage standing crop were quite 

similar in both treatments (Fig. 3) and closely coupled to the 

I I RG-14 

l-1 5 RG-42 

.I *a ” 

Fig. 3. Species and total herbaceous standing crop (hgJha)for the RG-14 
and RG-42 treatmentsfrom May 1981 to December 1984. Each ofthe 
data points depict the average standing crop before and after grazing. 
Arrows identtfy sample dates when total standing crop declined signifi- 
cantly (PCO.05)duringgrazing event. No sample= lost sample because of 
excessive rainfall event. See text (Methods) for species identificcrtion 
codes. 
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interaction effects of temperature and precipitation (Fig. 1). Bio- 
mass generally began to accumulate in late winter and early spring 
as Stle, Angr, and Forbs began to grow (Figs. 4 and 5). The most 
rapid growth generally occurred in April, May, and June as the 
warm-season grasses (Bocu and Wsgr) began to grow. Peak stand- 
ing crop generally occurred in early summer. Notable exceptions to 

” ” ” Y 

Fig. 4. Live and dead standing crops (hglha) for individual species in 
RG-14 treatmentfrom May 1981 to December 1984. See Fig. 2 caption. 

these generalizations were 1981 and 1984. Peak standing crop in 
1981 occurred in early fall because of the abundance of annual 
broomweed (Xasp), which matures vegetatively in early fall. Peak 
standing crop in 1984 was less than in 1981, 1982, and 1983, 
because of drought during the spring (Fig. 1). The resulting effect 
was that stocking rate was reduced in June 1984 from 3.7 ha/ cowl 
year to 5.2 ha/cow/year. 

Statistical analyses of total standing crops indicated no major 
treatment effects although total standing crop in the RG-42 treat- 
ment was generally greater than in the RG-14 treatment (Fig. 3) 
both before (198 1) and after subdividing the 3 l-ha paddock. There 
were only 3 instances where standing crop of individual species 
(Figs. 4 and 5) varied significantly between treatments, which is 
fewer instances than that expected by chance alone (Table I). In 
August 1982 and January 1984 there was a significantly greater 
amount of Wsgr in the RG-14 than RG-42 treatment while in 
August 1981 there was a significantly greater amount of Xasp in 
the RG-42 than RG-14 treatment. 

Statistical analyses of the effect of individual grazing periods 
(time) on total standing crop indicated a significant decline 
occurred on 7 dates (Table 1, Fig. 3). Further examination showed 
only 2 instances where the total standing crop increased. On 3 dates 
there was a significant treatment by time interaction (Table 1). 
However, in all 3 instances the interaction was the result of differ- 
ences between the 2 treatments in the relative amounts of decline. 

Analyses of the effect of individual grazing periods on individual 
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Fig. 5. Live and dead standing crops (kg/ha) for individual species in 
RG-42 treatmentfrom May 1981 to December 1984. See Fig. 2 caption. 
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Table 1. Sources of variation used in analysis of variance of herb8ge 
standing crop for 27 grazing periods and percentage of times mean 
squares were significant (X0.05). 

Species 

Source Total Angr Stle Bocu Wsgr Forb Xasp3 

Treatment’ 0 0 0 0 7 0 12 
Time’ 27 8 12 I5 12 19 12 
Trt. X Time’ 4 a 4 4 4 15 25 
Category* 93 33 74 100 89 74 100 
Trt. X Cat.* 15 II 15 11 15 15 25 
Time X Cat.2 12 0 8 4 8 8 0 
3-way= 0004080 

IError term = pasture within treatment (d.f. = 1) 
ZError term = residual (d.f. = 4) 
‘Only present during 8 grazing periods. 

species showed few significant differences occurred between treat- 
ments in amounts of standing crop either before or after grazing 
(Table 1, Figs. 4 and 5). There was a significantly greater amount of 
Wsgr in the RG-14 quadrats (820 kg/ ha) than the RG-42 quadrats 
(541 kg/ ha) in August 1982 and January 1984 (412 vs. 221 kg/ ha) 
(Figs. 3, 4, and 5). There also was one date (June 1981) that 
standing crop of Xasp was significantly greater in the RG-42 
quadrats (5 11 kg/ ha) than the RG-14 (194 kg/ ha) (Fig. 3,4, and 5). 
As in the analyses of total standing crop, there were few significant 
treatment by time interaction effects (Table 1, Figs. 4 and 5) and no 
discernible treatment effects. 

Differences in amounts of live and dead tissue varied signifi- 
cantly on most dates regardless of species (Table 1). Although in a 
few instances quantity of live and dead tissue varied significantly 
between treatments (treatment by category interaction effect), 
between before and after grazing (time by category interaction 
effect), and between treatments before and after grazing (3-way 
interaction effect), no definitive trends were apparent. 

RG-14_ 

RG-42_ 

J 
J MMJSNJMMJS 

Fig. 6. Litter biomass (kg/ha)for the RG-14 and RG-42 teatmentsfrom May 1981 to December 1984. Eclch data point depicts the average of biomass 
before and after grazing. Vertical lines represent f I S. E. M. 
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Litter 
Statistical analyses of the litter data (Fig. 6) indicated no signifi- 

cant treatment or time effects and but one significant treatment by 
time interaction effect. The interaction effect occurred in August 
1981 prior to subdividing the single RG-42 paddock into 3 pad- 
docks. On this date, litter biomass in the RG-14 paddocks was 
significantly less both before (2,897 kg/ ha) and after (1,633 kg/ ha) 
grazing than in the RG-42 paddock (4,061 and 4,549 kg/ ha, respec- 
tively). The decline in litter biomass in the RG-14 paddocks during 
the grazing period also was significant while the increase observed 
in the RG-42 paddock was not significant. 

Although the litter estimates were highly variable, 2 trends were 
apparent. First, a positive relationship between herbage and litter 
standing crops was apparent in that there was generally more litter 
in the RG-42 than RG-14 paddocks and the amount of litter tended 
to decline over the 4 years of study (Fig. 6). These same trends were 
apparent in terms of the herbaceous forage standing crop (Fig. 3). 
Seasonal relationships between the litter biomass and herbage 
standing crop were, however, less well defined in terms of annual 
maximums and minimums. Secondly, it was apparent that litter 
biomass usually increased during a grazing period as would be 
expected because of the accelerated transfer of herbage standing 
crop into the litter component by trampling from grazing animals. 
During the 26 grazing periods, litter biomass in the RG-14 and 
RG-42 treatments increased 65and 62% of the time, respectively. Although 
these increases were not statistically significant at X0.05 it is 
important to note that litter biomass increased in both treatments 
42% of the time while decreasing in both treatments only 14% of 
the time. 

ANPP 
Total ANPP varied significantly among years but not among 

treatments (eO.49) when based on positive increases in the live 
component (LIVE) of individual species. Annual ANPP estimates 
ranged from 3,899 kg/ha in 1981 to 1,187 kg/ha in 1984 (Fig. 7). 

01 82 83 1). 09 82 a3 84 

Fig.7. EstimatedANPP(kglha)forgrasses,forbs, andtotalin RG-lland 
RG-42 treatmentsfor 1981 through 1984. See text (Methods)for descrip- 
tion of 2 methods (Live and Total) used to calculate ANPP. ANPP 
estimatesfor individual years (average of RG-14 and RG-42 treatments) 
are significantly dtfferent (pCO.05) when superscripts located at top of 
bars are dtyferent. See text (Methodsfor species identification codes and 
for method. 

Statistical analyses of the estimated ANPP of individual species 
showed several significant year effects, no significant treatment 
effects, and one significant year by treatment interaction effect. 
Mean separation procedures in this instance showed Bocu ANPP 
was significantly greater in the RG-42 paddocks (828 kg/ ha) than 
in the RG-14 paddocks (422 kg/ ha) in 1982 (Fig. 8). There was no 
significant difference between treatments in Bocu production in 
1983. 

Total ANPP also varied significantly among years (Fig. 7) but 
not among treatments (fiO.37) when based on changes in both the 
live and dead components (TOTAL). However, the treatment by 

b b l_lh 
RG-14 0 El RG-42 m 

Fig. 8. Estimated ANPP (kg/ha) for individual species in RG-14 and 
RG-42 treatments for 1981 through 1984. See Fig. 7 caption. 

year interaction effect was significant in this analysis. Mean sepa- 
ration procedures showed total ANPP in the RG-42 paddocks was 
significantly greater than in the RG-14 paddocks in 1981 and 1982 
because of the combined effect of nonsignificant differences 
between treatments in ANPP estimates for the individual species 
(Fig. 8). Statistical analyses of estimates by individual species 
revealed several significant year effects, no significant treatment 
effects, and one significant year by treatment interaction effect. 
Mean separation procedures for the single significant year by 
treatment interaction effect showed ANPP of Bocu was signifi- 
cantly greater in the RG-42 treatment in both 1982 and 1983 than 
in the RG-14 treatment. 

Total grass production (Angr + Stle + Bocu + Wsgr) also varied 
significantly among years depending on method of calculation, but 
not between treatments. Based on changes in the live component 
(LIVE), grass production was significantly greater in 1983 (2,192 
kg/ha) than 1981 (1,493 kg/ha) and 1984 (1,038 kg/ha), and in 
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1981 and 1982 (1,864 kg/ha) than 1984. There was no difference 
between 1981 and 1982. Based on changes in both the live and dead 
components (TOTAL), estimated ANPP of grass was significantly 
less in 1984 (1,342 kg/ha) than 1981 (2,488 kg/ha), 1982 (2,703 
kg/ ha), and 1983 (2,896 kg/ ha). The year by treatment interaction 
effects were not significant in either analysis. 

It should be noted that estimates of total ANPP in this study 
were quite similar to previous estimates at the ranch for a similar 
site located within a IO-paddock RG treatment (Heitschmidt et al. 
1982b). Estimated ANPP’s in that study were 3,300 kg/ ha in 1978 
and 2,680 kg/ ha in 1979. 

Table 2. Estimated harvest effkiencies. 

Treatment Parameters 
Year 

1981 1982 1983 1984 

I. RG-14 
A. Days grazed/ year 
B. Animal unit days (AUD)/hai 

C. Disappearance (kg/ha)2 
1. Forbs 
2. Grasses 

3. Total 

D. Disappearance (kg/ AUD) 
1. Clipping2 
2. Intakes 

E. Harvest efficiency (%) 
1. Clipping6 
2. Intake’ 

II. RG-42 
A. Days grazed/ year 

B. Animal unit day (AUD)/ ha’ 

C. Disappearance (kg/ ha)2 
1. Forbs 
2. Grasses 

3. Total 

D. Disappearance (kg/ AUD) 
I. Clipping2 
2. Intake3 

E. Harvest efficiency (%) 
1. Clipping6 
2. Intake7 

14.5 20.0 19.5 19.5 

82.2 109.4 91.5 98.1 

+12 308 
686 720 

614 1028 

144 32 
1426 996 -- 
1570 1028 

8.2 9.4 17.2 10.5 
11.94 11.7 11.7 IO.95 

16.5 37.3 52.8 55.0 
23.9 46.4 36.0 57.2 

17.0s 7.0 6.3 7.3 

77.7 96.3 87.2 96.3 

+212 327 
826 678 

6 44 
2104 584 -- 
2110 628 614 1005 

7.9 10.4 24.2 6.5 
11.9 11.7 11.7 10.9 

20.9 27.8 64.5 55.9 
16.0 31.1 31.2 93.5 

‘Adjusted for seasonal differences in herd structure relative to size (weight), physiolog- 
ical status, and number of cows, calves, bulls, and diet steers (unpublished records). 
Animal-unit is I mature (454 kg) cow (SRM 1974). Animal-unit conversion factors 
used in calculations were based on NRC (1984) estimates. 
*Based on difference in herbage standing crop before and after grazing. 
‘Based on dry matter intake/AUD of 11.8 kg (SRM 1974). 
4April through December. 
‘January through October. 
TDisappearance (C.3.)/Total ANPP (Fig. 5)] X 100. 
‘([(AUD/ha(B.) X Intake (D.Z)]/Total ANPP (Fig. 5)} X 100. 
Total days grazed in 30-ha paddock prior to subdivision in March 1982. 

Harvest Effkiency 
Estimated harvest efficiencies (Table 2) indicated minimal 

treatment effects following subdivision in March 1981 regardless 
of method of calculation. Based on clipping, harvest efficiency 
during 1982,1983, and 1984 averaged 48% and 49%, respectively, 
in the RG-14 and RG-42 paddocks. Estimates based on calculated 
intakes during these 3 years averaged 47% and 5270, respectively. 
The lack of a major difference between treatments in harvest 
efficiency estimates was not unexpected because stocking rates in 
both treatments were essentially equal. 

Differences among years were of considerably greater magni- 
tude than differences between treatments. This was primarily 
because of differences among years in total ANPP and relative 
composition. For example, estimated efficiencies during 1981 were 
well below the average for the 4 years while the 1984 estimates were 
well above average (Table 2). The lower estimate in 1981 resulted 
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from the abundant production of forbs particularly annual 
broomweed (Fig. 8), which are not normally a major component of 
cattle diets in this region (Anderson 1977, Allison and Kothmann 
1979, de Moraes 1985). When forbs were excluded in the calculated 
efficiency estimates for 1981, the estimated efficiencies, based on 
intake, increased in the RG-14 paddocks from 24% to 34% and 
from 16% to 25% in the RG-42 treatment. The greater harvest 
efficiencies in 1984 were a result of lower ANPP estimates which 
were less in 1984 than the 3 other years particularly in the RG-42 
paddocks. 

When harvest efficiencies were calculated for individual grazing 
periods, based on changes in standing crop, and for individual 
species, based on annual ANPP estimates, considerable variation 
was encountered. This variation was not unexpected because our 
study areas were small, relative to the total size of each paddock, 
and they were located within a single plant community/ range site. 
Concurrent research in these paddocks showed species composi- 
tion of diets varied among dates (de Moraes 1985) as did distribu- 
tion of grazing time among plant communities/ range sites (unpub- 
lished data). Thus, it can be assumed that grazing intensity during 
any given grazing period varied considerably among the 4 study 
areas as well as among plant species. However, the lack of major 
differences between treatments in annual harvest efficiency esti- 
mates shows that levels of grazing intensity on the 4 study sites were 
probably equivalent when averaged across grazing periods for an 
entire year. This suggests grazing preference for our study sites was 
not significantly affected by stocking density. 

It also should be noted that harvest efficiencies in this study, 
based on forage disappearance, are quite similar to previous esti- 
mates at the ranch in a lo-paddock RG treatment (Heitschmidt et 
al. 1982b). Total disappearance in that study was 1,210 kg/ha in 
1978 and 1,230 kg/ha in 1979 with subsequent harvest efficiency 
estimates of 36% and 46% for 1978 and 1979, respectively. How- 
ever, the estimates of harvest efficiencies based on estimated intake 
vary drastically between this study and the earlier study. The 
reason for this disparity is that the 1978-1979 estimates of intake 
were incorrect due to a miscalculation. Reexamination of the 
1978-1979 data showed estimated intake was 1,400 kg/ ha not 140 
kg as originally reported. Thus, the conclusion presented in the 
previous paper that most herbage “losses were either directly to the 
litter compartment or to other consumers” was incorrect. The 
revised estimates of harvest efficiency, based on estimated intakes, 
are 42% and 52% for 1978 and 1979, respectively. Combining the 
data from 1978-1979 study and this study (Table 2) suggests that 
although calculated harvest efficiencies vary considerably among 
years and between methods of calculation, average efficiency in 
heavily stocked RG treatments appears to be near 40%. Utilizing 
the 8 estimates from this study (Table 2), and the 2 revised esti- 
mates from the previous study (Heitschmidt et al. 1982b), average 
efficiency based on clipping data was 41% while average efficiency 
based on estimated intakes was 43%. 

Discussion 
The decision to utilize the 14-paddock design at the onset of this 

study was influenced primarily by our desire to use existing line 
fences where possible and the observations of laymen at other 
locations. Of particular influence were the purported claims of 
laymen relative to the vegetation and livestock response at the 
Liebigs Ranch in Zimbabwe, following establishment of a 30- 
paddock grazing cell (Savory and Parsons 1980) as well as the 
general positive observations of Howell (1978) in South Africa and 
Goodloe (1969) in Zimbabwe relative to the effects of RG treat- 
ments on herbage production. There also was some scientific evi- 
dence at the time that showed vegetation response was quite similar 
under continuous grazing and rotational grazing with few pad- 
docks (3-9) (Morely et al. 1969, Gammon and Roberts 1978, 
Gammon 1978) but that increased productivity could theoretically 
be expected by increasing number of paddocks (Noy-Meir 1976). 



The results of this study, however, do not support a hypothesis 
that forage production in a RG treatment will vary as a function of 
livestock density as affected by number of paddocks. This is evi- 
denced in this study by the general absence of statistically signifi- 
cant treatment, treatment by time, treatment by category, and 
treatment by time by category effects (Table 1). This conclusion 
must be qualified, however, because although we increased lives- 
tock density 3-fold during the study, the number of paddocks prior 
to subdivision was generally greater than the number of paddocks 
in most previous studies. Still, these results are in general agree- 
ment with the results of other quantitative studies that examined 
the effects of number of paddocks in a RG treatment on various 
vegetation parameters. Tainton et al. (1977) investigated the effects 
of different combinations of graze/rest periods on Moist Tall 
Grassveld in Natal. Their 9 treatments consisted of 2, 10, and 
20-day graze periods in all combinations with 20,40, and 6O-day 
rest periods. Grazing pressure was held constant across treatments. 
They concluded from this I-year study that although differences 
among treatments in vegetation response were small, the response 
in 2 treatments was slightly superior. These 2 treatments were 
2-day graze/60_day rest and lOday graze/60day rest. They con- 
cluded that because the former treatment would require 31 pad- 
docks to implement and the later only 7, the latter was far more 
practical for ranchers to implement than the former treatment. 
Likewise, Denny et al. (1977), Denny and Barnes (1977), and 
Denny and Steyn (1977) examined the effect of various combina- 
tions of paddock numbers (4,8,12, and 16), stocking rates (2), and 
lengths of grazing periods ($10, and 20 days) on veld vegetation in 
Zimbabwe. They also concluded from their 6-year study that there 
was minimal difference among treatments in the response of the 
vegetation in terms of their effects on botanical composition and 
density of perennial grass plants. Results from both these studies 
tended to support the earlier conclusions of Morely (1968) and 
Booysen et al. (1974). Both concluded that if the objectives of RG 
systems are to avoid grazing regrowth during any given grazing 
event and to allow sufficient rest between grazing events for ade- 
quate regrowth, then these can be adequately met in 8 to 9-paddock 
systems. 

Since the beginning of our study no quantitative studies have 
been published that would support a conclusion contrary to our 
conclusion. Furthermore, it is interesting to note that scientific 
re-evaluations of the vegetation response in several rotational graz- 
ing treatments in Zimbabwe, including the Liebigs Ranch, have 
recently been completed (Gammon 1984). Paired comparisons 
were made between veld under intensive RG systems with large 
number of paddocks (14 to 42) and adjacent similar veld that had 
been less intensively managed. Because of the significance of these 
evaluations relative to the results of this and other studies, we 
quote: 

“...In these comparisons the areas under intensive SDG were not 
markedly or consistently superior to adjacent less intensively man- 
aged areas in terms of basal cover, litter cover and species composi- 
tion. These findings are in accord with those of Clatworthy (1975). 

It is possible that these early reports of veld improvement on 
farms under SDG were inaccurate, being based on visual impres- 
sions with no recorded measurements to monitor change. Alterna- 
tively, improvement may have occurred, but at a similar rate to that 
in less intensively managed veld. The latter possibility seems most 
likely in the case of reports of veld improvement during the relatively 
high rainfall period of the 1970s (Swift, 1979). Spectacular improve- 
ment in veld condition is reported to have occurred on Liebigs 
Ranch, under a 32 paddock SDG system in a cartwheel layout. This 
was applied in 1972 to an area with a mean annual rainfall of 360 
mm in veld which was in very poor condition throughout the area. 
That marked improvement took place there is no doubt, but it is 
important to note that during the first nine years of application the 
rainfall averaged approximately 50 per cent above the mean. Com- 
parisons of veld condition showed that the surrounding less inten- 

sively managed veld was in similar condition and must have shown 
similar improvement. 

Generally intensive SDG was applied at higher stocking rates 
than had normally been recommended, and such stocking rates 
appeared to be sustainable through the 1970s. While it is reasonable 
to suppose that some degree of increased carrying capacity can be 
achieved with intensive management, it is not known to what extent 
this increased carrying capacity was attributable to the period of 
increased rainfall that accompanied the introduction of SDG. 
Probably the greatest increase in stocking rate was applied on 
Liebigs Ranch in the 32 paddock system. Here a stocking rate more 
than 100 per cent heavier than normal recommendations was app- 
lied successfully, with good animal performance for a period of eight 
years of above average rainfall (1972 to 1980). However, in the 
following two seasons (1980/ 81 and 8 I/ 82) of approximately aver- 
age rainfall, progressive reductions in stocking rate had to be made, 
bringing the rate to approximately 50 per cent above normal 
recommendations. At this level, the paddocks became critically 
short of grass by November, 1982, at which time the system was 
completely destocked. The area was thus destocked before the 
effects of the 1982/83 drought was felt and has carried no stock 
through this drought. It is clear that in years of high rainfall stocking 
rates at least double the normal recommendations could be sus- 
tained under this system. It is not possible to assess accurately what 
stocking rate could be sustained in average or slightly below average 
seasons. However, in this case a level 50 percent higher than normal 
was too heavy in such circumstances.” 

Finally it may seem that the results of this and most other 
quantitative studies are in direct conflict with the basic underlying 
biological theory of RG (Voisen 1959; Acocks 1966; Booysen and 
Tainton 1978; Gammon 1978, 1984; and Heitschmidt et al. 1982a) 
as incorporated into such mathematical simulation models as 
those presented by Noy-Meir (1976) and Senft and Malechek 
(1985). The analytical simulation model presented by Noy-Meir 
suggested that when stocking rates were high, as in our study, 
intensive rotation (many subdivisions and/ or long rests) increased 
long-term productivity as compared to continuous grazing. Like- 
wise, the model by Senft and Malechek suggested weight gain/ ha 
for steers grazing crested wheatgrass [Agropyron cristatum (L). 
Gaertn.]dominated grasslands would be greatest when length of 
graze was low (1 day), number of paddocks was high (30), and 
stocking rate was high. An explicit assumption in both models was, 
however, that the relative growth rate of the entire vegetation 
complex is constant throughout the grazing season. Obviously, 
this assumption is unrealistic for arid and semiarid rangelands that 
support a heterogeneous mixture of forage species. In fact, the only 
conceptual model that strongly emphasizes the merits of RG dur- 
ing adverse vegetation growth periods is that which includes the 
concept of positive effect of physical animal impacts (Savory and 
Parsons (1980). The scientific credibility of this model must be 
questioned, however, in light of the results of this study as well as 
those from several other recent studies. For example, Balph and 
Malechek (1985) have shown in Utah that cattle tend to avoid 
stepping on tussocks of grass thereby increasing trampling of the 
barren, interstitual soil surfaces. This in turn destroys the crypto- 
gamic crusts found on these areas, which tends to reduce the 
chances for successful establishment of seedlings (St. Clair et al. 
1984) and to decrease water infiltration rates and increase soil 
erosion (Loope and Gifford 1972) in this region. Likewise, recent 
studies in Texas have shown that RG at high rates of stocking tends 
to decrease water infiltration rates and increase sediment produc- 
tion (Pluhar et al. 1987, Warren et al. 1986a, Warren et al. 1986b) 
and increase density of cattle trails (Walker and Heitschmidt 1986). 
The results from these various studies simply emphasize that cau- 
tion should be exercised by management personnel utilizing graz- 
ing management strategies that are biologically justified by the 
assumption that the physical impact of herbivores on structure and 
function of grassland ecosystems is always positive. 
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The Influence of Grazing Pressure on Rooting Dynamics of 
Caucasian Bluestem 
TONY SVEJCAR AND SCOTT CHRISTIANSEN 

Abstract 

Caucasian bluestem (Bothrioctrlocr coueosieo (Trin.) C.E. Hubb.) 
is a warm-season grass introduced from Eurasia that is currently 
used for reseeding farmland and depleted range in the Southern 
Great Plains. Although this species is thought to be grazing toler- 
ant, little specific information is available concerning its response 
to grazing. Variable (put-and-take) stocking was used to maintain 
heavy (3 to 8 steers/ha) and light (2.5 to 4.5 steers/ha) grazing 
treatments during mid May to late September from 1983 to 1985. 
Seasonal changes in root mass and root length to a depth of 60 cm 
were measured the first 2 years, and end-of-season root length was 
measured the third year. Leaf area index (LAI) was measured 
during the first 2 years. Peak root mass was 27 and 46% less in 
heavily relative to lightly grazed swards in 1983 and 1984, respec- 
tively. Total root length for heavily grazed swards was 33 and 45% 
less than lengths of lightly grazed swards in 1983 and 1984, respec- 
tively. Heavy grazing resulted in a relatively larger reduction in 
LA1 than in either root mass or length, and thus the ratio of 
absorbing root surface to transpiring leaf surface was greater for 
heavily grazed than lightly grazed plants. This increased ratio may 
explain our previous observation that heavy grazing resulted in an 
improved water status of leaf tissue. End-of-season total root 
length over the 3-year period (15 to 18 and 24 to 28 km/m2 for 
heavily and lightly grazed swards, respectively) was remarkably 
consistent given the variable climatic conditions over the study 
period. 

Key Words: Bofhriochloa caucusica, defoliation tolerance, root 
length density 

Root ecology plays a critical role in plant survival and competi- 
tive ability. However, because of the time-consuming and tedious 
nature of field root studies, less research effort has been devoted to 
this topic than studies involving aboveground plant response 
(Bohm 1979). Considerable emphasis has been directed to rooting 
dynamics in explaining plant response to defoliation (e.g., Biswell 
and Weaver 1933, Crider 1955). Clipping generally causes a reduc- 
tion in root growth and mass (Biswell and Weaver 1933, Thaine 
1954, Crider 1955, Evans 1972, Archer and Tieszen 1983, Richards 
1984). An exception was the study of Chapin and Slack (1979) in 
which 2 years of chronic defoliation did not reduce root weight of a 
defoliation-tolerant arctic sedge. Cessation of root growth after 
defoliation has been suggested as a means of conserving plant 
reserves, thereby aiding in resumption of shoot growth (Evans 
1972, Caldwell et al. 1981). 

Although results from clipping studies suggest that continuous 
grazing should reduce root growth and mass, results from grazing 
studies are inconsistent and often confounded because grazing 
alters species composition of the plant community. Thus the effect 
of grazing on root mass will depend on rooting habits of the 
particular increaser and decreaser species. Weaver (1950) and 
Schuster (1964) reported a decline in root mass with increasing 
grazing intensity in tallgrass prairie and mountain grassland eco- 
systems, respectively. In both studies root systems of individual 
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plants were excavated, and root mass of the dominant climax 
species was determined. Lorenz and Rogler (1967) and Bartos and 
Sims (1974) found no differences in root mass among grazing 
treatments in mixed and shortgrass prairie ecosystems, respec- 
tively. In contrast, Pearson (1965) and Smoliak et al. (1972) 
observed an increase in root biomass of grazed compared to 
ungrazed cold desert and mixed prairie ecosystems, respectively. In 
one of the few studies that examined root dynamics of a single 
species sward, Ruby and Young (1953) found that grazing brown- 
seed paspalum (Paspalum plicatulum) over an 18-month period 
had little effect on root mass. 

This study was part of a larger project aimed at evaluating the 
aboveground and belowground response to grazing of Caucasian 
bluestem (Bothriochloa caucasica), a species considered quite graz- 
ing tolerant. The specific objectives were to compare seasonal 
trends in rooting dynamics and root:shoot relationships of Cauca- 
sian bluestem pastures grazed continuously at heavy and light 
intensities. Materials and Methods 

The study was conducted at the USDA-ARS Forage and Live- 
stock Research Laboratory near El Reno, Okla. Soils at the study 
site were fine-silty Pachic Haplustolls of the Dale Series. Annual 
precipitation averaged 80.9 cm from 1977 to 1985. During the years 
of the study annual precipitation was 99.0 cm (1983), 72.4 cm 
(1984), and 120 cm (1985). Growing season precipitation (April-- 
September) was 54, 33, and 60 cm for 1983, 1984, and 1985, 
respectively. 

We used swards of Caucasian bluestem which had been seeded in 
1979 and hayed or leniently grazed prior to initiation of this 
study. The pastures were burned in mid March each of the study 
years. Ammonium nitrate was applied at a rate of 84 kg/ ha actual 
nitrogen in early May and again in early July of 1983 and 1985; 
during 1984 the second application was deleted because of dry 
conditions. Atrazine was applied mid March 1985 at 0.7 kg/ ha to 
control cheatgrass (Bromus tectorum L.). Plant species other than 
Caucasian bluestem were not present during any of the sampling 
periods. Continuous variable (put-and-take) stocking was used to 
maintain high herbage mass (light grazing, 2.5 to 4.5 steers/ ha) and 
low herbage mass (heavy grazing, 3 to 8 steers/ ha) treatments on 
l-ha pastures (see Wheeler et al. (1973) for discussion of variable 
stocking). Steers averaging about 225 kg were put on the pastures 
in mid-May and grazed until late September all 3 years. Growth of 
Caucasian bluestem is very rapid during May and June; about 3 
weeks of grazing were required to achieve the desired herbage 
levels in the various pastures. From about the second week of June 
to the end of September leaf area indices (LAPS) and standing 
crops were <l .O and 860 to 1,952 kg/ ha, respectively, for the heavy 
grazing treatment and 1.4 to 4.5 and 3,180 to 10,100 kg/ ha, respec- 
tively, for the light grazing treatment. A more detailed description 
of the study appears in Svejcar and Christiansen (1987). 

During 1983 and 1984, three replicates of heavily and lightly 
grazed pastures were used. On 4 dates in 1983 and 3 in 1984, both 
aboveground and belowground plant components were sampled. 
Aboveground samples were removed from four 15 X 25-cm quad- 
rats per experimental unit and returned to the lab where live leaf 

IUse of company names does not indicate preferential treatment or endorsement by 
USDA. 
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was separated from other plant parts. The leaves were measured 
for area with an LI-3000 area meter and LI-3050A belt conveyer 
(Li-Cor, Inc., Lincoln, Neb.)‘, and values converted to LAI. 

Root cores from 0 to 30 and 30 to 60 cm soil depths were taken at 
the center of every second quadrat with a 7.6-cm diameter coring 
tube (Giddings Machine Co., Ft. Collins, Colo.). All root cores 
were washed with a hydropneumatic elutriation system (Gillison’s 
Inc., Benzonia, Mich.). Core samples were stained with a 1% 
Congo Red solution for 15 minutes and rinsed with deionized 
water. The samples were placed in a tray of water, and debris and 
dead roots were manually removed. Roots which were brittle and 
lacked an intact stele were considered dead. The samples were 
scanned for length on a root-length scanner (Commonwealth Air- 
craft Corp., Melbourne, Australia). Percent root and percent 
debris were estimated from a core subsample by manually counting 
intersections on a grid. The scanned root-lengths were corrected 
for debris. The correction was necessary because even with careful 
hand cleaning of root samples, we found debris biased the estimate 
of root length by 4 to 10%. Root length density (RLD) was calcu- 
lated from total root length of a sample and the volume of soil from 
which the roots were collected. Samples were dried at 75” C for 24 
h and weighed. 

One end-of-season root coring was conducted in 1985. Four 
paired samples were obtained along a fenceline of adjacent heavily 
and lightly grazed pastures; the area within 3 m of the fence was 
avoided. At each sampling point root cores were taken at depths of 
0 to 30 and 30 to 60 cm. Cores were processed as described 
previously. 

During 1983 and 1984 the experimental design was a random- 
ized block with treatment, depth, and date as main effects. Analysis 
of LA1 had treatment and date as main effects. Years were ana- 
lyzed separately. Analyses were also conducted by date and depth 
within a year. The 1985 sampling was analyzed as a paired-t with 
pairing for depth and treatment. All analyses were conducted using 
the Statistical Analysis System (SAS). 

Results 

The initial sampling in 1983 was taken about 3 days prior to 
initiation of grazing. Thus it provided baseline data, but was not 
included in treatment comparisons. In 1983 there were significant 
(X.05) treatment by date interactions for root mass and RLD; 
and in 1984 there were significant (K.05) treatment by depth by 
date interactions for these 2 variables. Thus, for consistency and 
ease of presentation we chose to present the analyses which com- 
pare treatments at a given date and depth (see Steel and Torrie 
1980, p. 399 for a comparable example). During the summer of 
1983 the trend was for increasing root mass and RLD at the upper 
depth for both treatments, followed by a decline in early fall (Figs. 
1 and 2). At the lower depth on lightly grazed pastures the trend 
was also for an increase during summer followed by a fall decline, 
but there was little seasonal variation in either root mass or RLD 
on heavily grazed pastures. Sampling variation was less at the 
lower relative to the upper depth, and treatment differences were 
significant (P<.O5) at the lower depth for the last 2 sampling dates 
of 1983. 

In 1984 there was generally little seasonal change in either root 
mass or RLD at either depth on the heavily grazed pastures (Fig. 1 
and 2). The greatest seasonal change was an increase in RLD from 
1.3 to 2.0 cm/cm3 from early June to late August at the lower depth 
of heavily grazed pastures. Both root mass and RLD increased 
during the summer at upper depth of lightly grazed pastures. 
Treatment differences were significant (X.05) for both root mass 
and RLD on the second two dates at the upper depth. Root mass 
was statistically different (K.01) between treatments on the last 
date at the lower depth, although the magnitude of the difference 
was relatively small. 

The root length-to-weight ratio (LWR) was not influenced by 
grazing level (p>.O5), and there were no significant interactions of 
‘Use of company name does not indicate preferential treament or endorsement by 
USDA. 
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Fig. 1. Root mass (g/mz) of lightly (dashed lines) and heavily 
(solid lines) grazed Caucasian bluestem at 0 to 30 cm (top of 
figure) and 30 to 60 cm (bottom offigure) soil depths. The first 
sampling (May 1983) was conductedjustprior to the initiation of 
grazing treatments. Vertical lines are one standard error of the 
mean (n = 6). Significant treatment effects analyzed by depth and 
date are indicated by asterisks f = P<.OS, ** = P<.Ol). 
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Fig. 2. Root length density (cm/Ems) of lightly (dashed line) and heavily 
(solid lines) grazed Caucasian bluestem at 0 to 30 cm (top offigure) and 
30 to 60 cm (bottom offigure) soil depths. The initial sampling (May 
1983) was conducted just prior to imposition of grazing treatments. 
Vertical lines are one standard error of the mean (n = 6). Significant 
treatment effects analyzed by depth and date are indicated by asterisks P 
= K.05, ** q  PCOI). Rainfall events during the two growing seasons 
appear at rhe top of thefigure. 

treatment with either depth or date in 1983 or 1984. There was a 
depth by date interaction (K.05) in 1983, apparently a result of a 
fairly constant LWR at O-30 cm and an increase over the season at 
30-60 cm (Table 1). Analyses by date indicate that depths were 

Table 1. Length-to-weight ratio (m/g) of roots from heavily(H) and lightly 
(L) grazed Caucasian bluestem swards. Values are means of 6 samples.1 

Depth and 1983 1984 

treatment May 19 June 28 July 21 Sept. 18 June 4 July 15 Aug. 23 

O-30 cm 
L 42.9 32.2 41.8 45.4 21.3 34.4 34.2 
H 40.5 39.0 37.6 42.6 31.6 33.0 30.5 

30-60 cm 
L 82.5 82.0 108.4 123.6 113.3 124.9 132.2 
H 80.2 86.7 97.5 106.4 97.0 129.6 152.2 

‘Treatments were not significantly different (p>.OS), however, depths were signifi- 
cantly different (K.05). 
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Table 2. Leaf area index(LAI), root length (km) to a depth of 60 cm per m* of ground area, root areadeaf area ratio, and distribution of root mass and root 
length for heavily (H) and lightly (L) grazed Caucasian bluestem pastures.l 

1983 1984 1985 

May 19 June 28 July 21 Sept. 18 June 4 July 15 Aug. 23 Oct. 2 

Variable H L H L H L H L H L H L H L H L 

LA1 2.4 2.9 0.7 3.2 0.7 1.4 1.0 1.9 2.0 3.0 0.8 4.5 0.4 1.4 
Root length (km) m* per 18.9 20.4 21.0 24.6 23.4 35.2 18.0 25.8 12.9 18.3 13.8 27.0 15.3 27.9 1; 2G 
Root area:leaf area ratio* 6.2 5.7 24.6 6.1 26.7 19.4 14.1 10.6 5.1 4.8 13.7 4.8 32.4 15.4 - - 
Root mass in profile (%)3 upper 90 90 92 92 91 87 89 87 87 90 83 91 89 89 88 90 
Root length in profile (%r upper 81 81 84 83 80 73 75 66 70 67 65 73 61 67 74 81 

‘Both LA1 and root arexleaf area ratio are unitless. however. thev can be visualized as m2 of leaf area per n12 of ground area and m2 of root surface per m2 of leaf surface, 
respectively. 
2Root surface area was calculated using an average root diameter of 0.25 mm. 
3Percentage of total root mass to a depth of 60 cm which occurred in the top 30 cm. 
‘Percentage of total root length to a depth of 60 cm which occurred in the top 30 cm 

significantly different (p<.OS) on all dates. There was not a signifi- 
cant depth by date interaction (m.05) in 1984, and the main effect 
of depth was significant (EY.05). 

In 1983 LA1 was significantly greater (X.05) for the lightly 
compared to heavily compared grazed pastures (the 19 May sam- 
pling was excluded for the analysis) (Table 2). In 1984 there was a 
treatment by time interaction (ZY.05). In the by date analysis there 
was no significant difference (n.05) in LA1 between lightly and 
heavily grazed pastures on 4 June, which was about two and a half 
weeks after initiation of grazing; however, grazing treatments were 
significantly different (ZX.05) on 15 July and 23 August in 1984. 
Root length per rnz of ground area was calculated from root length 
densities for the 0 to 60 cm depth. Total root length at the end of the 
growing season was remarkably consistent over the 3-year period, 
with values of 15.3 to 18.0 km/m2 and 24.0 to 27.9 km/m* for the 
heavy and light grazing treatments, respectively (Table 2). Although 
the last sampling date in 1984 was earlier than the other 2 years, the 
lightly grazed plants had senesced and changes in root length 
during September would probably have been minimal. The heavily 
grazed plants were active during the late summer period and 
changes in root length may have occurred. 

Using values of total root lengths, and assuming a root diameter 
of 0.25 mm, total root surface areas were calculated. Under a 
dissecting scope we estimated 0.25 mm to be the median root 
diameter class over the O-60 cm sampling depth for 1985 samples. 
More rigorous measurement of root diameter would be necessary 
to obtain precise root surface estimates, however, a median value 
should suffice for illustrative purposes. These root surface values 
were divided by leaf area to provide a ratio of absorbing surface of 
root to transpiring surface or leaf. With the exception of 4 June 
1984, when the leaf area of heavily grazed pastures was still fairly 
high, there was at at least a 38% increase in the ratio of root surface 
area to leaf area under heavy grazing. During July and August of 
1984 these ratios were more than twice as high for the heavily 
compared to lightly grazed treatment. Location of roots in the soil 
profile will influence root surface estimates because deep roots are 
thinner (Table 1); however, proportions of roots in the upper depth 
were generally similar between treatments (Table 2). And regard- 
less of the relationship between treatmentsin root distribution, the 
heavily grazed pastures had higher ratios of root to leaf surface 
than those lightly grazed. 

Discussion 
The study of belowground structures has generally been neg- 

lected (Risser et al. 1981), thus our understanding of root:shoot 
relationships is somewhat limited. Kummerow (1980) concluded 
that the ratio of absorbing root surface to photosynthetically active 
leaf area is functionally more relevant than ratios of root to shoot 
biomass. Although Kummerow presented surface ratio values for 
shrubs, little information is available for grassland species, and no 
studies document the effect of grazing on this ratio. McNaughton 
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(1983) hypothesized that “herbivory may improve the water rela- 
tions in remaining tissue and tissue newly synthesized following 
tissue removal due to a greater ratio of root absorbing surface to 
remaining tissue”. The results presented in this and a previous 
paper (Svejcar and Christiansen 1987) support McNaughton’s 
hypothesis that at least for some grazing tolerant grasses an 
improved absorbing root surface to transpiring leaf surface ratio 
can improve the water status of leaf tissue. Although heavy grazing 
reduced both root mass and length (Figs. 1 and 2), the reduction in 
leaf area was relatively greater, thus increasing the root surface to 
leaf surface ratio relative to light grazing (Table 2). In another 
portion of this study, xylem water potentials were measured 
weekly from 16 June to 9 September 1984 on plants from the 
heavily and lightly grazed treatments. When averaged over the 
season, heavily grazed plants had xylem potentials 28% less nega- 
tive and total leaf conductances 76% higher than lightly grazed 
plants (Svejcar and Christiansen 1987). Although there was an 
increase in leaf conductance, heavily grazed swards had only one- 
third to one-fifth the leaf area of lightly grazed swards during mid 
to late summer of 1984. Thus, water use should have been less for 
heavily grazed swards; soil moisture measurements support this 
conclusion (Svejcar and Christiansen 1987). However, because 
only active leaves in the upper canopy were measured in the lightly 
grazed swards, average canopy conductance may have been lower 
than our measurements would indicate when LA1 was high. 

