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Protein supplementation of steers grazing tobosa- 
grass in spring and summer 
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Abstract 

A 3-year study evaluated weight gain, blood urea nitrogen 
(BUN), and fecal nitrogen (FN) of beef steers fed 0.00,0.34, or 0.68 
kg/hd/day of cottonseed meal (41% CP) while grazing mesquite 
(Prosopis glandulosa var. glandulosa Torr.)/tobosagrass (Hibwia 
mutica [Buckl.] Benth,) range between April and July. Mixed 
breed beef steers (avg wt 230 kg) were allocated to three B-pasture 
grazing cells and group-fed prorated amounts of supplement 3 
days a week. Individual weights were recorded every 21 days. 
Crude protein in clipped forage samples remained above 7.0% 
except in July, 1985 (6.5%). Gain response varied among periods 
within year but the primary effects occurred in the first 40 to 60 
days of grazing. In 1985, daily gains over 92 days were 0.38,0.44, 
and 0.67 kglhdlday for the 0.00, 0.34, and 0.68 kg supplement 
groups, respectively. In 1986 and 1987, daily gains during 85day 
trials were 0.65,0.66, and 0.71 kg/hd/day and 0.98,1.08, and 1.07 
kg/hd/day, respectively. Blood and feces were collected from 10 
steers in each treatment group on each weigh date during the first 2 
years. The 0.68 kg/hd/day supplement maintained higher (P<O.O5) 
BUN and FN than the control group but response to 0.34 kg 
supplement was inconsistent. Performance and BUN data sug- 
gested that protein concentrate was not the appropriate supple- 
ment for steers grazing tobosagrass in the spring and summer. 

Key Words: cattle, range, supplementation, weight gain, fecal 
nitrogen, blood urea nitrogen 

Tobosagrass (Hiluria mutica [Buckl.] Benth.) range covers large 
areas of the arid southwestern United States and northern Mexico 
(Neuenschwander et al. 1975). Despite its coarse, unpalatable 
nature, the extensive distribution of this species makes it an impor- 
tant forage resource for ranchers of this region (Anderson 1988). In 
western Texas, crude protein (CP) content in current year’s growth 
declined from 16.0 in April to 5.0% in July while in vitro digestible 
organic matter (DOM) declined from 55 to 35% (B&ton and 
Steuter 1983). Standing dead forage contained from 14 to 23% 
DOM. Forage intake as low as 1.3% of body weight was reported 
for steers grazing spring and summer tobosagrass in western Texas 
(Reeves 1987). 

Considering the low nutritive value of this forage during the 
summer, performance of grazing animals would be expected to be 
low. Anderson (1988) observed summer weight gains of only 0.11 
to 0.38 kg/hd/day by heifers grazing in southern New Mexico. 
Protein supplementation has improved cattle performance on 
summer range in other regions but has not been tested on tobosa- 
grass range. Natural protein supplements (38-41% CP) fed at a rate 
of 0.45 kg/ hd/day increased weight gain of growing cattle grazing 
tallgrass prairie (Lusby et al. 1981, McCollum and Lusby 1989) 
and sandsage prairie (Shoop and McIlvain 1971) in Oklahoma. 
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Publication No. T-9-600 and with approval of Oklahoma Agr. Exp. Sta., Publication 
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Similar results were reported with steers grazing shortgrass prairie 
in northeastern New Mexico (Shafer et al. 1985) but results of 
other studies on shortgrass prairie have been inconsistent (Launch- 
baugh and Brethour 1968, Stanton et al. 1988, Stanton and Shoop 
1989). 

Blood and fecal constituents may potentially be used as indica- 
tors of protein intake and status of ruminants. Relationships 
between fecal nitrogen (FN) and dietary nitrogen have been 
reported for cattle (Hinnant 1979, Holechek et al. 1982, McCollum 
1990), deer, and elk (Leslie and Starkey 1985). Blood urea nitrogen 
(BUN) has been positively correlated with dietary nitrogen in sheep 
(Preston et al. 1965), deer (Seal et al. 1978), and cattle (Preston et 
al. 1978). 

The primary objective of this study was to determine if protein 
supplementation would enhance performance of steers grazing 
tobosagrass range in the spring and summer. A secondary objec- 
tive was to determine if BUN and FN could be used as indices of 
protein status. 