Information on rooting patterns is important in predicting both 
plant response to grazing and general plant response to climatic 
and edaphic factors. On rangeland, as well as in other systems, 
water and nutrient extraction by plants are the primary factors 
controlling plant growth. Taylor and Klepper (1978) concluded 
that many of the conceptual models developed to describe water 
uptake by plants assume that uptake rate is a function of: (1) 
transpiration rate, (2) root length, (3) water uptake per unit root 
length, and (4) the water potential difference between some point in 
the soil and some point in the plant or atmosphere. However, most 
of the rooting information currently available on grassland species 
involves root mass rather than length. In the present study, root 
mass tended to be more concentrated in the upper horizon than did 
root length (Table 2). This can be accounted for by the root length 
to weight ratios (Table l), which showed that the deep roots had 
considerably more length per unit weight than upper horizon 
roots. Similar results have been found with annual cereals (Derera 
et al. 1969) and annual clovers (Pearson and Jacobs 1985). Thus, 
some species may be able to explore more soil at the lower depths 
than would be expected from root mass values alone. In the present 
study the proportion of root mass in the upper profile was remar- 
kably constant among treatments and over time but there was a 
good deal of variation over time in proportion of root length in the 
upper profile (Table 2). In both 1983 and 1984, as the season 
advanced and the profile became drier, roots at the lower depth 
developed higher LWR (Table 1). Roots had less length per unit 
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weight at the lower depth in 1983 compared to 1984, which might 
be related to lower precipitation in 1984, causing more extensive 
exploration by roots. Many questions concerning the functional 
aspects of rooting dynamics remain unanswered. There is little 
empirical information currently available concerning the rooting 
density required to dry a soil profile to a given level, especially for 
perennial species. Caldwell (1976) suggests that the energetic costs 
of perennial root systems are difficult to justify if roots are viewed 
strictly as organs of water absorption. In the present study, the 
reduction in root length and leaf area with heavy grazing was 
sufficient to delay drying of the soil profile relative to light grazing; 
however, regardless of treatment most of the available soil mois- 
ture was extracted (Svejcar and Christiansen 1987). 

Our observation that root mass and length tend to be concen- 
trated in the upper portion of the soil profile is consistent with 
studies from other grassland systems (Weaver 1950, Ruby and 
Young 1953, Smoliak et al. 1972, Bartos and Sims 1974). Again, 
the functional aspects of this phenomena are not clearly under- 
stood, but 2 possibilities have been suggested. Species adapted to 
regions where small rainfall events constitute the majority of 
summer precipitation may benefit by extracting a maximum of 
surface moisture before it is lost to evaporation (e.g., Sala and 
Lauenroth 1982). Another possible explanation is that roots are 
concentrated at the soil surface because that is where a majority of 
the plant nutrients are located (Williams 1969). In the present 
study, the distribution of root length in the soil profile varied over 
time, and to some extent between treatments (Table 2). However, 
the importance of these variations in distribution will be difficult to 
interpret until we gain a better understanding of the tradeoff 
between energy required to grow roots at a given soil depth and the 
resultant increase in water and nutrient uptake. 

Summary and Conclusions 

Continuous heavy grazing reduced root mass and length relative 
to light grazing on Caucasian bluestem pastures. However, the 
relative reduction in root length was less than the reduction in leaf 
area for heavily compared to lightly grazed pastures. The result 
was an improvement in root surface area to leaf area ratio, and thus 
improved water status for heavily grazed pastures. This response, 
in concert with Caucasian bluestem’s profuse tillering habit and 
maintenance of stable carbon pools (Christiansen and Svejcar 
1987) helps explain this species’ ability to tolerate heavy grazing. 
However, we caution that many questions concerning the func- 
tional aspects of root response remain unanswered. 
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Defoliation of Intermediate Wheatgrass under Seasonal 
and Short-duration Grazing 
FREDERICK B. PIERSON AND DAVID L. SCARNECCHIA 

Abstract 

Defoliation of intermediate wheatgrass (Agropyron interme- 
dium by cattle was examined under seasonal and short-duration 
grazing. Tiller height, number of green leaves per tiller, phenologi- 
cal status, and defoliation frequency were measured on individu- 
ally marked tillers during 2 grazing seasons. 

Defoliations at high and low stocking densities (5.2 and 2.6 
animal-units/ha) were examined during the 1983 growing season. 
At equal stocking rates, standing crop decreased more rapidly 
under low stocking density. Mean tiller height and mean number of 
leaves per tiller decreased linearly over time in both treatments. 

In 1984, 14 heifers were moved through 3 rotations of an 8 
subunit short-duration grazing system in 72 days. A larger fraction 
of tiller height and a higher number of green leaves per tiller were 
defoliated during rotation one than during rotation three. Animals 
grazed the greatest number of tillers during rotation one. Biting 
rate varied logarithmically with the mean number of green leaves 
per tiller. Time spent grazing was significantly and inversely related 
to the mean number of green leaves per tiller. This result suggests 
that animals were selectively grazing green leaves over coarse stem, 
and spent more time searching for them as their numbers 
decreased. 
Key Words: grazing management, grazing plan, grazing systems 

Rotational grazing systems have been developed to meet the 
needs of the vegetation, soil, and livestock, while allowing flexibil- 
ity in management. Part of the research in selecting a suitable 
grazing system involves detailed field studies of grazing systems 
under different conditions. Essential field information on plant 
and animal performance under different grazing systems can then 
be considered within a general management model, and one or 
more suitable management plans can be developed. For results of 
field studies on grazing systems to be widely useful, research should 
focus on dynamics of herbage growth, disappearance, and defolia- 
tion as well as animal performance or plant species composition. 
Research should be designed to provide researchers and managers 
with predictive equations describing defoliation effects of livestock 
over time, rather than comparisons of mean defoliation effects 
between specific grazing systems. 

Presently, however, little information exists describing defolia- 
tion of tillers and plant parts under different grazing systems. 
Gammon and Roberts (1978a, 1978b, 1978~) studied the selectivity 
of grazing and the severity and frequency of defoliation by cattle 
under continuous and rotation grazing within the Matapos sand- 
veld of Rhodesia. Degree of selection and changes in animal selec- 
tivity were attributed to the morphological features of the different 
plant species, changes in moisture content, and changes in relative 
tiller height. By the end of grazing, tiller heights did not differ 
between treatments by more than 1 cm. The more frequently 
grazed tillers tended to be the more severely defoliated. While 
rotational grazing caused a slight reduction in multiple defolia- 
tions of any one tiller, there was little difference in mean frequency 
of defoliations between treatments. 
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Hart and Balla (1982) measured forage production and removal 
from tillers of western wheatgrass (Agropyron smithii)and crested 
wheatgrass (Agropyron desertorum)under 2 stocking rates. Tillers 
of both species were grazed more frequently under the higher 
stocking rate. Difference in stocking rate had little influence on the 
proportion of available forage removed at each grazing event. Only 
at the higher stocking rate on crested wheatgrass were all tillers 
grazed at least once. A small percentage of tillers remained 
ungrazed under all other grazing treatments. 

In Texas, Briske and Stuth (1982) investigated tiller defoliation 
patterns by yearling steers under moderate and heavy grazing. 
Tiller height of brownseed paspalum (Paspalum plicatulum), a 
warm-season bunchgrass, was reduced 50% within 7 days in the 
heavy grazing treatment. A significant reduction in tiller height 
within the moderate grazing treatment did not occur until after 18 
days of grazing and tiller height was reduced only 46% at the 
termination of grazing. Tillers in the heavily grazed treatment were 
uniformly regrazed at 3-4 day intervals. Tillers in the moderate 
grazing treatment were nonuniformly grazed and had a wide range 
of tiller heights at the termination of grazing. By the end of the 
moderate grazing trial 82% of the tillers had been grazed at least 
once, 31% at least twice, and 10% at least 3 times. 

Our study was designed to determine and compare the fre- 
quency, timing, and degree of defoliation of individual tillers of 
intermediate wheatgrass (Agropyron intermedium), a cool-season, 
rhizomatous grass, under (1) continuous grazing at 2 different 
stocking densities (animal-units (AU)/ ha) and (2) within 3 rota- 
tions of a short-duration grazing system. We also determined 
relationships between tiller defoliation measurements and grazing 
behavior (especially diurnal grazing time and biting rate) under 
short-duration grazing. 

Study Area and Methods 

Study Area 
The study was conducted on a 48-ha intermediate wheatgrass 

pasture in central Washington. The semiarid region has a mean 
annual precipitation of 32 cm. Precipitation between August 1982 
and August 1983 was approximately 44 cm, and between August 
1983 and August 1984, 41 cm. Most precipitation falls as snow 
between November and March; summer showers contribute trace 
amounts. Mean monthly temperatures range from -4” C in Janu- 
ary to 24O C in July. 

In 1969, approximately 65% of the area was seeded, with the 
remainder being rock outcrops or steep stony areas with shallow 
soils. Fifteen years after seeding, the area supports a dense stand of 
intermediate wheatgrass. Peak standing crops vary from approxi- 
mately 1,500 to 2,250 kg/ ha with peak herbage growth rate (kg/ha- 
day) occurring in early to mid-June. Small invading populations of 
Russian and diffuse knapweeds (Centaurea repens and Centaurea 
dvfusa) are present. The native vegetation on the unseeded area 
consists of Agropyron spicatum, Festuca idahoensis, Elymus cine- 
reus, Balsamorhiza spp., Eriogonum spp., and introduced species 
including Bromus tectorum. Forage production on these native 
sites is low and is a negligible fraction of the total standing crop. 

Methods 
In 1983, the 48-ha area was divided into 2 pastures based on 
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ocular and stratigraphic estimation of equal standing crops. One 
pasture was stocked with 62 cow-calf pairs for 26 days (24 June to 
20 July) for a stocking density of 2.6 AU/ha to achieve a low 
stocking density (low SD) treatment. The other pasture was 
stocked with 124 cow-calf pairs for 12 days (24 June to 6 July) for a 
stocking density of 5.2 AU/ ha to achieve a high stocking density 
(high SD) treatment. 

Twenty transects were randomly distributed within strata in 
each pasture. Each transect contained 20 tillers spaced approxi- 
mately 10 cm apart. Each tiller was marked with colored, 16gauge 
solid-core copper wire loosely wrapped around its base. Alternate 
colors were used so that individual tillers could be identified and 
repeatedly measured, as described by Briske and Stuth (1982). Five 
ungrazed transects protected by wire exclosure cages were ran- 
domly placed in each pasture. 

Tiller measurements were recorded every 2 days. Variables mea- 
sured were phenological status (vegetative, culmed, or flowering), 
tiller height (measured from soil surface to tip of highest out- 
stretched leaf), number of green leaves per tiller, and number of 
partially grazed leaves per tiller. Each tiller was recorded as grazed 
or ungrazed since the previous measurements. Fingernail polish 
was used to mark edges of grazed parts of tillers so that repeated 
measurements of all variables were possible. Gammon and Roberts 
(1978a) found that this method of marking did not influence plant 
selectivity by cattle. 

Fifty 0.5-m2 plots, randomly distributed with strata, were 
clipped to a 2.5-cm stubble height both before and after grazing in 
each pasture. Clippings were oven dried and used to estimate 
changes in standing crop within each pasture. Linear regression 
analysis (Steel and Torrie 1980) was used to analyze each variable 
over time for each pasture. 

In 1984, a radial set of 8 subunits was constructed on a 6-ha 
portion of the 48-ha area used in the first year of the study. The area 
was selected on the basis of uniform standing crop, elimination of 
unseeded area, and proximity to water. The area was divided into 
smaller subunits on the basis of ocularly and stratigraphically 
estimated equivalent standing crops. Subunits averaged 0.75 ha in 
size and contained an average of 2,100 kg/ ha initial standing crop. 
The 8 subunits radiated from the water source located in a small 
portable corral. A 3-wire (center wire grounded) fence attached to 
permanently placed fiberglass posts on 35-foot centers delineated 
subunit boundaries. After each grazing period, wires were reeled 
onto large spools, and unreeled along the boundary of the next 
subunit to be grazed. 

Twenty-five transects, each containing 10 tillers, were randomly 
located between marked fence posts in subunits 2, 4, 6, and 8. 
Methods of tiller identification were the same as used in 1983. 
Variables measured were the same as in 1983 with the addition of 
the number of senescent leaves per tiller (estimated to the nearest 
half leaf). Fingernail polish was again used to mark grazed por- 
tions of tillers for repeated measurement of variables. 

Twenty-five 0.5-mr plots, randomly distributed within strata, 
were clipped before and after grazing in each subunit throughout 3 
rotations. Standing crop measurements were used to estimate for- 
age availability and regrowth for each subunit within each rota- 
tion. A more detailed description of sampling methods can be 
found in Pierson (1985). 

Fourteen bred heifers of similar age and size were moved 
through successive subunits every 3 days. Three rotations of the 8 
subunits were completed in 72 days (3 June to 14 August). Stocking 
densities for each subunit ranged from 9.1 to 16.1 AU/ ha, with a 
total stocking rate over the 72 days of 100 animal-unit-days 
(AUD)/ ha. Animals were moved between 9:00 and 1O:OO AM PDT 

1 after their morning grazing period. 
Analysis of variance procedures using a split-plot repeated mea- 

sures design (Steel and Torrie 1980) were used to determine differ- 
ences between pastures and between rotations for appropriate 
variables. A Least-Significant Difference test (Steel and Torrie 

1980) was used to test for differences between stocking densities. 
Regression analysis (Steel and Torrie 1980) was used to determine 
relationships between tiller measurements and time, standing crop, 
and utilization. Regression analysis was also used to determine 
relationships between tiller measurements and behaviorial mea- 
surements (grazing times and biting rates) of 4 heifers on each 
subunit during each rotation of the study, reported by Abu-Zanat 
(1985). Unless otherwise noted, statistics were tested for signifi- 
cance at (wzO.05. 

Results and Discussion 

1983 
Initial standing crops within the low SD and high SD pastures 

were 2,700 kg/ ha and I,9 10 kg/ ha, respectively. Stocking rates for 
both SD’s at the termination of grazing were approximately equal 
to 62.4 (AUD)/ ha. Standing crop ((initial-final) X 100%) was 
reduced 64% on the low SD pasture and 58% on the high SD 
pasture. Assuming similar forage disappearance rates not due to 
grazing, animals in low SD pasture averaged a higher daily intake. 
The percentage of tillers defoliated within corresponding sampling 
periods was variable for both SD’s and showed no trend of one SD 
being higher than the other. The percentage of plants defoliated per 
sampling period did not decrease over time as Greenwood and 
Arnold (1968) found for sheep grazing a set-stocked pasture. 

Mean tiller height in both treatments decreased linearly over 
time. The change in tiller height over time showed the high SD 
treatment had a slope of more than twice that of the low SD 
treatment (Fig. 1). The more than doubling of slope was likely due 
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Fig. 1. Mean tiller height over timefor intermediate wheatgrass in central 
Washington (1983). Results shown are for tillers grazed by cattle at 2 
stocking densities (SD), (1~400 tillers). 

to unequal grazing pressures (AU/ kg) between treatments. The 
high SD pasture had twice the stocking density and less total 
forage. The average number of leaves per tiller over time for each 
treatment showed more closely a doubling of slopes between 
treatments (Fig. 2). 

The percentage of plants defoliated at least once over time for 
each treatment produced asymptotic regression lines as the percen- 
tage of plants defoliated approached 100% (Fig. 3). Perhaps as the 
percentage of ungrazed tillers decreased, the chance of animals 
locating ungrazed tillers also decreased and they began to choose 
previously defoliated tillers. Briske and Stuth (1982) found that 
ungrazed tillers were less likely to be grazed than previously grazed 
tillers due to increased leaf senescence, culm elongation and inflour- 
escence emergence. Under 2 stocking rates Hart and Balla (1982) 
observed some tillers were frequently and severely defoliated while 
others remained ungrazed. Regression of both the percentage of 
tillers defoliated twice and three times over time increased linearly 
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Fig. 2. Mean number of leavesper tiller over timefor intermediate wheat- 
grass in cenfral Washington (1983). Results shown arefor tillersgrared 

Fig. 5. Percentage of intermediate wheatgrass tillers grazed at least three 

by cattle at 2 stocking densities (SD), (n=400 tillers). 
times over time for cattle grazing at 2 stocking densities (SD). (n=400 
tillers) (I 983). 

TILLERS (n;) 

100 

60 

I 

HIGH-SD 
;=;&6.;69(;-EXP(-X/3.71)) 

/A Sy.xZ.56 

LOW-SD 
M2_2.&EXP(-X/13.97)) 

sy.x=;.do 

over the percentage in both SD treatments (Fig. 4 and 5). The 
percentage of tillers grazed 4 or more times in both treatments was 
low and no trends were evident. 

1984 
There was a significant interaction between subunits and rota- 

tions for the number of tillers grazed in each subunit during each 
rotation. Examination of the number of tillers grazed in each 
subunit between rotations showed the general trend that the great- 
est number of tillers were grazed during rotation one and the 
fewest during rotation three. Seventy-seven percent of the tillers 
were grazed during rotation one, 57% during rotation two, and 
42% during rotation three. 

There were significant differences in the mean increment of tiller 
height removed during grazing between rotation three (6.8 cm) and 
rotations one (12.2 cm) and two (11.1 cm). No significant differen- 
ces were found in height removed between rotations one and two. 

01 I , I , I I 1 I 1 I 1 

2 6 10 
TIME ‘(zays) 

16 22 216 
There were similar trends in the mean number of green leaves per 
tiller defoliated during grazing of each rotation. These relation- 
ships combined with the significant relationship between standing 

Fig. 3. Percentage of intermediate wheatgrass tillersgrazedat least once 
crop before grazing and mean tiller height before grazing (Fig. 6), 

over time for cattle grazing at 2 stocking densities (SD), (~400 tillers) 
(1983). 
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Fig. 4. Percentage of intermediate wheatgrass tillers grazed at least twice Washington (1984). 

over time for cattle grazing at 2 stocking densities (SD), (n=400 tillers) 
(I 983). 
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suggest that the smaller increment of height removed during rota- 
tion three would have produced a smaller change in standing crop. 
As stated, by the third rotation the animals defoliated fewer tillers 
and the severity of grazing were apparently reduced. However, 
changes in standing crop for each subunit was generally higher 
during rotation three (27-35%) than during rotations one (1424%) 
and two (19-30%). Increasingly higher forage disappearance rates 
over time from rotation one to three may have contributed to this 
inconsistent increase in changes in standing crop. Change in stand- 
ing crop was inversely related to the mean number of green leaves 
per tiller before grazing (Fig. 7). At times during rotation three, 
animals appeared to graze the thick mulch layer in preference to 
coarse stems. 

REDUCTION IN 
IN STANDING CROP 

20 

‘Y=_lol s3 
R-S&h0 

. 

10 Sy.x=4.61 

J---777 0 1 
L&ES/TILLER 

Fig. 7. The relationship between reduction in standing crop f?Gfor each 
subunit and mean number of green leaves per tiller before grazing. 
Results shown are for heifers grazing intermediate wheatgrass in Central 
Washington (1984). 

There were significant interactions between subunits and rota- 
tions for the mean change in tiller height and for the mean change 
in number of green leaves per tiller due to regrowth between 
rotations. Examination of variables between rotations showed 
increases in tiller height and number of green leaves per tiller were 
significantly greater during the rest period between rotations one 
and two than the rest period between rotations two and three. The 
number of green leaves per tiller decreased between rotations two 
and three because senescence exceeded regrowth. Regrowth of 
tiller height within subunits between rotations one and two 
decreased in the same order in which the subunits were initially 
grazed. The subunit grazed first (subunit two) had the greatest 
regrowth, while the subunit grazed last (subunit eight) had the 
least. The rest period between rotations for subunit two was earlier 
in the growing season and thus had more favorable regrowth 
conditions. There were no differences in regrowth of tiller height 
between subunits within the rest period between rotations two and 
three. Little regrowth occurred later in the season due to reduced 
soil moisture and plant maturity. 

Tiller measurements were analyzed relative to measurements of 
grazing behavior collected concurrently and reported by Abu- 
Zanat (1985). As the number of green leaves per tiller declined, 
biting rate (bites/ minute) declined (Fig. 8). Perhaps as the number 
of green leaves decreased, the animals slowed their biting rate to 
selectively graze them in preference to coarse stem. Also, animals 
often grazed the mulch layer during rotation three. As biting rate 
decreased and grazing selectivity increased, fewer plants were 
defoliated (Fig. 9). Grazing time increased with a decrease in green 
leaves (Fig. 10). Animals apeared to be selectively grazing green 
leaves and apparently spent more time searching for them as their 
numbers decreased. 
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Fig. 8. 7’he relationship between biting rate on day one of grazing in each 
subunit and mean number of green leaves per tiller before grazing. 
Results shown are for heifers grazing intermediate wheatgrass in central 
Washington (1984). 

NUMBER OF 
PLANTS GRAZED 

. 

80-i . 

Y=-19,6+1.7X 
R-SQ=0.54 
sy.x= 13.55 

of ‘,‘,,,,,,,,,,, 

20 32 36 40 44 40 52 56 
BITING RATE (bites/min) 

Fig. 9. The relationship between the number of tillersgrazed (%)andmean 
biting rate over 3 days of grazing in each subunit, Results shown are for 
heifer grazing intermediate wheatgrass in central Washington (1984). 
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Fig. 10. The relationship between grazing time on day one of grazing in 
each subunit and mean number of green leaves per tiller before grazing. 
Results shown are for hetyers grazing intermediate wheatgrass in central 
Washington (1984). 
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Many variables must be examined to fully understand progres- Gammon, D.M., and B.R. Roberts. 1978b. Patterns of defoliation during 
sive defoliation under livestock grazing. Individual variables, their continuous and rotational grazing of the Matapos sandveld of Rhodesia. 

interrelationships, and their effect on system behavior must all be 2. Severity of grazing. Rhod. J. Agr. Res. 16:133-145. 

considered before scientific management can be applied. Study of 
Gammon, D.M., and B.R. Roberts. 1978~. Patterns of defoliation during 

the dynamics of defoliation is essential in analyzing the response of 
continuous and rotational grazing of the Matapos sandveld of Rhodesia. 

the vegetation and livestock under different grazing systems and 
3. Frequency of defoliation. Rod. J. Agr. Res. 16:147-164. 

Greenwood, E.A.N., and G.W. Arnold. 1968. The quantity and frequency 
should be a fundamental part of future field studies of livestock of removal of herbage from an emerging annual grass sward by sheep in a 
grazing. set-stocked system of grazing. J. Br. Grassld. Sot. 23:144-148. 
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Persistence of a Lolium perenne-Trifolium subterraneum 
Pasture under Differing Defoliation Treatments 
IRAJ MOTAZEDIAN AND STEVEN H. SHARROW 

Effects of defoliation frequency and intensity on persistence of a 
perennial ryegrass (Loliumperenne)-subclover (TrYohm subter- 
raneum) pasture were studied near Corvallis, Ore., during 1980 to 
1983. While canopy cover of individual plant species did not differ 
between defoliation frequency or intensity treatments (p6.05) 
within years, all defoliated plots differed from the undefoliated 
control plots. Canopy cover of perennial ryegrass declined from its 
initial value of 43% in 1980 to an average of 30% and 1% in 
defoliated and undefoliated plots in 1983, respectively. Perennial 
ryegrass in defoliated plots was apparently replaced by subclover, 
whose canopy cover increased by 33% during the j-year period. On 
undefoliated plots, however, both perennial ryegrass and sub- 
clover were replaced by annual grasses, whose canopy increased 
from approximately 2% in 1980 to 48% in 1983. 

Density of perennial ryegrass plants at the end of the trial in 1983 
was highest when plots were defoliated once every 21 or 35 days 
compared to those defoliated every 7 days, 49 days, or the undefol- 
iated control plots. Root biomass per plant, however, increased 
linearly as defoliation interval increased from 7 to 49 days between 
defoliation events. Viewed together, these data suggest that under- 
utilization of grass-clover pastures may be potentially as damaging 
to pasture persistance as overutilization. 

Key Words: grazing intensity, clipping, pastures (cultivated), 
rotational grazing 

Perennial ryegrass (Ldium perenne L.) and subclover (Trifo- 
lium subterruneum L.) are commonly seeded for pasture improve- 
ment on nonirrigated hill lands in the Pacific Northwest. Once 
established, grass-clover pastures require careful grazing manage- 
ment if a favorable ratio of grass to clover is to be maintained. 
Infrequent defoliation of the sward, while allowing high dry matter 
production (Wilman and Asiegbu 1982), favors erect-growing 
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grasses over the more prostrate clovers (Brougham 1960). Conver- 
sely, frequent and/ or intense defoliation may result in reduction of 
perennial grasses (Baker 1957) and a shift towards clover domi- 
nance of the sward (Cameron and Cannon 1970). These effects are 
well illustrated by a stocking rate study conducted by Sharrow et 
al. (1981) in western Oregon. They observed that perennial 
ryegrass-subclover pastures which were lightly stocked with sheep 
became grass dominant over a 6-year period. During this same 
period, perennial ryegrass was largely replaced by annual grasses 
and subclover in heavily stocked pastures. These shifts in species 
composition were reflected in substantially more herbage produc- 
tion being obtained from moderately stocked than from either 
lightly or heavily stocked pastures. 

Although the general principles of grassclover management are 
well understood (see Smetham 1977, Harris 1978), much of the 
past work was done using perennial ryegrass-white clover (Trifo- 
lim repens L.) pastures. The effect of concurrent changes in both 
defoliation interval and stubble height on the species composition 
of perennial ryegrass-subclover pastures are currently not well 
documented. 

This study sought to gather information concerning the effects 
of interval and intensity of defoliation on species composition and 
the persistence of ryegrass in perennial ryegrass-subclover stands. 
Both defoliation interval and stubble height were simultaneously 
varied over a range of values likely to be encountered under short- 
duration grazing systems during the spring growing season. The 
purpose of this experiment was to generate information upon 
which hypotheses concerning the effects of short duration grazing 
systems on similar pastures could be formed. Such hypotheses 
would, of course, require further testing by an actual grazing trial. 

Materials and Methods 

The study area was located 1 km northwest of Corvallis, Ore. 
The soil is a Hazelair silt loam (fine, mixed, mesic Ultic Haploxe- 
roll) with approximately 12% south slope (Soil Conservation Ser- 
vice 1975). The elevation is 100 m and the climate is maritime, with 
mild, wet winters and warm, dry summers. Average annual precipi- 
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Table 1. Mean canopy cover1 (%) estimated at tbe initiation of defoliation treatments in Marcb 1980,1981, and 1982. 

Year 
Perennial 
ryegrass Subclover 

Tall 
fescue 

Canopy cover (%) 
Other perennial 

grasses 
Other Annual 
forbs grasses Total 

1980 43.3c’ 
1981 34.0b 
1982 30.0a 

22.3a 
48.0b 
55.oc 

17.0b 
5.0a 
4.7a 

4.7b 
2.0a 
2.2a 

2.Oa 
2.4a 
1.9a 

1.7a 
0.6a 
0.2a 

9l.Oa 
92.Oa 
94.0a 

tation is approximately 990 mm (NOAA 1978). Mean average 
January and July temperatures are 6 and 17” C, respectively. The 
average yearly frost-free period is 189 days. Vegetation consisted of 
a perennial ryegrass (Ldium perenne L.)-subclover (Trifolium 
subrerruneum L.) stand (Table l), typical of nonirrigated, improved 
hill land pastures in the Willamette Valley. 

A 20 X 40 m exclosure was built in March 1980 to protect plots 
for sheep grazing. The pasture in the study area was established 
prior to 1970 and was moderately stocked with sheep in years prior 
to exclosure. The exclosed area was fertilized with 150 kg ha-’ of 
superphosphate (30 kg ha-’ P and 15 kg ha-’ S) in September each 
year. In addition, 0.8 kg ha-’ of molybdenum was applied as 
sodium molybdate in March 1980 to remove possible MO defi- 
ciency. Thirty-nine 4.0-m2 permanently marked plots were assigned 
randomly to defoliation treatments within blocks which were 
oriented across-slope on the hill within the exclosure. 

Defoliation treatments included all possible combinations of 4 
defoliation intervals (DI q  7,21,35, or 49 days between 2 consecu- 
tive defoliations), and 3 stubble heights (SH: High = 70 mm, 
Medium = 55 mm, or Low = 40 mm stubble remaining after 
defoliation). In addition, 3 control plots remained undefoliated 
until final harvest each growing season. A l-m wide buffer strip, 
which was defoliated as adjacent plots, was left around every plot 
to provide access and to reduce edge effects. 

A rear-bagging rotary mower was used to defoliate the plots on 
assigned dates and at appropriate heights. Defoliation treatments 
commenced each spring when plant height reached 15 cm. Follow- 
ing this criterion, defoliation treatments began on 5 April, 24 
March, and 7 April and continued through July in 1980,198l and 
1982, respectively. Both perennial ryegrass and subclover were in 
an entirely vegetative growth stage at that time. All plots were 
defoliated at the same (40 mm) height at the beginning and at the 
end of the spring growing season each year. 

Canopy cover of the study area was estimated by examination of 
40 and 160 randomly placed ten-point frames (Sharrow and Tober 
1979) prior to defoliation treatments in March 1980 and in spring 
1981 and 1982, respectively. 

Basal area, density, and average root weights of perennial rye- 
grass plants were estimated in July 1982, after 3 years of defoliation 
treatment. Perennial ryegrass plants within one randomly placed 
l-m2 quadrat per plot were counted. Basal area of each plant within 
the quadrat was then estimated from 2 diameter measurements, the 
largest diameter (dl) and a second measurement taken perpendicu- 
lar to the first (ds), using the formula: plant basal area = adldz/4. 

Two plants per plot were chosen for root sampling using 2 
criteria: (1) that the sample plant be at least 6 cm from its nearest 
neighbor and (2) that its basal area be near the population average 
of 14 cm2. A 17-cm diameter loop was centered over each sample 
plant and all soil within the loop was excavated to a depth of 30 cm. 
Excavated soil was soaked for 24 hours, the roots washed free of 
soil and collected on a l-mm* screen. Collected root material from 
each plant was oven-dried at 50’ C for 48 h to determine total root 
dry matter. In order to check the distribution of root phytomass 
with soil depth, 6 additional ryegrass plants were randomly chosen 
for sampling. A core of 17-cm diameter by 60-cm depth was 
divided into 4 vertical segments of 15 cm each. Root phytomass of 
each soil segment was washed and dried separately for each plant. 

Data were analyzed as a 3X4 factorial arrangement of treat- 
ments in a randomized complete block design with 3 replications 
(Steel and Torrie 1980). Where appropriate, the means were separ- 
ated by Student-Newman-Keuls’ test (Steel and Torrie 1980). Sig- 
nificant treatment effects were separated into orthogonal poly- 
nomial components and response surfaces were fitted by least 
squares regression procedures (Neter and Wasserman 1974). 

Results and Discussion 

Average total canopy cover of the plots in March varied little 
between years (Table 1). Canopy cover of individual plant species, 
however, changed markedly during the course of the experiment. 
Canopy cover of perennial ryegrass declined steadily from its 
initial value of 43% in 1980 to 30% in 1982. Tall fescue and other 
perennial grasses also declined during this period. The resources 
which become available as the amount of perennial grasses 

Table 2. Mean canopy cover (%) of perennial ryegrass(LOPE), tall fescue (FEAR), subclover (TRW), and other plants measured in March 1981 and 1982 
under 4 defoliation interval (DI) and 3 stubble height (SH) treatments. 

Defoliation regimes 
Dl (days) SH (mm) 

Year Plant species 7 21 35 49 70 55 40 

LOPE 32.3’ 32.7 34.9 36.1 33.9 34.7 33.4 
FEAR 4.5 4.9 4.9 5.7 5.1 5.2 4.7 

1981 
TRSU 46.2 50.1 47.3 48.4 48.0 47.3 48.7 
Others2 4.1 4.9 5.3 5.7 4.8 5.0 5.2 

LOPE 30.0 29.7 31.2 29.1 31.9 29.7 28.4 
FEAR 4.5 4.0 4.9 5.4 4.6 4.3 5.2 

1982 
TRSU 57.2 50.9 56.3 55.6 54.2 55.0 55.8 
Others2 4.1 4.9 4.3 3.9 4.0 4.1 4.5 

‘Means in each row and within DI or SH categories do not differ (K.05). 
*Mainly consisted of annual grasses. 
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declined were apparently used by subclover, which increased from 
its initial value of 22% in 1980 to a value of 55% in 1982. Weather 
data from a station approximately 16 kilometers northeast of the 
study area (NOAA 1980, 1981, 1982) indicated no noteworthy 
differences between years in soil temperatures, air temperatures, or 
precipitation. Therefore, relative differences in canopy cover between 
individual plant species between years are believed to reflect treat- 
ment, rather than climatic effects over time. 

Canopy cover of individual species did not vary among defolia- 
tion treatments (p>.OS) within years (Table 2). However, differen- 
ces were apparent (p>.Ol) between all defoliated plots and the 
undefoliated control plots (Table 3). Control plots became domi- 
nated by annual grasses. They contained only about half as much 

Table 3. Mean canopy cover ($) of perennial ryegrass (LOPE), tail fescue 
(FEAR), subclover (TRSU) and other plants in defoliated and nondefol- 
iated control plots in March 1981 and 1982. 

Year Plant snccics 
Canopy cover (%) 

Defoliated2 Nondefoliated 

1981 

1982 

LOPE 
FEAR 

TRSU 
Others’ 
LOPE 
FEAR 

TRSU 
Others’ 

34.0b’ &la 
5.Oa 3.6a 

48.0b lS.Oa 
5.0a 43.6b 

29.8b 1 .Oa 
4.7a 5.0a 

55.0b 4.5a 
4.3a 41.5b 

‘Mainly consisted of annual grass. 
*Data are averaged over all defoliation intervals and stubble heights. 
JMeans within a species and year not sharing a common letter differ X.05. 

perennial ryegrass and subclover as did the defoliated plots 
(m.05) in both 1981 and 1982. Similar effects have been reported 
for underutilized pastures @harrow et al. 1981). All defoliation 
treatments were apparently equally effective in maintaining sub- 
clover and in preventing annual grass dominance of the sward. 
Low amounts of annual grasses and other weeds on defoliated 
plots likely resulted from competition by the vigorous stand of 
subclover on these plots (Evers 1983). Loss of subclover from 
underutilized stands such as our control plots is often attributed to 
the presence of an overburden of unharvested forage which 
hampers germination and establishment of subclover in the fall 
(Hedrick 1964). Both control and defoliated plots were mowed to a 
40-mm stubble height and harvested material removed at the end 
of the spring growing season each year. It is unlikely, therefore, 
that differences in species composition between the control and 
defoliation treatments reflect differences in fall seedbed condi- 
tions. It is more likely that reduced shading (Collins et al. 1978) 
and/ or stimulation of flower production as a result of defoliation 
(Collins 1978) allowed production of a larger subclover seed crop 
on defoliated plots. Such an effect would be especially significant for 

annual clovers such as subclover which must be reestablished from 
seed each year. 

Similar reductions in the canopy cover of perennial ryegrass 
among all defoliation treatments during the 1980 to 1982 period 
suggested that this phenomenon was not related to severity of 
defoliation. The average life expectancy of individual perennial 
ryegrass plants is approximately 5 years (Calmin and Stewart 
1976). Thus, in the absence of reproduction, one would expect a 
20% reduction in perennial ryegrass each year due to natural 
mortality events. This is approximately what we observed. Seed 
production was largely prevented by harvesting of plots prior to 
seed formation on all defoliation treatments. While perennial rye- 
grass plants on control plots produced seed, few seedlings became 
established. A general chlorotic appearance of the grass seedlings 
in the control, as compared to those on the defoliated plots in early 
spring was investigated by microKjelda1 analysis (AOAC 1970) for 
comparison of tissue nitrogen content of these seedlings. The aver- 
age nitrogen concentration of ryegrass plants inside the treated 
plots was 4.2%. This was substantially higher (KO.01) than the 
2.8% nitrogen content of ryegrass seedlings in control plots. Nitro- 
gen deficiency is believed to have contributed to mortality of 
perennial ryegrass in control plots. 

Lower density of perennial ryegrass plants at the end of the 
experiment on control plots compared to all defoliation treatments 
(Table 4) suggests that a higher rate of mortality occurred for 
undefoliated than for defoliated plants. The extent to which 
increased mortality of undefoliated plants may be attributed to 
lower soil nitrogen on control plots and/or to shading effects 
within undefoliated swards is unclear. Average basal areas of 
perennial ryegrass plants from defoliated plots were consistently 
greater (p<OS) than those from control plots. Survival and basal 
area expansion of existing perennial ryegrass plants may have been 
reduced on control plots by lack of sufficient light at the plant bases 
to stimulate production of new tillers. Lack of adequate light at the 
base of perennial ryegrass plants has been reported to hasten tiller 
death and to prevent the initiation of new tillers (Wilman et al. 
1976, Ong 1978, Ong et al. 1978). 

In contrast to canopy cover which did not differ between defolia- 
tion treatments, differences in plant density were evident between 
Dl treatments (Table 4). The relationship between plant density 
and Dl was parabolic (Fig. 1) with maximum density occurring at a 
Dl of 29 days. Similar to control plots, reduction in perennial 
ryegrass density as Dl increased beyond 29 days may reflect inhibi- 
tion of tillering due to low light levels under the dense canopy 
present on these plots. Reduced perennial ryegrass density as Dl 
was reduced below 29 days is believed to result from an inability of 
frequently defoliated plants to maintain adequate leaf area to 
accumulate necessary carbohydrate reserves and to support a 
strong root system (El Hassan 1977). Stubble height had no 
(m.05) apparent effect on the persistence of perennial ryegrass. In 
addition, no DI X SH interaction was evident. 

Average basal area per perennial ryegrass plant did not differ 
(m.05) among Dl or SH treatments. Total basal area of perennial 
ryegrass plants per m2, however, was greater (x.05) for D12 1 and 

Table 4. Mean density, basal area/plant, basal area/mz, and root weight of perennial ryeyPss plants in plots under 4 defolbxtion intervals (DI), 3 stubble 
heights (SH) and in undefdiated control plots measured in July 1982. 

Source 7 
DI Treatments (days) SH Treatments (mm) 

21 35 49 Control 70 55 40 

Density (plants/m*) 29.8b’ 42.1~ 42.0~ 30.0b 9.0a 39.3a 35.0a 33.7a 
Basal area (cmz/plant) l4.0b l4.0b 15.9b 13.5b 9.6a l3.6a l6.6a 12.9a 
Basal area (cmr/m2) 417.2b 584.4c 667.8~ 4O5.0b 86.4a 534.5b 58l.Ob 434.7a 
Root weight (g/plant) 2.3a 4.2b 6.7~ 6.9~ ll.5d 5.5a 5.2a 4.5a 

IMeans in each row and within each treatment category not sharing a common letter differ (K.05). 
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Fig. 1. Relationship betweenperennialryegrassplant density and Defolia- 
tion Interval (DI) in July 1982 after 3 years of &foliation treatment. 

DI35 than for DI17 or D149 treatments. This difference reflected 
the greater plant density for DI21 and D135 plots. Total basal area 
per m* was less (K.05) under low than under Medium or High SH 
treatments. Treatment differences in plant density and total basal 
area per m* were not reflected in percent canopy cover. This 
suggests that lower total basal areas of D117 and D149 treatments 
were compensated for by the display of more canopy cover per unit 
of basal area. 

Root weights of perennial ryegrass plants at the end of the trial in 
July 1982 are presented in Table 4. Perennial ryegrass appears to be 
a relatively shallow-rooted species. Our preliminary survey of root 
distribution indicated that 95% of the plant’s root biomass 
occurred in the surface 15 cm of soil. Only 4.5% and 0.5% of the 
total root biomass harvested were contained in the 15 to 30 and 30 
to 45 cm soil depths, respectively. Therefore, our 30 cm deep soil 
cores should have been adequate to capture almost all of the root 
system. 

Varying SH from 40 to 70 mm of stubble remaining after defolia- 
tion had no effect (m.05) on root biomass. Root biomass was 
sensitive to DI, however, increasing linearly by 0.11 gram per day 
as days between defoliation events increased from 7 to 49 (g of 
root/plant = 1.85 + 0.11 DI, r* = 0.84). Such sensitivity is not 
surprising as defoliation may temporarily stop root growth (Crider 
1955). Reduction in root growth would be especially detrimental to 
a plant such as perennial ryegrass, whose roots live only a few 
months to a year (Stucky 1941, Garwood 1967, Troughton 1981) 
before they must be replaced. The greatest root biomass occurred 
on control plots. Although data from control plots were not used in 
the regression analysis, extrapolation from the equation relating 
root biomass to DI predicts a root biomass of 11.1 grams per plant 
for control plots. This is reasonably close to the actual value 
obtained from these plots. Many authors have attributed observed 
reductions in the size and longevity of grass root systems to severe 
defoliation treatments (Crider 1955, Baker 1957, Hodgkinson and 
Baas Becking 1977). Brougham (1970) stressed the importance of 
defoliation-induced reductions in perennial ryegrass root systems 
as a factor contributing to plant mortality during the summer 
period. Presumably, increased mortality due to a reduction of root 
biomass as DI decreased contributed to the observed decline in 
plant density as DI was reduced below 29 days between defoliation 
events in our study. It is interesting to note that increased root 
biomass as DI increased beyond 29 days was not associated with 
increased plant persistence. As mentioned earlier, the parabolic 
relationship between plant persistence and DI may be explained by 
persistence operating on a whole organism basis (both roots and 
tillers) with DI impacting roots and tillers differently. 

Management Implications 
Percent canopy of perennial ryegrass decreased, while that of 

subclover increased steadily over the 3 years of this trial on all 
defoliation treatments. Decline of perennial ryegrass and its 
replacement by subclover, to a certain extent, is desirable as it 
tends to improve forage quality. A ratio of 60-70% grass and 
3040% clover is generally considered to be optimum for produc- 
tion of both quantity and quality of forage in livestock production 
systems (Harris and Thomas, Curl1 1981). By the second year of 
our study, perennial ryegrass was already well below optimum 
levels on all defoliation treatments. If the observed rate of decline 
continued, perennial ryegrass would be practically eliminated from 
the plots within 5 years. Clearly, if a favorable grass-clover balance 
is to be achieved and maintained, factors affecting plant natality 
and mortality must be considered in designing production systems. 

The data presented here suggest the following points which may 
be useful in designing pasture management systems: 

(1) Some defoliation during the growing season is necessary to 
maintain subclover in high-producing swards. The exact timing 
and intensity of defoliation over the range of values tested was not 
particularly important in this regard. However, simply removing 
the overburden of old unharvested forage prior to the advent of fall 
rains was not sufficient to perpetuate the clover stand. 