Materials and Methods 

Study Area 
The study was conducted on the Texas Tech Experimental 

Ranch (lOlo 1 l’W., 32” 58’N.) 10 km southeast of Justiceburg, 
Garza County, in the Texas Rolling Plains. Mean elevation is 800 
m. The region has a semiarid, continental climate. Average length 
of the growing season is 216 days (Richardson et al. 1965). Average 
precipitation is 478 mm with about 50% of mean annual precipita- 
tion occuring during the months of April through July. Drought is 
common. Total annual rainfall was above average in each year of 
this study. 

The area is primarily a Clay Flat range site with gently sloping 
Stamford clay soils (fine, montmorillonitic, thermic Typic Chro- 
muster&). Tobosagrass is the dominant forage with alkali sacaton 
(Sporobolus airoides [Torr.] Torr.) present in depressions. The 
more upland areas produce buffalograss (Buchloe dactyloides 
[Nutt.] Engelm.). Mesquite (Prosopis glundulosu var. glundulosa 
Torr.) covers the area and was suppressed with aerial herbicide 
applications in 1983. In excellent condition, average yearly forage 
production for this range site is 1,500 kg/ha (Richardson et al. 
1965). 

Field Trials 
Crossbred (Bos taurus X Box indicus) beef steers (200-240 

kg/ hd) were randomly allocated (based on weight) to each of 3, 
6-pasture grazing cells in April of each year. Cell areas were 95,91, 
and 68 ha with 27 to 57 steers stocked in each cell. Steers were 
rotated through the cells on 42-day cycles with length of stay in 
each pasture from 4 to 10 days. 

Stocking rate for each cell was set based on standing crop at the 
start of each trial and estimated production for the current year 
assuming removal of 50% of available forage. An attempt was also 
made to maintain similar forage allowances in all 3 cells (Table 1). 
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Table 1. Forge standing crop, treatment assignments, and herd sizes for 
supplementation trials conducted in 1985,1986, and 1987 at the Texss 

Cottonseed meal (41% CP, solvent extracted) was fed at either 

Tech Experimental Ranch. 
0.00,0.34, or 0.68 kg/ head/day (as-fed basis). Cattle were group- 
fed a prorated amount of supplement 3 days per week. Supplement 
treatments were rotated among the 3 cells during the 3-year study 

Supplement Standing Steers/ Forage (Table 1). Free choice mineral (13% Ca, 7% P, 50% NaCl) was 
Year level cell crop cell’ allowance available at all times. 

In 1985 and 1986, BUN and FN were monitored in 10 steers from 
each treatment group. The steers were randomly selected from the 
middle weight class (weight range 23 kg) of each treatment group. 
At 1700 hour the evening before each weighing, this group was 
sorted from the main herd to facilitate sampling and minimize 
excitement of the animals prior to sampling. Blood and fecal 
samples were obtained and weights recorded between 0700 and 
0800 hour the following morning. Two, IO-ml blood samples were 

(WheWday) (Wh=4b 
0.0 2 

‘WY&4 
57 1111 

1985 0.34 3 1010 57 1192 
0.68 1 810 57 1350 
0.0 1 810 37 2078 

1986 0.34 2 490 27 1649 
0.68 3 700 27 1739 
0.0 3 1730 37 3158 

1987 0.34 1 1420 40 3385 
0.68 2 1570 28 5115 

*Only 1SO head were monitored in the cumnt trial; 21 head were used in another 
tudy. b otal grass available per steer at the beginning of each grazing season. 

Average residual standing crop during the grazing season was 836 
kg/ha, 663 kg/ha, and 1,574 kg/ ha, for 1985, 1986, and 1987, 
respectively. 

drawn via jugular puncture from each steer, immediately placed on 
ice, then allowed to coagulate while refrigerated. After coagula- 
tion, the samples were centrifuged at 3000 rpm for 10 min and the 
serum was decanted and frozen. Urea nitrogen concentration was 
determined by urease assay (Chaney and Marbach 1962). Fecal 
samples were collected via rectal stimulation then stored frozen in 
plastic bags. Samples were thawed, dried in a forced-air oven at 40” 
C, and ground through a 40-mesh screen prior to laboratory ana- 
lyses. Fecal analyses included kjeldahl nitrogen (N), dry matter, 
and ash (AOAC 1980). Fecal nitrogen concentration was expressed 
as a percentage of organic matter. 