(2) Perennial ryegrass is a short-lived perennial which appears 
to be highly dependent upon seed production for perpetuation of 
the stand over time. In the absence of seed production, it will 
probably disappear from the stand within 5 to 6 years. 

(3) Mortality of perennial ryegrass plants is affected by defolia- 
tion regime. Density of perennial ryegrass plants at the end of the 
experiment was not affected by SH regimes. Defoliation interval, 
however, did affect plant density. Decreased plant density, pre- 
sumably reflecting increased mortality of perennial ryegrass plants 
under frequent defoliation, was associated with reduced root bio- 
mass. Mortality was also high on plots which were defoliated 
infrequently, presumably due to lack of new tiller formation as 
evidenced by low plant basal areas. Evidently, defoliation plays a 
role in maintaining adequate root/ top ratios of perennial ryegrass 
plants. Deviation from the optimum DI of 29 days resulted in 
decreased plant density. The actual effects of DI on the proportion 
of perennial ryegrass in the stand over time, however, are believed 
to be small compared to changes induced by lack of seed 
production. 
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Herbage Standing Crop around Eastern Redcedar Trees 
D.M. ENGLE, J.F. STRITZKE, AND P.L. CLAYPOOL 

Abstract 

The effect of eastern redcedar (Juniperus virginiana) on under- 
story herbnge standing crop was investigated in northcentral 
Oklahoma tallgrass prairies. Herbage standing crop was measured 
under and at distances radiating away from individual trees of 2 
height classes (2 m and 6 m) in 1984 and 1985. Soil water content at 
2 distances from eastern redcedrr trees and tree leaf water content 
were examined from 1982 to 1984. There was marked reduction in 
herbrge production beneath the tree canopy, only slight reduction 
at the dripline, and little herbage reduction beyond the dripline. 
Tree height did not significantly hrfhrence herbage standing crop. 
Thus, herbage reduction is directly related to tree canopy area. 
Therefore, herbage reduction would be minimal in the early stages 
of tree encroachment when canopy is small. Soil water content at 
the tree dripline was sometimes lower than that 3 m outside the 
dripline, but the differences were small. Leaf water content gener- 
ally followed the seasonal trend of soil water content. Burning in 
late spring is an appropriate prescription for eastern redcedar 
control since leaf water content is relatively low in late spring. 

Key words: Juniperus, brush control, tallgrass prairie, interfer- 
ence, competition 

were to determine the effect of eastern redcedar on herbage stand- 
ing crop at various distances from the tree, to compare the effect of 
2 tree sizes on herbage standing crop, and to examine annual cycles 
of leaf water content and soil water content at 2 distances from 
individual trees. 

Methods and Materials 

Three separate experiments were conducted on tallgrass prairies 
located in Payne County, Oklahoma, about 18 km southwest of 
Stillwater. Study areas for all 3 experiments were estimated to be in 
good to excellent range condition with no grazing in the year of 
sampling. Major herbaceous species in the study areas included 
little bluestem (Schizachyrium scoparium), indiangrass (Sorghas- 
trum nutans), switchgrass (Panicum virgatum), big bluestem 
(Andropogon gerardii), and sedges (Carex spp.). 

Eastern redcedar (Juniperus virginiana) is the eastern-most 
juniper species in North America and is indigenous to every state 
east of the 100th meridian (Van Haverbeke and Read 1976). His- 
torically, fire prevented eastern redcedar encroachment into tall- 
grass prairies and forest meadows of the central United States 
(Arend 1950). With the reduced incidence of fire in the last 100 
years, eastern redcedar has become a prominent component of 
rangelands in Oklahoma. In 1950 there were 600,000 ha of Okla- 
homa’s rangeland infested with eastern redcedar and by 1985, the 
infestation had increased to over 1,400,OOO ha (Snook 1985). 

Experiment I was located on an eroded prairie range site. A 
two-way classification with trees as main units (8 trees) and dis- 
tance from the tree (beneath the canopy, at dripline; and 1 and 3 m 
beyond dripline) as subunit treatments nested within trees was used 
to assess the effects of trees on herbage standing crop in 1984. The 
standing crop of current year’s herbage growth at each sample 
location was clipped at ground level from four 0.25 m* quadrats in 
early August. Clipped samples were dried at 65O C to a constant 
moisture content. 

The soil and leaf water content were monitored at this site in 
1982, 1983, and 1984. Soil water content was determined monthly 
(see Fig. 2 for months). The neutron scatter method was used to 

Springfield (1976) concluded that individual juniper (Juniperus 
spp.) trees have the ability to compete for scarce resources, and as a 
result, influence species composition and growth of understory 
plants far beyond their canopy. Arnold (1964) described a zonal 
pattern of species composition and yield differences encircling 
one-seed juniper (J. monosperma) in Arizona. Numerous studies 
in the western United States have reported increases in forage 
production following control of junipers (Arnold et al. 1964, Aro 
1971, Clary 1971, Clary 1974, Steuter and Wright 1983, Everett 
and Sharrow 1985). Some of these forage production increases 
may have been confounded with site disturbance, since site distur- 
bance was a part of the control treatments. However, zonation 
patterns are often visible around juniper trees in the western United 
States, but are not readily visible around eastern redcedar trees. 
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Because earlier burning reduces forage production, late spring 
burning (April 15-May 1) is the recommended burning season for 
eastern redcedar control (Launchbaugh and Owensby 1978). Leaf 
water content, which is highly correlated to ignition time of red- 
berry juniper (J. pinchotii) (Bunting et al. 1983), might be a key 
element in timing of fires for eastern redcedar control. Perhaps in 
combination with soil water content, leaf water content may be a 
useful indicator of leaf flammability and provide a more appro- 
priate season prescription for eastern redcedar control by burning 

Currently, there are no data on the effect of eastern redcedar on 
herbage production in tallgrass prairie or on seasonal changes in 
leaf water content of trees. Hence, the objectives of these studies 

0’ , , , , - , , , , , 1 , 
UNDER0 1 2 ; 4 5 6 7 8 9 

CANOPY 

.DISTANCE FROM DRIPLINE (m) 
Fig. 1. Herbage standing crop as influenced by indidvidual eastern red- 

cedar trees in tallgrass prairie in 1984 and 1985 (n = 8, 96, and 64 for 
Experiments I, II. and III, respectively). 
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measure soil water to a depth of 120 cm at the dripline and 3 m 
beyond dripline at each of 6 randomly located trees (2 to 3 m 
height). Soil water data were analyzed as a paired experiment at 
each date. Leaf water content was gravimetrically determined on 
the same dates by clipping leaves at midday from 8 randomly 
located trees and drying at 65’ C. Leaf water data were analyzed as 
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repeated measures over time with each tree as a block. 
Herbage measurements were also taken in 1984 at a second study 

area (Experiment II) located on previously cultivated eroded 
prairie, eroded sandy Savannah, and shallow Savannah range sites 
that had naturally revegetated to tallgrass prairie. In 1985 (Exper- 
iment III) the study areas included previously cultivated and virgin 
tallgrass prairie. 

A split-plot in a randomized complete block was used with 3 
pastures as blocks in Experiment II and 3 range sites (eroded 
prairie, loamy prairie, and shallow prairie) as blocks in Experiment 
III. Two tree heights (2 m and 6 m) were main unit treatments in 
Experiments II and III. In Experiment II there were 5 distances as 
subunit treatments (beneath the canopy, at dripline and 1,3 and 5 
m beyond the dripline). In Experiment III there were 9 distances as 
subunit treatments (beneath the canopy, at dripline, and 1,2,3,4, 
5, 7 and 9 m behond the dripline). The standing crop of current 
year’s herbage growth was clipped in late July in Experiments II 
and III from each of 4 subsamples in a concentric pattern around 
each tree. 

From the analysis of variance procedure, F tests were performed 
to test for differences in herbage standing crop associated with tree 
height and distance from tree. In the presence of a significant F 
value, treatment means were separated by LSD at the 95% signifi- 
cance level. 

Results and Discussion 
Herbage standing crop was definitely reduced around eastern 

redcedar trees (Fig. 1). Tree height had no effect (m.10) on 
herbage standing crop in either Experiment II or III. Therefore, 
data from these 2 experiments were averaged over tree height. 
There was very little herbage beneath the tree canopy in all 3 
experiments. Herbage standing crop was generally less at the drip- 
line than beyond the dripline, especially in 1985 (KO.0001); but, at 
1 m from the dripline, standing crop was not significantly different 
from the maximum standing crop in all 3 experiments. In Experi- 
ment I, the herbage standing crop was the same at 1 and 3 m from 
the dripline; but, in Experiment II, there was significantly less 
herbage at 3 m than at 5 m from the dripline. A similar influence on 
herbage growth beyond the canopy has been reported for one-seed 
juniper and was attributed to more competition for soil water by 
juniper root hairs in this zone (Arnold 1964, Jameson 1970). Pre- 
cipitation in 1985 for Experiment III was 152% of long-term aver- 
age for November to July, and there was no herbage standing crop 

reduction at any distance beyond the canopy. The less overall 
herbage standing crop in 1984 (Experiments I and II), and the 
reduction in herbage standing crop at 3 m in Experiment II might 
be associated with precipitation in 1984, which was 89% of long- 
term average. Since most of the herbage reduction was beneath the 
tree canopy, shading and allelopathy from the tree could be major 
factors associated with herbage reduction. 

Reduction of forage production by junipers on western range- 
lands is proportional to tree canopy size and tree density (Arnold et 
al. 1964, Jameson 1967). This relationship also applies to tallgrass 
prairie invaded by eastern redcedar since our data indicate that the 
primary effect of eastern redcedar on herbage production is 
beneath the canopy. However, in contrast to the junipers on the 
more arid western rangelands, which may severely depress forage 
production with fairly sparse stands and open canopies, there 
would be a negligible overlapping of the zones of influence of 
individual eastern redcedar trees, except perhaps in dry years or in 
drier climates, until canopy closure resulted. 

Soil water content reflected precipitation and plant growing 
season demand for water (Fig. 2). Thus, soil w-ater content reached 
a low point in late summer and early fall of all 3 years. Leaf water 
content generally followed the same trend as soil water content. 
Leaf water content was not at a marked low point in any single 
season. How-ever, there were noticeable increases in leaf w-ater 
content in early summer, which corresponds to the period of 
optimum growing conditions and leaf water status of herbaceous 
plants in central Oklahoma tallgrass prairies (Hake et al. 1984). 
Soil water content at the dripline was significantly (KO.002) lower 
than that 3 m outside the dripline of eastern redcedar trees on 
several dates from 1982 to 1984. It appears that competition for 
water by eastern redcedar would not be a major factor in herbage 
production at 3 m from the tree canopy in tallgrass prairie. 

Conclusions 

The influence of eastern redcedar on herbage production sur- 
rounding individual trees appears to be primarily restricted to 
beneath the tree canopy. The slight reduction in herbage standing 
crop at the dripline sampling location is possibly a result of includ- 
ing a portion of the area beneath the canopy in the sample. Small 
differences in soil water content between the dripline and 3 m 
beyond the dripline are reflected by small differences in herbage 
standing crop. Since small (2 m) and large (6 m) trees result in 
similar levels of herbage reduction beneath their canopies, herbage 
reduction on area basis is probably equivalent to the herbage 

YONTHLY TOTAL 

1982 1983 1984 
Fig. 2. Leaf water content of eastern redcedar trees, total soil water content at 2 locations around eastern redcedar trees, and monthly precipitation at 

Stillwarer, Oklahoma. Soil water content at the dripline and3 m beyond the dripline are signiJicantly dgferent on those dotes marked with an asterisk 
P). 
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reduction under the canopy of trees between 2 and 6 m in height. 
This is quite different from the substantial herbage reduction asso- 
ciated with root activity beyond the canopies ofjuniper in the more 
arid rangelands of the western U.S. (Springfield 1976). 

While the herbage reduction beneath the eastern redcedar tree 
canopy is sizable, and the’small amount of herbage present under 
the canopy may be unavailable to large herbivores, herbage reduc- 
tion from open stands (less than 50 trees/ ha) of eastern redcedar 
trees (up to 6 m tall) is probably of minimal magnitude and 
importance to livestock production in the tallgrass prairie. How- 
ever, eastern redcedar canopies will eventually become sufficiently 
closed so as to limit forage available for cattle when stocking is 
based upon long-term stocking rates. Thus, the relationship 
between canopy cover and forage availability and eventually 
between canopy cover and livestock performance should be quan- 
tified so that economic evaluations can be made for eastern red- 
cedar control. Economic benefits derived from controlling eastern 
redcedar are more a result of preventing further invasion and 
maintaining a low canopy cover of eastern redcedar than from 
initial increases in herbage production. 

Range managers should also consider that, over time, increasing 
eastern redcedar canopy cover may reduce the effectivenss of pm- 
scribed burning, currently the least costly method of controlling 
eastern redcedar in tallgrass prairie (Rollins 1985). As trees become 
larger, more fine fuel is necessary for effective tree kill (Rollins 
1985). Thus, on rangelands with high eastern redcedar density 
(more than 500 trees/ ha), stocking rates may have to be reduced 
further to accumulate adequate fine fuel for control from pre- 
scribed burning. Eventually, canopy increases will reduce herbage 
production to the point of precluding a conventional prescribed 
burn. 

Leaf water content was as low in late spring as in any other 
season of the year other than late summer. Thus, in terms of leaf 
ignition time and flammability, burning in late spring remains an 
appropriate prescription for eastern redcedar control. 
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Infiltration Rates and Sediment Production as Influenced 
by Grazing Systems in the Texas Rolling Plains 
J.J. PLUHAR, R.W. KNIGHT, AND R.K. HEITSCHMIDT 

Abstract 

Research was initiated in August 1982 at the Texas Experhnen- 
tal Ranch to evaluate effect of selected grazing treatments on 
watershed condition. Two production scale grazing treatments 
were sampled on 4 dates over a period of 15 months. Treatments 
were yearlong continuous grazing stocked at a moderate rate (MC) 
and a 16-paddock rotational grazing treatment stocked at a heavy 
rate (RG). In addition, hydrologic conditions in an ungrazed 
exclosure (EX) and a moderately stocked epasture, 3-herd 
deferred rotation treatment (DR) were examined during the 
summer of 1982. Regression analyses indicated infiltration rates 
increased and sediment production declined as vegetation standing 
crop and cover increased, soil bulk density decreased, and soil 
organic matter and aggregate stability increased. Averaged across 
the 4 sample dates, sediment production was least (33 kg/ha) and 
infiltration rate greatest (89 mm/hr) in the MC treatment as com- 
pared to the RG treatment (63 kg/ha and 82 mm/hr). Infiltration 
rates and sediment production in the RG and DR treatments 
before grazing were not significantly different from those in the 
MC treatment; however, grazing caused a significant decline in 
infiltration rates and a significant increase in sediment production 
in both treatments. Sediment production was least in the exclosure 
(23 kg/ha) while infiltration rates were generally greater and sedi- 
ment production less in the midgrass communities as compared to 
the shortgrass communities. All effects were closely related to the 
effect of the various treatments on vegetation standing crop and 
cover. 

Key words: range watersheds, hydrology, rotational cell grazing, 
continuous grazing, midgrass, shortgrass 

Grazing management is defined as the manipulation of livestock 
grazing to accomplish a desired result (Sot. Range Manage. 1974). 
It is a management tool available to increase ranch income while 
maintaining or improving the range resource (Stoddart et al. 1975) 
as evidenced by more favorable plant species composition, increased 
plant and litter cover, and increased plant vigor. Grazing systems 
affect watershed condition by altering vegetation cover and stand- 
ing crop, and bulk density, organic matter content, and aggregate 
stability of soils (Blackburn et al. 1982). Previous research has 
generally shown that as vegetation cover declines, water infiltra- 
tion rates decrease and sediment production increases (Klemmed- 
son 1956, Johnston 1962, Whitman et al. 1965, Smith 1967, Rauzi 
et al. 1968, Brown and Schuster 1969, McCalla et al. 1984). Like- 
wise, as soil bulk density increases and organic matter content and 
aggregate stability decrease, rate of water infiltration decreases and 
sediment production increases (Klemmedson 1956, Rhoades et al. 
1964, Meeuwig 1970, McGinty et al. 1978). Therefore, grazing 
management strategies which tend to enhance vegetation cover, 
reduce soil bulk density, and increase soil organic matter and 
aggregate stability, tend to enhance watershed condition. 

The major objective of this study was to quantify the effects of 
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a rotational grazing treatment on rangeland hydrologic proper- 
ties. Specific objectives were to: ( 1) contrast hydrologic response across 
5 grazing treatments in 2 types of plant communities, and (2) 
quantify the relationship between type of grazing treatment and 
various soil and vegetational factors as they affect water infiltra- 
tion rates and sediment production. Our basic hypothesis was that 
watershed condition would vary among grazing treatments as a 
function of their effect on various soil and vegetation factors. 

Materials and Methods 

Study Area 
The study was conducted at the 2,900-ha Texas Experimental 

Ranch (99’ 14’W, 33’ 20’N) located in the Rolling Plains natural 
resource area 16 km north of Throckmorton, Texas. Annual pre- 
cipitation averages 680 mm and is bimodally distributed (Fig. 1). 

1082 1983 

DATE 

Fig. 1. Long-term average (horizontal line) and monthly precipitation 
(vertical lines) received at Texas Experimental Ranch from April 1982 
through August 1983. (s q  sample date). 

Climate is continental and highly variable. Mean daily tempera- 
tures range from 4’ C in January to 29O C in July. Average 
frost-free growing season is 233 days, extending from March to 
November. 

Vegetation at the ranch is a mixture of mid- and shortgrasses. 
Dominant midgrasses are sideoats grama [Bourelouu curtipendulu 
(Micxh.) Torr.], a warm-season perennial, and Texas wintergrass 
[Stipa leucotricha Trin. and Rupr.], a cool-season perennial. Dom- 
inant ,shortgrasses are buffalograss [Buchloe ductyloides (Nutt.) 
Engelm.] and common curlymesquite [Hilariu belungeri (Steud.) 
Nash], both warm-season perennials. Soils are primarily clays and 
clay loams. Dominant range sites are clay loam, clay flat, rocky 
hills, and loamy bottomland. For a more complete description of 
the vegetation, soils, and range sites see Heitschmidt et al. (1985). 

Treatments 
Grazing treatments included in the study were an ungrazed 

exclosure (EX), moderately stocked yearlong continuous (MC) 
and 4-pasture 3-herd deferred rotation (DR) treatments, and a 
heavily stocked 16 paddock rotational grazing (RG) treatment 

240 JOURNAL OF RANGE MANAGEMENT 40(3), May 1987 



Table 1. Description of grazing treatments sampled during study. 

Paddock Number Stocking’ Stocking 
Date size rate(ha/ density 

Treatment initiated (ha) ct:s (cow/yr) (au/ha) 

14-paddock rotation 
(RG-14) Mar. 1981 30 125 3.6 4.2 

42-paddock rotation 
(RG42) Mar. 1982 10 125 3.6 12.5 

4-pasture, 3-herd 
deferred rotation 
(DR) 1959 110 25 5.8 0.3 

Yearlong continuous 
(MC) 1959 240 41 5.8 0.2 

Ungrazed exclosure 
(EX) 1959 5 n - - 

‘Based on total area of all paddocks/pastures in RG and DR treatments. 

(Table 1). Originally the RG treatment consisted of 14 paddocks. 
In 1982, one 30-ha paddock was subdivided into three IO-ha pad- 
docks. Sample plots were subsequently located in one 30-ha pad- 
dock and one IO-ha paddock for the purpose of evaluating the 
effect of RG_on watershed condition at 2 livestock densities. 
Hereafter, the RG-14 designation refers to plots in the 30-ha pad- 
dock with a livestock density equal to a 14-paddock system and 
RG-42 refers to plots in the IO-ha paddock which provided a 
livestock density equal to a 42-paddock system. Prior to this study 
the RG treatment was under a high intensity-low frequency system 
which was started in 1973. Wood and Blackburn (1981a, 1981b) 
reported that this grazing system had hydrologic properties similar 
to the MC treatment. All treatments were stocked yearlong with 
crossbred cows. Stocking rates in all treatments were constant. 
Rate of rotation of the RG herd varied seasonally and ranged from 
about 30 to 65 days. Length of graze ranged from 0.7 days in RG-42 
during a 30-day cycle to 4 days in RG-14 during a 60day cycle. 

Sampling Scheme 
Two plant communities (midgrass and shortgrass) were sampled 

within each treatment on a single soil series, the Nuvalde series. 
The Nuvalde series is a member of the fine-silty, mixed, thermic 
family of Typic Calciustolls. It is a deep, well-drained, moderately 
permeable soil located on nearly level uplands. Range site classifi- 
cation is clay loam. This series was selected for study because it 
occurred in all treatments. The midgrass communities were domi- 
nated by sideoats grama and Texas wintergrass. Buffalograss and 
common curly-mesquite were the dominant species in the short- 
grass communities. The ungrazed exclosure contained no short- 
grass community. Following the first sample date, only the mid- 
grass plant community was sampled. The DR and RG treatment 
paddocks were sampled immediately prior to and after grazing. 
The MC and RG treatments were sampled 4 times over a l-year 
period (Fig. 1). The EX and DR treatments were sampled only on 
the first date. 

Methods 
A rainfall simulator similar to that described by Meyer and 

Harmon (1979) was used to measure infiltration rates in ten .71 X 
.71 m (0.5 mz) randomly placed plots per treatment per sample date 
per vegetation type. The simulated rainfall had a drop size distribu- 
tion and kinetic energy similar to natural storms of the same size. 
Plot areas (1 mZ) were prewet with 100 1 of water using a mist-type 
sprinkler system to remove antecedent soil moisture differences 
prior to sampling. The mist-type nozzle was used to reduce possible 
raindrop impact. After wetting, plots were covered with plastic 
tarps and allowed to drain to field capacity (about 24 hours). 
Simulated rainfall was applied for 30 minutes at a rate of 110 
mm/ hour to produce runoff from all plots. Wind screens were used 
to minimize raindrop drift. Infiltration rates were calculated as the 
difference between the amount of applied rainfall and runoff over 

the 30-minute period. A l-liter subsample of thoroughly mixed 
runoff water was collected from each sample plot to estimate 
sediment production. Total sediment production (kg/ ha) was 
determined after filtering the entire subsample through a #l 
Whatman filter paper and drying it at 150” C. 

Percentage bareground and vegetation cover were visually esti- 
mated in each sample plot. Vegetative cover was estimated by plant 
species. Standing crop of grasses and forbs was determined by - - - 
clipping at the soil surface. After clipping, litter biomass was 
collected bv hand. All biomass was air dried at 60” C to a constant 

r 

weight and weighed. Soil water content and bulk density were 
determined to a depth of 30 mm prior to each simulated rainfall 
event using two 60-mm diameter (Black 1965) cores. A soil sample 
from the top 80 mm of the soil profile was also collected from 
within each plot following simulated rainfall to be used for soil 
texture, aggregate stability, and organic matter determinations. 
Texture was determined by the hydrometer method (Bouyoucos 
1962), aggregate stability by the wet sieve method (Kemper and 
Kock 1965), and organic matter by the Walkley-Black method 
(Walkley and Black 1934). Surface roughness was estimated for 
each plot using a IO-pin frame with pins placed 60 mm apart 
(Kincaid and Williams 1966). The frame was placed at 3 equal 
intervals across each plot. Standard deviations of pin heights was 
used as an index of surface roughness. 

Statistical Analyses 
Data were statistically analyzed using 2-way and 3-way analysis 

of variance models. Prior to analysis, all data w-ere tested for 
normality using skewness and kurtosis tests. Sediment production 
w-as transformed (natural log) to fit a normal distribution. The 
nontransformed data will be presented in the results. Duncan’s 
multiple range tests were utilized for mean separation. Within 
treatment variation (variation among subplots) was allocated to 
the residual for testing differences among treatments. Forward 
stepwise multiple regression procedures were used to generate 
predictive equations for infiltration rate and sediment production. 
All significant differences are at m.05. 

Results and Discussion 

Rotational and Yearlong Continuous Grazing 
Statistical analyses of infiltration rates indicated significant 

treatment, date, and treatment-by-date interaction effects. Aver- 
aged across dates, infiltration rate was greatest in the MC treat- 
ment though only significantly greater than after grazing in the 
RG-14 treatment (Table 2). Average infiltration rate declined in 
both RG treatments following grazing. The declines, however, 
were not statistically significant. Differences among treatments 
were related to differences in controlling factors particularly per- 
centage bareground and total herbaceous standing crop (Table 2). 

Infiltration rates in all treatments generally followed similar 
seasonal patterns (Table 3) with average infiltration rates least in 
spring (March 1983) and greatest in fall (November 1982). How- 
ever, causal relationships were difficult to quantify because aggre- 
gate stability, surface roughness, litter cover and standing crop, 
and grass and total standing crop were least in March 1983 when 
soil bulk density, soil organic matter, and grass cover were greatest 
relative to the three other sample dates (Table 3). The treatment- 
by-date interaction effects were related to minor seasonal differen- 
ces among grazing treatments (Table 4). 

Statistical analyses of the sediment production data showed a 
significant grazing treatment effect (Table 2) but no date (Table 3) 
or date-by-treatment interaction effects. Sediment production 
increased significantly in both RG treatments following grazing 
but neither treatment was significantly different from the MC 
treatment prior to grazing. These differences emphasize the 
dynamic effect that the RG treatment had on watershed condition 
relative to sediment production. Generally, grazing in the RG 
treatments reduced vegetation cover and standing crop while 
increasing litter cover and bare ground. 
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Table 2. Mean values (n=40) for measured variables in 3 grlziq treatments 
averaged across 4 dates. 

Grazing treatment* 
RG-14 RG42 

Variable Before After Before After MC 

Vegetation 
Bareground (%) 2Ob2 26b 12c 23ab 9c 
Grass cover (%) 47b 5Oc 64a 5Oc 60ab 
Forb cover (%) 3ab lb 2b lb 4a 
Litter cover (%) 2Oc 23bc 22bc 26ab 28a 
Total vegetation 

cover (7443 80b 74c 88a 77bc 92a 
Grass standing 

crop (kg/ha) 2244b 2188b 2644a 2OlOb 2198b 
Forb standing 

crop (kg/ha) 70a 27a 108a 17a 144a 
Litter standing 

crop (kg/ ha) 1241b 1329b 14OOb 1541b 2842a 
Total standing 

crop (kg/ ha)3 3555b 3544b 4152b 3568b 5184a 

Soil 
Bulk density (g/cm)) 1.2a I.la 1.2a 1.2a l.la 
Organic matter (%) 6.3ab 4.4~ 6.7a 5.7b 6.5a 
Aggregate stability (%) 68a 65a 68a 70a 72a 
Surface roughness 

(mm) 6.2a 6.2a 6.4a 6.4a 7.4a 

Infiltration rate 
(mm/ hr) 87ab 17b 85ab 78ab 89a 

Total Sediment 
production (kg/ ha) 52b 85a 29b 85a 33b 

‘See Table 1 for treatment identification. 
ZMeans in a row followed by same letter are not significantly different at pIo.05. 
‘Grass + forb + litter. 

Table 3. Mean values (n = 50) for measured variables on 4 sample dates 
averaged across RG14, RG-42, and MC grazing treatments. 

Variable 
Date 

Aug. 1982Nov. 1982Mar. 1983July 1983 

Vegetation 
Bareground (%) 17al 
Grass cover (%) 55bc 
Forb cover (%) 3a 
Litter cover (%) 25b 
Total vegetation cover (%)2 83a 
Grass standing crop (kg/ ha) 2473a 
Forb standing crop (kg/ ha) 89a 
Litter standing crop (kg/ ha) 1722a 
Total standing crop (kg/ ha) 4284a 

Soil 
Bulk density (g/cm’) 
Organic matter (%) 
Aggregate stability (%) 
Surface roughness (mm) 

Infiltration rate (mm/ hr) 

Total sediment production 
(kg/ ha) 

l.lb 
5.2~ 

71b 
6.0b 

83b 

54a 

19a 17a 
56b 63a 
2a 2a 

23b 18~ 
81a 83a 

2301a 1826b 
15a 29a 

1721a 1625a 
4039ab 3480b 

I.lb 1.2a 
5.7bc 6.7a 

69b 51c 
7.la 5.9b 

92a 74c 

55a 73a 

18a 
5oc 
3a 

29a 
82a 

2392a 
162a 

1652a 
4206a 

I.lb 
6.2ab 

81a 
7.0a 

83b 

57a 

‘Means within a row followed by same letter are not significantly differet at PSO.05. 
2Grass + forb + litter. 

Type of Plant Community 

Water infiltration rates were significantly greater in midgrass (84 
mm/ hr) than shortgrass communities (75 mm/ hr) when averaged 
across grazing treatments (Table 5). These findings agree with the 
findings of Wood and Blackburn (1981a). Although the effect of 
type of plant community on sediment production (Table 5) was not 
as clearly discernible in this study as in the study conducted by 

Table 4. Infiltration rates (mm/hr) for 3 grazing treatments on 4 dates. 

Treatment’ 

RG-14 
Before 
After 

RG-42 
Before 
After 

MC 

Date 
Aug. 1982 Nov. 1982 Mar. 1983 July 1983 

95a(x)Z 96ab 84a(y) 72b(z) 
64b(z) 87bc(x) 72a(y) 82ab(x) 

8la(y) 95ab(x) 69a(z) 94a(x) 
SSa(x) IOla(x) 59a(y) 68b(xy) 

9Oa(x) 83c(y) 84a(y) 99a(x) 

ISee Table 1 for treatment identification 
Weans in a row or within a column followed by same letter within parentheses. 

Wood and Blackburn (1981b) at the Texas Experimental Ranch, 
differences were significant when averaged across grazing treat- 
ment. Sediment production in our study averaged 49 and 55 kg/ ha 
in the midgrass and shortgrass communities, respectively, as com- 
pared to 39 and 95 kg/ ha, respectively, in their study. We attribute 
these differences primarily to climatic differences among years. 
For example, in 1982 growing conditions were extremely favorable 
(Fig. 1) relative to the growth of warm-season grasses. As a result 
there were few-er differences between plant communities in amount 
of bareground and vegetation cover in this study than in their 
study. 

Rotational, Yearlong Continuous, and Deferred Rotation Grazing 

The effect of livestock grazing in the RG and DR treatments was 
generally reflected by a reduction in total vegetation cover and 
total standing crop and an increase in amount of bareground 
regardless of type of plant community. The resultant effect was rate 
of water infiltration generally declined and sediment production 
generally increased in both types of plant communities following 
grazing (Table 5). There were no significant differences among 
treatments in infiltration rate when the MC, before-grazing RG 
and DR treatments, and EX were compared. The EX and MC 
treatment had the lowest sediment production, while generally the 
after grazing treatments had the highest. Wood and Blackburn, 
(1981a, 1981b) working at the same location, reported similar 
results when comparing infiltration rate and sediment production 
on a Leeray clay in the MC, DR, and EX treatments. 

Table 5. Mean (m = 10) itiltntion rates (mm/hr) and sediment pro- 
due tion (kg/ha) for 2 types of plant communities in 5 grazing 
treatments. 

Infiltration rate Sediment production 
Treatment Midgrass Shortgrass Midgrass Shortgrass 

RG-14 
Before grazing 95a2 75a 37bc 63ab 
After grazing 64b 55b 105a 105a 

RG-42 
Before grazing 81ab 86a 41bc 61ab 
After grazing 85a 19a 75ab 53ab 

DR 
Before grazing 86a 
After grazing 81ab 

MC 89a 

EX 88a 

Mean 84 

80a 
68ab 

85a 
-3 

15 

28~ 45b 
71ab 54b 

35c 30b 

23~ - 

49 55 

‘See Table 1 for treatment identification. 
2Means in a column followed by same letter are not significantly different at ~3.05. 
-‘The shortgrass plant community did not occur in the exclosure. 
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Predictive Models 
The two predictive models from the pooled data developed were: 

YI q  77.32 -0.46X1 + 0.004 Xz R2 = 0.16 df = 339 
Y1 q  14.7 +0.18X1 - 0.0044Xz R* q  0.20 df = 284 

Where YI = rate of water infiltration (mm/hr) 

Y2 = total sediment production (kg/ ha) 
XI = percentage bareground (%) 
X2 = total vegetation standing crop (kg/ ha) 

Amount of bareground was the first variable selected in both 
models, accounting for 12% of the variation in the infiltration 
model and 16% in the sediment production model. The 2 models 
substantiate that as bareground increased in this study, infiltration 
rates decreased and sediment production increased. Likewise, as 
amount of vegetation standing crop increased, infiltration rates 
increased and sediment production declined. The addition of per- 
centage sand content in the soil and aggregate stability to the 
infiltration model increased the Rz to 0.20 while the addition of 
aggregate stability and surface roughness to the sediment produc- 
tion model increased the R2 to 0.24. 

Although our final R? values are less than those reported by 
Wood and Blackburn (1981a, 1981b), both models were highly 
significant (KO.0001). The Rz values, even though they were low, 
still helped to explain the factors affecting infiltration rates and 
sediment production. We chose not to develop our models as a 
function of type of grazing treatment, plant community, or season 
of year because our basic objective was to identify the most impor- 
tant factors contributing to differences in watershed condition 
regardless of grazing treatment, type of vegetation, or season of 
year. Both models clearly indicate amount of bareground and 
vegetation standing crop were the 2 major variables affecting 
watershed condition in this study. 

Conclusions 

Basing our conclusions on the results of this study, we accept our 
basic hypothesis that watershed condition will vary among grazing 
treatments as a function of their effect on various soil and vegeta- 
tive factors. We further conclude that differences among grazing 
treatments are directly related to their effect on amount of bare 
ground. Grazing treatments which cause a reduction in vegetative 
cover and standing crop, with a corresponding increase in bare 
ground, tend to reduce water infiltration rates and concurrently 
enhance sediment production. This may be realized over the long- 
term by inducing a change in plant species composition from 
midgrass to shortgrass dominated communities or over the short- 
term by consuming and/or trampling the available vegetation 
standing crop. Further, we find no evidence from the results of this 
study that would suggest any association exists between watershed 
condition in a rational grazing treatment and number of paddocks. 
There were no benefits of RG compared to MC grazing when 
considering the measured hydrologic parameters. 
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Crude Terpenoid Influence on In Vitro Digestibility of 
Sagebrush 
KARL D. STRIBY, CARL L. WAMBOLT, RICK G. KELSEY, AND KRIS M. HAVSTAD 

Abstract 

The infiuence of crude terpenoid content on in vitro organic 
matter digestibility (IVOMD) was determined for basin big sage- 
brush (ArteMia trident& Nutt. ssp. tridentata), Wyoming big 
sagebrush (A.t. ssp. wyomingensis Beetle and Young), mountain 
big sagebrush (A.t. ssp. vaseyana [Rydb.] Beetle), and black sage- 
brush (A. nova Nels.). IVOMD was determined using mule deer 
(OdocoiIeus hemionus hemionus), sheep (Ovis ammon a&s), and 
steer (Bos taurus) rumen inocula with current year’s growth col- 
lected from the 4 taxa at a common site on 1 Jan., 15 Feb., and 1 
Apr. 1981. All inocuia had similar digestive efficiency. Extracting 
crude terpenoids from foliage increased IVOMD by an average of 
12.3% overall. Few differences in IVOMD among taxa and dates 
were evident in foliage after crude terpenoids had been extracted. 
Order of increasing digestibility among taxa without crude terpe- 
noids extracted was black sagebrush, mountain, Wyoming, and 
basin big sagebrushes, respectively. IVOMD generally Increased 
from January to April as crude terpenoids decreased. Crude terpe- 
noid concentrations were lowest in mountain big sagebrush, 
intermediate in black sagebrush and Wyoming big sagebrush, and 
greatest in basin big sagebrush. 

Key words: Artembia tridentah, Artemisia nova, mule deer, 
terpenoids 

The forage utilization of sagebrush (Artemisia) by livestock and 
big game varies from none to heavy on winter ranges (Hansen and 
Reid 1975, Carpenter et al. 1979, Peek et al. 1979, Urness 1979, 
Willms et al. 1979, Krysl et al. 1984). Sagebrush is relatively high in 
crude protein, phosphorus, and carotene when compared to alter- 
nate forage species, especially during the winter (Cook et al. 1954, 
Hickman 1975, Welch and McArthur 1979a, Welch 1983). How- 
ever, secondary metabolic products are suspected of influencing 
sagebrush palatability, digestibility, and intake by browsing ani- 
mals (Nagy 1979, Welch and McArthur 198 1, Welch and Pederson 
1981, Kelsey et al. 1983, Personius et al. 1987). 

Basin big sagebrush (Artemisia tridentata Nutt. ssp. tridentata), 
mountain big sagebrush (A.t. ssp. vaseyana [Rydb.] Beetle), 
Wyoming big sagebrush (A.t. ssp. wyomingensis Beetle and 
Young), and black sagebrush (A. nova Nels.) are widely distributed 
on western rangelands. Together they comprise over 70% of the 
total sagebrush acreage in the 11 western states (Beetle 1960, Beetle 
and Young 1965). 

The objective was to evaluate the relative winter forage qualities 
of these 4 sagebrush taxa on the basis of in vitro organic matter 
digestibility (IVOMD) as it related to crude terpenoid concentra- 
tions. We tested the hypothesis that the winter IVOMD of the 4 
taxa, growing naturally on a common site, was infhrenced by the 
presence of crude terpenoids in their foliage. 

Authors are former research assistant and associate professor, Animal and Range 
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professor, Department of Chemistry, University of Montana, Missoula 59812, and 
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Materials and Methods 

Study Site 
The study site was at the base of the Absaroka Mountains, 3 km 

north of Yellowstone National Park near Gardiner, Mont. The 
area was composed of several basalt benches with average eleva- 
tion of 1,950 m. Most slopes had a southwest aspect. Annual 
precipitation has averaged 400 mm, half of which has been snow 
(USDA 1981). Thermal springs, glacial drift, and natural erosion 
have influenced the topography and soils, creating a mosaic of 
microsites and vegetation. The 4 highly interspersed sagebrush 
taxa dominated with bluebunch wheatgrass (Agropyron spicatum 
[Rydb.] Scribn.) and Idaho fescue (Festuca idahoensis Elmer) as 
subdominants. Local habitat types have been described by Mueggler 
and Stewart (1980) and McNeal(l984). The study site was part of 
the northern Yellowstone elk (Cervus elaphus nelsoni) and mule 
deer (Odocoileus hemionus hemionus) winter range. Moderate to 
heavy foraging use of sagebrush on the winter range by both elk 
and deer has been reported (Houston 1982, McNeal 1984). 

Sample Collection 
Foliage was collected from each of the 4 sagebrush taxa at the 

study site on 1 Jan., 15 Feb., and 1 Apr. 1981. Samples were taken 
from 120 mature plants (20 lightly browsed and 20 heavily browsed 
plants of both mountain and Wyoming big sagebrush and 20 each 
of light to moderately browsed basin big sagebrush and black 
sagebrush) available for browsing and of ample size to allow 3 
collections. Because light and heavy browse form classes of moun- 
tain and Wyoming big sagebrush were easy to distinguish, differ- 
ences in IVOMD and crude terpenoid concentrations between the 
form classes were tested. Basin big sagebrush and black sagebrush 
plants that had been heavily browsed were not common so only 
plants representing the population majority (light to moderate 
browsing) were sampled. Ten grams of live, current year leaf and 
stem growth were clipped from each plant and combined with a 
like amount from 4 other plants in a plastic bag to provide 4 
composite samples of each taxa and the 2 levels of browsing. The 
composite samples were transported in ice for about 1.5 hours 
before storing in a freezer at -. 23” C. 

Crude Terpenoid and In Vitro Analysis 
Crude terpenoid compounds in glandular trichomes of leaves 

(Kelsey and Shafizadeh 1980, Kelsey et al. 1982, Kelsey 1986) were 
removed and quantified in duplicate from overall composite sam- 
ples of the 6 taxa-use groups using a rapid extraction with chloro- 
form (Kelsey et al. 1982). After extraction residual chloroform was 
removed by oven-drying (65’ C) overnight. The samples were then 
frozen for in vitro digestion. 

Sample preparation for determining IVOMD was in a refriger- 
ated room (3O C) to minimize the escape of volatile compounds. 
Foliage was super-frozen in liquid nitrogen, then ground using a 
motorized mortar and pestle (Welch and McArthur 1981, Welch 
and Pederson 1981). The ground samples were sealed in air-tight 
plastic bottles and stored in a freezer at -23” C. The same proce- 
dures were used for samples with crude terpenoids extracted. A 
total of 90 samples were prepared (24 intact and 6 extracted per 
date). Dry matter and organic matter were determined in duplicate 
for each sample. 
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Before weighing samples for in vitro digestion, the sample bot- 
tles were removed from the freezer and allowed to equilibrate with 
the refrigerated room temperature. Weighed aliquots, to the near- 
est 0.1 mg, were adjusted so that 0.5 g of organic matter was placed 
in each digestion tube. Tubes were sealed with rubber stoppers 
fitted with Bunsen valves then returned to the freezer. Thus, sam- 
ples were not exposed to room temperature until initiation of in 
vitro digestion. Prior to inoculation, tubes and samples were pre- 
warmed in a water bath to 39” C. 

The Moore modification (Harris 1970) of the Tilley and Terry 
(1963) in vitro digestion technique was used. Three in vitro diges- 
tion trials of each of the 90 samples were conducted with rumen 
fluid inocula from a wild mule deer, a domestic sheep (Ovis ammon 
aries), and a steer (Bos taurus). On 18 Apr. 1981, a healthy 2-year 
old buck mule deer was shot on the study site. The entire rumen 
and contents were removed and transported in a prewarmed con- 
tainer to a nearby laboratory. Approximately 30 minutes elapsed 
between removal of the rumen and initiation of the in vitro trial. 

A fistulated sheep and steer provided rumen inocula for the 
other 2 digestion trials conducted during late April, 1981, at the 
Montana State University Animal Nutrition Center. Both animals 
were maintained on mixed grass hay (Bromus inermis Leyss and 
Phleum pratense L.) at least 2 weeks prior to collecting inocula. 

A completely random design was employed. The 3 collection 
dates and 3 animal species were nested within the main-plot factor 
(taxa with form class) (Snedecor and Cochran 1980). Differences 
in IVOMD for whole and terpenoid-extracted sagebrush and 
crude terpenoid concentrations among taxa and collection dates 
were tested at (Y = 0.05. The least significant difference method 
(Snedecor and Cochran 1980) protected by a prior F-test, was used 
for comparing treatment means. There was nonhomogenity of 
variances among animals, thus the analysis was separated on the 
basis of animal. A test of IVOMD differences among animal 
species was not desired as Welch et al. (1983) found little difference 
in IVOMD among our species. For the analysis of the terpenoid- 
extracted samples, variance component estimates from the dupli- 
cate terpenoid-extracted samples and the whole plant samples were 
used to derive an error mean square for date for each animal 
(Striby 1985). A paired t-test (a=0.05) was used to detect significant 
differences between IVOMD means of whole and terpenoid- 
extracted samples of common taxon and date classes. 

Results 

In Vitro Organic Matter Digestibility 
Analysis of variance showed no significant differences (KO.05) 

in IVOMD and crude terpenoid concentrations between light and 
heavily browsed mountain or Wyoming big sagebrush. Thus, their 
values were averaged in further data analysis. General trends in 
IVOMD among sagebrush taxa and collection dates and between 
whole and terpenoid-extracted sagebrush were the same for all 
inocula sources (Table 1) as expected (Welch et al. 1983). 

The average IVOMD for all taxa and collection dates for the 
wild mule deer, sheep, and steer inocula sources with whole sage- 
brush was 50.2%, 5 1. l%, and 5 1.5%, respectively. With terpenoid- 
extracted sagebrush the average IVOMD was 63.5%, 66.070, and 
60.1%, respectively. These differences resulted in an overall 
increase of 12.3% after extraction of crude terpenoids. Terpenoid- 
extracted sagebrush that was statistically compared (KO.05) to 
whole sagebrush for common taxon and collection dates with each 
inoculum source had significantly greater IVOMD in all but 1 trial. 
The mountain big sagebrush in the steer trial was the exception. 

Considering all inocula sources and collection dates, the order of 
decreasing digestibility among whole sagebrush taxa was: basin big 
sagebrush, Wyoming big sagebrush, mountain big sagebrush, and 
black sagebrush (Table 1). However, on any particular date, differ- 
ences among taxa were not always significant (KO.05). This was 
most evident for the mule deer inoculum. But, when IVOMD was 
averaged for each taxon over all dates, all taxa differences for 

Table 1. In vitro organic matter digestibility (percentage) of 4 sagebrush 
taxa (whole and terpenoid-extracted) on 3 dates using wild mule deer, 
sheep, and steer inoculum. 

Taxon 

Terpenoid+xtracted 
Whole sagebrush sagebrush 

1 Jan. 15 Feb. 1 Apr. 1 Jan. 15 Feb. I Apr. 

Mule Deer 
black sagebrush 37.6’” 45.3” 46.2” 60.4” 66.3k 65.8’& 
mountain big sagebrush 45.gb 47.9”’ 53.5” 59.8”” 56.4” 58.5” 
Wyoming big sagebrush 46.0b 49.5” 57.4M 63.9” 62.9”b” 67.5” 
basin big sagebrush 47.2r- 63.4bf 62.4d 59.5” 65.6b 75.7d 

black sagebrush 
Sheet 

41.5” 44.7” 50.4.’ 64.9 63.4b 64.7b 
mountain big sagebrush 45.4” 48.5bf 52 7’g 57.6” 53.8”” 58.1” 
Wyoming big sagebrush 50.3”’ 52.5& 5811” 69.1” 68.6” 72.3& 
basin big sagebrush 54.0d” 55.3d’ 59.6” 71.gd’ 72.3dd 75.2df 

Steer 
black sagebrush 42.4”” 42.8” 47.0nf 56.2b” 53.9& 55.3” 
mountain big sagebrush 48.3b” 52.0bf 53.0M 46.7” 43.7”’ 47.4” 
Wyoming big sagebrush 50.5’” 53.7bf 57.8- 69.3” 68.4- 70.3- 
basin big sagebrush 55.gd” 56.6- 58.4” 68.7O” 69.1” 72.3” 

‘Means among taxa differ (KO.05) within date and inoculum source when followed 
by a different letter (a,b,c,d). Means among dates differ (IKO.05) within taxon and 
moculum source when followed by a different letter(e,f,g). Comparisons do not apply 
across whole and terpenoid-extracted data. 

whole sagebrush were significant (KO.05) except between moun- 
tain and Wyoming big sagebrush for mule deer inoculum. 

Order of increasing IVOMD among terpenoid-extracted sage- 
brush taxa differed from whole sagebrush (Table 1). Generally, 
there were fewer significant differences (KO.05) among taxa for 
all inocula sources. With IVOMD for terpenoidextracted material 
averaged over the 3 collection dates, mountain big sagebrush had 
significantly lower IVOMD than the other taxa for each inoculum 
source. 

For whole sagebrush taxa there were consistent increases in 
IVOMD over collection dates in all trials (Table 1). However, 
successive increases were not always significant. In all but 1 trial, 
basin big sagebrush-steer inoculum (Table l), IVOMD on 1 April 
was significantly greater than on 1 January. When IVOMD’s were 
averaged by collection date, there were significant (KO.05) 
increases in digestibility from 1 January to 15 February to 1 April 
for all 3 inocula sources. 

For terpenoid-extracted sagebrush taxa, trends in IVOMD over 
collection dates were inconsistent (Table 1). For a given taxon 
there were few significant changes in digestibility over time for all 
inocula sources. This resulted from removing the influence of 
changing crude terpenoid levels over time. 

Crude Terpenoid Concentration 
Differences (X0.05) in crude terpenoid concentrations (Fig. 1) 

averaged over all 3 dates found mountain big sagebrush with the 
least, black sagebrush and Wyoming big sagebrush with inter- 
mediate levels, and basin big sagebrush with the most. For individ- 
ual taxa, crude terpenoid concentration generally decreased over 
time. When taxa concentrations were averaged for each collection 
date, the concentration on 1 April was less (KO.05) than the 
concentrations on 15 February and 1 January, which were similar. 

Within each taxon, there was a general negative relationship 
between crude terpenoid concentration and digestibility over the 3 
sampling dates. However, this relationship did not exist among 
taxa. Basin big sagebrush had the highest crude terpenoid concen- 
tration but also had the highest digestibility in all trials. Mountain 
big sagebrush, which had the lowest crude terpenoid concentration 
was intermediate in digestibility between black sagebrush and 
Wyoming big sagebrush. 
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Fig. 1. Percent dry weight crude terpenoid concentrations @ercentfoliage 
dry weight) of 4 sagebrush taxa on 3 dates. Taxa: nov q  black sagebrush; 
vas, wyo, tri = mountain, Wyoming, and basin big sagebrush, respec- 
tively. Values among taxa on a given date with unlike capital letters are 
significantly different (pCO.05). Values among dates for a given taxon 
with unlike lower case letters are sign$cantly dtfferent (X0.05). 

Discussion 

There are 2 possible explanations for the increase in IVOMD 
after extraction of crude terpenoids. The crude terpenoid com- 
pounds might independently or synergistically play an active role 
in microbial inhibition, or the crude terpenoids may play a passive 
role by merely being inert substances that are impervious to 
microbial digestion. 

The biological activities of the sesquiterpene lactones found in 
basin big sagebrush and black sagebrush are consistent with their 
relative IVOMD. The black sagebrush samples contained cumam- 
brins A and B (Personius et al. 1987), whose structures have an 
o-methylene-‘I-lactone functional group that is usually associated 
with biological activity (Dupuis et al. 1980, Hall et al. 1980a, 
1980b, Spring et al. 1982, Picman and Picman 1984). The cumam- 
brins cause allergenic contact dermatitis in some humans (Mitchell 
and Dupuis 1971). Both are phytotoxic (McCahon et al. 1973, 
Amo and Anaya 1978) and weakly antifungal (Picman 1984). 
Cumambrin B and its derivatives strongly inhibited the growth of 
some bacteria and weakly inhibited others (Picman and Towers 
1983). Basin big sagebrush contained matricarin, deacetlymatri- 
carin, and deacetoxymatricarin (Personius et al. 1987). Their struc- 
tures suggest limited activity, because they have the less reactive 
a-methylene-‘I-lactone and a substituted a&cyclopentenone (Lee 
et al. 1977). Experimental data confirm this (Mitchell and Dupuis 
1971, McCahon et al. 1973, Lee et al. 1977, Picman and Towers 
1983, Picman 1984). Based on these observations black sagebrush 
would be expected to inhibit digestion to a greater extent than 
basin big sagebrush. Of the 4 sagebrush taxa, black sagebrush had 
the greatest concentration of nonvolatile crude terpenoids and 
sesquiterpene lactones (Personius et al. 1987). 

The highly volatile epidermal compounds of sagebrush foliage 
include monoterpenes and nonterpenoid organics such as metha- 
crolein, acetone, and ethanol. Most of these are lost during the 
isolation and concentration of the crude terpenoid extract (Perso- 
nius et al. 1987). The less volatile compounds are monoterpenes of 
lower volatility, a portion of which makes up the final concentrated 
crude terpenoid extract. These monoterpenes can be separated 
from the nonvolatile components in the extract by steam distilla- 
tion. The nonvolatile fraction of epidermal foliage contains ses- 
quiterpene lactones, cuticular waxes, some phenolics, and possibly 
other miscellaneous compounds (Kelsey et al. 1982, Personius et 
al. 1987). These differences in volatility are important when con- 
sidering the influence that these substances might have on IVOMD. 

Most likley when animals browse sagebrush the highly volatile 
and some of the volatile compounds are lost with minimal influ- 
ence on digestion (Cluff et al. 1982, White et al. 1982). Nonvolatile 
constituents have fewer routes of escape, and therefore, seem more 
likely to influence digestion if active. They could be absorbed with 
or without being digested, to be metabolized or excreted in the 
urine. Undigested and unabsorbed materials are eliminated in the 
feces. The digestive fate of sesquiterpene lactones is largely 
unknown. Metabolites of the toxic hymenoxon from bitterweed 
(Hymenoxys odoruta DC.) have been isolated from the urine of 
sheep, but in minor quantities (Terry et al. 1983). ar-methylene-‘I’- 
lactones, as in the cumambrins, can bind easily, and nonreversibly, 
to free -SH groups in amino acids and protein (Rodriguez et al. 
1976, Lee et al. 1977, Dupuis et al. 1980, Spring and Hager 1982). 
Binding with enzymes can destroy enzyme activity (Hall et al. 
198Oa, 1980b), resulting in reduced digestion. 

Welch and Pederson (1981) demonstrated that oven-drying Hobbs et al. (1986) reported that the volatile compounds in big 
sagebrush at 100” C resulted in a total loss of the volatile monoter- sagebrush inhibit the digestion of grass cell walls. They contend 
penes. Consequently, monoterpenes, like water, would not be that mule deer prefer sagebrush taxa that have no inhibitory sub- 
represented in the quantity of dry, or organic matter, in either the stances and have therefore demonstrated a nutritional basis for 
forage or the residue and therefore, would not enter into the divergence in herbivore preference for big sagebrush. We believe 
calculation of IVOMD. They would, however, still be present in that inhibition of digestion is too slow and complex a mechanism 
the fresh tissues used for analysis and could influence in vitro to adequately explain the selection and preference on small cafete- 
digestion if they were active and did not evaporate from the tubes ria areas where there is a mixture of sagebrush species (Sheehy and 
(Welch and Pederson 1981, Hobbs et al. 1986). Winward 1981, Welch et al. 1981, Personius et al. 1987). In order 
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Unlike the monoterpenes, the nonvolatile crude terpenoids 
remain in oven-dried materials. Consequently, the nonvolatile 
compounds would be represented in the dry forage, or organic 
matter placed in fermentation tubes. Since they possess a variety of 
biological activities (Kelsey et al. 1985, Personius et al. 1987), they 
may not be digested or may actively inhibit the rumen microorgan- 
isms. Some of these compounds are also resistant to the hot water 
washes employed during the filtration of the undigested forage 
residue (Kelsey et al. 1982). Therefore, any nonvolatile crude ter- 
penoids contained in the undigested forage residue after oven- 
drying would be subtracted from the quantity of dry forage or 
organic matter placed in fermentation tubes. This should lower the 
IVOMD of whole sagebrush compared to that with crude terpe- 
noids extracted (Van Soest 1967, Kelsey et al. 1982). 

If the observed variations in IVOMD of whole sagebrush were 
caused by seasonal nutrient fluctuations, it follows that trends in 
IVOMD of whole and terpenoidextracted sagebrush would be 
similar, but this was not the case (Table I). The terpenoid- 
extracted sagebrush values characterize the influence that concen- 
trated nutrient fractions have on increasing digestibility. 



for digestion inhibition to work the animals must eat some of the 
inhibitory plants, with a lag period before the inhibition occurs and 
the animals respond. Consequently, during the lag period an 
animal could continue to eat the less preferred plant with inhibi- 
tory substances. The more eaten the faster the response. If every 
animal had to eat some of the inhibitory plant, then over time these 
plants should show substantial browsing, which they do not 
(Sheehy and Winward 1981, Welch et al. 1981, Personius et al. 
1987). If the animals rapidly browsed 3 different species during the 
lag period, it would be difficult to associate inhibition with a 
particular plant or taxa. It is more likely that, in preference selec- 
tion, the animals are responding to chemical stimuli that adversely 
affect their sensory organs. The biological activity of a compound 
is the consequence of a particular structure, or functional group(s), 
that can cause a variety of responses in different biological systems. 
Compounds that stimulate sensory organs are likely to also influ- 
ence digestion. Sensory responses by mule deer to sagebrush chem- 
icals would be a simple and rapid mechanism for sorting the taxa. 
Inhibition of fiber digestion is probably a quantitative regulator, 
rather than a qualitative regulator of sagebrush ingestion. 

Disregarding the possible effect that sagebrush chemicals have 
on the digestion of other forages such as grass cell walls, there 
appears no nutritional basis for mule deer selection of big sage- 
brush. When given a choice of the 3 subspecies, they select moun- 
tain big sagebrush over basin big sagebrush (Sheehy and Winward 
1981, Welch et al. 1981, Personius et al. 1987), although the latter 
maintains a higher crude protein level (Welch and McArthur 
1979b) and is more digestible (Welch and Pederson 1981). 

This investigation concluded that crude terpenoids contained in 
the folige of the 4 sagebrush taxa studied did inhibit the IVOMD of 
each taxon. Although digestibility is only 1 aspect to a taxon’s 
merit as a forage source, it is of interest, particularly in plant 
materials programs as it relates to the possible influences of secon- 
dary metabolites (Welch and Pederson 1981). When considered 
with relationships of crude terpenoids to animal preference for the 
same 4 taxa (Personius et al. 1987) our findings should provide 
resource managers information for determining management 
opportunities. 

Literature Cited 
Amo, S.D., and A.L. Anaya. 1978. Effect of some sesquiterpenic lactones 

on the growth of certain secondary tropical species. J. Chem. Ecol. 
4:305-313. 

Beetle, A.A. 1968. A study of sagebrush, the section Tridentatue of Artemi- 
siu. Univ. Wyoming Agr. Exp. Sta. Bull. 368. 

Beetle, A.A., and A. Young. 1965. A third subspecies in the Artemisia 
tridentata complex. Rhodora 67405-406. 

Carpenter, L.H., O.C. Wallmo, and R.B. Gill. 1979. Forage diversity and 
dietary selection by wintering mule deer. J. Range Manage. 32226229. 

Cluff, L.K., B.L. Welch, J.C. Pederson, and J.D. Brotherson. 1982. Con- 
centration of monoterpenoids in the rumen ingesta of wild mule deer. J. 
Range Manage. 35:192-194. 

Cook, C.W., L.A. Stoddart, L.E. Harris. 1954. The nutritive value of 
winter range plants in the Great Basin. Utah Agr. Exp. Sta. Bull. 372. 

Dupuis, G., Benezra, G. Schlewer, and J. Stampf. 1980. Allergic contact 
dermatitis to a-methylene-T-butyrolactones. Mol. Immunol. 17:1045- 
1051. 

Hall, I.H., C.O. Starnes, Jr., K.H. Lee, and T.G. Waddell. 198th. Mode of 
action of sesquiterpene lactones as anti-inflammatory agents. J. Pharm. 
Sci. 69~537-543. 

Hall, I.H., K.H. Lee, C.O. Starnes, 0. Muraoka, Y. Sumida, and T.G. 
Waddell. 1980b. Antihyperlipidemic activity of sesquiterpene lactones 
and related compounds. J. Pharm. Sci. 69~294-297, 

Hansen, R.M., and L.D. Reid. 1975. Diet overlap of deer, elk, and cattle in 
southern Colorado. J. Range Manage. 28:4347. 

Harris, L.E. 1970. Nutrition research techniques for domestic and wild 
animals. Vol. 1. L.E. Harris, Logan, Utah. 

Hickman, O.E. 1975. Seasonal trends in the nutritive content of important 
range forage species near Silver Lake, Oregon. USDA Forest Serv. Res. 
Pap. PNW-187. 

Hobbs, N.T., B.L. Welch, and T.E. Remington. 1986. Effects of big sage- 
brush on in vitro digestion of grass cell wall, p. 186-189. In: E.D. 
McArthur and B.L. Welch, compilers, Proc.-Symposium on the Biology 
of Arremisia and Chrysorhamnus. USDA Forest Serv. Gen. Tech. rep. 
INT-200, Ogden, Utah. 

Houston. D.B. 1982.The northern Yellowstone elk. Macmillan Publishers, 
New- York. 

Kelsey, R.G. 19%. Foliage biomass and crude terpenoid productivity of big 
saaebrush /Arremisiu tridentutu), D. 375-388 In: E.D. McArthur and 
B.i. Welch, compilers, Proc-Symposium on the Biology of Arremisiu 
and Chrysothamnus. USDA Forest Serv. Gen. Tech. Rep. INT-200, 
Ogden, Utah. 

Kelsey, R.G., G.W. Reynolds, and E. Rodriguez. 1985. The chemistry of 
biologically active constituents secreted and stored in plant glandular 
trichomes, p. 187-241. In: E. Rodriguez, P.L. Healey, and I. Mehta 
(eds.), Biology and chemistry of plant trichomes. Plenum Press, New 
York. 

KeRey,R.G.,andF.Shafixadeh. l!XO.Glandular trichomesand sesquiter- 
pene lactones of Artemisia nova (Asteraceae). Biochem. Syst. Ecol. 
8:37l-377. 

Kelsey, R.G., J.R. Stevens, and F. Shrfixadeh. 1982.The chemicalconstit- 
uents of sagebrush foliage and their isolation. J. Range Manage. 
35:617-622. 

Kelsey, R.G., W.E. Wright, F. Sneva, A. Winward, and C. B&ton. 1983. 
The concentration and composition of big sagebrush essential oils from 
Oregon. Biochem. Syst. Ecol. 11:353-360. 

Krysl, LJ., M.E. Hubbert,B.F. Sowell, G.E. Plumb, T.K. Jewett,M.A. 
Smith, and J.W. Waggoner. 1984. Horses and cattle grazing in the 
Wyoming Red Desert, I. Food habits and dietary overlap. J. Range 
Manage. 37~72-76. 

Lee, K.H., T. Ibuka, R.Y. Wu, and T.A. Geissman. 1977. Structure- 
antimicrobial activity relationships among the sesquiterpene lactones 
and related compounds. Phytochemistry. 161177-l 181. 

McCahon, C.B., R.G. Kelsey, R.P. Sheridan, and F. Shaflzadeh. 1973. 
Physiological effects of compounds extracted from sagebrush. Bull. 
Torrey Bot. Club. 188~23-28. 

McNeal, A.F. 1984. Site characteristics and effect on elk and mule deer use 
of the Gardiner winter range, Montana. M.S. Thesis. Montana State 
Univ., Bozeman. 

- 

Mitchell, J.C., and G. Dupuis. 1971. Allergic contact dermatitis from 
sesquiterpenoids of the Compositae family of plants. Brit. J. Derm. 
84:139-150. 

Mueggler, W.F., and W.L. Stewart. 1980. Grassland and shrubland habitat 
types of western Montana. USDA Forest Serv. Gen. Tech. Rep. INT-66. 

Nagy, J.G. 1979. Wildlife nutrition and the sagebrush ecosystem. In: G.F. 
Gifford, F.E. Busby, and J.P. Shaw feds.). The saeebrush ecosvstem: A . I I  

symposium. Utah State Univ., Coll. Natur. Resour., Logan. 
Peek, J.M., R.A. Riggs, and J.L. Lauer. 1979. Evaluation of fall burning on 

bighorn sheep winter range. J. Range Manage. 32430432. 
Personius, T.L., C.L. Warnbolt, J.R. Stephens, and R.G. Kelsey. 1987. 

Crude terpenoid influence on mule deer preference for sagebrush. J. 
Range Manage. 40:84-88. 

Picmm, A.K. 1984. Antifungal activity of sesquiterpene lactones. Bio- 
them. Syst. Ecol. 1213-18. 

Picman, A.K., and J. Picman. 1984. Effect of selected pseudoguaianolides 
on survival of the flour beetle, Dibolium confusum. Biochem. Syst. 
Ecol. 12:89-93. 

Pieman, A.K., and G.H.N. Towers. 1983. Antibacterial activity of sesquit- 
erpene lactones. Biochem. Syst. Ecol. 11:321-327. 

Rodriguez, E., G.H.N. Towers, and J.C. Mitchell. 1976. Biological activi- 
ties of sesquiterpene lactones. Phytochemistry. 15:1573-1580. 

Sheehy, D.P., and A.H. Wmward. 1981. Relative palatability of seven 
Artemisia taxa to mule deer and sheep. J. Range Manage. 34:397-399. 

Snedecor, G.W., and W.G. Cocbran. 1980. Statistical Methods, 7th Edi- 
tion. The Iowa State University Press, Ames, Iowa. 

Spring, O., and A. Hagar. 1982. Inhibition of elongation growth by 2 
sesquiterpene lactones isolated from Helianthus annws L. Planta 
156433440. 

Spring, O.., J. Kupka. B. Maier, and A. Hager. 1982. Biological activities of 
sesquiterpene lactonesfrom Helianthu.runnuus:Antimicrobialand cyto- 
toxic properties; influence on dna, ma, and protein synthesis. Z. Natur- 
forsch. 37c:lO87-1091. 

Striby, K.D. 1985.The in vitro digestibility and utilization of big sagebrush 
and black sagebrush. M.S. Thesis, Montana State Univ. Bozeman. 

JOURNAL OF RANGE MANAGEMENT 40(3), May 1987 247 



Terry, M.K., H.G. Williams, H.L. Kim, L.O. Post, and E.M. Bailey, Jr. 
1983. Ovine urinary metabolites of hymenoxon, a toxic sesquiterpene 
lactone isolated from Hymenoxys odororo DC. J. Agr. Food Chem. 
31:1208-1210. 

Tilley, J.M., and R.A. Terry. 1963. A two-stage technique for the in vitro 
digestion of forage crops. J. Brit. Grassland Sot. 18:104-l 11. 

Urness, P.J. 1979. Wildlife habitat manipulation in sagebrush ecosystems, 
p. 169-178. In: G.F. Gifford, F.E. Busby, and J.P. Shaw (eds.), The 
sagebrush ecosystem: A symposium. Utah State Univ., Coil. Natur. 
Resour., Logan. 

USDA. 1981. Average annual precipitation, Montana. Soil Conservation 
Service, Bozeman, Mont. 

Van Soest, P.J. 1967. Development of a comprehensive system of feed 
analyses and its application to forages. J. Anim. Sci. 26~119-128. 

Welch, B.L. 1983. Big sagebrush: Nutrition, selection, and controversey, p. 
21-33. In: K.J. Johnson (ed.), Proc. First Utah Shrub Ecology Work- 
shop, Utah State Univ., Logan. 

Welch, B.L., and E.D. MeArthur. 197%. Feasibility of improving big 
sagebrush (Artemisio tridenroto) for use on mule deer winter ranges, p. 
451-457. In: J.R. Goodin, and D.K. Northington (eds.), Arid land plant 
resources. Texas Tech Univ., Lubbock. 

Welch, B.L., and E.D. McArtbur. 1979b. Variation in winter levels of crude 
protein among Artemisio tridenroto subspecies grown in a uniform 
garden. J. Range Manage. 32:467-469. 

Welch, B.L., and E.D. MeArthur. 1981. Variation of monoterpenoid con- 
tent among subspecies and accessions of Artemisio rridentoro uniform 
garden. J. Range Manage. 34380-384. 

Welch, B.L., E.D. McArthur, and J.N. Davis. 1981. Differential preference 
of wintering mule deer for accessions of big sagebrush and for black 
sagebrush. J. Range Manage. 34:409-411. 

Welch, B.L., and J.C. Pederson. 1981. In vitro digestibility among acces- 
sions of big sagebrush by wild mule deer and its relationship to monoter- 
penoid content. J. Range Manage. 34:497-500. 

Welch, B.L., J.C. Pederson, and W.P. Clary. 1983. Ability of different 
rumen inocula to digest range forages. J. Wildl. Manage. 47:873-877. 

White, S.M., B.L. Welch, and J.T. Flinders. 1982. Monoterpenoid content 
of pygmy rabbit stomach ingesta. J. Range Manage. 35:107-109. 

Willms, W., A. McLean, R. Tucker, and R. Ritcey. 1979. Interactions 
between mule deer and cattle on big sagebrush range in British Colum- 
bia. J. Range Manage. 32:299-304. 

Range Research: 
Basic Problems and Techniques 
editors: C. Wayne Cook and James Stubbendieck 

RANGE RESEARCH: BASIC PROBLEMS AND TECHNIQUES, a major 
revision of an earlier publication of the National Academy of Science, 
presents steps in research planning, evaluation of results, and meth- 
ods and procedures in range research, including sampling techniques 
and experimental design. Chapter titles include: The Range Research 
Problem, Assessment of Habitat Factors, Methods of Studying Vegeta- 
tion, Studies of Root Habits and Development,Methods of Measuring 
Herbage and Browse Utilization, Livestock Selection and Manage- 
ment in Range Research, Methods for Studying Rangeland Hydrol- 
ogy, Economic Research in Range Management, Sampling Methods 
with Special Reference to Range Management, Experimental Design, 
and Problems Involved in the Application of Research Techniques in 
Range Management. The book is designed to serve as a reference 
guide for range research methodology and as a textbook for advanced 
students who anticipate careers in this increasingly important field. 
1986. 336 pages ISBN 09603692-3-6. $28/bard. 

Society for Range Management 
2760 West Fifth Avenue, Denver, CO 80204 

248 JOURNAL OF RANGE MANAGEMENT 40(3), May 1987 



Career Development of Range Conservationists in Their 
First Three Years with the Forest Service 
JAMES J. KENNEDY 

Abstract 

This paper examines early career development of range conser- 
vationists, relative to their forester and wildlife biologist col- 
leagues, in 2 western Forest Service Regions. Perception and 
acceptance of agency values, satisfaction with range profession and 
job choices, and long-term career commitments are a few subjects 
studied. Results show the majority of range conservationist 
recruits and their colleagues fitting into a long-term commitment 
to their professions and the Forest Service. Still, about 20% were 
experiencing initial career adjustment problems. 

About half the sample were women, and some important 
female/male difference-s exist. The greatest differences, however, 
were observed between professional-types. Range conservationists 
and foresters (regardless of sex) were generally adapting to a career 
in the Forest Service more easily than biologists. Range conserva- 
tionists stood out in their desire for future Forest Service employ- 
ment when selecting a range science major and belief that their 
“professional competence” was valued by the Forest Service. 

Key words: employment, range conservationist, careers 

Range management graduates join organizations like the Forest 
Service understanding much about natural resources and willing to 
take responsibility in their management. But there’s another valu- 
able resource professional recruits to organizations must manage 
well to be successful and productive natural resource managers- 
their careers. 

Great personal and social costs occur when well-trained, gifted, 
natural resource professionals are not successful in their careers. 
Individuals and their families suffer, organizations that employ 
them operate less efficiently, and natural resources are less well 
managed. For an issue as important as career development, it’s 
surprising that the universities training natural resource managers 
and the organizations employing them do not invest more effort to 
understand how (and how not) professional careers unfold to be 
successful and productive. 

Cursory examination of the Journal of Range Management 
locates many articles discussing the proper education and perfor- 
mance of professional range managers (e.g., Tisdale 1956, Morris 
1961, Arnold 1970, or Box 1974). Most of these are personal 
opinions of respected members of the profession, a few base their 
insights on empirical evidence (e.g., Cook and Bonham 1974, 
Kienast and Scifres 1973, Nortan and Eastman 1981). Given the 
shortage of good empirical studies, career development of the 
range management profession will have to build upon research of 
other professionals-such as Dalton et. al’s (1977) study of engi- 
neers and scientists. 

This paper examines the early careers of about 27 range conser- 
vationists (hereafter called range-cons) recently hired by the Forest 
Service. The research (Kennedy and Mincolla 1982) is based on the 
career development concepts of Schein (1978) and employs career- 
stage perspectives of Dalton et al. (1977), Vaillant (1977) or Levin- 
son et al. (1978). Elements of these career development theories will 
be described below when applicable to the study’s findings. For a 
good introduction to career development concepts see Hall (1976) 
and, especially, Schein (1978). 

The author is with the College of Natural Resources, Utah State University, Logan 
84322-5200. 

This project wasjointly funded by the USDA-Forest Service and the Utah Agricul- 
tural Experiment Station, Ma&tire Stennis Project 712 (Journal Paper 2905). 

Manuscript accepted 8 December 1986. 
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The Study 

In fall 1981 the USDA-Forest Service (USFS), and the Utah 
State University Agricultural Experiment Station collaborated to 
study the career development of entry-level range-cons, foresters, 
and wildlife/ fisheries biologists (hereafter labeled WL/ F biolo- 
gists) hired by USFS Regions 4 and 6 between 1978-81. The 
entry-level career stage is defined as O-3 years in a permanent 
appointment. USFS Region 4 consists of the intermountain states 
of Utah, Nevada, southern Idaho, and western Wyoming. Timber- 
oriented Region 6 (Oregon and Washington) provides a contrast to 
the range-wildlife-watershed focus of Region 4. Region 6 also has 
the largest numbers of employees of any USFS region. 

To obtain a different perspective of young professionals’ atti- 
tudes and performance, their immediate supervisors were also 
sampled. Questionnaire return rates were 81% for young profes- 
sionals (hereafter called YPROS) and 71% for their immediate 
supervisors (SUPERS). Such return rates yielded about a 50% 
sample of YPROS and SUPERS. About half the YPRO popula- 
tion and sample were women. 

Region 4 and 6 populations were stratified by professional-type 
and randomly sampled within strata to ensure rangecons, WL/ F 
biologists, and foresters were adequately represented. Twenty- 
seven range-cons (for a 96% completion-rate) returned both 
volumes of the questionnaire. Twenty-one were from Region 4 and 
6 from Region 6. Forty-eight percent of the range-cons returning 
both volumes of the questionnaire were women. 

USFS Regions 4 and 6 were selected because of interest in their 
human resources and willingness to cooperate in this research. The 
50% sample is believed adequate to make inference to these 2 
regions. No pretense is made that the sample is a good indicator of 
larger Forest Service populations. Our research is seen only as an 
important and pathbreaking case study of 2 large USFS Regions 
that together employ about 40% of all range-con professionals and 
26% of all foresters and WL/ F biologists in the agency (Akins et al. 
1982). 

A complete description of the study’s theoretical foundation, 
hypotheses tested, and questionnaires used is available in Mincolla 
and Kennedy (1982). Results presented here will focus on range- 
cons, with comparisons to their forester or WL/F biologist col- 
leagues where notable differences occur. Many findings like men- 
toring or dual-career issues with working spouses are omitted 
here-but are available in Kennedy and Mincolla (1982). The 
findings (below) begin with range-cons’ selection of a university 
major leading to their permanent USFS appointment, examine 
how (and how not) range-cons are fitting into that job, and finish 
with a look at commitment to the range management profession 
and the USFS organization. 

Selecting a Range Science Major and Getting a Forest Service Job 
Most range-cons (73%) had decided to pursue their current 

career and were enrolled in an appropriate college major at age 20. 
Important motivations for such a career choice were explored in an 
open-ended question. Their personal replies easily coded into 6 
categories, with 90% of range-cons career motivation being in the 
following 4 (in descendent order of popularity): 

1. Geographic preference for working in a certain part of west- 
ern USA. 
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2. Practical rewards of finding dependable, reasonably paid 
employment. 

3. Desire to work in/ with range and natural environments. 
4. Work/career that’s enjoyable, challenging and/ or rewarding. 

A Chi-square (X2) value of 25.5 (with 12 degrees of freedom) 
illustrated that there was a great difference in career motivation 
between professional-types (pC.01). Range-cons were like their 
forester colleagues in selecting a career that would allow them to 
live in a certain geographic area (namely, Region 4 range-cons 
wanted to w-ork and recreate in Intermountain West; Region 6 
foresters felt the same about Oregon and Washington). Second 
most common career selection reasons for range-cons (third for 
foresters) were practical considerations like, “. . . had a better 
chance of getting a job with my major. . .“, or “. . . was attracted to 
pay and job security of government work. . .“The WL/ F biologists 
stood apart in rarely giving geographic or practical job-related 
motivation for selecting their careers. Their major motivation fell 
into a “concern for resources”category that included many idealis- 
tic statements about wildlife resources being well managed and 
protected. Such motivation ranked only fourth for foresters and 
sixth for range-cons. 

From general career motivation, the questionnaire focused on 
when range-cons decided they wanted to work for the USFS, 
asking, “Was the U.S. Forest Service, as a possible place for you to 
work, an important influence when you made the decision to 
pursue a natural resource occupation?” Respondents could check a 
scale of 6 replies ranging from “extremely important” through 
“neutrap’to “no importance”at the opposite end of the continuum. 
Notice the difference in replies between range-cons, foresters and 
(especially) WL/F biologists in Table 1. Seventy-one percent of 

Table 1. Importance of USFS as a future source of employment wben 
selecting a college major. 

Response Scale: 

Response by Professional-Type:* 
Range-cons Foresters WL/ F biologists 

(n=27) (n=43) (n=38) 

Of no importance 7% 13% 40% 
Very unimportant 11% 2% 15% 
Unimportant 7% 8% 5% 
Neutral 4% 21% 18% 
Important 26% 21% 12% 
Very Important 37% 24% 10% 
Extremely Important 8% _ - 11% - 

100% 100% 100% 

‘Chi square = X2 = 31.0 with 12 df. and significant at <.Ol. 

range-cons and 56% of foresters recalled future USFS employment 
an important to extremely important consideration when selecting 
their profession (at about age 20). This may illustrate a form of 
USFS precommitment several years prior to accepting a perman- 
ent job. Only 22% of WL/F biologists were very interested in 
future USFS employment when choosing their college major. 
These differences are significant @<.Ol). 

All range-cons received their permanent USFS appointment 
since 1978. They had much less graduate education entering that 
job than their forester and WL/ F biologist colleagues. Only 11% of 
range-cons completed MS (or higher) degrees-while 23% of fores- 
ters and 68% of WL/ F biologists did so (pz.01). They also entered 
permanent USFS employment with considerable professional job 
experience-84% having had 2 or more temporary jobs in their 
professional area. When surveyed in fall 1981, most range-cons 
(85%) were still on their fist permanent USFS assignment. 

On a seven-point scale they ranged from extremely high to 
extremely low, with a neutral position, range-cons rated overall job 
satisfaction for their first permanent USFS job rather high. About 
82% marked overall job satisfaction in the 3 high ranges; 78% said 
that job had positive to extremely positive impacts on commitment 

to their professions; even more, (81%) rated its impact on their 
commitment to the USFS in that positive to extremely positive 
range. There were no significant X2 differences (p1.05) in first 
permanent job impacts between range-cons, WL/ F biologists or 
foresters, but women in these 3 professional-types experienced 
significantly lower “overall job satisfaction”@=.Ol) and less posi- 
tive impact of their first permanent job on “commitment to the 
USFS” (p=.O2) than their male colleagues. 

Fitting Oneself into the Forest Service Organization 
Fitting into their first USFS permanent job requires profes- 

sional recruits to get reasonably well oriented in their first months 
and begin to be productive (Van Maanen 1977, Schein 1978). 
Otherwise recruits may experience confusion, disorientation, and 
alienation from their profession and/or the USFS. How well 
range-cons are accomplishing a fit between themselves, their job require- 
ments, USFS values, etc., is the subject of next sections. 

Description of Job Responsibilities 
Working “out-of-doors with the resource” dominated the job 

motivations of the young professionals studied. Field concepts and 
techniques were also a major focus of their college education. Yet 
very few YPROS sampled spent over 50% of their time in the field 
during the initial 3 years. 

Range-cons spent an average of 15% of their time in the field and 
15% in technical officework. After a mean of 2 years in the USFS, 
their primary job activity was planning/ administration (40%) and 
coordinating between the USFS and their clients or other agencies 
(26%)-work arenas usually requiring good people and political 
skills. The remaining 4% of their time was in internal USFS 
multiple-use coordination. 

Foresters were doing the most fieldworld (35%)-with 23% of 
their time in technical office work and 40% in planning. WL/ F 
biologists also experienced twice the fieldwork (33%) as range- 
cons, 8% of their time was officework, 3 1% planning, 22 internal 
coordination with other USFS resources, and 6% of their time with 
USFS clients. 

Range-cons and WL/F-managers stood out as having much 
more people and politically oriented tasks than foresters in their 
early USFS years (pz.01). They were required to be more interdis- 
ciplinary in planning and management. The attitudes and skills 
necessary to be successful in these endeavors were mostly learned 
(by trial and error) on the job. 

USFS Values YPROS Do and Do Not Accept 
Much literature (e.g., Dalton 1950, Homans 1950, Miller 1967, 

Schein 1967, Gill and Bennis 1968) cites the common conflict 
between professional and organizational values of scientists in 
their employ. For example, chemists want to do theoretical 
research and their company only wants a lipstick that does not 
stain drinking containers; range managers want to collect needed 
browse impact data and agency administrators have them sche- 
duled for months of meeting with the Forest planning team, etc. 

The surprising cohesion of the USFS a generation ago (Gulich 
1951, Kaufman 1960) was dependent upon USFS organizational 
values being consistent with foresters’ professional values. If 
agency values are consistent with its professionals’ values, there is 
likely high cohesion, productivity and esprite de carp-as Hall et. 
al (1970) Forest Service study noted. If there is value conflict, 
alienation and in-fighting often result. 

What YPROS see as 2 most rewarded USFS values. In their own 
words YPROS identified the 2 most rewarded value/attitudes in 
the USFS. There was little disagreement in values stated by women 
and men-not so with different professional- 
types. 

Table 2 presents the 2 values/attitudes professional recruits see 
as the first or second most rewarded by the USFS. The differences 
are statistically significant (pz.05) even though all 3 professional- 
types stated “organizational loyalty” as the most rewarded. Now 
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Table 2. What YPROS and SUPERS see as top attitudes/values most 
rewarded by the USFS’. 

Range- WL/F 
Categories of Open-ended Foresters cons Biologists SUPERS 
Responses: (n=44) (n=27) (n=38) (n=i 1) 

1. Production/work ethic 28% 16% 27% 28% 
2. Get along with people 10 I2 ii 22 
3. Good attitude/ be flexible 8 0 8 4 
4. Loyalty to USFS 47 44 51 46 
5. Commitment to resources 0 0 3 0 
6. Do quality work 5 4 0 0 
7. Professional competence 2 24 0 0 _--- 

Totals: 100% 100% 100% 100% 

Table 3. YPRO agreement and disagreement with three most rewarded 
USFS values/attitudes. 

Disagree with any of most Foresters Range-cons WL/ F biologists 
rewarded USFS values: (n=44) (n=27) (n=38) 

1. Accept all three 51% 56% 
2. Disagree with one 17 20 
3. Disagree with two 20 8 
4. Disagree with all three 12 16 -- 

Totals: 100% 100% 

‘p = 6.9 with 6 df. and nor significantly different at 5% level. 

31% 
19 
25 
25 

100% 

1950s-and then, much time, legislation, and USFS organiza- 
tional change have occurred since the 1950’s. “Chi square : X2 = 19.2 with 10 degrees of freedom and significantly different at 5% 

for difference between professional-types. 

observe the differences. 
Range-cons were unique in giving open-ended responses that fit 

the professional competency category for values/attitudes they see 
as highly rewarded by the USFS (e.g., replies like “know your 
resource,““be able to contribute to multiple-use decisions in many 
area of expertise,“etc.). Few foresters and no WL/ F biologist cited 
this category. 

Foresters and WL/ F biologists see the production or work-ethic 
as the next most rewarded USFS value/attitude. Getting along 
with people was also recognized as an important USFS valuelatti- 
tude by all professional-types. 

What SUPERS see as top two most rewarded USFS values. 
Recall that YPRO’s immediate supervisors (SUPERS), another 
USFS generation with about 10 years permanent employment, 
were also surveyed. SUPERS were asked the identical question as 
YPROS on the “most rewarded USFS values/attitudes”. The 
values/attitudes they saw as most rewarded are also shown in 
Table 2. 

Somehow rewarded USFS values are being quickly and accu- 
rately communicated between the generations, for YPROS and 
SUPERS gave open-ended value responses that coded and ranked 
almost identically. 

YPROS did give a much more diverse spread of values than 
SUPERS, and recall the that YPROS’ perceptions differed by 
professional-type. Also note how rarely “commitment to the 
land/ the resource” or “do quality work” are mentioned-values 
that natural resource students, their professors, and the USFS are 
supposed to cherish. 

Most SUPERS (about 70%) personally agree that thevalues/at- 
titudes they cited as most rewarded are the ones that the USFS 
should reward. They also thought about two-thirds of the YPROS 
they supervise would also accept these as legitimate agency values. 
From the disagreement actually stated by YPROS (below), this 
SUPER perception appears a bit optimistic. Also notice that 
YPRO acceptance of the most rewarded USFS values/attitudes 
differ by professional-type (Table 3). 
Recruits acceptance of most rewarded USFS values attitudes. 
After respondents described the 2 values/ attitudes most rewarded 
by the USFS, they stated if they personally believe these are the 
proper values the agency should cherish. Range-cons were similar 
to foresters in over half accepting what they saw as the most 
rewarded USFS values (Table 3). 