In 1985,150 steers were purchased in March, pastured on wheat 
for 26 days then moved to the study site on 17 April. The cattle were 
weighed (Table 2) and allocated to treatment groups on 23 April. 
An additional 2 1 steers were allocated to the treatment groups at 
this time to increase the stocking rate in the cells but were not 
monitored as part of this experiment. Supplementation began at 
this time and continued until 23 July. In 1986,91 steers arrived at 
the study site on 6 March after wintering on dormant range in 
eastern New Mexico. The steers were weighed (Table 2) and allo- 

Table 2. Weights and weight gains’ by steers grazing tobomgaas and 
supplemented with cottonseed meal in 1985,1986, and 1987 at the Texas 
Tech Experimental Ranch. 

Year 
Trial Supplement Initial Final Daily 

Length Level Weight Weight Gain 

1985 WYS) 92 (k$&vJ 

0:34 
0.68 

SE 

230 
235 

3 

1986 85 0.00 235 
0.34 241 
0.68 238 

SE 5 

1987 85 0.00 212 
0.34 211 
0.68 211 

SE 4 

269 
291 

3 

289 
296 
297 

6 

294 
302 
301 

5 

$ib,c 
0:42bL 
0.60’ 
0.02 

0.64 
0.65 
0.70 
0.02 

0.91b 
l.OIC 
1.06” 
0.03 

Yeast squares means. 
bCColumn means are different, P<O.Ol. 
‘*Column means are diennt, P = 0.11. 

cated to treatments on 7 April; the trial began at this time and 
ended on 30 June. In 1987, 105 steers were wintered on the study 
site from 15 November to 11 April. On 11 April, the steers were 
weighed (Table 2) and allocated to treatment groups based on 
previous winter treatment and weight. The trial ended on 4 July. 
Cattle were administered a four-way vaccine (Closrridium chau- 
voei, C. septicurn, C. novyi, and C. sordellii), a parasiticide (iver- 
me&n), and growth implant (Ralgro) upon arrival at the study site 
each year. Steer weights were recorded on approximately 21day 
intervals during the trials. All weights were recorded after 14 hours 
overnight period without feed and water. 

Forage CP was estimated from hand-clipped samples taken in 
each cell on or about the day cattle were weighed. Composite 
samples of grass and composite samples of forbs were collected in 
1985. Samples of tobosagrass, alkali sacaton, other grass, and 
forbs were collected in 1986 and 1987. Samples were dried in a 
forced-air oven at 40” C. Crude protein (kjeldahl N X 6.25) and dry 
matter were determined for each forage sample (AOAC 1980). 

Statistical Analyses 
Because the 3 supplementation treatments were rotated among 

the 3 grazing cells in this 3-year study, a Latin square design was 
used for the analysis. A repeated measures analysis, with period as 
the repeated measurement, was used to analyze changes in steer 
weights every 21 days throughout the supplementation period 
(Damon and Harvey 1987). The YEAR X PERIOD, PASTURE X 
PERIOD, and TREATMENT X PERIOD interactions were sig- 
nificant, and subsequent analyses were completed within periods. 
Experimental units were individual animals. A protected least 
significant difference procedure was used to separate means 
(Damon and Harvey 1987). 

For BUN and FN data, individual animals were considered 
experimental units in a completely randomized design with sup- 
plementation treatment and period as main effects in a factorial 
arrangement. Data collected in 1985 and 1986 were incorporated 
into the analysis as repeated measurements. The YEAR X 
TREATMENT interaction was significant for most variables and 
data were subsequently analyzed within year. When TREAT- 
MENT X PERIOD interactions were significant, simple effects of 
treatment were analyzed. A protected least significant difference 
procedure was used to separate means. 

The use of animals as experimental units provided a conserva- 
tive analysis because the animals were group-fed rather than indi- 
vidually fed. Group-feeding results in greater variation among 
animals within treatments as a result of uncontrolled and varied 
feed consumption by individuals. Hence, any significant differen- 
ces observed among treatments are valid. A potential weakness of 
the analyses is the inability to discern smaller differences that 
would have been statistically significant with controlled, individual- 
feeding. In range production systems however, livestock are not 
individually fed, therefore the analyses we utilized should reflect 
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differences encountered by livestock managers. 