Almost twice as many WL/ F biologists disagree with all 3 most 
rewarded USFS values than did range-cons or foresters. It appears 
that they find the USFS value system more inconsistent with their 
personal and/ or professional values than foresters and range-cons. 
Gulick’s (1951) and Kaufman’s (1960) studies of the USFS, almost 
completely dominated by foresters (and men) in those days, cited 
no such conflict. As Leman (1981) has observed, their conclusions 
may have ignored some important internal value differences in the 

Long-run Career Development 
Career development has been defined as an on-going process of 

fitting oneself into a profession and the USFS organization. Basic 
texts in career development (Hall 1976 and Schein 1978) present 
this process as passing through common stages. For example, 
Dalton et. al (1977) see 4 stages of professional career develop- 
ment. The Ginzberg et. al (195 1) career model begins with a fantasy 
stage, then a tentative career choice stage, and ultimately realistic 
choice stages, as one settles into a long-term career choice. 
Women’s career stages seem to share similarities (Henning and 
Jardim 1977) and differences (Giiiigan 1979 and 1982) with those 
of men. 

Our survey captured range-cons in the entry-stage of their pro- 
fessional and USFS career. Previous sections of the paper have 
shown how they are fitting into their first permanent job. The time 
frame of these questions was the past and present. The focus was 
job, the time dimension was short-run. This section focuses on 
YPROS career. The time dimension is long-run (the future). 

Responses to two questions describe YPROS’ current commit- 
ment to their career and the USFS: (1) do you have a long-term 
commitment to your profession, and (2) do you have a long-term 
commitment to the USFS organization? Responding with yes and 
no replies produced a 2 X 2 matrix: 

Question: Do You Have a 
USFS CAREER Commitment? 

Yes No 
Question: 
Do You Have a Yes Type I Type 11 
PROFESSIONAL 
CAREER Commitment? No Type iii Type iv 
This matrix yields 4 types of long-term career commitment: 

TYPE I. Professionaland USFS Commitment. YPROS committed to 
a career in both their profession and the USFS organization. 

TYPE ii. Professionally But Not USFS Committed. Professional 
commitment, but YPROS not yet committed to the USFS; they may or 
may not be ready to leave. 

TYPE III. Committed to USFS Career But Not One’s Profession. 
YPROS presently committed to a career in the USFS but not their 
professions. 

TYPE IV. Searcher. Currently not fitting into a career in their profes- 
sion or the USFS. May or may not be actually searching for 
alternatives. 

The above types are generalizations or stereotypes. It will take 
more testing to see if a Type II YPRO might more strongly pursue a 
professional specialty (say range staff position) than a generalist, 
line administrative position (as Type 1 or III might). With these 
caveats, let’s see how YPROS fit into these categories. 

Fifty-two percent of range-cons were Type I (both USFS and 
professionally career committed), as were 57% of foresters and 
35% of WL/ F biologists. Many more WL/ F biologists (49%) were 
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committed to a career in their profession but not the USFS (Type 
II) than foresters (32%) or range-cons (22%). Few were Type III 
(the stero-typed “organization man”)-4% rangecons, 5% WL/ F 
biologists and no foresters were Type III. Range-cons had the 
greatest percent of Type IV (searchers) at 22%-versus 11% for 
WL/ F biologists and 11% for foresters. I’m unsure why twice the 
proportion of range-cons were Type III than their WL/ F biologist 
and forester colleagues. 

Commitments to Career in Current Profession 
Range-cons and their colleagues have been practicing their pro- 

fessions less than 3 years. When asked, “If you could go back and 
begin your education again, what profession would you choose?“, 
the large majority (77%) would choose the same profession again. 
There was no difference between professional-types. Those who 
would choose another profession generally named one in some 
other natural resource field (e.g., a range-con who would be a 
forester). 

Another set of questions further pursued career commitment: “If 
we define career as a ‘long-term commitment to a profession,‘have 
you made such a commitment to yourprofession? Most YPROS 
(83%) believe they have made such a long-term professional com- 
mitment. Range-cons had the lowest percentage of professional 
commitment: 75% versus 89% for foresters and 84% for WL/F 
biologists. But these differences are not statistically significant 
(p1.05). A significantly lower percentage of women YPROS have 
made such a professional commitment-only 75% of women 
checked yes versus 92% of men (p=.O4). Women cited more uncer- 
tain spouse and family factors in their future that might complicate 
pursuit of their profession. 

Commitment to a Career in the USFS 
Recall that most YPROS had decided on their current profes- 

sion at age 20 (mean). When making this choice, future USFS 
employment was much more important for range-cons (important 
for 77%) and foresters (56%) than for WL/ F biologists (22%). The 
USFS as a future employer was important to 62% of men YPROS 
in selecting their professional major in college, but to only 35% of 
women (p=.O7). For foresters and, especially, range-cons (and for 
men) a form of precommitment to becoming a USFS person may 
have existed for years. 

When asked if they are currently committed to a career in the 
USFS, 56% of range-cons checked “yes”. Fifty-seven percent of 
foresters and 40% of WL/ F biologists checked “yes”(not a statisti- 
cally significant difference at ~1.05). Several questions explore 
USFS commitment further. 

Like to Start Again in Another Organization? When asked, “If you 
could start your professional career over, what organization would 
you choose to work for? USFS or Different One.” 
Thirty-seven percent of range-cons, able to turn back the clock, 
would start over in organization other than the USFS; 43% of 
WL/ F biologists and only 19% of foresters would do so @<.Ol). 

SUPER versus YPRO Commitment to USFS and Their Professions 
SUPERS were asked the identical 2 questions used to categorize 
YPROS into the 4 types of career commitment above. When the 2 
generations of USFS professionals were compared, highly signifi- 
cant differences surfaced @<.Ol). 

The overwhelming majority of SUPERS (88%) were highly 
committed to both the USFS and their profession (Type I), versus 
only 48% of YPROS. Only 5% of SUPERS were professionally but 
not USFS committed (Type II), compared to 35% of YPROS. 
SUPERS have a mean of 9 years in the USFS. Very few felt they 
had to give up their professional values and become administra- 
tively oriented, organization-people (only 4% of SUPERS fell in 
Type III). By that time in their careers few SUPERS were searchers 
(3% were Type IV), compared to 14% of YPROS. 

When SUPERS were in the entry-stage of their professions and 
the USFS, like the YPROS they supervise, they may also have had 

doubts and uncertainties about their professional and agency 
commitments. They don’t now. Most SUPERS (88%) see little or 
no conflict between their professions and the USFS, and are com- 
mitted to both (i.e., they are Type I). Studies of Catholic priests 
(Hall and Schneider 1972) and USFS managers (Hall et al. 1970) 
found organizational loyalty tends to increase with tenure-and as 
a dissidents exit. The latter study also found USFS professionals 
believing in values that were esteemed by the USFS (e.g., service to 
the public) were bonded tighter to the agency than those who had 
personal values not highly valued by the Forest Service. 

Some Closing Comments 
The range-cons we’ve examined were more like foresters than 

WL/ F biologists. Their initial career and agency motivations cen- 
tered on geographic preference and practical occupational rewards 
versus WL/ F-biologists’more idealistic orientation). As students, 
range-cons dreamed more of becoming future USFS employees. 
They tended to accept the USFS value system and, after 1-3 years 
in the agency, most had a long-term commitment to stay there. 
They were also unique in the relatively large percentage citing 
professional competence as a reward USFS attitude/value. That 
is, they judged their professional expertise was considered, valued, 
and rewarded by the agency. 

The USFS has hired foresters and range-cons on a regular basis 
longer than WL/ F biologists; these more established professional- 
types have been much more influential in shaping the organiza- 
tional cultures of Regions 4 and 6. In addition, range-cons and 
foresters have been employed for decades because the agencies 
thought it appropriate. WL/ F biologists were hired in the 1970s in 
response to external social and legislative pressures. This may help 
explain why range-cons and foresters are finding it less difficult 
than their WL/ F biologist colleagues to fit into authority relation- 
ships, organizational values, and a long-term USFS career. 
Although the majority of all YPROS are fitting into the USFS 
organizational culture, twice the proportion of WL/ F biologists 
(about 25%) are not. These differences usually remained when 
professional-types were controlled for sex differences. 

The focus of this paper on fitting into the USFS culture in no 
way means I believe professional recruits should do all the adapt- 
ing and, without regard to professional values and standards, 
become company yes-men or yes-women. The challenge for pro- 
fessional recruits is to find an acceptable balance between com- 
mitment to one’s profession and to the agency. This has always 
been a central adjustment issue for academically socialized and 
educated professional recruits trying to become satisfied, produc- 
tive members of the “real world.” 

Adjusting from “ivy tower” academic life to the realities of 
bureaucracies was often a stressing transition for the young natural 
resource managers studied. Their college experiences usually cen- 
tered on the mythic-hero quest for the right answer. Their aca- 
demic problem-solving was largely an individual effort-the stu- 
dent, the problem, the theory/ models, the data, the solution. There 
is little team work and dealing with the library was likely the 
biggest bureaucratic encounter in the process. In the world of 
bureaucratic organizations, the quest for and approval of accepta- 
ble solutions is a group effort. Since the environmental legislation 
of the 197Os, with increased interdisciplinary and public involve- 
ment, natural resource management is even more a group negotia- 
tion process. This makes it even more critical that range-con stu- 
dents be better educated and role modeled to understand, appreciate, 
and master the internal politics of decision-making-so they can 
find satisfying and productive careers in the “real world” of natural 
resource agencies. 

If we professionals care about the condition of resources that 
range-cons manage, we had better care about the condition of their 
careers-studying their career development professionally and 
empirically. For I believe natural resources can only be managed 
well by men and women who feel okay with their profession, 
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themselves, and the agency for which they work. 
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Nondestructive Estimation of Shortgrass Aerial Biomass 
SAMUEL C. WILLIAMSON, JAMES K. DETLING, JERROLD L. DODD, AND MELVIN I DYER 

Abstract 

A nondestructive technique for estimation of aboveground bio- 
mass of blue grama [Boutelouu gracilis (I3.B.K) Griffhhs] was 
designed for use on small sampling units (<l mr). The technique 
combines measures of percent basal cover and mean total blade 
length per tilkr and is recommended for experiments, such as small 
plot manipulations, that require an accurate and precise sampling 
method. 

Key Words: Bouteloua gradis, shortgrass steppe, sampling 
methods 

In recent studies involving repeated measures of blue grama 
(Bouteloua gracilis) biomass on small (I< m2) plots in the short- 
grass steppe (Williamson 1983), several nondestructive herbaceous 
sampling methods were tried, including visual estimation and 
height and density measurements (Reppert et al. 1962, ‘t Mannetje 
1976, Tothill 1976). None of these methods possessed the degree of 
accuracy and precision under a variety of phenological stages and 
meteorological conditions required for our investigations. Others 
have used the product of ground cover and sward height to esti- 
mate graminoid biomass (Past0 et al. 1957, Evans and Jones 1958); 
however, methods based on maximum plant height do not provide 
reliable estimates of blue grama standing crop (Crafts 1938). Pasto 
et al. (1957) concluded that such methods have limited practicality 
until some alternative to use of maximum plant height as an 
indicator of plant standing crop is developed. We therefore deve- 
loped an alternative, nondestructive method for estimating above- 
ground standing crop. Based on ground cover and total blade 
length per tiller, this new method has a high predictive capacity for 
estimating aerial biomass of blue grama. 

Materials and Methods 

The study site was located 35 km northeast of Fort Collins, 
Colo., on the southwestern edge of the USDA Agricultural 
Research Service’s Central Plains Experimental Range. Climate 
and vegetation of the study area have been described by Lauenroth 
et al. (1978). All studies were conducted on ungrazed and undis- 
turbed monospecific swards of blue grama, a tufted, sod-forming, 
warm-season, perennial shortgrass which is the dominant species 
and primary forage plant in the shortgrass steppe (Hyder et al. 
1975). 

Vegetation was sampled within randomly placed square (0.7 m*) 
quadrats. For graminoid sampling, experimental units of at least 
0.3 m* and less than 0.8 rn2 provide a stable coefficient of variation, 
while maximizing the amount of information per hour of labor 
when high precision is required (Evans and Jones 1958, McIntyre 
1976). A square wood frame with an inner grid comprised of 16 
strings set at IO-cm intervals along both axes of the frame was 
placed 4 cm above the ground. Basal cover of tillers was measured 
to the nearest millimeter along each string, for a total of 13.3 m of 
line measurements per quadrat. At alternate intersections of 2 
strings, the nearest blue grama tiller was selected, and length (mm) 

Authors are ecologist, U.S. Fish and Wildlife Service, 2627 Redwing Road, Fort 
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of each blade was recorded. Percent basal cover and mean total 
blade length per tiller (n=32) were calculated for each frame 
placement. 

In 1979, calibration data obtained on 5 dates during the growing 
season were pooled to compute double sampling regression coeffi- 
cients. Fifty percent of the calibration samples were chosen from 
areas with a relatively high biomass, 25% from areas with a rela- 
tively low biomass, and 25% from areas with an intermediate 
biomass. Sampling occurred on 21 May (11 plots), 28 May (10 
plots), 12 June (10 plots), 22 June (5 plots), and 13 July (10 plots). 
Vegetation on calibration plots was measured for blade lengths 
and basal cover, clipped at ground level, and oven dried at 60° C 
for 72 hours. Calibrations of percent basal cover, total blade length 
per tiller, and standing crop index (percent basal cover l mean 
total blade length per tiller) vs. plant biomass were obtained by 
using a least squares fit of a zero-intercept linear regression. To 
evaluate temporal variation in the regression coefficient, we cali- 
brated again in 1980, on 5 and 6 June (16 plots) and 24 and 25 July 
(18 plots). 

Results and Discussion 
Sampling techniques that utilize density and height measure- 

ments are attempts to relate volume (area l height) to biomass 
(Uresk et al. 1977). Our standing crop index (a volume measure- 
ment) showed a distinct improvement in goodness of fit over either 
percent basal cover (an area measurement) or total blade length (a 
height measurement) alone (Figs. I and 2A). The correlation coeffi 
cient for all data in 1979 (Fig. 2A) of 0.93 (45 d.f.) was highly 
significant (p<O.Ol). Preassignment of the value of zero to the 
intercept (Ahmed et al. 1983) resulted in a minor decrease in r2 
(from 0.868 to 0.860) but provided a better fit in the low range of 
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Fig. 1. Regression estimates of blue grama biomass based on (A)percent 
basal cover and(B) mean total blade length per tiller on 5 dates in 1979. 
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Fig. 2. Regression estimates of blue grama biomass based on the product 
ofpercent basal cover and total blade length per tiller on (A) 21 May to 
I3 July 1979, (B) 5-6 June, 1980, and (C) 24-25 July 1980. 

standing crop index values. Although total blade length per tiller 
on 1979 calibration plots had greater predictive capability than 
percent basal cover (Fig. l), there was a substantial underestima- 
tion of biomass in the low range (0 to 100 mm) of total blade length. 
Basal cover has been used alone as an index of graminoid biomass 
(Anderson and Kothmann 1982). However, when basal cover is 
high, the high variability of standing crop estimates can preclude 
its use (Past0 et al. 1957). In this study, variability in the relation- 
ship between blue grama biomass and percent basal cover increased 
greatly when basal cover exceeded 1% (Fig. IA). 

Average blade length has also been used as an indicator of 
standing crop in some species (Chapman 1976); however, it is only 
a fair indicator of blue grama biomass (Turner and Klipple 1952). 
Sharrow (198 1) reported maximum tiller length is a valuable indi- 
cator of tiller weight for shortgrasses. We utilized total blade length 
per tiller because it accounts for both total number of blades and 
blade length and therefore was a potentially better indicator of 
shortgrass biomass than average blade length, maximum blade 
length, or maximum tiller length. 

Year-to-year variation in the weight:volume ratio was indicated 
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by the different regression coefficients obtained in the 1979 and 
1980 calibrations (Fig. 2). As was also reported by Turner and 
Klipple (1952), variation within the growing season was found in 
this study; the regression coefficient in late July was 0.089, com- 
pared with 0.055 in early June (Fig. 2, B and C). This difference 
reflects a higher dry weight:volume ratio in late July than in early 
June. Recalibration for each nondestructive sampling period 
should increase the accuracy of biomass estimates, especially for 
high biomass plots. 

The usefulness of an indirect measure of standing crop depends 
on precision of the estimate and on stability of the regression 
coefficients (Reppert et al. 1962). For this study, optimizing preci- 
sion of blade length and basal cover estimates was defined as 
minimizing variation in each of the 2 types of measurements (basal 
cover and blade length) subject to the fixed cost constraint that 
average time per plot should not exceed 20 minutes with 2 people 
measuring and 1 recording. Basal cover measurements require 
minimal time for a large sample but are subjective where plant 
limits are not well defined (Tothill 1976). Measurements of total 
blade length per tiller are more objective; however, this requires 
that each blade on a tiller be measured to achieve desired levels of 
precision. A sampling scheme utilizing 13.3 m of line transects 
(<lo minutes) and blade measurements on 32 tillers (<lo minute) 
per plot was found to optimize the accuracy and precision of plants 
measurements in this study. 

To minimize the bias inherent in least squares regression esti- 
mates, only straight line regressions were used (McIntyre 1976). 
We defined optimizing the stability of the regression coefficient as 
minimizing least squares variation from observed values (i.e., max- 
imizing precision) while maintaining goodness of fit throughout 
the range of biomass values (i.e., maintaining accuracy), subject to 
the constraint that all calibration plots should be measured and 
clipped in 1 team-day (3 person-days). Using these constraints, 16 
calibration plots were measured in 1 team-day. We recommend 
this technique in experiments requiring nondestructive estimates 
of aerial biomass changes through time. 
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An Automated Range-animal Data Acquisition System 
D.C. ADAMS, P.O. CURRIE, B.W. KNAPP, T. MAUNEY, AND D. RICHARDSON 

Abstract 

An automated range-animal data acquisition system (ARADS) 
has been developed to collect individual animal data without 
human intervention. Records include date, time, identification, 
live-weight, water consumption, and weather variables. The sys- 
tem is presently being used to monitor free-ranging yearling steers 
and mature cows. ARADS is composed of 7 portable scale units, a 
weather station, and a central computer all linked together through 
a radio communication network. The system is expandable to 
include additional data stations and parameters, and the number 
of animals identified is not limited by the system. Scale units and 
the weather station operate in extreme temperatures (40 to -40’ C), 
precipitation and wind. 

Key Words: free ranging cattle, live weight, water consumption, 
range, electronic animal idenMicaltion, sampling methods 

Cattle foraging on Northern Great Plains rangelands are sub- 
jected to a harsh environment due to wide fluctuations in forage 
and weather conditions. The chemical composition of range plants 
varies with season (Cogswell and Kamstra 1976) and weather. 
These variables also affect time budgets and performance of range 
cattle (Adams et al. 1986). Continuous live-weight and weather 
data are needed to evaluate forage and environmental interactions 
in order to optimize biologically sound cattle management strate- 
gies and range improvement practices. Frequent movement and 
handling of cattle for conventional weighing are impractical 
because they may alter performance and/ or disrupt normal activ- 
ity of the animal (Adams 1985). Time and labor requirements are 
also costly. Thus, automating data acquisition would appear likely 
to enhance data accuracy and reduce stress to both researcher and 
animal. Marten et al. (1967) made an early attempt to automati- 
cally weigh free-ranging cattle. However, it was not until electronic 
identification was coupled to automatic weighing that monitoring 
free-ranging individual animals became a reality (Anderson et al. 
1981). The following description details an automated range- 
animal data acquisition system (ARADS)’ developed to allow 
continuous collection of animal performance data in several plots 
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under range conditions with minimal animal disturbance and labor 
input. 

System Description 

ARADS has 3 basic components: (1) 7 portable electronic 
scales, (2) a stationary weather station, and (3) a main station 
central computer all linked together via a radio communication 
network (Fig. 1). Each component operates independently except 
when data transfer or control changes are required. Animals enter 
the scale units on a free-choice basis to gain access to drinking 
water. Therefore, w-ater from other sources must be restricted at 
each study site to ensure that data w-ill be collected. Water under 
pressure is metered into self-filling water bowls by electronic flow 
meters to determine consumption. Each scale is equipped with an 
electronic animal identification interrogator which recognizes 
individual transponders attached to the ear of each animal (Fig. 2). 
The identification transponders are encapsulated in plastic discs 
approximately 30 mm X 8 mm weighing 10 g. The discs are 
attached to the ear by commonly available plastic ear tag buttons 
with inserting pliers. Billions of individual transponders identifica- 
tion codes are possible. Live weight is measured at the times an 
animal enters and exits the scale. The difference between entry and 
exit weights provides a cross check on water consumption mea- 
surements. The scale is zeroed automatically when empty after 
recording the live weight of each animal. The time and date of each 
measurement event are also recorded, allowing utilization of the 
data in behavioral investigations. 

Individual animals enter and exit from the rear of the scale. To 
prevent animals outside of the scale from perturbing weights, the 
scale is enclosed by panels on the front and sides and is equipped 
with an air-powered gate at the rear which closes behind each 
animal. This ensures that only one animal is weighed at a time (Fig. 
3 and 4). Photocells determine when the gates should open and 
close and initiate the measurement cycle. 

Scale units are portable between fall-winter and spring-summer 
grazing locations. Each study site has AC power and a pressurized 
water supply. The scale unit is leveled and securely fastened to a 
concrete pad before data collection. The microprocessor scale 
controllers are housed in w-eatherproof enclosures and include 

‘ARADS was developed in cooperation with GeoResearch, Inc., Billings, Mont. 
59101 under USDA-ARS Contract 54-3K06-50. These systems are now manufactured 
by GeoResearch, Inc. with the trade name READS (Remote Electronic Animal Data 
Systems). Use of this system does not constitute endorsement by the U.S. Department 
of Agriculture to the exclusion of other systems. 
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backup batteries to prevent data loss during AC power interrup- 
tions. Load cells on the scales are mounted overhead to keep the 
load cells clear of mud and snow. Scale decks are equipped with 
electrical heating elements so that ice and snow building can be 
removed as needed. During winter, water in each water bowl is 
heated to I-2’ C to prevent freezing, and the water pipes drain in 
the event of power failure. The maximum length of each weighing 
platform is 3 m, but the length can be shortened for smaller animals 
by moving the water unit toward the back of the scale. Additional 
analog channels, RS-232 ports, and storage can be added to the 

nucroprocessors to allow measurement of additional parameters 
(e.g., body temperature and electronic pedometers), and additional 
scale units or weather stations can be added to the present system. 

A weather station is located centrally between the fall-winter and 
spring-summer study units. Weather variables measured include 
ambient air temperature, precipitation, wind direction, wind 
speed, solar radiation, humidity, barometric pressure, soil temper- 
ature, and snow or dust particle frequency and diameter. Weather 
data are recorded at 2-second intervals by a microprocessor at the 
weather station and averaged over each hour; these calculations 
can be changed under program control. 

Each scale unit and the weather station are equipped with a 
variable-speed RF modem and a 5-watt radio for transmission of 
data to the computer located approximately 10 km from each 
study site. The radio signal is sent from the data generating units 
through a radio relay located on a high point to the main computer 
located in a laboratory building (Fig. I). Communication is bidi- 
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2-3 days were required for animals to make the transition from the 
training stall to the scale units in the field. An occasional animal 
chose to eat snow rather than drink in the scale stall; however, once 
an animal drank in the stall, the procedure became routine and did 
not appear to be a problem. 

One scale unit has served up to 40 animals without difficulty. In 
winter studies, there is little tendency for more than one animal to 
attempt to enter the scale unit simultaneously. In summer, how- 
ever, the air-powered gates are essential to ensure individual 
animal weights. 

Our preliminary findings show that ARADS will greatly 
enhance data collection at the USDA-ARS Research Laboratory 
at Miles City and will provide a significant technological means of 
improving range-animal research. ARADS enables researchers to 
conduct experiments employing frequent individual animal statis- 
tics as well as plot-to-plot comparison. Plant-animal-weather 
interactions can be studied in detail without disrupting individual 
animal activities. Such data should be useful for systems analysis 

Fig. 4. Oblique view of o srole unit 
and modeling efforts. 
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Formula Revision 
In the manuscript, “Field Evaluation of Five Grasses Grown on Saline Soils,“published in the September 1986 

issue of Journalof Range Management 39(5) in Cal. I, Para. 3, p. 388, we presented the formula DE (MJ/kg) = 
0.1233crudeprotein+0.1705 IVOMD.Theformulausedinmakingthecalculatiopwas DE(MJ/kg)=0.1233 CP+ 
0.1705 D-value (In vitro) - 0.285. Calculations appearing in the article were made correctly but the wrong formula 
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Plot Numbers Required to Determine Infiltration Rates and 
Sediment Production on Rangelands in South Central New 
Mexico 
M. KARL WOOD 

Abstract 
Many studies have been made, and continue to be conducted, to 

determine infiltration rates and sediment production on range- 
lands. Most of these studies use small sample plots (<2 ml). This 
study determined the number of sample plots required to achieve 
confidence intervals of f10, f20 and f30$& of the sample mean at 
80, 90, and 95% probability levels. For 80 and 90% probability 
levels, 20% of the mean could be achieved with 1 to 5 plots for 
infiltration rates, and as low as 1 or as many as 263 plots for 
sediment production. For dry soil moisture conditions, infiltration 
rates could be estimated with 4 or 5 plots, with 10 to 12 plots needed 
for field capacity conditions to achieve 10% of the mean with 95% 
confidence. Achieving 10% of the mean with 95% confidence was 
not considered practical for sediment production. 

Key words: sampling methods, erosion hydrology 

Infiltration rate and sediment production studies have been 
conducted on many rangeland types in the United States (Black- 
burn et al. 1982); however, data on the impacts of most land 
management practices on infiltration and erosion are still lacking. 
Human demands on U.S. rangelands will increase as the human 
population increases and shifts to the western U.S. Watershed 
impact research should be intensified, and guidelines for data 
collection developed. In recent years, most research evaluating 
infiltration rates and sediment production on rangeland has been 
conducted with portable rainfall simulators on small plots (I rn2 or 
less). The number of plots or samples required to accurately and 
precisely estimate infiltration rates and sediment production has 
not been established for most range types. Studies that utilize an 
entire watershed as a sample plot often have only 1 sample per 
treatment (Hibbert et al. 1974, White et al. 1983, and Johnson et al. 
1978). Studies that use sample plots of less than 1 hectare, but 
larger than 0.01 hectare, are usually limited to a few plots per 
treatment (Brown et al. 1983 and Gustafson et al. 1981). Studies 
that use small runoff plots (<O.Ol ha) usually use from 4 (Glover et 
al. 1983) to I2 plots (Wood and Blackburn 1981), or more per 
treatment. This study determined the number of plots required to 
evaluate infiltration rates and sediment production on native grass- 
land range at Fort Stanton, New Mexico. The influence of collec- 
tion time on results was also evaluated. 

Study Area 

The 2-year (1980-1981) study was conducted on a mesa top and 
a valley bottom on the Fort Stanton Experimental Range in Lin- 
coln County in south-central New Mexico at latitude 33O3O’North 
and longitude lOY31 West. The range is in foothills transition 
between shortgrass prairie and pinyon-juniper-oak woodland. 
Elevation of the 10,522-ha ranch varies from 1,890 to 2,286 m, and 
topography consists of rolling hills and flat-topped mesas separ- 
ated by deep canyons. 

Mesa tops and bottomlands were dominated generally by her- 
baceous vegetation, whereas slopes and rocky ridges were domi- 
nated by woody species (Pieper et al. 1971). The major forage 
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species was blue grama (Bouteloua grucilis [H.B.K.] Lag. ex 
Steud.), which was dominant or codominant on all sites. Other 
important grasses included wolftail (Lycururphleoides H.B.K.), 
sand dropseed (Sporobolus cryptundrus [Torr.] Gray), mat muhly 
(Muhlenbergiu richardsonis [Trin.] Rydb.), ring muhly (Muhlen- 
bergiu torreyi [Kunth] Hitchc.), red three awn (Aristidu longisetu 
Rydb.), galleta (Hiluriujumesii[Torr.] Benth.), Hall’s panic (Puni- 
cum hullii Vasey), and sideoats grama (Boutelow curtipendulu 
[Michx.] Torr.). Common forbs were Carruth sagewort (Artemisiu 
carruthii Wood), scarlet globemallow (Sphuerulceu coccinea[Pursh] 
Rydb.), Dakota vervain (Verbena bipinnutifida Nutt.) and Rocky 
Mountain zinnia (Zinnia grandifloru Nutt.). Important woody 
species included pinyon pine (Pinus edulis Engelm.), single-seeded 
juniper (Juniperus monospermu [Englem.] Sarg.), walking stick 
cholla (Opuntiu imbricutu [Haw.] DC.), and wavey-leaf oak 
(Quercus undulutu Torr.). Also present were bottlebrush squirrel- 
tail (Situnion hystrix [Nutt.] J. G. Smith) and broom snakeweed 
(Xunthocephulum surothrue [Pursh] Skinners). 

Mesa top study sites were located on the Dioxice series, which is 
a member of the fine-loamy, mixed, mesic family of Aridic Calcius- 
tolls. Soil depths were frequently I50 cm with good drainage. 
Valley bottom study sites were located at the bottom of major 
drainageways on the Manzano soil series, which are members of 
the fine-loamy, mixed, mesic family of Cumulic Haplustolls 
(USDA 1980). These soils are deep (150 cm) and well drained with 
surface textures varying from loam to silty clay loam. 

Normal annual precipitation recorded at headquarters was 384 
mm, of which 65% generally occurs from June through September. 
Summer precipitation is primarily from convection-type storms, 
that are often intense and localized. 

Temperatures are mild with an annual mean of 11.1’ C. The 
range is from a mean minimum of -.67” C in Janury to a mean 
maximum of 18.9O C in July. The average frost-free period is 161 
days; the average date of last frost is 2 May, and the average date of 
the first frost is 10 October (Pieper et al. 1971). 

Methods 

Four grazed pastures and an area (7.5 ha) that had been 
excluded from livestock grazing since 1952 were selected as study 
sites on the mesa tops. Grazed pastures included 1 continuously 
grazed at a heavy stocking rate (5 IO ha), 1 continuously grazed at a 
moderate stocking rate (300 ha), and 2 pastures from a 4-pasture, 
3-herd rotation system (400 ha) stocked at a heavy rate (17.35 
ha/AU). Stocking rate of the moderate continuously grazed pas- 
ture (23.13 ha/ AU) was about 25% lower than the heavy continu- 
ously and rotationally grazed pastures. In 1980, a rotation system 
was changed to the 4-pasture, 3-herd system grazing stocked at the 
heavy rate, except during summer (May through August) when the 
animals were concentrated in 1 pasture for breeding purposes. In 
this 4-pasture, 3-herd system, livestock were moved about every 3 
months. The pastures were sampled immediately after I pasture 
had been rested for 3 months, and immediately after another 
pasture had been grazed for the full 9-month grazing period. 

Treatments on the valley bottom were a grassland pasture study 
site (63 ha) moderately stocked in the summer at 2.5 ha/ AU, and a 
grassland pasture (55 ha) fertilized every other year since 1977 with 
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45 kg/ ha of urea and heavily stocked in the summer at 1.2 ha/ AU. population mean. 
Each pasture was divided into 3 areas to represent blocks. In 

each area, a mobile rainfall simulator (Blackburn et al. 1974) was 
used to simulate rainfall on 4, randomly located l-m2 plots. 

Simulated rainfall was applied at a rate of 7.5 cm/hr for 45 
minutes. This intensity of rainfall occurs every year or two for 
periods less than an hour. Average drop size was 2.5 mm. Prelimi- 
nary tests showed 45 minutes were required for the infiltration rate 
to become fairly constant when simulated rainfall was applied to 
plots at field capacity (Smith 1980). Runoff from plots was COL 
lected and pumped into plastic bottles where it was weighed at 
5-minute intervals and converted to centimeters of runoff. Average 
infiltration rate was determined by subtracting runoff from mea- 
sured precipitation at the given time intervals. This procedure does 
not account for losses from interception and evaporation, which 
were probably not significant. Plots were then covered with clear 
polyethylene plastic to prevent evaporation, ensuring fairly uni- 
form soil moisture conditions for a second simulated rainfall appli- 
cation 24 hours later. 

At many probability levels and confidence intervals, 1 plot per 
treatment was adequate (Table 1). Calculations were rounded to 
the nearest whole number. Some calculated sample sizes were less 
than a half, but these were rounded to 1 because rounding to 0 
would result in no plots being required. For infiltration rates, plot 
number requirements generally increased with a tighter confidence 
interval and higher probability level. A sample size of 12 plots was 
used to calculate the sample size requirements. For the 10% confi- 
dence interval, 12 plots were inadequate for the rotation treatments. 

Runoff collected,from each plot was thoroughly agitated and a 
l-liter subsample removed. Sediment was filtered off the subsam- 
ple, dried at 100” C for 24 hours, weighed, and converted to 
sediment yield in kilograms per hectare. 

The number of plots required for a given precision level in each 
grazing situation was calculated using the formula of Stein (1945): 

N= 02) W) 

d* 

In this formula, Nis the computed sample size, t is the tabulated 
value for the desired confidence level and the degrees of freedom of 
the initial sample, d is the half-width of the desired confidence 
interval, and s2 is the variance of the initial sample. The 80,90, and 
95% probability levels were used to calculate sample sizes or the 
number of plots required to be within f10, f20, and f30% of the 

Sample size is directly proportional to the variance of the initial 
sample, as calculated in Stein’s equation. Because of differences in 
antecedent soil moisture content, infiltration rates are often mea- 
sured initially, then again after 24 hours (Blackburn et al. 1974, 
McGinty et al. 1979, Wood and Blackburn 1981). Treatment 
effects are compounded with large differences in soil moisture 
content. Generally, dry soils have higher infiltration rates than the 
same soils when wet. Data in the study were collected in June, 1 of 
the 3 driest months of the year. Soils were quite dry (<8% vol/ vol) 
and would be considered beyond the permanent wilting point for 
many irrigated crops. At dry moisture levels, variance among 
infiltration rates w-as less than when soils were near field capacity. 
Apparently, initial soil moisture differences are great only with 
frequent precipitation. Including infiltration rates for both dry and 
wet conditions would be meaningful and useful for runoff predic- 
tion and modeling. Plot numbers did not vary much between years, 
but large differences in plot requirement can be expected if precipi- 
tation varied greatly between years or measurements were made in 
different seasons. 

More plots were required for wet soil moisture conditions than 
for dry conditions, within any 1 year on the valley bottoms (Table 
3). Plot requirements between years were also similar. Under dry 

Results and Discussion 

Table 1. The number of sample plots required to achieve confidence intervals off 10, f 20, f 30% of the sample mean at 80,90,95% probability levels for 
infiltration rates in each and all treated areas on the mesa tops, Fort Stanton, New Mexico. 

Year 
Soil 

Treatment Condition 
80% 90% 95% 

f 30 f 20 f 10 f 30 f 20 f 10 f 30 f 20 f 10 

1980 HC’ 

MC 

RG 

RR 

EX 

1981 HC 

MC 

RG 

RR 

EX 

Mean 1980 
Mean 1981 
Mean dry 
Mean wet 
Total mean 

dry 
wet 
dry 
wet 
dry 
wet 
dry 
wet 
dry 
wet 
dry 
wet 
dry 
wet 
dry 
wet 
dry 
wet 
dry 
wet 

1 1 
1 1 
1 1 
1 1 
1 1 
1 3 
1 1 
1 1 
1 1 
1 2 
1 1 
1 1 
1 1 
1 1 
1 1 
1 1 
1 1 
I 2 
1 1 
1 1 
1 1 
1 1 
1 1 
1 1 
1 1 

4 

1 

4 
1 
2 
2 
3 
2 
8 
1 

3 
2 

4 
3 

I 1 
1 1 
1 1 
1 2 
1 1 
2 4 
1 1 
1 2 
1 1 
1 1 
1 1 
1 2 
1 1 
1 1 
1 1 
1 1 

: 
1 
3 

1 1 
1 1 
1 2 
1 1 
1 1 
1 2 
1 1 

6 
2 
8 
4 

18 

7 
1 

2 
7 

1 
1 

1 
3 

1 

I 

1 

1 
2 

1 

1 

1 
2 

3 
2 

3 
1 

3 

2 

1 
8 
3 

12 
6 

27 
2 

11 

1 
3 

1 
5 
4 
9 
5 

20 

1 

6 
3 

10 
6 

IHC = heavily stocked, continuously grazed. 
MC = moderately stocked, continuously grazed. 
RG = rotation, after grazing period. 
RR = rotation, after rest period. 
EX = exclusion from grazing. 
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conditions, the unfertilized, or control treatment required 50% 
more plots than the fertilized treatment for dry conditions, while 
wet conditions gave nearly equal plot requirements. When the soil 
was dry, plant conditions had a great influence on infiltration rates, 
and the fertilized areas were most homogeneous. With wet condi- 
tions, the heterogeneity of the plant community was less important 
to infiltration rates. Sample plot numbers were about the same 
from year to year. Overall, a larger sample size was required for the 
valley bottoms than the mesa tops. 

The sediment production data were significantly skewed; thus 
the data were transformed logarithmically. Sample sizes to ade- 

quately determine sediment production were often 10 times greater 
than for infiltration rates at the same confidence interval and 
probability level. The number of sample plots required at the f 20 
and flO% confidence interval ranged from 1 to 396, depending on 
the treatment. When the means were considered, these confidence 
intervals are probably unattainable with the time and funds asso- 
ciated with most research projects. 

Under both dry and wet soil conditions, the fertilized treatment 
required 50% more plots than the unfertilized, or control treatment 
(Table 4). This is opposite of the comparisons for infiltration rates 
at this site. Apparently, the fertilized areas had more variability for 

Table 2. The number of sample plots required to achieve confidence intervals off 10, f 10, f 30% of the same mean at 80,90, and 95% probability 
levels for logarithmically transformed sediment production data in each and all treated areas on the mesa tops, Fort Stanton, New Mexico. 

Year 
Soil 80% 90% 95% 

Treatment Condition f 30 f 20 f IO f 30 f 20 f IO f 30 f 20 f IO 

1980 HC’ 

1981 HC 

MC 

MC 

RG 

RR 

EX 

RG 

RR 

EX 

Mean 1980 
Mean 1981 
Mean dry 
Mean wet 
Total mean 

dry 
wet 
dry 
wet 
dry 
wet 
dry 
wet 
dry 
wet 
dry 
wet 
dry 
wet 
dry 
wet 
dry 
wet 
dry 
wet 

I 
I 
2 
I 
I 
I 
I 
I 

I7 
II 
2 
I 
4 
I 
I 
I 
1 
I 

I6 
3 
4 

: 
2 
3 

38 
25 

4 
2 

10 
I 
I 
1 
I 
I 

36 
7 
8 
6 
9 
4 
7 

7 I 3 
6 I 3 

I4 3 6 
IO 2 4 
6 I 2 
3 I I 
7 I 3 
5 I 2 

152 29 66 
98 I9 43 
I7 3 7 
8 2 3 

39 8 I7 
5 I 2 
3 I I 
2 I I 
4 I 2 
5 1 2 

142 27 62 
29 6 I3 
31 6 I3 
25 5 II 
39 8 I7 
I7 4 7 
28 6 I2 

I2 

:: 
17 
IO 
5 

II 
8 

263 
170 
29 
I4 
68 
9 
5 
3 
7 
9 

247 
50 
53 
44 
68 
30 
49 

2 
2 
4 
3 
2 
I 
2 
I 

44 
28 

5 
2 

II 
2 
I 
I 
I 
2 

41 
8 
9 
7 

II 
5 
8 

4 
4 
9 
6 
4 
2 
4 
3 

99 
64 
II 
5 

26 
3 
2 
I 
3 
3 

92 
I9 
20 
I6 
25 
II 
18 

I7 
16 
35 
26 
I5 
8 

I7 

3;; 
256 
44 
21 

102 
I4 
7 
5 

IO 
I4 

370 
75 
80 
66 

IO1 
45 
73 

‘HC = heavily stocked, continuously grazed. 
MC = moderately stocked, continuously grazed. 
RG = rotation, after grazing period. 
RR = rotation, after rest period. 
EX = exclusion from grazing. 

Table 3. The number of sample plots required to achieve contidence intervals off 10, f 20, f 30% of the sample mean at 80,90, and 95% probability levels 
for infiltration rates in each and all treated areas on the valley bottom study sites, Fort Stanton, New Mexico. 

Year 
Soil 80% 90% 95% 

Treatment Condition f 30 f 20 f IO f 30 f 20 f IO f 30 f 20 f IO 

1980 

1981 

1982 

1981 

Mean 1980 
Mean 1981 
Mean 1982 
Mean dry 
Mean wet 
Total mean 

Untreated dry 
wet 

Fertilized dry 
wet 

Untreated dry 
wet 

Fertilized dry 
wet 

Untreated wet 
Fertilized wet 

I 
I 
1 
I 
I 
I 
1 
1 
I 
I 
I 
I 
I 
I 
I 
I 

I 
3 
I 
2 

1 
2 
1 
I 

1 
3 

2 
I 
2 
I 
2 
2 

4 
12 
3 
9 

5 
IO 
3 
5 

: 
1 
2 

I 
2 
1 
1 
I 

2 

2 
1 
2 
I 
2 
1 

: 
I 
4 

2 
4 
1 
2 

2 

5 

3 
2 
4 
2 
4 
3 

8 
20 

5 
I6 

8 
I7 
6 
9 

6 

21 

I2 
IO 
I4 
7 

I5 
I2 

I 
3 
I 
3 

I 
3 
I 
2 

I 

3 

2 
2 
2 
2 
2 
2 

I2 
30 

8 
24 
I2 
25 

9 
I4 

9 

31 

I8 
I5 
20 
IO 
22 
17 
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Table 4. The number of sample plots required to achieve confidence intervals off 10, f 20, f 30% of the sample mean at 80,90, and 95% logarithmicrlly 
transformed sediment prodoction in each and all treated areas on the vally bottom study sites, Fort Stanton, New Mexico. 

Soil 8% 90% 95% 
Year Treatment Condition f 30 f 20 f 10 f 30 f 20 f 10 f 30 f 20 f 10 

1980 

1981 

1982 

1981 

Mean 1980 
Mean 1981 
Mean 1982 
Mean dry 
Mean wet 
Total mean 

Untreated dry 
wet 

Fertilized dry 
wet 

Untreated dry 
wet 

Fertilized dry 
wet 

Untreated wet 

Fertilized wet 

1 
1 
1 
1 

I 
1 
2 
1 

1 

1 

1 

2 
2 
1 
1 

2 
1 
4 
3 

1 

1 

: 
1 
2 
2 
2 

9 

; 
5 

2 
2 

14 
12 

1 

3 

6 
8 
2 
7 
5 
6 

2 
2 
1 
1 

1 
1 
3 
2 

1 

1 

2 
2 
1 
2 
1 
2 

4 
4 

: 

1 
1 

Z 

1 

1 

3 
3 
1 
3 
2 
3 

15 
16 
5 
9 

3 
3 

25 
21 

1 

5 

11 
13 
3 

12 
9 

10 

3 6 
3 6 
1 2 
1 3 

1 1 
1 1 
4 9 
4 8 

1 1 

1 2 

2 4 
2 5 
1 2 
2 4 
2 4 
2 4 

22 
24 
I 

13 

4 
4 

37 
32 

1 

8 

16 
19 
4 

18 
14 
15 

levels of loose soil particles or less stable aggregates on the surface. 
Fertilizing may be creating conditions similar to the exclosures on 
the mesa tops which required more sediment production plots than 
the adjacent grazed pasture. 

Table 5 summarizes some of the data in Tables 1,2,3, and 4. The 
f 10% confidence interval at 95% probability was chosen for 
discussion because this level shows the greatest differences between 
plot requirements. Table 5 can be used to relate stocking levels and 
graze and rest periods to sample plot requirements. On the mesa 
tops, a larger sample size was required when sites were rested and 
grazed in a grazing system than when they were continuously 
grazed at either stocking rate or continuously rested. This relation- 
ship was not apparent on the valley bottoms where the additional 
vegetal growth resulting from fertilization reduced plot-to-plot 
variation, at least under dry soil conditions. More plots were 
required for infiltration rates under wet conditions than for dry 
conditions. 

On the mesa tops, fewer plots were required to measure sediment 
production when sites were in a grazing system with rest and graze 
periods than when they were continuously grazed at either stocking 
rate or continuously rested. The greatest sample size was required 
for the exclosure. Fewer plots were required for wet conditions 
than dry. The exclosure contained mature, full-statured bunch- 
grasses with small bare areas not covered by plant canopies. Bal- 

liette et al. (1986) measured sediment production for an entire 
runoff event plus sediment concentration on sagebrush-dominated 
rangeland in northern New Mexico. They found total sediment 
production to be less under sagebrush canopies than from the 
interspaces between shrubs. But sediment concentration was 
greater from the canopy-covered zones. They attributed this 
greater concentration to a loose, friable soil surface that was pro- 
tected from the compacting forces of rain and trampling. These 
sagebrush canopy and interspace zones are similar to the bunch- 
grass canopy and interspace zones found in this study but on a 
much larger scale. The bunchgrass community cannot be easily 
stratified because of the small plot sizes that would be required. 
Wilcox (1985) measured sediment concentration at 5-minute inter- 
vals for runoff from a 45minute storm in the Guadalupe Moun- 
tains in southeastern New Mexico. Sediment concentration was 
greater and more variable at the beginning of the runoff hydro- 
graph and diminished throughout the event. These 2 studies may 
help explain that protected surface soils are loose, friable, and 
erratic, which would lead to greater sediment production variabil- 
ity in the exclosure. This would result in a high sample plot 
requirement. It would also help explain why more variance was 
found for dry soil conditions than for wet. 

Data from this study suggest 4 or 5 sample plots are adequate for 
estimating infiltration rates for relatively dry soil moisture condi- 

Table 5. The number of sample plots required to achieve ztloqb confidence interval of the sample mean at the 95% probability level for infiltration 
rates and sediment production for all treatments and years on the mesa top and valley bottom study sites, Fort Stanton, New Mexico. 

Location 
Infiltration rate plots required Sediment production plots required 

Treatment Stocking level f 10% at 95% f 10% at 95% 

Mesa Top 

Valley Bottom 

Dry Wet Dry Wet 

HC’ 17 ha/AU/yr -Z- 8 30 18 
RG 17 ha/AU/yr 5 18 11 6 
RR 17 ha/AU/yr 4 16 14 13 
MC 23 ha/AU/yr 2 8 68 20 
EX 1 1 383 166 

Untreated 2.5 ha/ AU/3 mo 12 21 13 10 

Fertilized 1.2 hal AU13 mo 8 23 22 18 

IHC = heavily stocked, continuously grazed. 
MC = moderately stocked, continuously grazed. 
RG q  rotation, after grazing period. 
RR = rotation, after rest period. 
EX = exclusion from grazing. 
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tions if a level of 95% confidence within 10% of the mean is 
desirable. Ten or 12 plots are probably needed for field capacity 
conditions at the same level. At least a dozen plots would be needed 
for sediment production. Attempting to be within 10% of the mean 
at a 95% confidence level is a worthy goal for laboratory and 
greenhouse studies where the potting medium and climates are 
carefully controlled. For heterogeneous range conditions, an 80 or 
90% probability level and a confidence interval of 20 to 30% of the 
mean are much more realistic and affordable. On these range sites, 
these probability levels and confidence intervals could be achieved 
with only 4 or 5 sample plots in most situations. 
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Distribution and Symbiotic Effectiveness of Rhizo bium 
meliloti in Rangeland Soils of the Intermountain West 
W.L. LOWTHER, D.A. JOHNSON, AND M.D. RUMBAUGH 

Abstract 
Although the interaction between the host plant and its asso- 

ciated Rhisobium is a major factor in determining biological nitro- 
gen fixation, competitive interactions among naturally occurring 
rhizobial populations can also greatly influence the success of 
nodulation and subsequent nitrogen fixation. To determine the 
influence of naturally occurring rhizobial populations on the sym- 
biotic relationship between alfalfa (Medkago sativa L.) and Rhis- 
obbun meliloti, the distribution of naturalized populations of R. 
meliloti forming effective nodules on alfalfa was determined in 
representative rangeland soils of the Intermountain West of the 
United States. A total of 256 sites were sampled within 10 vegeta- 
tion types where alfalfa is a potential legume for farming, wildlife, 
or revegetation use. R. meliloti capable of forming effective 
nodules on alfalfa were detected in 4 of the vegetation types 
(juniper-pinyon woodland, mountain mahogany-oak scrub, sage- 
brush steppe, and wheatgrass-needlegrass shrubsteppe). However, 
these rhizobia were detected in only 30% or less of those sites 
having a natural vegetative cover. Only where the sagebrush steppe 
vegetation type had been converted to wheat or alfalfa-grass mix- 
tures were rhizobia detected in the majority of sites (81 and low, 
respectively). Populations ofR. melilotiwithin the individual vege- 
tation types ranged from 6 to greater than 1.7 X 105 per g of soil. 
Isolates of these naturally occurring R. meliloti exhibited a wide 
range of symbiotic N-fixation effectiveness on alfalfa (cv Spredor 
2) with the mean value for the 360 isolates tested being 69% of the 
check inoculant strains. Of the isolates tested, 48% were classified 
as inferior N-fixers with significantly lower plant yields than con- 
trol plants inoculated with check rhizobia strains. The relatively 
limited distribution of detectable populations of R. meliloti in the 
majority of Intermountain West rangeland soils and the high per- 
centage of these that were inferior in N-fixing capability under- 
scores the need to inoculate alfalfa with highly effective and com- 
petitive strains of R. meliloti. 

Key Words: Soil bacteria, Medicago sativa, nitrogen fixation, 
rhizobia, rhizosphere, soil microbiology, symbiosis 

Initiation of symbiotic N-fixation in alfalfa (Medicago sutiv~ L.) 
depends on the presence of strains of Rhizobium melilotithat form 
effective nodules. In areas devoid of R. meliloti, inoculation with 
an effective strain is essential for nodulation (Burton 1972). Even if 
present, rhizobia may form ineffective nodules and symbiotic N- 
fixation can be increased by the introduction of highly effective, 
competitive strains (Jenkins and Bottomley 1984, Schiffman 1958, 
Weber and Leggett 1966). 

Considerable information exists on the distribution and symbio- 
tic effectiveness of R. meliloti in soil (Hely and Brockwell 1962, 
DeEscuder 1972, Mahler and Wollum 1982, Peterson and Good- 
ding 1941, Sagardoy 198 1, Schiffman 1958), but little of these data 
pertain to rangelands of the Intermountain West of the U.S. The 
distribution and effectiveness of R. meliloti in rangeland ecosys- 
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terns likely would be dependent on a complex of factors including 
soil type, climate, topography, composition of the vegetation, 
historical use, and range condition of the particular site. Carlson et 
al. (1950) stated that benefits from inoculation of alfalfa seed with 
R. meliloti have not been demonstrated in Utah and that soils in 
Utah apparently are well supplied with effective R. meliloti. Rum- 
baugh and Johnson (1984) reported nodulation of alfalfa in soil 
samples collected from 26 of the 27 major soil associations in the 
northern Great Basin area of the western U.S. The rhizobia were 
not spread uniformly within soil associations because alfalfa nodu- 
lated in soil from all sites in only 5 associations. 

Isolates of R. meliloti vary markedly in their symbiotic effec- 
tiveness (Hely and Brockwell 1962). R. meliloti isolates that are 
completely ineffective at N-fixation have been found in the Negev 
Desert in Israel (Schiffman 1958) and in alfalfa-growing areas in 
Oregon (Barber 1980, Eardly et al. 1985) and Washington (Weber 
and Leggett 1966). Rumbaugh and Johnson (1984) reported a wide 
range of specific nodule activities, as measured by acetylene reduc- 
tion, suggesting large differences in symbiotic effectiveness of nat- 
urally occurring strains of R. meliloti on alfalfa in the northern 
Great Basin. 

The objectives of the present study were to: (1) determine the 
distribution of naturalized populations of R. meliloti, capable of 
forming effective nodules on alfalfa, in soil under the major vegeta- 
tion types of the Intermountain West of the U.S. and (2) assess the 
symbiotic N-fixing effectiveness of these naturalized R. meliloti on 
rangeland alfalfa to evaluate the potential for increasing N- 
fixation through the introduction of highly effective, competitive 
strains of rhizobia. 

Materials and Methods 

Field Sampling 
Sampling was carried out using the general vegetation classifica- 

tion of Kiichler (1964) for site descriptions. Ten vegetation types 
where alfalfa was a potential legume for farming, wildlife, or 
revegetation use were identified (Table 1). A total of 256 sites were 
sampled in Idaho, Montana, Nevada, Wyoming, and Utah. The 
sagebrush steppe vegetation type was subdivided into natural vege- 
tation and conversion to wheat, grass, and alfalfa/ grass production. 

Individual sampling sites representative of the area were selected, 
and individual cores of soil (10 cm deep and 1.5 cm diameter) were 
taken at l-m intervals along a 5-m transect and bulked in a plastic 
bag. Sampling corers were sterilized with 90% ethanol and flaming 
between sites. Sampling was initiated in late-April at the lower 
altitudes and completed in August at the higher elevation sites. 
Altitude of the sampled sites was obtained, and pH of the soil was 
determined using a saturated paste. 

Distribution of R. meliloti 
Soil samples were stored at 4’ C until processed, which was 

normally within 7 days of sampling. The soil was thoroughly mixed 
in the plastic bag and a 10-g subsample taken for R. meliloti 
counts. Enumeration was by the “plant infection” method using 
N-free seedling agar (Vincent 1970). The subsamples of soil from 
each site were diluted consecutively over the range 10-l to 10” in 
sterile one-fourth strength McKnight’s solution (McKnight 1949) 
and a l-ml aliquot was used to inoculate each of 2 tubes (25 X 150 
mm) containing a seedling of ‘Spredor Z’alfalfa growing on sloped 
N-free seedling agar (Jensen 1942). The procedure allowed the 
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Table 1. DescrIpHon of ten vegetdon types* sampled in the Intermountain West of the U.S. 

Kiichler Altitude PH 
No. Vegetation type 

11 Douglas fir forest 
14 Western spruce-fir forest 
21 Juniper-pinyon woodland 

31 Mountain mahogany-oak scrub 
32 Great Basin sagebrush 
34 Saltbush-greasewood 
39 Desert 
45 Alpine meadows and barren 

49 Sagebrush steppe 

50 Wheatgrass-needlegrass shrubsteppe 

Dominant vegetation range (m) range 

Pseudotsuga menziesii 1650-2340 5.2-7.5 
Abies lasiocarpa, Picea engelmanii 2020-2440 4.6-6.9 
Juniperus J. monosperma, osteosperma, 1200-2110 6.7-8.2 
Pinus edulis 

Cercocarpus led$olius, Quercus gambelii 1400-2000 6.0-7.5 
Artemisia tridentata 1480-1980 6.1-7.9 
Atriplex confertifolia. Sarcobatus vermiculatus 1240-1560 7.4-9.5 
Vegetation largely absent 1240-1510 7.7-8.6 
Agrostis spp., Carex spp., Deschampsia 4.8-5.5 
caespitosa, Festuca viridula, Luzula spicata, 32004000 
Phleum alpinum, Poa spp., Tkisetum spicatum 

(a) Agropyron spicatum, Artemisia tridentata 1330-2580 5.2-8.6 
(b) Converted to wheat 1330-1550 6.7-7.8 
(c) Converted to improved grasses 1350-1720 6.6-8. I 
(d) Converted to alfalfa/grass 1350-1510 6.1-7.9 
Agropyron smithii, Artemisia Poa arida, tridentata. 2060-25 10 5.8-7.6 
Stipa comata 

‘Based upon the vegetation classification system of Kiichler (1964). 

detection of a minimum population of 6 R. meliloti per gram of 
soil. Estimation of lower numbers by adding more soil to the test 
tube is not reliable (Thompson and Vincent 1967). Use of the 
IO-fold dilution series with duplicate aliquots allowed a large 
number of sites to be sampled (Vincent 1970). After 6 to 8 weeks 
growth in a shaded glasshouse (see below), the numbers of effective 
R. meliloti in soils were calculated from the number of plants that 
formed nodules with haemoglobin present (Vincent 1970). Values 
presented have 95% fiducial limits of (x+) 6.6. 

Symbiotic Effectiveness of R. meliloti 
A random sample of 10 pink nodules was obtained from roots at 

the lowest dilution of soil from sites where seedlings had effective 
nodules. Sampling at the lowest dilution allows for the possibility 
of host-plant selection (Masterson and Sherwood 1974). For isola- 
tion of rhizobia, nodules were immersed momentarily in 95% 
ethanol, sterilized in 3% calcium hypochlorite for 5 minutes, and 
rinsed in sterile water (Somasegaran and Hoben 1985). Nodules 
were crushed in one-fourth strength McKnight’s solution, streaked 
on congo red yeast mannitol (YM) agar (Vincent 1970), and incu- 
bated at 25’ C. Single colony isolates were picked, streaked on YM 
agar slopes, and stored at 4“ C after incubation. Inoculum suspen- 
sions were prepared by streaking isolates on 9-ml slopes of YM 
agar in 20 X 150-mm culture tubes, incubating for 7 days at 20’ C, 
and suspending in 12 ml of one-fourth strength McKnight’s solu- 
tion. An inoculum consisting of 1 ml of suspension was used to 
inoculate a ‘Spredor 2’ alfalfa-seedling growing on a N-free seed- 
ling agar slope in a 20 X 150-mm test tube. Each inoculation 
treatment was replicated 10 times. Isolates were compared with 3 
check commercial inoculant strains of R. meliloti. including 2 
strains, 102F51 and 102F77, obtained from the Nitragin Co., Mil- 
waukee, Wis.‘, and strain SU47 obtained from J. Brockwell, 
CSIRO, Canberra, Australia. In addition, isolates were compared 
with an uninoculated control and an uninoculated combined-N 
control that received 3 ml of 18 mmol KNOs solution 14 d and 28 d 
after sowing (Bottomley and Jenkins 1983). At 28 d after sowing, 
each inoculated seedling received 3 ml of sterile, deionized water. 
Plants were grown in a randomized complete block design in a 
shaded glasshouse with temperatures maintained at approximately 

‘Mention of a trademark name, proprietary product, or vendor does not constitute 
endorsement by the U.S. Department of Agriculture and does not imply its approval 
to the exclusion of other products or vendors that may also be suitable. 

30” C during the day and 15” Cat night between 17 September and 
13 November 1985. After 49 d, plants were harvested and shoot 
fresh weights obtained (Vincent 1970). The symbiotic effectiveness of 
isolates (E) was computed as: 

Yi - Ynmz 
E= x 100 

Yc - Ymc 

where Yi is plant yield of the isolate, Y,, is plant yield of the nil 
nitrogen control, and Y, is the mean plant yield of the 3 check 
strains. 

Results 

R. meliloti capable of forming effective nodules on ‘Spredor 2’ 
alfalfa were detected in soil taken from 4 out of 10 vegetation types 
(Table 2). In these 4 vegetation types R. meliloti were detected in 

Table 2. Distribution of R. me&W in soils of 10 vegetation types =mPId 
in the Intermountain West of the U.S. 

Vegetation type 

Number of % of sites Number R. meliloti 
sites with per 

sampled R. meliloti g soil 

Douglas fir forest 
Western spruce-fir 

forest 
Juniper-pinyon 

woodland 
Mountain mahogany- 

oak scrub 
Great Basin sagebrush 
Saltbush-greasewood 
Desert 
Alpine meadows and 

barren 
Sagebrush steppe 

(a) Natural vegetation 
(b) Wheat 
(c) Grass 
(d) Alfalfa/grass 

Wheatgrass-needlegrass 
shrubsteppe 

28 

18 

20 

22 18 6 to 5.8 X 104 

25 0 <6 
21 0 <6 
14 0 <6 

9 

50 30 6 to >1.7 X 10’ 
16 81 6 to >1.7 X IO5 
15 27 6 to 5.8 X 10’ 
3 100 1.7 x 104 to >1.7 x 10s 

15 

0 <6 

0 <6 

20 6 to 1.7 X 104 

0 <6 

13 6 to 5.8 X 104 
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Table 3. Symbiotic effectiveness of isolates of R. melikbti from soils of 4 vegetation type.s sampled in the Intermountain West of the U.S. 

Effectiveness (%) 
Vegetation type No. of isolates Mean Range 

Juniper-pinyon woodland 20 62 21-128 
Mountain mahogany-oak scrub 30 68 25-124 
Sagebrush steppe 

(a) Natural vegetation 130 71 2-132 
(b) Wheat 130 69 O-I 18 
(c) Grass 20 70 32-105 
(d) Alfalfa/grass 20 66 41-99 

Mean 
Wheatgrass-needlegrass 

shrubsteppe 10 63 13-139 
Overall Mean 

Percent isolates classed as’ 
Superior Effective Inferior 

0 35 65 
0 43 57 

1 56 43 
0 52 48 
0 55 45 
0 50 50 
1 54 46 

10 30 60 
1 51 48 

‘Superior refers to those isolates that produced plant yields significantly (luO.05) higher than the mean yield of control plants (inoculated with the check Rhizobium strains); 
effectwe refers to those isolates producing plant yields that were not significantly different from control plants; and inferior refers to those isolates producing plant yields that 
were significantly lower than control plants. 

only 30% or fewer of the sampling sites with a natural vegetation 
cover. Only where the sagebrush steppe vegetation type had been 
converted to wheat or alfalfa/grass were R. melilotidetected in the 
majority of sites (81 and 100%0, respectively). R. meliloti popula- 
tions exceeded 1.7 X 104per g of soil on sagebrush steppe sites that 
had been converted to alfalfa/grass (Table 2). Populations on all of 
the other sites with detectable levels of R. meliloti varied from a 
mean of 6 to greater than 1.7 X lv per g of soil. 

Unlike the limited distribution of effective nodules on alfalfa, 
white nodule-like structures were more widespread on seedlings. 
However, in contrast to effective nodulation where ‘skip’ tubes 
(i.e., tubes where plants fail to nodulate at low dilutions but nodu- 
late at higher dilutions; Thompson and Vincent 1967) were virtu- 
ally absent, these white‘nodules’often occurred on seedlings at lo* 
or 10m6 dilutions but not at the lower dilutions. Many could be 
identified as ‘pseudo-nodules’(Gibson 1980); however, others were 
similar in size and shape to the effective nodules, but haemoglobin 
was absent. Bacteria with similar colony characteristics to rhizobia 
were isolated from 20 of these white nodules. These isolates formed 
white ‘nodules’ on only 20-60% of seedlings when reinoculated 
onto alfalfa. Plants with these white ‘nodules’showed no evidence 
of symbiotic N-fixation. 

There was a wide range of symbiotic N-fixing effectiveness of 
individual isolates of R. melilotifrom the rangeland soils (Table 3). 
No significant differences (KO.05) in mean effectiveness of the 
isolates were found among the various vegetation types as evalu- 
ated by homogeneity Chi-square statistical procedures. The sites 
within each vegetation type, except where the sagebrush steppe 
type had been converted to alfalfa/grass, were not homogenous 
with respect to the frequency of inferior isolates as indicated by 
Chi-square analysis (PCO.05). Of the 360 isolates tested, only 2 
isolates produced higher plant yields than the mean of the 3 check 
inoculant strains, while 5 1% produced similar yields and 48% were 
classed as inferior. Of the isolates classed as inferior, 2% produced 
symbiotically derived plant growth that was not significantly dif- 
ferent from the yield of uninoculated control plants (data not 
shown). 

Discussion 
The limited distribution of effective strains of R. melilotiin soils 

of the Intermountain West is similar to that reported by Peterson 
and Gooding( 1941) in Nebraska, However, it is not consistent with 
the widespread distribution of R. meliloti in soils of the northern 
Great Basin area of Utah and Idaho reported by Rumbaugh and 
Johnson (1984). The discrepancy probably is related to the differ- 
ent techniques used to assess the presence of R. meliloti. Rum- 
baugh and Johnson (1984) grew alfalfa in a glasshouse in 
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open containers holding soils representing the major soil associa- 
tions, and R. meliloti was considered to be present if alfalfa nodu- 
lated. Studies in the same glasshouse area used in their survey 
indicated that there was a high potential for rapid and extensive 
contamination by R. meliloti. Consequently, contamination of the 
soils in the open containers by dust-borne R. meliloti may have 
resulted in an overestimation of the distribution of R. meliloti. 

Another possible reason for the discrepancy between the results 
of Rumbaugh and Johnson (1984) and those obtained in the pres- 
ent study may have been the categories of nodulation recorded. In 
the present study, only nodules having haemoglobin were recorded, 
while Rumbaugh and Johnson did not distinguish between effec- 
tive and white ‘nodules*. The need to distinguish between true 
nodules and ‘false’ or ‘pseudo-nodules’ has been documented (Vin 
cent 1970, Gibson 1980). In the present study the white ‘nodules’ 
that occurred sporadically are considered to be ‘pseduo-nodules’, 
possibly due to infection of the alfalfa root by heterologous rhizo- 
bia. For example, the indigenous rhizobia that nodulate rangeland 
Astragalus species, which occur widely in the vegetation types 
sampled, can form ‘nodules’ on alfalfa (Wilson and Chin 1947). 
The sporadic occurrence of these white ‘nodules’is not attributed 
to nodulation by ineffective R. meliloti because the bacteria iso- 
lated could not consistently renodulate alfalfa. Weber and Leggett 
(1966) attributed alfalfa sickness in Washington State to the pres- 
ence of ineffective rhizobia which formed a few malformed, non- 
pigmented nodules. Some of the isolates from these nodules failed 
to form nodules when reinoculated onto alfalfa, suggesting that 
‘pseudo-nodulation’ may have occurred. Further investigation 
appears warranted concerning the effect of this ‘pseudo-nodulation’ 
on symbiotic N-fixation of alfalfa plants inoculated with highly 
effective strains of R. meliloti 

The widespread occurrence of very low populations of effective 
strains of R. meliloticannot be discounted from the present survey 
because a minimum population of 6 rhizobia g-l of soil was detec- 
table with the technique used. Under the favorable glasshouse 
conditions used by Rumbaugh and Johnson (1984) populations of 
less than 6 rhizobia g-’ of soil would be expected to be sufficient to 
ensure nodulation. 

The limited distribution of effective R. melilotiin rangeland soils 
from areas with natural vegetation cover indicates that spread by 
natural means (e.g. in windborn dust) occurs slowly. This slow rate 
of dispersion apparently occurs even though sources of R. meliloti 
are widespread due to the extensive use of irrigated and dryland 
alfalfa, particularly in the sagebrush and juniper-pinyon areas. In 
contrast, the high percentage of wheat fields with R. meliloti 
suggests tillage results in a more rapid and uniform spread, 
although improved survival in wheat field soil through changes in 
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soil physical/chemical properties cannot be discounted. 
Vincent (1974) reported that R. meliloti failed to establish in 

pasture soil because of susceptibility to low pH. In our present 
study, there was only 1 vegetation type (alpine meadow) in which 
the pH of all sites sampled was less than 5.5 to 6.0, the range shown 
to restrict multiplication of R. meliloti in soil (Rice et al. 1977). 
Consequently, the restricted distribution of R. meliloti in range- 
land soils apparently cannot be attributed to soil acidity. In our 
present study, soil samples were taken to a depth of 10 cm, a zone 
considered important for initial nodulation of alfalfa seedlings. 
However, spread of R. meliloti in these rangeland soils may be 
limited by failure of rhizobia to survive in the surface layer due to 
susceptibility to high temperature (Danso and Alexander 1974) 
and desiccation (Van Rensburg and Strijdom 1980). 

Because of the problems with survival of R. meliloti in soils, 
inoculation of alfalfa is normally recommended unless the area to 
be sown has recently been cultivated out of alfalfa (Vincent 1974). 
In contrast, Carlson et al. (1950) claimed that benefits from inocu- 
lation have not been demonstrated in Utah and that the soils 
generally appear to be well supplied with rhizobia. The results of 
the present study indicate the general need for inoculation on 
rangeland sites. Inoculation is essential for nodulation in the 
absence of soil rhizobia, but the need for inoculation on soils with 
low populations of rhizobia is not as clear. However, even if the 
rangeland soils of the Intermountain West do harbour low popula- 
tions of R. meliloti(i.e., less than 6 rhizobia g-l of soil), inoculation 
is still recommended to ensure rapid nodulation of alfalfa. This 
may be particularly critical under rangeland conditions where 
establishment is required before the onset of dry summer conditions. 

Our findings concerning the wide range of N-fixing effectiveness 
of the isolates within sites is in agreement with previous studies 
with R. meliloti (Barber 1980, Bottomley and Jenkins 1983, Jen- 
kins and Bottomley 1984). Because cultivars of alfalfa can vary in 
their response to specific strains of rhizobia (Burton and Wilson 
1939), a commercially available cultivar (Spredor 2) developed for 
pastures was used as the symbiotic host in the present study. The 
prevalence of isolates whose N-fixing ability was inferior to the 
check inoculant strains indicates that uninoculated alfalfa planted 
on these rangeland sites may have a reduced potential for symbio- 
tic N-fixation. Hardarson et al. (1981) demonstrated a significant 
positive correlation between the percentage of nodules produced 
by an effective rhizobia strain and the dry matter of alfalfa plants. 
Further research is required under rangeland conditions to deter- 
mine the agronomic significance of the presence of inferior rhizo- 
bia strains and the possibility that N-fixation can be increased by 
inoculating seeds with effective and competitive rhizobial strains. 
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Populations of Rhizo bium meZiZoti in Areas with Rangeland 
Alfalfa 
W.L. LOWTHER, M.D. RUMBAUGH, AND D.A. JOHNSON 

Abstract 

The perpetuation of legumes in rangeland pasture plantings is 
dependent upon natural seeding and nodulation of the seedlings by 
naturalized soil rhizobia. This study determined the distribution 
and effectiveness of Rhizobium meliloti Dang. isolates in mature 
stands of rangeland alfalfa (Medicago sutiva L.). Five sites in 
northern Utah and southern Idaho were studied. At each site, soil 
samples were taken from beneath the crown area of 10 plants and 
also at 50 and lOO-cm intervals downslope and at right angles to the 
slope. Populations of R. meliloti ranged from 1.7 X 102 to more 
than 1.7 X 105 per g of soil in all soil samples taken from within the 
crown area of established plants. The distribution of R. meliloti in 
soil adjacent to established plants differed with site and sampling 
position. R. meliloti were present in all the interplant spaces 
sampled on 1 site while the percentage of interplant samples with 
R. meliloti varied from 20% to almost 100% on the other 4 sites. 
Movement ofR. melilotidownslope was detected only on 1 site. It 
was concluded that failure of R. meliloti to spread into the inter- 
plant spaces in rangeland alfalfa stands may limit natural reseeding. 
Key Words: bacteria, Medicago sativa, nitrogen fixation, rhizo- 
bia, rhizosphere, soil microbiology, symbiosis 

Alfalfa (Me&ago sativa L. and M. falcuta L.) is widely recom- 
mended for range improvement (Kneebone 1959, Townsend et al. 
1975). Alfalfa has been shown to live up to 23 years in semiarid 
environments (Kilcher and Heinrichs 1965, Rumbaugh and Pedersen 
1979) and is capable of self-perpetuation through reseeding at sites 
with as little as 28 cm of precipitation (Rumbaugh 1982). However, 
stand decline was identified as a major problem in a survey con- 
ducted in Montana (Gomm 1974). 

Little is known of the influence of the Rhizobiuml host symbio- 
sis on the productivity and longevity of rangeland alfalfa, even 
though this symbiosis is known to play an important role in other 
environments. In acid soil, survival of rhizobia is a major limita- 
tion to alfalfa nodulation (Rice et al. 1977), while the presence of 
ineffective rhizobia has been attributed as a cause of poor alfalfa 
growth in Washington (Weber and Leggett 1966). In Oregon, 
Bottomley and Jenkins (1983) found high proportions of ineffec- 
tive rhizobia in nodules on alfalfa plants over a wide range of soil 
pH (5.9 to 8.8). 

Adequate populations of effective R. melilotiare required in the 
host rhizosphere to ensure continued nodulation and symbiotic 
N-fixation in established alfalfa plants on rangelands. In addition, 
adequate populations of rhizobia are required in the interplant 
spaces for nodulation of seedlings established by natural seeding. 
Natural seeding is important in perpetuating the stand and in 
increasing stand density where initial alfalfa establishment was 
low. 

In the present study, 5 rangeland alfalfa stands between 7 and 31 
years old in northern Utah and southern Idaho were sampled to 
determine the spread and symbiotic effectiveness of R. meliloti. 
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Materials and Methods 

Field Sampling 
A description of the 5 alfalfa sites sampled is given in Table 1. 

Annual precipitation at the sites was estimated to range from 280 
mm at the Curlew Valley site to 460 mm at the Logan Canyon site. 
At the Snowville, Curlew, and Logan sites, seed had been drilled 
into soil while at Orem and Pocatello seed had been broadcast onto 
the soil surface. No conclusive information is available on seed 
inoculation at any of the sites. However, the absence of R. meliloti 
from adjoining areas (Lowther et al. 1987) indicates that inocula- 
tion would have been necessary for nodulation. 

Sampling was conducted during July and August 1985. At each 
site 10 plants were selected at random and soil samples were taken 
within the crown of the plant. In addition, samples were taken at 50 
and 100 cm from the outer edge of the crown at right angles to the 
slope and also downslope from each plant. Each sample consisted 
of 5 cores of soil, each I .5 cm in diameter and 10 cm deep. Sampling 
corers were sterilized between samples by flaming. Samples were 
placed in plastic bags and stored at 4O C until processed, normally 
within 7 days. 

Rhizobia Distribution 
The 5 cores of each soil sample were thoroughly mixed in the 

plastic bag and a subsample of 10 g taken for rhizobia counts. 
Enumeration of R. meliloti was done by the plant infection method 
using the N-free seedling agar of Jensen (Date and Vincent 1962). 
The soil subsample was added to 90 ml of the l/4 strength solution 
of McKnight (McKnight 1949) containing glass beads, and the 
solution was shaken for 15 minutes. A IO-fold dilution series to 10e5 
was prepared and a l-ml aliquot at each dilution was used to 
inoculate each of 2 tubes (20 X 150 mm) containing a sterile 
seedling of Spredor 2 alfalfa growing on sloped seedling agar 
(Jensen 1942). The dilution series enabled detection of a minimum 
population of 6 rhizobia per gram of soil. Detection of numbers 
lower than this by increasing the amount of soil added to the test 
tubes is not reliable (Thompson and Vincent 1967). After 6 to 8 
weeks, the most probable numbers (MPN) of R. meliiotiin the soil 
samples were calculated from the number of plants forming 
nodules. 

Symbiotic Effectiveness 
Rhizobia were isolated from nodules formed in the distribution 

tests at the lowest dilution of soil samples taken under alfalfa 
crowns and at 50 and loo-cm distances at right angles to the 
crowns. The 50 and loo-cm samples were combined. Sampling at 
the lowest dilution allows for the possibility of host-plant selection 
(Mastersonand Sherwood 1974). After excision, a random sample 
of 20 nodules was taken for rhizobia isolation. Nodules were 
surface sterilized by immersion momentarily in 96% ethanol, in 3% 
calcium hypochlorite for 5 min, and then rinsed in sterile water 
(Somasegaran and Hoben 1985). Nodules were crushed in l/4 
strength nutrient solution, streaked on congo red yeast mannitol 
(YM) agar (Vincent 1970), and incubated at 20° C. After a second 
streaking, single colony isolates were streaked on YM agar slopes 
and stored at 4” C after incubation. Inoculant suspensions were 
prepared by streaking isolates on 9 ml of sloped agar in 20 X 
150-mm culture tubes, incubating for 7 days at 20” C, and then 
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Table 1. Characteristics of the 5 sites sampled. 

Name 
Year Elevation 

seeded frnj 
Soil 
DH 

General vegetation type 
before seediner Land use 

Snowville 1954 1,420 7.4 
Orem Bench 1959 1,750 7.6 

Logan Canyon 1973 1,540 7.1 

Pocatello Valley 1974 1,800 6.1 

Sagebrush steppe Livestock grazing 
Mountain mahogany-oak scrub Soil conservation 
Douglas fir forest Revegetation highway of 

right-of-way 
Sagebrush steppe Livestock grazing 

Curlew Valley 1978 1,580 7.9 Juniper-pinyon woodland Wildlife forage 

‘From Kiichler (1964). 

suspending in 12 ml of l/4 strength nutrient solution. Each Spre- 
dor 2 alfalfa seedling growing on sloped seedling agar in 20 X 
150-mm test tubes was inoculated with 1 ml of inoculant suspen- 
sion. Each isolate was replicated 10 times. Isolates were compared 
with commercial inoculant strains 102F51 and 102F77 obtained 
from the Nitragin Co.1 (Milwaukee, Wis.), an uninoculated con- 
trol, and an uninoculated combined-N control which received 3 ml 
of 18 mM KNOs solution 14 d and 28 d after sowing (Bottomley 
and Jenkins 1983). At 28 d after sowing, each inoculated seedling 
received 3 ml of sterile deionized water. Plants were grown in a 
randomized complete block design in a shaded greenhouse with 
day/night temperatures maintained at approximately 30/ lS” C. 
At 52 or 54 d after sowing, plants were harvested and weighed. The 
symbiotic effectiveness of the isolates was expressed as a percen- 
tage of the mean yield of the 2 commercial inoculant strains. 

The homogeneity of the sites and of the sampling positions with 
respect to the frequency of samples containing or not containing 
rhizobia was tested by Chi-square analysis of appropriate contin- 
gency tables. Differences among the sites and positions in symbio- 
tic effectiveness of the isolates were evaluated by analysis of var- 
iance procedures. Effectiveness of each isolate also was compared 
to that of the commercial inoculant strains by means of Student’s t 
test. 

Results 

The pattern of occurrence and size of populations of R. meliloti 
are presented in Figures 1 and 2. A Chi-square test of the presence 

‘Mention of a trademark, proprietary product, or vendor does not constitute a 
guarantee or warranty of the product by the U.S. Department of Agriculture, and does 
not imply its approval to the exclusion of other products or vendors that may also be 
suitable. 
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OREM SNOWVILLE CURLEW POCATELLO LOGAN 

SITE 
Fig. 1. The effect of sire and sampleposition around a~a~oplants on rhe 

percentage of samples with detectable (>6 per gram of soil) Rhizobium 
meliloti. 

OREM sN0WVlLl.E CURLEW POCAKUO IBGAN 

SITE 

Fig. 2. The effect of site ond sample position aroundal/nlfaplonts on the 
number of Rhizobium meliloti per g of soil. 

or absence of R. meliloti indicated heterogeneity among the 5 sites 
and among the 5 sampling positions (p<O.OOl; Table 2). R. meli- 
loti were found within the crown area of all established alfalfa 
plants, and populations ranged from 1.7 X 102 to more than 1.7 X 
10s rhizobia per gram of soil. On the Logan Canyon site, R. 
meliloti were present in all samples taken at right angles and 
downslope from established alfalfa plants; the minimum popula- 
tion was 5.8 X 103 rhizobia per gram. On the Snowville site, R. 
meliloti were detected in the majority of samples (80 to 100%) 
although there were as few as 6 R. meliloti per gram in some 
instances. On the remaining 3 sites, the percentage of samples with 
detectable populations of R. melilotivaried widely. As few as 20 to 
30% of the samples from some positions on each site contained the 
bacterium. Orem was the only site where the occurrence of R. 
meliloti varied with sampling position. Rhizobia were present in 
90% of the samples taken at 50 cm downslope from the plant 
compared with only 30 to 40% of samples taken at right angles or 
100 cm downslope. 

Site, position, and a site by position interaction were signifi- 
cantly (x0.01) related to the symbiotic effectiveness of the iso- 
lates. The mean symbiotic effectiveness of the isolates was lower on 
the Orem site (80%) than on the other 4 sites (106% to 121%; Table 
2) due to a higher percentage of isolates classified as inferior 
N-fixers. On the Orem and Snowville sites, the mean effectiveness 
of isolates from areas adjacent to alfalfa plants was higher than 
from soil under the crown. This pattern reversed on the other 3 
sites. 
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Table 2. Symbiotic effectiveness of isolates of R. mdiW from soil under the crown or adjacent to established alfalfa plants on 5 rangeland sites. 

Site Sample position No. of isolates 
Percent of isolates classed as’ Percent effectiveness* 

Superior Effective Inferior Mean Range 

Orem 

Snowville 

Crown 
Adjacent 
Mean 
Crown 
Adjacent 
Mean 

Pocatello 

Curlew 

Logan 

Crown 
Adjacent 
Mean 
Crow-n 
Adjacent 
Mean 
Crown 
Adjacent 
Mean 

20 
20 
40 
20 
20 
40 
20 
20 
40 
20 
19 
39 
20 
20 
40 

0 
0 
0 

5 
10 
8 

65 35 
80 20 
73 28 
90 
90 
90 

10 90 
0 95 
5 93 

20 75 
11 89 
15 82 
10 90 
15 IO 
13 80 

5 
0 
2 
0 
5 
2 
5 
0 
3 
0 

15 
7 

74 -1-178 
86 21-146 
80 -1-178 
118 74-172 
125 64-168 
121 64-172 
120 74-173 
92 48-128 

106 48-173 
124 46-176 
111 67-156 
118 46-176 
131 68-171 
106 50-174 
119 50-174 

‘Superior isolates were defined as those producing plant yields significantly (PCO.05) higher than the yield of control plants inoculated with commercial strains, effective when 
not significantly different from the control, and inferior when significantly lower than the control. 

ZPercent effectiveness defined as yield of isolate - (-N control) x100 
yield of controls - (-N control) 

Discussion 

Lack of survival of R. meliloti in the rhizospere of established 
plants appears unlikely to be a limitation to the long-term persist- 
ence of rangeland alfalfa. We found rhizobia in the soil under the 
crown of plants established for up to 31 years. The number of R. 
meliloti in soil has been shown to vary during the season (Mahler 
and Wollum 1982), and our samples taken during early summer 
probably contained fewer rhizobia than would have been found 
during spring when there is more soil moisture. The failure of R. 
meliloti to spread into the interplant spaces in some of the range- 
land alfalfa stands indicates the possibility of nodulation failure, 
which may limit natural reseeding. 

Factors such as wind, water, animal and insect movement may 
affect rhizobial spread (Parker et al. 1977). The limited distribution 
of R. meliloti in the undisturbed rangelands of the Intermountain 
West of the U.S. led Lowther et al. (1987) to suggest that movement 
of rhizobia in windbome dust was not a rapid means of spread. 
This was attributed to the failure of rhizobia to survive on the soil 
surface due to detrimental effects of high temperature and desicca- 
tion (Danso and Alexander 1974, Van Rensburg and Strijdom 
1980). The occurrence of R. meliloti in at least some of the inter- 
plant spaces on all of the sites may be due to the survival and 
persistence of rhizobia introduced at sowing or to the spread of 
rhizobia from established alfalfa plants. Only on the Orem site was 
there evidence of the downslope movement of R. melilotiin water. 
However, movement was apparent only 50 cm downslope from the 
alfalfa plants. Because rhizobia can be transported in percolating 
water (Madsen and Alexander 1982) or move in soil moisture 
(Hamdi 1971), the limited spread of R. meliloti downslope in the 
present study is surprising. Although the sites are in semiarid 
environments, rhizobia movements could be expected during the 
period of favorable soil moisture in winter and spring. 

ent alfalfa stands is in agreement with the results of Bottomley and 
Jenkins (1983). The lower mean effectiveness and higher percen- 
tage of inferior isolates from thdOrem site indicate that some of the 
isolates may be from populations naturalized in the Intermoun- 
tains rangelands (Lowther et al. 1987). The high mean effectiveness 
and the extremely low occurrence of inferior isolates from the 
other 4 sites suggest that the rhizobia at these sites probably 
originated from initial seed inoculation. The range of symbiotic 
effectiveness of the isolates may be a result of differential symbiosis 
with the test host cultivar (Burton and Wilson 1939) inoculated 
with the different strains of R. meliloti found in mixed strain 
commercial inoculants. The persistence of inoculant strains of 
rhizobia in these rangeland situations, in the absence of ineffective 
naturalized soil R. meliloti, indicates the importance of seed inocu- 
lation with highly effective strains. 