Results and Discussion 
Forage Crude Protein 

Forage CP was monitored as an index of plane of nutrition. It is 
acknowledged that selective grazing improves nutrient value of 
diets compared to available forage. However, forage CP is rela- 
tively easy to measure and is frequently used in the field to monitor 
plane of nutrition. The highest forage CP levels were measured 
around 1 May each year (Fig, I). With the exception of levels in late 
April/early May, forage CP in 1985 and 1987 followed similar 
trends, declining to around 7% in July. In 1986, forage CP peaked 

1985 

-1 April 1 May 1 Junm 1 July 1 August 

Fig. 1. Crude protein content (o/o dry matter basis) of forage samples 
clipped from tobosagrnss range during the 19851986, and 1987 grazing 
seasons at the Texas Tech Experimental Ranch, Garza County, Texas. 

at a concentration similar to 1985 but remained higher (about 
8.1%) through the grazing season. Britton and Steuter (1983) 
reported a wider range of seasonal values with CP declining from 
16.0% in April to 5.0% by July. 

Steer Performance 
Unsupplemented steers gained 0.38, 0.64, and 0.97 kg/day in 

1985, 1986, and 1987, respectively (Table 2). The poorer overall 
performance in 1985 is partially due to low gains (0.07 kg/ hd/day) 
during the last 3 weeks of the trial. In subsequent years, grazing was 
terminated around 1 July. If the 1985 season had ended just prior 
to the final 3-week period, gains would have averaged 0.49 
kg/head/day. Anderson (1988) reported gains of 0.11 to 0.38 
kg/head/day, depending upon year, for heifers grazing tobosa- 
grass in southern New Mexico during May and June. 

In 1985, the low level of supplement tended (P= 0.11) to improve 
seasonal steer performance compared to that of the unsupple- 
mented group (Table 2). Cumulative gain curves (Fig. 2) indicated 
that the advantage over unsupplemented cattle occurred during the 
first 42 days of the trial. Seasonal weight gain was greatest 
(P<O.Ol) for the cattle receiving 0.68 kg supplement/day. Weight 
gains during the first 42-day and final 21day of the grazing season 
reflect this difference. From day 42 to 63, rate of gain for the 0.68 
kg/day group was slower than for the unsupplemented and 0.34 
kg/day treatments. Based on the weight at 92 days and gain from 
day 63 to 92, it appeared that the slow rate of gain was an artifact of 
fill at the end of 63 days. Supplement conversion efficiencies, 

1985 

60 l .’ 

90* 
1987 

75 ’ 

60 - 

45 l 

30 - 

15* 

i i/ b 

‘; April 1 May 1 June 1 Julr 1 August 

Fig. 2. Cumulative weight gains (kg/head) by steers grazing tobosagrass 
range and supplemented with 3 levels of cottonseed meal. 
8*b%terval means are different, P<O.O5. 

expressed as kg supplement/ kg of additional weight gain, were 8.5 
and 3.1 for the 0.34 and 0.68 kg/day treatments, respectively. 

In 1986, neither level of supplementation improved seasonal 
gains (DO. 10). Supplemented cattle gained more rapidly during 
the second 21-day interval of the trial, but the difference was 
forfeited by weight loss between days 42 and 63. This loss was not 
recovered during the final trial period. 
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2.5 

2.2 

1.9 

1.6 

1.9 

1.6 

. 

c 

1985 

0.34 kg Q 

0.68 kg 
0.0 kg 

--- t 
a\ 

\* 

b 

b 

4 

1.3 

t 

L 

1986 

a 
. -0. -. 

‘. 
l a a 
l . a 

b b b 0.0 kg 

11 I 

1 April 1 May 1 Jun8 1 July 1 Augud 

Fig. 3. Fecal nitrogen concentrations (% organic matter basis) in steers 
grazing tobosagrass range and supplemented with 3 levels of cottonseed 
meal. 
B*b’cInterval means are different, P<O.OS. 