In view of the potential importance of natural reseeding to 
improve stand density and long-term persistence of alfalfa on 
rangeland, research is required to delineate and overcome the 
limited spread of R. meliloti. Selection of strains of R. meliloti 
better able to colonize soil (Chatel et al. 1968, Robson and Lonera- 
gan 1970) should be investigated. 
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Relationships between VA Mycorrhizal Fungi and Plant 
Cover Following Surface Mining in Wyoming 
MARCO E. WAALAND AND EDITH B. ALLEN 

Abstract 

Spoil spore counts of vesicular arbuscular mycorrhiul (VAM) 
fungi, VAM root infection, and percent cover of plants were 
assessed on reclaimed soil and spoil (1-6 years old), orphan spoil 
(lo-31 years old), and undisturbed native sites. There was no 
relationship of site age with spore densities. Topsoiled sites almost 
always had significantly higher spore counts than spoil sites 
(reclaimed or orphan), indicating the importance of substrate on 
spore colonization and reproduction. Percent root infection of 
Agropyron smithii and A. dasystachyum showed no increasing 
trends with time in the mined sites (l-31 years), but the plants in the 
undisturbed site had greater infection than in any of the mined 
sites. There was also no correlation between percent cover of 
Agropyron and root infection or spore counts. These results sug- 
gest that time since disturbance is not an adequate explanation for 
the development of VAM infection and spore counts during the 
first 31 years, but that other factors such as the kind of substrate 
may be more important considerations. 

Key Words: mine spoils, mycorrhisal infection 
The disturbance of land by surface mining has reduced or elimi- 

nated vesicular-arbuscular mycorrhizae (VAM) from many soils in 
the arid west (e.g., Williams and Allen 1984, Call and McKell 1982, 
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Allen and Allen 1980). VAM are normally abundant in arid soils 
(Trappe 1981), where they are important because they may 
increase growth, survival, and water and nutrient uptake by plants 
(M. Allen 1984, Aldon 1975). 

It has been hypothesized recently that the abundance of VAM 
may determine the rate of succession in mined lands (Reeves et al. 
1979, E. Allen 1984a, 1984b). Janos (1980) proposed that large 
scale disturbances will initially be colonized by nonmycorrhizal plants 
followed by facultatively mycorrhizal plants (species not needing 
VAM for survival), and then oligately mycorrhizal plants (species 
requiring VAM). During this transition the abundance of VAM 
inoculum in the soil should increase until a steady state plateau is 
reached. Although Janos’( 1980) model was proposed for a tropical 
ecosystem, it may apply to succession after mining in the semiarid 
West. Many of the annuals which colonize these sites do not form 
mycorrhizae (Allen and Allen 1980), later seral species tend to be 
facultatively mycorrhizal, and some shrubs approach, although 
probably are not at, the obligately mycorrhizal end of the conti- 
nuum (Lindsey 1984, E. Allen 1984a). Our objectives were to 
examine the relationships between plant cover, mycorrhizal root 
infection, and mycorrhizal spore density in some reclaimed and 
orphan (abandoned without reclamation) mine sites of different 
ages, and in some native undisturbed sites. We examined plants 
which were dominant at different seral stages, including annuals, 
grasses and shrubs. 

Materials and Methods 

The sampling sites were located at the Kemmerer Coal Mine 
near Kemmerer, Lincoln County, in SW Wyoming. Elevations of 
the sites vary from 2,000-2,700 m and the area receives approxi- 
mately 24 cm precipitation annually. Precipitation during 1983, 
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Table 1. Mean values (S.E.M.) for edrphic characteristics of reclaimed, orphan, and native sites at the Kemmerer Coal Mine. 

Native’ 

Vmg/ kg) 
% N (total) 

LYrganic matter 
% sand 
70 silt 
% clay 
bulk density (g cm-3) 

Reclaimed topsoil 

23.7(1.3) 
0.16(.01) 
7.51(.17) 
6.44(.67) 

39.q2.6) 
35.2(1.6) 
27.6(1.9) 

1.15(.02) 

Reclaimed spoil 

18.3(2.1) 
0.20(0.3) 
6.83(.12) 
9.0(.84) 

23.9(4.0) 
41.1(0.9) 
30.3(1.0) 

l.ll(.Ol) 

Orphan spoil 

19.73(2.6) 
0.25(.03) 
6.47(.23) 

18.3(1.6) 
4.3(1.9) 

23.2(2.7) 
64.8(9.9) 

1.10(.02) 

East 

33.6(7.9) 
O&4(.04) 
6.5(.32) 

21.2(3.2) 
13.3(1.3) 
32.7(1.4) 
54.0(2.3) 
0.54(.23) 

West 

25.4(3.2) 
0.17(.03) 

6.7(.21) 
4.8(0.6) 

39.3( 10.9) 
22.7(5.8) 
38.0(1.3) 
l.60(.19) 

‘The means of east and west aspects are given for native sties only, as there were no differences in trends of edaphic factors on different aspects of mined sites. 

the year of sampling, was 60 cm. The native vegetation is a shrub- 
grassland (Parmenter et al. 1985). 

soil sample and cover estimate. 

Reclaimed topsoil, reclaimed spoil, orphan spoil, and native 
sites were sampled. Topography of reclaimed sites, created by 
heavy equipment, had been designed to reproduce previous con- 
tours. The topsoil applied to reclaimed sites had been stockpiled 
for 5-7 years. Reclaimed sites were seeded with Agropyron smithii 
Rydb., A. dusysachyum (Hook.) Scribn., A. spicatum (Pursh) 
Scribn. & Smith, A. trachycaulum Link (Malte), Artemisia triden- 
tuta Nutt. and Atriplex canescens (Pursh.) Nutt. Orphan spoil, 
unreclaimed areas undergoing natural plant recolonization, were 
aprons of spoil material with the terminal tongues resting at the 
angle of repose facing east. Sampling was done on the upper 
convex slopes of all sites. 

Roots of several abundant shrub species were sampled in addi- 
tion to the grasses. These included Atriplex cunescens in S3 W and 
S5W, Chrysothamnus nauseosus (Pallas) Brit. and Artemisia tri- 
dentutu on east-facing slopes of each of the orphan sites, A. triden- 
tutu on NE, and Artemisia arbusculu Nutt. on NW. Roots were 
excavated to 10 cm as for the grasses, and 5 replicate samples were 
taken for each species on each site. The shrubs on mined sites 
seldom fell on the transects, but they were collected as close to the 
transects as possible. 

No sites reclaimed prior to 1977 were available, and seeding was 
not done in all years on either the topsoiled or spoil sites. The sites 
were chosen on the basis of uniform treatments and similar topo- 
graphy. Three reclaimed spoil sites were selected with seeding dates 
of 1978 (5year-old spoil = S5), 1980 (S3), and 1981 (S2). Four 
topsoiled sites were chosen which had been seeded in 1977 (6-year- 
old topsoil = T6), 1980 (T3), 198 1 (T2), and 1982 (Tl). Four orphan 
sites abandoned in different years were sampled. They are desig- 
nated according to age, 010, 018, 024, and 031. Both east and 
west facing aspects were sampled for all sites except on T6 and 010, 
which had an unvegetated highwall left by mining on the west 
facing side. The letters “E” or “W” added to a site name indicate 
east or west facing aspect. 

The native sites were chosen to have topography similar to that 
of the reclaimed areas. Cover estimates and soil samples were 
gathered in a manner similar to that for the reclaimed sites. Root 
samples in the native and orphan areas were taken outside the 
quadrat if the species of interest was not present along the transect. 
This was never a problem in reclaimed areas. 

Spores were extracted from soil using sucrose flotation (M. 
Allen et al. 1979) and expressed as numbers per gram oven dry (65O 
C) soil. Root samples were washed, stained, and mycorrhizal infec- 
tion frequencies were determined as previously described (Kor- 
manick et al. 1980). Fifty l-mm segments were scored for presence 
or absence of VAM for each root system. 

Plant cover was estimated to the nearest 0.1% using a gridded 
1.0X0.5-m quadrat frame. The frames were placed at 8 randomly 
chosen intervals along five 20-m transects at each site. The 5 
transects were located at different origins within each site. Origins 
were located on upper convex slopes with transects running paral- 
lel to the ridge on east and west aspects. No samples were taken 
closer than 10 m from the crest of ridges to avoid areas of wind- 
scoured bare ground. Percent cover data were averaged for the first 
and last 4 quadrats per transect. This resulted in 2 composite cover 
estimates per transect and a total of 10 per site. 

Eight soil variables were measured. Nutrient status was mea- 
sured using the micro-Kjeldahl method for N (Bremner and Mul- 
vaney 1982), and the bicarbonate extraction method for P (Olsen 
and Sommers 1982). A soil paste with a 1: 1 soil to water ratio was 
assessed for pH. Bulk density was determined by weighing known 
volumes of dried soil cores. Organic matter percentage was esti- 
mated by dry combustion of soil. Sieving and the Bouyucous 
methods were used to assess soil texture. 

Soil samples for mycorrhizal spore and edaphic analyses were 
taken from the center of each quadrat and these were also compos- 
ited to reduce variability (Hayman 1984). Each soil sample from 
the reclaimed sites was a composite of subsamples from the first 4 
quadrats in a transect for a total of 5 soil composites per site. 
Samples were taken to a depth of 10 cm with a hand trowel, placed 
in a plastic bag, and stored at -10” C until analyzed. Root samples 
were similarly collected to assess root infection of individual A. 
smithii and A. dasystachyum plants from inside the quadrats. In 
summary, for each site, there were 5 composite soil samples, 5 
composite spore samples, and 5 root samples each for the 2 grass 
species, i.e., a total of 65 soil and spore samples and 65 root samples 
per grass species for the reclaimed areas. 

Stepwise regressions were utilized to determine which factors 
best predicted differences in % cover of A. smithii and A. dasysta- 
chuym. The independent variables were ‘%o VAM root infection, 
spore density, YO sand, silt and clay, total N, extractable P, pH, ye 
organic matter, and bulk density. Because this is a “pseudorepli- 
cated” experiment (Hurlbert 1984) where age is represented by 1 
replicate site, the remaining data analysis includes only calcula- 
tions of standard errors, and the results are presented in terms of 
trends in plant cover or VAM with respect to age of the sites since 
reclamation or abandonment. 

Results 

Sampling on orphan sites was not as clearly defined due to the 
patchiness of plant cover. At times fewer than 5 transects were run 
to the abbreviated lateral length of the spoil slope. In these instan- 
ces fewer than 4 quadrats were averaged to arrive at a composite 

The 8 edaphic factors which were measured showed some differ- 
ences in value by site (Table 1). There were no apparent trends in 
values of any of the factors due to increased age on the reclaimed or 
orphan sites. The native east (NE) aspect had both higher N and 70 
organic matter than all other sites. Microscopic examination of 
both orphan and reclaimed spoil showed that most of the organic 
matter was coal, but little coal was found in native or reclaimed 
topsoil. The high percentage of noncoal organic matter in the NE 
site probably contributed to its low bulk density. Clay was excep- 
tionally high and sand low in the orphan spoils. 

The various species and groups of species showed differing 
trends in abundance among the sites. Annuals were most abundant 
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in recently reclaimed spoil and decreased rapidly with age, but 
there were no apparent trends with time for reclaimed topsoil or 
orphan sites (Fig. 1 A). The annual species on reclaimed spoil were 
predominantly Chenopodiaceae (primarily Salsola kali L. with 
highest cover of 4% in S2W; and Kochia scoparia L., 18% cover in 
S2E) and Polygonurn aviculare L. (15% in S2E). On reclaimed 
topsoil the dominants were Brassicaceae (primarily Thktspi arvense 
L. with highest cover of 5% in TIE; Descurainia sophia (L.) Webb 
ex Prantl., 9% in T2W; and Lepidiumperfoliatum L., 7% in T6E) 
with some Salsola kali (3% in Tl E), and Bromus tectorum L. (60/o 
in T3W). The dominant annuals at the orphan sites were B. tecto- 
rum (12% in 031E) and K. scoparia (12% in 024W). B. tectorum 
was the only annual found at the native west (NW) site. A detailed 
report on the abundance of each species at each site can be found in 
Waaland (1985). 

Agropyron smithii (Fig. 1B) and A. dasystachyum (Fig. 1C) 
showed a trend of increased percent cover with time in reclaimed 
sites and had greater cover on east than west facing slopes. A. 
smithii, but not A. dasystachyum, colonized only 1 orphan site 
(024E), and both were absent from transects in the native site. 
However, A. smithii occurred infrequently in swales in the native 
area, and A. dasystachum occurred at mid-slope. 

Percent total cover of perennial grasses generally increased with 
time on reclaimed sites (Fig. ID), where the planted grasses A. 
trachycaulum, A. spicatum, A. smithii and A. dasytachyum (Figs. 
1 B and 1C) were the dominants. On orphan sites grass cover was 
much greater on east than west facing slopes. Two grass species 
were important on the east aspect: Sitanion hystrix (Nutt.) J.G. 
Smith with highest cover of 7% in 031E, and Oryropsis hyme- 
noides(R. & S.) Ricker with highest cover of 4% in both 024E and 
018E. Hordeum jubatum L. was the most important species on the 
west aspect, with greatest cover of 8% in 018W. The most abund- 
ant grass species at the native sites were Elymus cinereus Scribn. & 
Merr. (10% on NE) and S. hystrix (3% on NW). 

The general pattern apparent from cover of shrubs at all the sites 
is that they increased with time on east facing aspects (Fig. 1E). 
What is not apparent from Fig. 1E is the shift in species composi- 
tion. The reclaimed sites had primarily the planted Atriplex canes- 
tens with some Artemisia tridentata. Chrysothamnus nauseosus 
was the most common dominant shrub in orphan spoil and varied 
from 1% cover on 031E to 29% on 024E, while A. tridentata 
varied from 0.1% on 024E to 21% on 031E. Only 024W among 
the west facing aspects of the orphan sites had any shrubs, C. 
nauseosus with 0.3% cover. Finally, shrub cover on both east and 
west facing aspects of the native sites was at least double that for 
respective aspects of reclaimed and orphan sites (Fig. 1E). The 
dominant shrubs of the east aspect were Symphorocarpus oreophi- 
lus Gray (31%) A. tridentata (18%) Amelanchior alnzfolia Nutt. 
(lo%), and Purshia tridentata Pursh (DC.) (5%). The west aspect 
was dominated by Artemisia arbuscula (26%). 

Percent total cover was higher on east than west facing aspects as 
would be expected (Fig. 1F). There was no trend of increased 
percent cover with time in the reclaimed sites, and the west facing 
orphan sites had lower total cover than reclaimed sites. The high 
cover on east facing orphan sites could be attributed to shrub 
colonization. Cover of the native sites was higher than that of the 
respective aspects of any of the mined sites. The cover of NE was 
greater than 100% due to layering of the shrub and grass canopies. 

There were no apparent trends in mycorrhizal root infection 
according to site age for either A. smithii or A. dasystachyum in the 
reclaimed sites (Fig. 2A and 2B). Infection of both was relatively 
high in the l-year-old topsoiled site (Tl), especially on west slopes. 
Neither time nor aspect appeared to change root infection in any 
predictable way on the mined sites. Root infection was, however, 
highest for A. dasystachyum on the native site, where it was not 
found on the transects but was collected at mid-slope. 

Percent VAM root infection of the shrubs tended to be lower on 
the younger (reclaimed) than the older (orphan and native) sites 
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Table 2. Percent VAM root infection of shrubs from mined end native 
sites. S q  reclaimed spoil, 0 = orphan site, N = native site, W = west facing 
slope, E = easy facing slope, numbers are age of site since reclamation or 
abandonment. 

Shrub species 

Atriplex cortexens 

Chrysothomnus nauseosus 

Artemisia tridentota 

A. tridentoto 
Artemisia orbusculo 

% infection (S.E.M.) Site 

7 (3) s3w 
10 (3) SW 

34 (4) OlOE 
50 (7) 018E 
30(11) 024E 
84 (4) 031E 

41 (3) OlOE 
60 (6) 018E 
32 (11) 024E 
54 (8) 031E 

78 (3) NE 

74 (1) NW 

(Table 2), but there were different shrub species on the different 
sites. 

The data on density of mycorrhizal spores show a trend in 
abundance according to substrate (Fig. 2C). Spore density is 
generally much lower in spoil (reclaimed or orphan) than in topsoil 
(reclaimed or native) sites. However, neither age nor aspect show 
any trends in spore counts. 

Multiple regressions are presented only for the spoil and topsoil 
reclaimed sites, as a regression including all the sites was con- 
founded by different treatments, substrates, and species. The coef- 
ficients entered into the following equations are each significant at 
P = 0.95: 

Reclaimed Topsoil (n=35) 
%AS = 36.75 + 2.78 TIME - 0.16 ASRT - 

4.70pH; R*=0.590, 
%AD = 17.98 - 0.26 ADRT, R*=O.123, 
Reclaimed Spoil (n=30) 
%AS = -15.07 + 6.10 TIME - 0.43 SPORE; 

R*=0.620, 
%AD = 
where 
%AS = 
%AD = 
TIME = 
ASRT = 

ADRT q  

pH = 
SPORE q  

-9.76 + 6.48 TIME; R*=O.718; 

% cover of A. smithii. 
% cover of A. dasystochyum, 
years since seeding, 
mycorrhizal root infection of 

A. smithii. 
root infection of A. dasystachyum. 
soil pH, 
density of mycorrhizal spores 

in soil. 

For both species TIME was the most frequent predictor of plant 
cover. There were only some weak negative, but no positive, rela- 
tionships of root infection or spore density to plant cover; pH was 
the only edaphic factor to appear in the equations, not surprising in 
a study which was designed to minimize differences in edaphic 
factors. 

Discussion 
There was no gradual increase in VAM spore numbers after the 

soil was disturbed by mining in this semiarid shrub-grassland, as 
was predicted for other sites (Janos 1980, Reeves et al. 1979). The 
density of VAM spores was always lower in spoil than topsoil 
regardless of age of the site. Age of a site could also not be used to 
predict the percent VAM root infection of the 2 most abundant 
grasses on the reclaimed sites, Agropyron smithii and A. dasysta- 
chyum, and percent root infection was not significantly correlated 

with percent cover of these grasses. Only the native sites had higher 
percent infection of grasses, as well as shrubs, than any of the 
reclaimed sites. Other factors besides time may be important in 
determining root infection and spore numbers, such as soil fertility, 
organic matter, and texture (Allen and Allen 1980), patterns of 
migration of spores by wind in these complex terrains (Warner 
1985), and production of infective propagules (spores, vesicles, and 
hyphae) by neighboring species (Miller et al. 1983, Allen and 
MacMahon 1985). The results may be due in part to the “pseu- 
doreplicated”design. For instance, low spore counts and low plant 
cover in T6E may have been caused by failure of seeding equip- 
ment, as some drill rows clearly had no seeded vegetation. In spite 
of these variables, 2 general conclusions regarding VAM can be 
made. The kind of substrate appeared to be more important than 
time in determining conditions for spore inoculum during the 
initial 3 1 years, and low spore numbers in spoil did not result in 
lower infection of the Agropyron species than in topsoil. 

Another way to examine the relationship of VAM to succession 
is to divide the plants into functional groups as suggested by Janos 
(1980). The early successional species were predominantly annual 
members of the Chenopodiaceae and Brassicaceae, which do not 
form mycorrhizae (Pendleton and Smith 1983). The Agropyron 
species are mid to late seral and formed moderate levels of infec- 
tion, both where they had been planted and colonized naturally on 
mine spoil. The shrubs tended to have greater infection than co- 
occurring grasses with the exception of Atriplex canescens. To 
make any further conclusions from these observations, physologi- 
cal studies which show effects of VAM on these species in these 
soils would need to be done, and rates of VAM root infection with 
different soil inoculum levels would need to be assessed. These 
studies would provide the basis for a mechanistic understanding of 
the processes involved in plant and VAM establishment during 
succession. The initial establishment phase of succession is the 
most critical in arid lands, where there are few seral stages (Mac- 
Mahon 1981). Once establishment of VAM has occurred, the 
substrate may be more important than time in determining the 
continued successional development of VAM. 
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Nutrient Composition of Spotted Knapweed (Centaurea 
maculosa) 
RICK G. KELSEY AND ROBERT D. MIHALOVICH 

AbStrpCt 

Spotted knapweed (Centcuea maculosa Lam.) is a noxious 
plant that has invaded many native ranges and open woodlands of 
western Montana. Knapweed is generally considered to have a low 
palatability to domestic Uvestock and wildlife, but local ranchers 
have observed sheep, goats, and some cattle ingesting large quanti- 
ties of fresh knapweed during the spring and knapweed silage and 
hay during the winter. Nutrfent annlysfs of plants collected prior to 
flowering showed neutral detergent fiber at 24.2 to 53.0% (dry wt.), 
ether extract 3.1 to 9.05& crude protein 6.2 to l&2%, total non- 
structural carbohydrates 11.0 to 27.5% ash 4.9 to 9.31, in vitro dry 
matter digestibility 53.2 to 61.8%, and gross energy 4,088 to 4,539 
Cal/g. Crude protein and nonstructural carbohydrates were most 
concentrated during the spring growth period when stems were 
developing. As the stems matured during summer they became 
more fibrous resulting in lower protein and carbohydrate levels. 
Just prior to flowering, tall plants with stems approaching 1 m had 
significantly higher fiber, but lower ether extract, carbohydrates, 
and in vitro dry matter digestibility than plants with stems less than 
0.5 m. Crude protein, ash, and gross energy were the same for both 
groups. It was concluded that spotted knapweed does have some 
nutritional value as a livestock forage. Spring graxing of knapweed 
or harvesting for a wfnter forage may be useful in the control of this 
noxious plant. 

Key words: Centaurea maculosa Lam., weed control, noxious 
plants, neutral detergent fiber, crude protein, total nonstructural 
carbohydrates, in vitro digestibility. 

Spotted knapweed (Centuurea maculosa Lam.) is a Eurasian 
native found in most northern U.S. states and provinces of Canada 
(Reed and Hughes 1970, Moore 1972, Watson and Renney 1974). 
Introduced to the Pacific Northwest region around the turn of the 
century, Maddox (1979) estimated 842,000 ha of spotted knap- 
weed in the 3 states of Montana, Idaho, and Washington. Over 
800,000 ha occur in western Montana and it is spreading at an 
annual rate of approximately 27.4% (Lacey 1983). Initially consi- 
dered only a rangeland problem, it is aggressively penetrating 
openings in forest habitats (Spoon et al. 1983). 

As the density of knapweed increases, the productivity of the 
desirable forage plants decreases drastically, 40-80% or greater 
(Watson and Renney 1974, Harris and Cranston 1979, Maddox 
1979). Annual revenue losses in Montana from the current level of 
infestation are estimated at $4.5 million (French and Lacey 1983). 
On forested land the infestation is beginning to affect the growth 
and survival of shrubs and young trees (Spoon et al. 1983). Dense 
stands lower the recreational quality of a site and they detract from 
the aesthetics, particularly along forest roads and trails. 

Livestock consumption of spotted knapweed has been consi- 
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dered minimal, especially mature plants because of their high fiber 
content and low nutritive value (Watson and Renney 1974, Mad- 
dox 1979, Strang et al. 1979). In 1983, Cox reported sheep eating 
large quantities of knapweed in the spring and early summer when 
the plants are succulent and actively growing. Not only did sheep 
eat it, but they preferentially selected the knapweed over grasses as 
long as the knapweed was abundant. Spoon et al. (1979) concluded 
that sheep prefer knapweed and that goats eat it along with other 
forage. They also reported significant early/mid season use by 
some cattle in western Montana. This raised questions about 
knapweed’s nutritional content. In this paper we report selected 
nutrient components of spotted knapweed from populations in 
western Montana. 

Methods and Materials 

1984 Plant Samples 
In 1984 plant samples were collected from 4 sites in the vicinity of 

Missoula, Mont. All were within Township 13 North and Range 19 
West. Site 1 was sampled on 31 May and 2 August. This population 
was located on a vacant lot surrounded by commercial property. 
The soil surface had an abundance of sawdust and woody residue. 
Plants were large with mature stems reaching 1.0-l 5 m in height. 
Because of slower growth, sites 2,3, and 4 were sampled initially on 
12 June and again on 2 August. These were more typical of range- 
land populations with mature stem heights ranging from 0.2 to 0.8 
m. Samples were sealed in plastic bags, and placed on ice for 
transport to the laboratory. Two different samples were collected 
at site 1 during August: regrowth from plants that had been mowed 
earlier in the year for silage and mature plants that had received no 
previous treatment. 

Solvent Extraction 
Fresh tissues from May/June collections were treated as fol- 

lows. Moisture content was measured in triplicate subsamples by 
oven drying at 100’ C. Three fresh samples, 50 g each, were 
extracted with 500 ml of solvent; the first was extracted with 
chloroform for 5 minutes, the second with 95% ethanol for 30 min, 
and the third with distilled water overnight (15 hr). They were 
air-dried after extraction. 

Several hundred grams of fresh tissue was placed in a 100“ C 
oven for 10 min to stop metabolic activity, then air-dried. Three 
air-dried samples from each site, with a dry weight equivalent to 50 
g of fresh tissue, were extracted like the fresh samples. A dried 
sample from each population was used as an unextracted control. 
All samples were ground to particle sizes specified for analysis, 
oven-dried (65” C), and sealed in screw cap vials until needed. 

Silage and Hay 
Approximately 180 kg of knapweed were cut with a mower at a 

site 1 on 31 May and again on 13 June 1984. The chopped tissue 
was packed into plastic bags and tightly sealed for ensilaging. On 2 
August a sample of each silage was air-dried and prepared like the 
other samples for analysis. Knapweed hay was obtained from a 
local rancher who had cut and baled the plants during the first 2 
weeks in August 1984. Random samples from 6 bales were ground 
and mixed into a single sample. 
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1985 Plant Samples 
Between 28 June and 2 July plant samples were collected from 2 

separate populations at each of 7 locations in western Montana 
(Somers, Polson, Missoula, Stevensville, Darby, Drummond, 
Superior). The first 5 sites were located along a north/south line 
approximately 175 miles long. Superior and Drummond were 50 
miles west and east of this line, respectively. The 2 populations at 
each location were selected by plant height, one representing tall 
plants with stems approaching 1 m and the other representing short 
plants with stems less than 0.5 m. In general the tall plants were 
growing on sites that had been rangeland, dry pasture, or grazeable 
woodlands, but where the soils had been severely disturbed by man 
and his activities, along the edge of gravel roads, and open lots 
associated with, or influenced by, commercial development. Short 
plants grew on rangelands and dry pasture where soils appeared 
less disturbed and possibly more harsh, hotter, drier, or with fewer 
nutrients in the soil. At each population 30 stems were measured 
for length; the nearest stem was measured every 30 cm along a 9-m 
line transect. For nutrient analysis 1 or more stems were clipped 
near ground level every 1.5 m along this same tape. In the short 
plant populations it was necessary to cut numerous plants at each 
point in order to obtain sufficient tissue. These stems were com- 
bined in a plastic bag and returned on ice to the laboratory. All 
plants were rinsed with cold water to remove loose dust, then 
clipped into small pieces and placed into a 100” C oven for 45 min. 
The tissue was transferred into paper bags to oven dry (65’ C). 
After grinding and redrying (65O C for 24 hr), samples were sealed 
in screw cap vials and stored in a desiccator until needed. 

Chemical Analysis 
The nutrient analysis included crude protein (% nitrogen by 

microKjeldah1 X 6.25), ether extract (4 hours extraction instead of 
16), ash, and gross energy as described by Harris (1970), neutral 
detergent fiber (Goering and Van Soest 1970), and total nonstruc- 
tural carbohydrates (dasilveira et al. 1978). Each composite sam- 
ple was analyzed in duplicate. For mineral analysis 0.5 g of 60 mesh 
tissue was ashed (500° C for 2.5 hr). After cooling, the ash was 
moistened with deionized water, covered with 10 ml of aqueous 
HCl(1: l), and gently boiled to reduce the volume about one-half. 
This was diluted to 50 ml and analyzed by inductively coupled 
plasma spectroscopy using a Jarrell-Ash AtomComp Model 865. 
Dry matter digestibility was determined in triplicate using Barnes 

modification of the Tilley and Terry technique (Harris 1970). 
Cnicin, a bitter tasting sesquiterpene lactone located in glandular 
t&homes on the epidermal surface of spotted knapweed, was 
quantified by high performance liquid chromatography (Mar- 
chand et al. 1983, Locken and Kelsey in press). 

Data Analysis 
Data for spring vs. summer plants in 1984 and tall vs. short 

plants in 1985 were analyzed by a one-way analysis of variance. 
Prior to analysis the percentage data were transformed to get 
homogeneity in variances. 

Results 
In the spring of 1984 when the stems of spotted knapweed were 

succulent and actively growing, the nutrient content of this tissue 
was comparable to native forage plants and appears adequate to 
meet livestock needs (Table 1) (Ensminger and Olentine 1978). 
Plants from the 3 upland sites had 9-10s crude protein compared 
to 18.2% at site 1. Woody organic matter on the soil surface was 
apparently supplying nutrients for the latter. All of the other 
components were quite similar between the 4 populations. By early 
August, approximately 2 to 3 weeks after the onset of flowering, 
the fiber content had nearly doubled, causing decreases in all the 
other components, particularly the crude protein (Table 1). The 
ether extract was least affected, with increases at 2 sites. Gross 
energy was higher for all plants in the summer. Regrowth from 
plants cut in May/ June for silage was less fibrous and had lower 
cnicin concentrations compared to those left untreated. Protein 
and carbohydrates were slightly higher in the regrowth while ash 
and ether extractables were similar to the quantities in untreated 
plants. 

Solvent extractions had essentially the same effect on fresh and 
dried samples; therefore, only the data for dried tissues are pres- 
ented in Table 2. Chloroform and ethanol gave nearly identical 
results; they removed 50% or more of the ether extractables and 74 
to 90% of the cnicin, with almost no change in any of the other 
substituents (Tables 1 and 2). Chloroform was more efficient at 
removing cnicin. Water extracted soluble minerals and carbohy- 
drates, concentrating all of the other components in the tissue. 

Spring knapweed plants and the silage from site 1 had a chemical 
composition comparable to alfalfa silage and hay (Tables 1 and 3). 
The knapweed hay was very stemmy and fibrous, with a low 

Table 1. Nutrient composition and c&in concentrations of spotted knepweed collected at 4 sites in the Missoule valley during the spring and summer of 
1984. 

Sample description 

Neutral 
detergent 

fiber 
Ether 

extract 
Crude 
protein 

% Dry Weight 

Total 
nonstructural 
carbohydrates Ash Cnicin Other 

Gross 
energy 
(Wg) 

Site 1 
May 
Aug. untreated 
Aug. regrowth 

Sites 2-4 
June 

Aug. 

Mean 
May/ June 

Aug. 

24.2 
50.7 
33.3 

26.7 
(0.6)’ 

45.5 
(4.9) 

26.1 al 
(1.3) 
46.8b 
(4.8) 

3.1 
3.7 
3.4 

(Z) 

(E) 

5.Oa 
(1.9) 
4.2a 

(0.8) 

18.2 
9.4 

13.4 

9.2 
(0.4) 
(E) 

11.5a 
(4.5) 
6.2a 

(2.1) 

24.9 
16.7 
18.7 

25.4 
(1.8) 
19.0 
(1.1) 

25.3a 
(1.5) 
18.5b 
(1.5) 

9.3 
5.2 
5.7 

;7s, 

5.2 
(0.3) 

8.la 
(0.9) 
5.2b 
(0.2) 

0.53 19.8 
0.68 13.6 
0.41 25.1 

1.18 24. I 
(0.54) (2.5) 
0.54 20.2 

(0.08) (4.2) 

I .02a 23.0a 
(0.55) (3.0) 
0.58a 18.6a 

(0.09) (4.7) 

4093 
4436 
4362 

4195 
(61) 

4332 
(25) 

4170a 
(72) 

4358b 
(56) 

‘Standard deviation. 
Means followed by the same letter are not significantly different at the 0.05 level of probability. 
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Tabk 2. Nutrient composition and cnicin concentrations for spotted knapweed colkcted in the spring of 1984 and subjected to various solvent extractiom. 

Sample 
treatment 

5 min. CHCls 
Site 1 
Sites 2-4 

30 min. EtOH 
Site 1 
Sites 2-4 

overnight HsO 
Site 1 
Sites 2-4 

Neutral 
detergent 

fiber 

22.6 
28.8 
(0.8) 

24.2 
28.6 
(1.8) 

33.6 
38.9 
(2.0) 

Ether 
extract 

1.9 

(i::) 

1.9 
(Z) 

4.7 
(G) 

Crude 
protein 

19.5 

(k& 

19.4 

(09;” 

21.6 
10.9 
(0.7) 

% Dry Weight 
Total 

nonstructural 
carbohydrates 

23.5 
25.0 
(2.4) 

23.1 
25.7 
(0.6) 

12.9 
18.8 
(3.7) 

Ash 

9.8 

(::8) 

9.6 
8.1 

(0.6) 

5.0 

($ 

Cnicin 

0.00’ 
0.13 
(0.08) 

0.11 
0.30 
(0.17) 

0.71 
1.30 

(0.41) 

Other 

22.7 
26.9 
(2.3) 

21.7 
25.3 
(1.4) 

21.5 
19.8 
(3.2) 

rBelow detection limit. 

Table 3. Nutrient composition of spotted knapweed sikge cut May and June, and knapweed hey cut Aug. 1984. 

Sample 
treatment 

May silage 

June silage 

Aug. hay 
Alfalfa silagel 

Alfalfa hay’ 

Neutral 
detergent 

fiber 

23.4 

30.0 

56.1 
52.3 

47.5 

Ether Crude 
extract protein 

4.9 19.6 

3.5 16.5 

1.8 5.7 
3.7 17.3 

2.6 17.6 

% Dry Weight 
Total 

nonstructural 
carbohydrates 

9.3 

11.2 

11.0 
- 

- 

Ash 

10.2 

8.7 

4.2 
8.9 

9.0 

Cnicin 

0.20 

0.32 

0.23 

- 

Other 

32.4 

29.8 

21.0 
- 

- 

rEnsminger and Olentine 1978. 

protein content. It should be noted that the objective for cutting 
these plants was to prevent seed dispersal and not to make hay, 

vitro dry matter digestibility was acceptable at 56.6% when aver- 

consequently it was cut after its nutritional prime. A higher quality 
aged for all populations. The tall plants were consistently less 

hay could have been obtained by cutting earlier in the season. 
digestible (54.6%) than the short plants (58.5%). The 1985 samples 
had a composition similar to those in 1984. 

In 1985 the knapweed plants were sampled in the bud stage just 
prior to flowering. Tall and short plants differed in their nutrient 
composition (Table 4). Tall plants contained significantly more 
fiber, but less ether extract, carbohydrates, and unknown or other 
substances. Crude protein did not differ between tall and short 
plants and there was no consistent trends for ash or gross energy. 
Tall plants had a slightly lower mineral content for all elements 
except K, with Ca, Al, and Si being significantly lower (Table 5). In 

Discussion 
The forage value of spotted knapweed for livestock has been 

considered minimal because of poor nutritive quality and high 
fiber content (Watson and Renney 1974, Maddox 1979). Our 
analysis indicates that spotted knapweed is not lacking in nutri- 
tional quality during the spring, when livestock are most willing to 
graze it (Cox 1983, Spoon et al. 1983). 

Table 4. Nutrient composition of tall and short spotted knapweed pknts eolkcted at 7 locations in western Montane during summer, 1985. 

% Dry Weight 
Stem length Neutral 

Plant (centimeters) detergent Ether Crude 
size Mean Range fiber protein extract TNC’ 

Tall 93a2 36-134 50.6a 
(4’2 

9.9a 13.la 
(12)’ (14X15) (2.2) (1.8) (1.7) 

Short 22b 8- 43 36.lb 7.lb 8.6a 15.6b 
(5) (4) (9) (3.6) (1.2) (2.3) (0.8) 

All 
(Z, 

22- 89 43.3 
fiT3, & 

14.4 
(18x49) (8.0) (1.8) 

‘Total nonstructural carbohydrates. 
*Means followed by the same letter are not significantly different at the 0.05 level of probability. 
‘Standard deviation. 

Ash 

6.3a 
(0.8) 
6.6a 
(1.0) 

Other 

15.4a 
(2.5) 
26.0b 
(4.3) 
20.7 
(6.5) 

Di est- 
ibi lty f 

54.6a 
(1.0) 
58.5b 
(2.2) 
56.6 
(2.6) 

Gross 
energy 
(Wg) 

4318a 
(109) 
4369a 

(92) 
4344 
(1W 
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Table 5. The mineral composition of tall and short spotted knapweed plants collected at seven locations in western Montana during summer, 1985. 

% Dry Weight Ppml 

Plant size Ca Mg P K Al B Cu Fe Mn MO Si Na Ti Zn 

Tall O&tar 0.14a 0.17a 2.18a 92a 28.Oa 7.0a l21Sa 19.la 0.4a 318a l7a 4.0a 13.5a 
(0.17)) (0.04) (0.04) (0.27) (35) (15.4) (2.1) (41.9) (5.1) (0.2) (60) (8) (2.0) (2.0) 

Short l.13b 0.18a 0.21a 1.88a 165b 29.la 8.3a 183.4a 48.9a 1.2a 457b 25a 7.8a 15.9a 
(0.17) (0.04) (0.04) (0.34) (89) (15.9) (4.8) (81.4) (36.8) (1.0) (138) (14) (5.0) (5.1) 

All 0.99 0.16 0.19 2.03 128 28.8 7.6 152.5 34.0 0.8 388 
(0.22) (0.04) (0.04) (0.34) (75) (15.1) (3.6) (70.0) (29.6) (0.8) (125) (::) 

Cd, Co, and Hg averaged less than 1.0 ppm in both tall and short plants. 
*Means followed bv the same letter are not sianiticantly different at the 0.05 level of probability. 
aStandard deviation. 

Tall plants had significantly more fiber and less ether extract, 
nonstructural carbohydrates and miscellaneous components (Table 
4). There was no difference between tall and short plants for crude 
protein, ash, or gross energy. Mineral content and digestibility 
were lower in the tall plants (Table S), but the differences are of no 
major consequence. 

The leaves of spotted knapweed contain the bitter tasting ses- 
quiterpene lactone, cnicin, (Politis 1946a, Politis 1946b, Wagner 
1977, Muir and Majak 1983, Locken and Kelsey in press, Kelsey 
and Locken 1987) that could decrease palatability relative to other 
plants. In the combined aerial tissues cnicin concentrations are 
lowest in the spring (0.5% dry wt.) and reach a maximum (1.0%) 
around flowering in July (Locken and Kelsey in press). Interest- 
ingly, the flower heads of knapweed contain only trace quantities 
of cnicin, and these structures are selectively eaten by most live- 
stock and wildlife (Watson and Renney 1974, Spoon et all. 1983, 
Bucher 19j84). Bitter tasting lactones in other plant species inhibit 
feeding by mammalian herbivores (Burnett et al. 1977, 1978; 
Mabry and Gill 1979). Sesquiterpene lactones in Russian knap- 
weed (C. repens L.) and yellow star thistle (C. solstitiulis L.) are the 
suspected cause of equine nigropallidal encephalomalacia in 
horses that have ingested large quantities of these plants for pro- 
longed periods (Cordy 1978, Stevens 1982, Stevens and Merrill 
1985). To our knowledge there have been no reports of any live- 
stock poisoning from spotted knapweed in Montana or Canada 
(Watson and Renney 1974). 

Cnicin concentrations in fresh or dry spotted knapweed tissues 
can be greatly reduced by extraction for short periods with organic 
solvents without damaging the nutritional composition of the 
extracted residue (Tables 1 and 2). Water extraction removed 
carbohydrates and minerals, concentrating the cnicin, crude pro- 
tein, and fiber in the residue. Ensilaging decreased the cnicin 
concentration by about 50% (Tables 1 and 3). Plants that had 
regrown after cutting also had a lower cnicin content (Table 1). 
Except for ensilaging, any treatment to remove cnicin would be 
expensive and probably unnecessary since animals have been 
observed eating immature plants, knapweed silage, and hay. 

Our data indicate there is certainly no nutritional reason to 
restrict animals’consumption of spotted knapweed prior to flower- 
ing. Grazing should be encouraged, because it not only reduces 
forage loss, but can simultaneously decrease knapweed’s size and 
seed production (authors’ personal observations). Cox (1983) has 
reported near elimination of knapweed seed production on pas- 
tures once densely covered with knapweed, and the associated 
grasses have not been overgrazed in the process. This was achieved 
by allowing the sheep to selectively graze the knapweed in the 
spring and early summer, then removing them before they heavily 
grazed the grasses. A second grazing period was required in August 
to remove the knapweed regrowth (Cox, personal communica- 
tion). We examined Cox’s pastures in September, after a summer 
of sheep grazing, and found small plants with only a few flowers 
being produced. The impact of grazing on spotted knapweed needs 
to be quantified with controlled experiments. 
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Observations indicate that livestock will eat knapweed silage 
and hay during winter. In a preliminary experiment the silage 
prepared in this study was fed to 2 cows in December 1984. Initially 
they were offered a choice of knapweed silage, and hay with some 
silage mixed in. By the fourth day both animals were freely eating 
the silage. In another preliminary trial, a farm flock of Suffolk ewes 
ate the silage, in place of hay, when offered the first day. At a later 
date they also ate, without hesitation, the unused portions of the 
knapweed hay sampled for analysis (Table 3). Local individuals 
have provided additional observations of knapweed being used as 
forage. A dairyman reported that his cows like fresh chopped 
knapweed prior to bloom, and grass/ knapweed silage caused no 
changes in milk production. Dried knapweed has been fed to goats 
in large quantities during winter without ill effects (Gisselbeck, 
personal communication). There were also reports that the knap- 
weed hay we analyzed was being fed to cattle. Although further 
research is essential to measure animal performance, these obser- 
vations do indicate that most livestock will eat knapweed silage 
and hay during the winter. 

Cutting knapweed prior to flowering should produce a nutri- 
tionally acceptable silage or hay and there will be no seeds. Hay 
containing knapweed could be certified as seed free if cut prior to 
flowering, but to avoid accidental spread it should be used on site, 
or confined within infested areas. Harvesting knapweed can also 
impact its seed production. Watson and Renney (1974) found that 
a single mowing at bud, or flowering, stages greatly reduced the 
number of seed-producing plants, and decreased the viability of the 
seeds that formed. 

We want to emphasize that being able to utilize spotted knap- 
weed as forage or feed for livestock does not make the plant 
desirable; it is still noxious, and should be treated as such. Grazing 
or harvesting knapweed for forage may provide an economically 
acceptable method of managing the plants because it can reduce 
plant size and decrease seed production. It can also be imple- 
mented immediately with minimal costs to most land owners. 
Utilization is not a solution, but an alternative that may be used by 
some individuals, where feasible, until economically acceptable 
controls can be developed. 
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Technical Notes 

A Temporary Esophageal Cannula that Prevents Fistula 
Contraction during Extrusa Collections 
KC. OLSON AND J.C. MALECHEK 

Contraction of fistulae during sample collections is a chronic 
problem experienced by researchers using animals that are eso- 
phageally fistulated (Chapman 1964, Little and Takke” 1970, 
Anderson and Mertz 1982, Walker et al. 1985). The reduction of 
the fistula diameter makes replacement of a closure plug or can- 
nula difficult for the researcher and painful for the animal. This 
difficulty can contribute to animal behavioral problems that can 
compromise the validity of the sampling technique. Modified fis- 
tula plugs (Walker et al. 1985), permanent cannulae (Anderson et 
al. 1985), and surgical procedures (Chapman 1964, Little and 
Takken 1970) have been developed to overcome this problem. I” 
our experience, these have met with limited success. This paper 
describes a temporary cannula that is inserted during periods when 
extrusa is being collected to prevent fistula contraction beyond the 
diameter of the cannula. 

Materials and Methods 
Construction 

The cannula was constructed of thin-wall (0.05 in.) stainless steel 
tubing and a round plate (about 3 in. diameter by 0.05 in. thick- 
ness) with a round hole in the center (about I.75 in. diameter) 
welded together in the configuration shown in Figure I, Thickness 

Fig. 1. The esophageal cannulo for ure during exfrwa eolleerions. 

of the materials was minimized to reduce weight. Two small rings 
(about 0.5 in. diameter) were welded on opposite sides of the plate 
as anchor points for elastic tubing used to encircle the animal’s 
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neck and hold the cannula in place (Fig. 2). Actual size of the rings 
was unimportant, as long as the elastic tubing could be readily tied 
into them. The plate was slightly concave (approximately loo, 
Figure 3) to allow a snug fit into the ventral groove of the neck. 

A schematic drawing is provided (Fig. 3), with dimensions that 
we used with cattle. Dimensions are given in inches because the 
English system of measurement is the standard used by machinists 
and because stock materials are typically supplied only in English 
units in the United States. The size described in Figure 3 was 
appropriate for cattle weighing approximately 250 kg. The dimen- 
sions are provided as guidelines, and should be adjusted to meet a 
specific researcher’s needs. They will need to be adjusted for the 
diameter and thickness of the fistula lumen, as a function of animal 
size and type of fistula plug used. We used the type of plug des- 
cribed by Denney (1981), but of a size appropriate for cattle. The 
outside diameter of the steel tubing of the cannula and of the fistula 
plug should be equal. 

The current cost of materials was approximately $2.50 per can- 
nula, while labor costs were approximately $20.00 per unit. 

Attachment 
Immediately prior to attachment of the extrusa collection bag, 

the steel tubing portion of the cannula was inserted into the lumen 
of the fistula until the plate portion was snug against the animal’s 
neck. The elastic tubing was then wrapped once around the anim- 
al’s neck, pulled until it was stretched tight, and tied into the second 
ring (Fig. 2). Excess elastic tubing was simply allowed to hang in 
the collection bag. To expedite removal of the cannula following a 
sample collection, the short end of the elastic tubing was cut at the 
knot with a sharp pen knife. 

Prevention of Fistula Contraction 
The ability of the cannula to prevent fistula contraction was 

tested with 20 heifers over a 2-year period (10 in each year). Extrusa 
collections were made with all animals with and without the device 
to compare amount of contraction under each circumstance. All 
collection periods ranged from 45 to 60 minutes in length. Time 
required to fill the collection bag determined the length of the 
collection period. The degree of contraction during the collection 
period was qualitatively judged by the senior author, and was 
based on a comparison of the physical effort required to push the 
plug back into the fistula after collections with and without the 
cannula. Animal reactions indicating pain or discomfort as the 
plug was replaced were also observed. 

Discussion 
The use of this cannula made a marked improvement in ease of 

replacing fistula plugs after collections. Fistula contraction occurred 
to varying degrees with all animals when the cannula was not used. 
Effort required to replace the fistula plug after collections without 
the cannula ranged from moderate to extremely hard. Discomfort 
of the animal was noted in all these cases, with animal reaction 
ranging from pulling back on the rope to jumping about violently. 
Use of the cannula essentially eliminated contraction of the fistula. 
Effort required to replace the fistula plug was minimal, and was the 
same as if it had only been taken out for a minute or so to inspect 
the health of the fistula. No signs sf animal discomfort were noted. 

A second possible benefit from using this cannula is increased 
probability of making total quantitative collections of extrusa. If a 
researcher desires to measure bite size or ingestion rate by the 
methods of Chacon et al. (1976), use of this cannula should help to 
make the fistula lumen the path of least resistance for boli, poten- 
tially eliminating the need for sponge plugs to occlude the esopha- 
gus. This would be an advantage because we and others (Jamieson 
and Hodgson 1979) have noted that sponge plugs create behavioral 
problems. We did not test the ability of the cannula to improve the 
probability of making total collections of extrusa. 
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The Use of a Portable Computer for Real-time Recording of 
Observations of Grazing Behavior in the Field 
MONTAGUE W. DEMMENT AND GREGORY B. GREENWOOD 

Abstract 

A real-time system for recording grazing behavior in the field is described. 
A NEC 8201a portable computer wes programmed to aiiow the incidence, 
duration, and sequence of behaviors to be recorded. This system was used 
in the field to record bites, chews, steps, and swaiiows of grazing cattie. 
Data files were analyzed to determine biting, stepping, and swallowing 
rates as weii as bites per feeding station. Durations of ail activities ten be 
summarized. This system permits the observer to record accurately feeding 
behavior and reduce &niflcantiy the time and cost of processing data. 

Ingestive behavior has recently received attention because of a 
growing appreciation of the complexities of the relationship 
between the animal and its food supply (Hodgson 1985). Simple 
measures of the sward or characterizations of forage-on-offer 
explain only part of the link between plant and animal production. 
Additional behavioral information is needed to link the animal and 
its food supply. This approach requires the detailed and accurate 
recording of behavior. 

Observers, limited by recording techniques, frequently tally 
behaviors over a prescribed period (Hodgson 1982) or record 
activity by scan samples (Altmann 1974). These data lose the 
sequence of behavior and suffer from the problems of frequency 
measures (discussed by Altmann 1974). Furthermore, because 
more than one behavior (e.g., bites or steps) can rarely be recorded 
simultaneously by one observer, these data cannot be used to 
examine accurately the relationship between behavioral measures. 
If observers attempt to record sequential data by hand, they gener- 
ate long data sheets that require extensive data entry. We report on 
an ecoding system to record behaviors rapidly from observation in 
a form that can be directly transferred to a minicomputer. 

Methods 
A portable lap-top computer (NEC 82Ola), equipped with 40 K 

RAM, was affixed to a metal plate. In order to adapt the computer 
for field use, shoulder straps were attached to the plate to allow 
typing by a standing observer. Software for data entry was written 
in Nss-BASIC. A cassette tape recorder was used to store files in the 
field:Data were dumped from the tape recorder through the NEC 
to our Digital Equipment minicomputer (PDP 1 l-34) and sum- 
marized by programs written specifically to analyze these files. 

Data Entry and Analysis 
Data format follows the general form employed by Stephenson 

and Roberts (1977).A line starter key is typed to capture the time 
for the onset, termination, or incidence of a behavior. Line starters 
are a set of keys (any symbol, letter, or number can be chosen in the 
program) which start a new line. The time is captured and entered 
automatically at the beginning of that record (Table 1). All key- 
strokes entered after a line starter and before the next line starter 
bedome part of the record of the last line starter. For example, in 
our data the symbols for a bolus swallowed (during esophageal 
fistula collections) and steps are line starters (Table 1). Bites are not 
line starters and for each bite the key is typed once. To calculate the 
duration of time at a feeding station (Ruyle and Dwyer 1985), one 
subtracts the time between steps where bites occur. To determine 
the number of bites per feeding station, bites between sequential 
steps are counted. 

Authors are assistant professor and graduate fellow, Department of Agronomy and 
Range Science, University of California, Davis 95616. 
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Table 1. Printout of a typical record of a steer grazing a ryegrass pasture. 
each time count is .l sec. 

Time 
Count Code Translation: 

0 !D860516 
0 !Ti45041 

125 !A22 
315 <FFFFFFFFFFF 
584 / FFFFFF 

687 1 FFFFF 
770 +FFFF 
857 / FFFFFFF 
978 /FFF 

1041 *up 
1058 *F 
1153 +FFF 
1286 *up 
1399 * 
1411 +FF 
1424 / FFFFF 
1490 *UP 
1562 *FFFFF 
1618 / FFF 
1711 / FFFFFFFF 
1800 !Ci 
1867 IF 
1888 +FFFFF 
1971 / FFFFFFF 
2134 + 
2138 / FFFFF 
2262 *up 
2479 * 
2483 /FFF 
2573 /FFF 
2722 > 

DATE: 5-16-86 
TIME: 14~50~41 
animal #22 
begin record, bites 13 
step, 6 bites, new feeding station 

W’9 
step 5 bites, new FS 
bolus swallowed, 4, bites 
step, 7 bites, new FS 
step, 3 bites, new FS 
head up 
head down, 1 bite 
bolus swallowed, 3 bites 
head up 
head down 
bolus swallowed, 2 bites 
step, 5 bites, new FS 
head up 
head down, 5 bites 
step, 3 bites, new FS 

comment 1 on voice tape 
. 
. 
. 
. 
. 
. 
. 
. 
. 
end data file 

Some behaviors have a duration too short for analysis of dura- 
tion such as bites, steps, and chews. These behaviors are referred to 
as instantaneous and are counted for calculation of their rates. 
Longer behaviors can have their duration terminated in 2 ways. 
First, behaviors can begin with a “+“and end with a “-“line starter. 
Second, some behaviors are always mutually exclusive such as 
moving and lying. The onset of a movement will always terminate a 
rest. Programs processing these data can determine the end of an 
activity based on a matrix of mutually exclusive behaviors. 

Some line starters are used to enter data about the context of the 
file or record. A particular line starter symbol is used to enter the 
date, subject animal, treatment, and time period. The program 
automatically captures the time of day from the computer clock at 
the beginning of the data collection period. Because the computer 
clock is accurate only to within 1.5 seconds, a timing loop was 
written in the data entry program to allow accuracy to within. 1 sec. 
While accuracy of the clock time does not represent a major error 
when the duration of a behavior is long, larger errors are generated 
when recording common behaviors of short duration. To deter- 
mine the duration of a behavior, the time count from the line of the 
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onset of the behavior is subtracted from the count of the termina- 
tion line. Other external information can be entered such as pause 
in data collection, weather information, location of other animals, 
observer disturbance of the experimental animal, or other com- 
ments of interest (Table 1). 

While data entry occurs on the computer, we have employed a 
cassette tape recorder to record a verbal record of the data collec- 
tion code. This recording provides a backup which, if necessary, 
can be played and reentered into the computer. This recording is 
also useful to enter comments, ideas, and observations outside the 
framework of the code. Indications of particular comments on the 
cassette tape can be entered into the computer encoding sequence 
by use of the appropriate line starter (Table 1). The recording also 
serves as a check of the accuracy of the encoded behavioral 
sequence. Listening to the tape while reading the computer print- 
out of the file permits errors to be identified and subsequently 
edited. 

Our data recording format is one of a number of possible codes. 
The format is designed to be flexible and could be used for scan as 
well as focal samples of behavior. New analysis programs for other 
types of data would be required, but for most cases these are not 
complex. 

Our analysis program for these files calculates the following: (1) 
total steps in the file, (2) bites/step, average and variance, (3) 
chews/step, average and variance, (4) total bites, (5) total chews, 
(6) frequency distribution of bites/ step, (7) frequency distribution 
of bites/feeding station. 

Discussion 

Two problems arose in the use of the NEC computer. Direct 
sunlight in combination with high ambient temperatures often 
caused the liquid crystal display to cease functioning. However, 
while the observer could no longer read on the screen what was 

typed on the computer, the data entry still occurred. This problem 
should be of little consequence for the trained observer, who 
seldom looks at the display while recording data. The second 
problem is a lack of memory capacity. Although the data collection 
program produces machine language files, which occupy less 
memory than text files, memory capacity is limited to approxi- 
mately 30-45 min data collection. Frequent dumping of files onto a 
cassette tape is required. This procedure is time consuming and 
inconvenient if frequent or continuous sampling is the goal. A new 
disk system, recently available for the NEC, which produces PC 
compatible files greatly reduces this problem. 

The NEC, while having some drawbacks as mentioned above, 
does have the advantage of being relatively inexpensive when 
compared to other portable real-time data recorders. The NEC at 
approximately $350 is several thousand dollars cheaper than other 
systems. These systems include data analysis programs in the field 
unit. While this may be attractive in some instances, it makes the 
loss of a unit quite costly. Our development approach has been to 
try to reduce the cost of the field units as much as possible and put 
the costly components in the central computer. 
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Effect of Hydroelutriation on Nonstructural Carbohydrates 
in Fibrous Roots 
TONY SVKJCAR AND SCOTT CHRISTIANSEN 

Abstract 

Hydroelutriation can reduce the time required to remove roots from soil 
cores relative to conventional washing methods. However, method of 
washing may affect subsequent chemical analysis. We compared a hydro- 
elutriation metbod to dry, hand cleaning of roots for subsequent carbohy- 
drate content of root tissue. Fibrous roots of winter wheat (Triticum 
aestivum L.), johnsongrass (Sorghum hakpense (L.) Pers.), Caucasian 
bluestem (Bothriochloa caucashx (Trin.) C.E. Hubb.), and little bluestem 
(Schizachyrium scopariwn (Michx.) Nash) were collected on 8 March and 
25 May 1985. Roots were analyzed for both soluble carbohydrates and 
total nonstructural carbohydrates (TNC). Soluble carbohydrates were 
extracted using 2.5 mM HBO4; the TNC extraction included a 24-h incu- 
bation with amyloglucosidase at SIP C in addition to weak acid hydrolysis. 
There were no signiticant differences (p>.OS) between cleaning procedures 
for any of the species on the fist sampling date, and only Caucasian 
bluestem roots were significantly affected (K.05) by cleaning procedure 
the second date. Hydroelutriation washing resulted in a 15% reduction in 
both soluble carbohydrates and TNC in Caucasian bluestem roots relative 
to dry, hand cleaning. In general, loss of nonstructural carbohydrates from 
washed fibrous roots was not a major concern in the 4 species we tested. 
However, in specific instances It may be necessary to use a correction factor 
to account for loss of chemical constituents when using hydroelutriation 
methods. 

Key words: hydropneumatic elutrtatton, wheat, perennial grasses 
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In general, research on root systems has lagged behind that for 
aboveground plant parts (Bijhm 1979). Difficulty of separating 
roots from soil limits feasibility of root research in many cases. 
However, a hydroelutriation method that speeds separation of 
roots from soil was described by Smucker et al. (1982), and a 
commercially fabricated unit is currently available. Smucker et al. 
estimated that 2 people could process 72 soil cores (200 to 800 cc of 
soil volume) per hour with the hydroelutriation system, as 
oppposed to 12 soil cores per hour with hand washing. Each soil 
core may require up to 18 liters of water, and thus the potential for 
leaching of soluble components out of roots appeared to exist. The 
objective of this study was to determine how hydroelutriation 
compared with hand cleaning in subsequent analysis of soluble and 
total nonstructural carbohydrate (TNC). 

Materials and Methods 

The study was conducted at the USDA-ARS Forage and Live- 
stock Research Laboratory, 4 km west of El Reno, Okla. Soils on 
study sites were silt loams of either the Norge series (Udic Paleus- 
tolls) or the Dale series (Pachic Haplustolls). Fibrous roots of 
Caucasian bluestem (Borhriochloa cuucusica (Trin.) C.E. Hubb.), 
little bluestem (Schizuchrium scopurium (Michx.) Nash), john- 
songrass (Sorghum hulepense (L.) Pers.), and winter wheat (Triti- 
cum uestivum L. ‘TAM 101’) were collected on 8 March and 25 
May 1985. Samples of each species were selected at random from 8 
different locations in a field. Roots were excavated to a depth of 15 
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Table 1. Percent soluble and total nonstructural carbohydrates of fibrous roots which had been washed with a hydroelutriation system (W) or cleaned by 
hand (N). 

8 March 25 May 

Soluble Total Soluble Total 

Species N w N W N W N W 

-- _----~_-----_ 
Caucasian bluestem 7.7 f 0.6’ 7.9 f I.0 8.0 f I.1 8.3 f 1.3 3.9 f 0.5* 3.2 f 0.8 4.8 f 0.4* 4.1 f I.0 
Little bluestem 4.9 f 1.1 5.0 f 1.0 12.9 f 2.9 12.7 f 1.9 3.0 f 0.2 2.8 f 0.3 3.8 f 0.3 3.6 f 0.3 
Johnsongrass 1.7 f 1.0 1.8 f 1.1 1.9 f 0.7 2.1 f 0.5 3.4 f I.1 3.1 f 1.2 5.9 f 0.8 5.3 f 1.2 
Wheat 3.0 f 1.1 2.8 f 0.7 3.0 f 1.0 2.9 f 0.7 0.3 f 0.3 0.4 f 0.4 1.7 f 0.2 I.5 f 0.8 

‘Mean f standard deviation (n=8) 
*Method of cleaning had a significant effect QK.05). 

cm with a shovel, thus no specific volume of soil was collected. In 
all cases we collected roots attached to shoots to ensure proper 
species identification. Each sample was divided and a subsample 
washed for 8 minutes in a hydroelutriation system (Gillison’s Inc., 
Benzonia, Mich.)‘. Remaining subsamples were handled as fol- 
lows: soil and roots were spread on a tray and roots removed with 
tweezers. Clay content of the soil was such that wet soil could not 
be easily removed with brushes so roots were placed in a micro- 
wave for 30 s to dry remaining soil, which could then be removed 
from roots with fine brushes. Water was not used during any phase 
of manual cleaning to ensure no leaching of soluble components 
occurred. All subsamples w-ere placed in a forced-air oven at SO0 C 
for 24 h and ground to pass through a l-mm screen in a Udy 
cyclone mill (Udy Corporation, Ft. Collins, Colo.). 

Extraction of soluble carbohydrates and TNC was accomp- 
lished by placing 100 mg of root sample in a 25-ml erlenmeyer 
flask, to which 10 ml of 2.5 mM HsS01 was added. Glucose 
standard solutions were prepared by diluting stock solutions to 
200, 400, 600, 800, 1,000, 1,200, and 1,400 mg/l with 2.5 mM 
H&O4 and placing 10 ml of each standard in an erlenmeyer flask 
without sample. Flasks were immersed in boiling water for 50 min, 
cooled in an ice bath, and 9 ml of 0.2 M acetate buffer (pH 4.4) was 
added to both standards and samples. All solutions were thor- 
oughly mixed before a 2-ml aliquot was pipetted from samples and 
standards for determination of soluble carbohydrates. These ali- 
quots were centrifuged, decanted into autosampling cuvettes, and 
held in the refrigerator. One milliliter of 0.5% amyloglucosidase 
was added to remaining samples and standards in erlenmeyer 
flasks before they were placed in a water bath (SO0 C) for a 24-h 
incubation period. Samples and standards were centrifuged and 
supernatants placed in autosampling cuvettes for determination of 
TNC. 

All analyses were conducted with a flow-injection analyzer 
(Quickchem System IV, Model 170, Lachat Chemicals Inc., 
Mequon, Wis.). The flow-injector consisted of an automatic sampler, 
a reagent manifold and proportioning pump to control mixing of 
reagents and flow rates respectively, and a calorimeter (which 
measured absorbance at 410 nm) interfaced to a programmer/- 
printer. We used the calorimetric reaction between p-hydro- 
xybenzoic acid hydrazide and the hydrolyzed reducing sugars to 
measure soluble carbohydrates and TNC from 45 p 1 volumes of 
samples and standards. A detailed account of the procedure, 
including reagent concentrations, tubing sizes, flow rates, and 
programmed input parameters is presented in Trent and Christi- 
ansen (1986). Results were analyzed using paired-r comparisons 
for washing procedure by species, date, and carbohydrate compo- 
nent. 

Results and Discussion 

The 8 March sampling was nearly a month prior to initiation of 
aboveground growth for the warm-season species (Caucasian 

‘Mention of a trade name does not imply endorsement by the USDA. 
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bluestem, little bluestem, and johnsongrass), whereas winter wheat 
was actively growing. Initiation of root growth of perennial grass is 
generally associated with aboveground growth (Ares 1976, Cald- 
well et al. 198 l), thus it is unlikely that the warm-season species in 
our study had initiated root growth by 8 March. On the other hand, 
Gregory et al. (1978) found that winter wheat maintained active 
root growth until anthesis, which occurred at least a month after 
the 8 March sampling. There were no significant (JP.05) effects of 
washing method on soluble carbohydrates or TNC for any of the 
species on 8 March (Table 1). Late May is a period of active growth 
for the warm-season grasses and grain-filling in winter wheat. Root 
carbohydrate content of the 2 bunchgrasses (Caucasian bluestem 
and little bluestem) declined between early March and late May, 
presumably because carbohydrate was used to support root 
growth. There was a significant effect (K.05) of washing proce- 
dure of Caucasian bluestem, with hydroelutriation resulting in a 
15% reduction in soluble carbohydrate and TNC. The difference 
between methods for little bluestem was not significant (D.05). 
Without more extensive information on rooting habits and root 
anatomy, it is difficult to say why one species and not another was 
affected by hydroelutriation. The carbohydrate trend over time 
was opposite in johnsongrass relative to the bunchgrasses. The 
increase in carbohydrate level ofjohnsongrass roots between early 
March and late May occurred during a time when the thick rhi- 
zomes to which roots were attached declined from 50 to 60% TNC 
to 30 to 40% TNC (unpublished data). Thus, export of carbohy- 
drate from rhizomes to fibrous roots may account for the increase. 
In spite of the fact that roots were actively growing and carbohy- 
drate levels increasing, the difference between root washing proce- 
dures was not significant (D.05). Carbohydrate levels were very 
low in winter wheat in late May, probably because of the mobiliza- 
tion of reserves for grain-filling (Austin et al. 1977). Again, there 
were no signifiant effects (D.05) of washing procedure on car- 
bohydrate content. 

Loss of root carbohydrate resulting from hydroelutriation of 
soil cores can probably be accounted for in 2 ways: (1) carbohy- 
drate is leached from roots, or (2) root tips and newly formed roots 
(which are higher in carbohydrate content than suberized roots) 
are preferentially lost during the washing process. In the case of 
Caucasian bluestem on the second sampling, all of the loss in TNC 
can be accounted for by reduction of soluble carbohydrate; thus 
leaching would appear to be the primary cause of lowered TNC 
content. The hydroelutriation system recovers a high percentage 
(X5%) of washed roots (Smucker et al. 1982); however, we are not 
aware of any information concerning the nature of roots which are 
lost during washing. Root anatomy and growth phase will pro- 
bably affect potential leaching of carbohydrate and loss of fine 
roots; however, in the 4 species we studied, the difference in car- 
bohydrate content between hand cleaning and hydroelutriation 
was at most 15%. For root systems subject to loss of carbohydrate a 
correction factor may be in order when roots washed with a hydro- 
elutriation are used for carbohydrate analysis. 
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Book Reviews 
Wildflowers of the Canadian Rockies. 1986. George W. 

Scatter and Halle Flygare. Hurtig Publishers, Ltd. 10560- 
105 Street, Edmonton, Canada, T5H 2W7. $19.95 paper, 
$29.95 cloth. 
The authors and publishers have produced an excellent guide to 

the wildflowers of the Canadian National Parks in the Rocky 
mountains and contiguous lands having similar ecology. It con- 
tains full color plates of more than 200 individual plant species, 
with descriptions of ecologic sites and other useful information 
written in layman’s language. It includes common as well as Latin 
names, and has photographs and descriptions of vegetation zones 
in which the various species may be found. An unusual feature is 
the way the plants are classified for ease of locating. The species are 
grouped by flower color into four sections: (I) green, white and 
cream, (2) yellow (3) pink, red, and orange, and (4) purple and blue. 
Page edges of each section are of appropriate color for quick 
references. The text includes comments on uses by native, edible 
characteristics, wildlife use, and other miscellaneous information. 
Trees, grasses, ferns, horsetails, sedges, and rushes are not 
included.-Grant A. Harris, Washington State University. 

Arid and Semiarid Lands; Sustainable Use and Manage- 
ment in Developing Countries. 1984. R. Dennis Child, 
Harold F. Heady, Wayne C. Hickey, Ronald A. Peterson, 
and Rex D. Pieper. Winrock International, Morillton, 
Ark. 72110 (Price not quoted). 
Personnel of the U.S. National Park Service and Agency for 

International Development have cooperated in the development of 
a “design-aid package” for planning and accomplishing aid pro- 
grams intended for developing countries. This book outlines the 
steps to success, formulated on the basis of years of experience. 
Holistic approaches are recommended from planning, through 
implementation, evaluation, and monitoring so that interdiscipli- 
nary teamwork occurs throughout the entire program. 

Target countries are those whose populations depend heavily on 
rangelands for food production, and population pressures are 
increasing on already overstocked arid and semiarid lands. It is 
appropriate that the authors are prominent members of the Society 
for Range Management. It is also appropriate that much attention 
is given to the constraints of the social environment in which these 
people live, as outlined in this book. It is recommended reading for 
anyone planning aid programs.-Grant A. Harris, Washington 
State University 

Introduction to Wildlife Management. By James H. Shaw. 
1985. McGraw-Hill, Inc., 1221 Avenue of the Americas, 
New York, NY 10020. 316 p. $36.95. 
Shaw’s objective in Introduction to Wildlife Management is to 

provide a broad introduction to the field of wildlife management 
by integrating classic concerns of wildlife managers with recent 
global environmental problems, primarily the preservation of spe- 
cies diversity. For the most part, Shaw has been successful in 
meeting his objective. The text is a contribution to the McGraw- 
Hill Series in Forest Resources and evolved from Shaw’s expe- 
rience in teaching wildlife ecology courses. 
The book contains 11 chapters, each well organized with easy-to- 
reference sub-headings, a concise summary, and separate reference 
listing. The first chapter introduces the history and personages in 
the development of wildlife management in the United States and 
the conflicts of values that often arise between human desires and 
the management of wildlife populations. Chapter 2 presents the 
basic components of and concepts relating to wildlife habitats and 
the methods used to first evaluate and then manage these habitats. 
The next 4 chapters deal with various topics of wildlife population 
ecology including: (1) the dynamics of wildlife populations, (2) 
application of genetics to wildlife management, (3) estimation of 
abundance and analysis of wildlife populations, (4) components of 
animal behavior relevant to wildlife managers and case studies 
illustrating the relation of behavior to management problems, and 
(5) the role of interspecific competition and predation in wildlife 
populations. Methods to manage different wildlife populations 
(e.g., ungulates, furbearers, waterfowl) for harvest are considered 
in Chapter 7. Chapter 8 introduces the recent development of 
management practices for the preservation of species diversity, 
including consideration of why species become endangered and of 
single-species versus ecosystem approaches. In Chapter 9 Shaw 
uses 4 specific management problems-predator control, intro- 
duction of exotics, diseases and parasites, and wetlands manage- 
ment-to illustrate the complexity of issues and diversity of 
approaches that face wildlife managers. Management of wildlife 
populations must often interface with a variety of other land uses 
(e.g., logging, grazing, agriculture), and in Chapter 10 Shaw con- 
siders the effects of these land use practices on wildlife populations 
and appropriate management procedures. The book concludes 
with a chapter on international wildlife conservation. Shaw 
stresses the need for cooperation between nations to combat prob- 
lems of international wildlife trade and habitat destruction. 
As the intent of Introduction to Wildlif Management is to treat a 
broad spectrum of subjects, it is perhaps understandable that many 
topics receive only cursory attention. This superficiality could have 
been circumvented by the inclusion of more references to help 
guide students into the primary literature to explore topics of 
interest in more depth. In some cases (e.g., presentation of inter- 
specific interactions of Serengeti ungulates), the references which 
are provided do not incorporate recent research. These problems 
aside, Shaw’s text provides a broad introduction to the study of 
wildlife management and recognizes that an understanding of 
global problems should become an integral component in the 
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training of all wildlife managers.-Margaret A. O’Connell, Pul- 
lman, Washington. 

North American Range Plants. 1986. J. Stubbendieck, S.L. 
Hatch, and Kathie Hirsch. (Third Edition.) University 
Nebraska Press. $18.95. Softcover. 
This text was designed specifically for use in range plant classes 

at the undergraduate level. The first chapter reviews botanical 
terms for plant structures, nomenclature, and life forms. The main 
body of the book treats characteristics of 94 major grass species 
and 106 forbs and shrubs, and covers the plants on the range plant 
identification contest master list. Genera are listed in alphabetical 
order except that Poaceae is listed first, and along with Asteraceae 
is divided into tribes for simplification. A line drawing of essential 
identification features, as well as a U.S. distribution map, is given 
on the left hand page, and characteristics on the right, including 
tribe, species, common name, life span, origin, and season, along 
with inflorescence, vegetative, and growth characteristics, and for- 
age value and habitat descriptions. At the rear can be found 
sections on glossary, taxonomic authorities, selected synonyms, 
literature references, plant identification contest rules, and index. 
(Phew!) 

This third edition contains a few additional species, and has a 
more convenient format. It takes the place of the old U.S. Forest 
Service Plant Handbook (long out of print) and is specific to the 
range plant contest. More than that, it contains a collection of 
information about the most important U.S. range plants not easily 
found anywhere else in currently available literature. It is a useful 
reference for technician, biologist, environmentalist, and practical 
manager.-Grant A. Harris, Washington State University, Pullman. 

Beef, Brush and Bobwhites: Quail Management in Cattle 
Country. Fred S. Guthery. 1986. Caesar Kleberg Wildlife 
Institute, College of Agriculture, Texas A and I Univer- 
sity, Campus Box 218, Kingsville, Texas 78363. 182 p. 
$17.50 hardbound, $12.50 paper. 
Few people need to be apprised of the bleak scenario facing the 

ranching community. The high costs of producing food for the 
Nation are hardly offset by low returns at the market. This leaves 
many ranchers wondering if they will still be bringing calves to 
market next year. The major question is how to survive until better 
times. 

Part of the answer might be to diversify ranch operations. One 
income source that is receiving much more attention recently is 
wildlife. Wildlife game species are probably one of the most availa- 
ble, but commonly untapped, resources on many ranches. There 
are undoubtedly many reasons that this resource remains unused, 
not the least of which may be some uncertanty as to just how to 
proceed. Ranchers that decide to sell trespass rights (wildlife itself 
cannot be sold because it is a publically owned resource) face a 
whole new set of business and biological questions that require 
answers if any fee hunting arrangement is to remain viable. 

BeeJ Brush and Bobwhites was written to answer these ques- 
tions. It is a “how to” book about bobwhite quail management on 
ranches in Texas. The author draws on his knowledge as a bob- 
white quail researcher and certified consultant experienced in for- 
mulating quail management plans on private lands to furnish the 
details. It is appropriate that this type of book comes from Texas 
considering the state’s lack of public land and long association with 
fee hunting. 

The book is intended specifically for ranchers and sportsmen 
with bobwhite leases. Guthery states “[The book] was written to be 
used. It is meant to be kept on the dashboard of the pickup.“To the 
author’s credit, the text is unencumbered withjargon and citations. 
There is no bibliography, but a listing of sources for technical 

assistance is provided. This increases the utility of the book to its 
intended audience. 

Many wildlife and range managers have been far too preoccu- 
pied with negative wildlife/ livestock interactions, while positive 
ones have largely been ignored. The thesis of &ex Brush and 
Bobwhites is that quail and cattle can coexist, with excellent pro- 
duction from both, if the needs of the birds are considered along 
with those of cattle. This is a particularly refreshing viewpoint. 
Cattle, and other kinds of livestock, can be one of the simplest, 
most economical tools used to improve or maintain wildlife 
habitat. 

Most of bobwhite quail management, like other wildlife species, 
is habitat management. Guthery states that “managers must create 
crazy-quilt patterns of cover on small areas; patches in the quilt 
must fulfill seasonal and annual cover needs.” He then discusses 
exactly what bobwhite food, cover, and w-ater needs are. The 
remainder of the book concentrates on how to systematically 
appraise bobwhite habitat and correct deficiencies with respect to 
those needs. This is done with regard to costs and impacts on other 
ranch operations and wildlife resources. Throughout the book, the 
author emphasizes a systematic habitat appraisal because no two 
areas or ranches are exactly alike. 

If you are at all involved with land management where wildlife is 
of concern, then I recommend that you read BeeJ Brush and 
Bobwhites. Even though its purview is narrow, the book could 
serve as an extremely useful example to ranchers who are consider- 
ing fee hunting arrangements on their property. It will not answer 
every specific question that a rancher might have, but it will present 
most of the factors that need to be considered. Public land manag- 
ers could adopt the framework of the book as a guide to organizing 
habitat requirement information for species other than bobwhites. 
Such data organization would be more uniform among different 
species and would help to identify areas where information on a 
particular species is lacking. This organizational framework would 
increase the utility of research literature and make it much easier to 
incorporate wildlife species into multiple use planning.-Jeff S. 
Murphy, Utah State University, Logan. 

Conservation Biology: the Science of Scarcity and Diver- 
sity. Edited by Michael E. Soule. 1986. Sinauer Asso- 
ciates, Inc. Publishers, P.O. Box 407, Sunderland, Mass. 
01375. 584 p. $27.00 paper, $46.50 cloth. 
Work on this book was accelerated in 1985 by the Second 

Conference on Conservation Biology at the University of Michi- 
gan, It is a very well-organized collection of 25 multi-authored 
chapters from 45 diverse contributors. The intended audience of 
this book is the broad field of natural resources. While the chapters 
are authoritative and contain original theories and models, the 
writing style is easy to read due to the avoidance of esoteric 
technical terminolgy. 

The first chapter introduces the applied field of conservation 
biology which has emerged in the past several decades from grow- 
ing concern for biological diversity, genetic resources, and extinc- 
tion. It aspires to bridge the gap between the “mother” scientific 
disciplines of biology and the “applied” disciplines in natural 
resources such as forestry, range management, and wildlife man- 
agement, resulting from institutional isolation. It is suggested that 
this isolation must be broken in order to accelerate the flow and 
application of new ideas for the benefit of the natural resources 
that all of us desire to conserve. 

The following 24 chapters are divided into 6 sections. Section I, 
Fitness and Viability of Populations, covers in 6 chapters the 
genetic concerns for small, isolated populations of plants and 
animals. These concerns include minimum viable population sizes, 
inbreeding depression, outbreeding depression, and the impor- 
tance of heterozygosity. Section II, Patterns of Diversity and Rar- 
ity: Their Implications for Conservation, has 4 chapters. Chapter 9 
defines 7 forms of rarity in the temperate zone while the remaining 
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3 chapters review the high endemism rates in mediterranean and 
tropical regions. 

Section III, The Effects of Fragmentation, reviews in 3 chapters 
species diversity-patch size relationships, isolation and edge ef- 
fects, and external threats to remnant communities. This chapter 
has a great amount of applicability to the management of range- 
land research reference areas and to fragmented rangelands in 
areas of expanding farmland development. 

Section IV, Community Processes, has 3 chapters on commun- 
ity stability and structure. These chapters review the effects of 
species additions and deletions, the importance of keystone tree 
species in tropical forests, and the threat of diseases to the conser- 
vation of animal and plant species. Section V, Sensitive Habitats: 
Threats and Management, has 6 chapters that review the habitats 
that are under the greatest threat or that are often ignored in 
general treatments. Topics include tropical deforestation, deserti- 
zation in Africa, tropical aquatic habitats, shallow tropical marine 
habitats, and cave fauna. 

Section VI, Interacting with the Real World, is a collection of 3 
quite different chapters. Chapter 23 reviews the problems of 
reclaiming planned and unplanned disturbances like strip mining 
and chemical spills. Chapter 24 describes how far a small quantity 
of scientific information went in the design of a nature reserve 
system for Indonesian New Guinea, which is on the verge of 
undergoing massive deforestation. The final chapter analyzes a 
survey of the people in Norway who have the most influence on the 
management of their country’s natural resources. The results are 
very surprising, and they have major implications for managers of 
natural resources everywhere. 

Although this book does not use examples from North Ameri- 
ca’s rangelands, the ideas that are presented should be of great 
value to rangeland managers in areas of high species endemism 
such as the Colorado Plateau, the Great Basin, the Southwest, and 
California. Otherwise, this book should be of interest to advanced 
undergraduates, graduate students, scientists, and managers who 
must be versed in the principles of conservation biology in order to 
participate intelligently in the issues of common interest to range 
management and conservation biology.-Blaine KM. Mooers, 
Culbertson, Montana. 

The Practice of Silviculture. 8th Edition. David M. Smith. 
1986. John Wiley and Sons, Inc. New York, Chichester, 
Brisbane, Toronto, Singapore. 527 p. $35.95. 

The previous (7th) edition of this book (1962) has been the 
primary silviculture text for American natural resource students 
for the past 24 years. During this period, forest management, and 
silviculture in particular, has become more technical and highly 
specialized. This renders the job of synthesizing such a diverse 
subject matter extremely difficult but offers considerable oppor- 
tunity to revitalize a traditional discipline. It has been with much 
anticipation, therefore, that silviculture instructors have awaited 
the revised edition. Unfortunately, those expecting a fresh approach 
to this subject matter are likely to be disappointed. 

The new edition, as was the previous edition, is divided into 3 
main sections plus an introductory chapter, “Silviculture and its 
Place in Forestry.” Part One, “Tending and Intermediate Opera- 
tions,” contains chapters on thinning, release, improvement cut- 
ting, and salvage. Part Two, “Regeneration,” covers ecology of 
regeneration, direct seeding, site preparation, species selection, 
genetic improvement, nursery operations, including seed collec- 

tion and handling, and planting. Part Three, “Silvicuhural Sys- 
tems,” presents the concept of silvicultural systems and the stand- 
ard regeneration methods (clearcutting, seed-tree, shelterwood, 
selection, and vegetative methods) with brief treatment of silvicul- 
ture in mixed stands. Many sections have been rewritten, at least 
partially, with updated references and new figures but as frequently 
the text remains unchanged with more recent literature cited. No 
illustrations add to the understanding of the concepts presented 
but most figures reappear unchanged from the earlier edition. 
Noteworthy revisions include the following: (a) quantification of 
productivity, chpt. 2; (b) effect of growth rate on wood quality’ 
chpt. 3; (c) updated discussion on herbicides, chpt. 5; (d) ecology of 
regeneration, chpt. 7; (e) genetic improvement’chpt. 9; (f) produc- 
tion of planting stock, including container production, chpt. 10; (g) 
environmental effects of clearcutting, chpt. 13. 

Those who enjoyed the Victorian writing style of the previous 
edition will not be disappointed in the new edition. The extrava- 
gant use of verbage and opinion certainly adds to the readability of 
the text, but unfortunately (for students) adds to the amount to 
read with a declining margin of information. We are, however, 
presented with a supply of quotable quotes (both old and new) 
sufficient to last,another 24 years. Such delectable tidbits as “Para- 
doxical as it may seem, and repugnant as it may be to certain 
influential segments of public opinion, useful forests are created 
and maintained chiefly by the destruction of judiciously chosen 
parts of them. One of the characteristics of life is death; if there 
were no death, there would be no space for new life.” . . . or . ..“ 
‘Clearcutting’ has such a bad connotation that it makes a handy 
whipping boy for those who want to publicize their unhappiness 
with any aspect of forest management.“... and . ..“Part of the bad 
reputation of the coppice system is guilt by association with other 
forms of cruel, but not unusual, punishment of soil and vegeta- 
tion.” . ..appear frequently. 

The text is very much a traditional presentation of silviculture; 
the emphasis is on timber production. Happily, there is frequent 
reference to the economic realities. Unfortunately, even for such a 
traditional view, instructors will find need for considerable sup- 
plemental reading on critical subject matter which has come to the 
forefront since the last edition was published. For example, silvi- 
culture planning, prescription preparation, and associated use of 
stand growth forecasting models are modern realities for most 
practicing silviculturists today. The discussion on stocking control 
and stand density management is inadequate given published 
research of the past 24 years. Also, it seems that a modern silvicul- 
ture text might accommodate some specialized topics such as short 
rotation intensive culture (SRIC), Christmas tree culture, and 
genetic considerations (consequences?) of silviculture treatments 
(beyond artificial regeneration). 

The Practice of Silviculture is likely to remain the primary 
silviculture text for resource management students because of its 
thorough coverage of traditional silviculture. It falls short, how- 
ever, of meeting the broad-spectrum educational needs of today’s 
students. Only scant attention is given to non-timber aspects of 
silviculture. The author has missed the opportunity to at least 
review applications of silviculture to the many facets of multiple 
use management coming into prominence during the past 24 years 
such as wildlife habitat, visual resources (‘landscape”silviculture), 
recreation and range.-John H. Bassman, Washington State Uni- 
versity, Pullman. 
Washington. 
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