Supplementation improved (P<O.Ol) weight gain in 1987 but 
overall response was similar for both supplement treatments 
(Table 2). Cattle receiving0.34 kg/ day of supplement gamed more 
weight than the unsupplemented group during the first 63 days of 
the trial (Fig. 1). Theo.68 kg/day group gained more weight during 
the first 42days and maintained this advantage over the remainder 
of the trial. Supplement conversion efficiencies were 3.4 and 7.6 kg 
supplement/ kg additional gain for 0.34 and 0.68 kg supplement/- 
day, respectively. 

In comparison to the 0.34 kg/day treatment, the higher level of 
supplement improved gains in 1985 only. Gain during the final 5 1 
days of the 1985 trial accounted for 72% of the difference between 
the 2 groups. This was the only year in which grazing extended past 
the first week of July. Also, this is the only period in which protein 
levels in the forage dropped below 7%. 

Inconsistent responses to supplementation may be associated 
with CP in available forage remaining above 7% throughout the 

1985 

0 
0 

a _....-- . . . ..-.._ 
a 

0.66 kg ..*-•*=- l =._ 

0.34 kg o------o,' 
,A- 

a 
0 

b 
0.0 kg 

1986 

0.66 kg 

101 4 

1 April 1 May 1 June I July1 August 

Fig. 4. Blood urea nitrogen concentrations (mg/dl) in steers grazing tobo- 
sagrass range and supplemented with 3 levels of cottonseed meal. 
8*b%terval means are different, P<O.O5. 

trials. Protein supplementation may not improve forage digestion 
and intake and hence performance when diet CP is above 6 to 8% 
(Blaxter and Wilson 1963, Rittenhouse et al. 1970, McCollum and 
Horn 1990). The lack of a consistent response to supplementation 
may also be related to low daily intakes of tobosagrass resulting 
from low forage digestibility (Reeves 1987). Egan (1977) demon- 
strated that an intake response may not occur when forage CP is 
high relative to digestibility, regardless of protein content. 

Fecal Nitrogen and Blood Urea Nitrogen 
Fecal nitrogen fell within ranges reported for beef steers and 

heifers consuming forage diets (Hinnant 1979, Holechek et al. 
1982, McCollum 1990). Fecal nitrogen appeared to reflect forage 
CP in the current study. In 1985, highest concentrations occurred 
in the spring and lowest concentrations in July (Fig. 3). All sup- 
plement groups followed a similar pattern but FN of the supple- 
mented cattle was higher (P<O.O5) than that of the unsupple- 
mented cattle in June and July. Seasonal changes in FN during 
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1986 were not as pronounced as in 1985. Fecal N was consistently 
higher (P<O.O5) in the cattle receiving the high level of supplement 
with little difference between the other 2 groups. 

more desirable supplement for yearlings grazing rangelands of this 
type during the spring months. 

In 1985, when gains were improved by supplementation, FN of 
the unsupplemented cattle dropped to 1.5% by June and stayed 
below 1.5% until the end of the season while the supplemented 
groups maintained FN at 1.7% until the final 21 days of the trial. In 
1986, when performance was not affected by supplementation, FN 
of the unsupplemented cattle remained between 1.7 and 1.8% for 
the entire season. 
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AbStrlCt 

Efficient use of roughages is important for calf management in 
the Boran pastoral system. Using local legumes as protein supplc- 
ments may improve fiber utiiixation and thus be an appropriate 
intervention. Fruits (pods and seeds) of Acacia torti& (Forsk.) 
Hayne subsp. spirocarpa (Hochst. ex A. Rich) Brenan, leaves of A. 
brevispicu (Harms), and cowpea [V&us unguieuhta (L.) Walp] 
hay were compared with aifalfa (MedIcego sativu L.) hay as pro- 
tein supplements for calves using 2 approaches. Sheep fed native 
grass hay under confinement were used for a controlled evaluation 
in growth and metabolism trials. Calves grazing dry-season forage 
under simulated pastoral management provided an evaluation 
under field conditions. All supplements increased (P<O.OS) nitro- 
gen (N) intake, growth rate, and conversion of dry-matter intake 
into liveweight for sheep compared to unsupplemented animais. 
Calf growth and water intake were increased (PCO.05) relative to 
the control by ail supplements except cowpea hay. When statisti- 
caily adjusted to a common level of N intake, N retention was 
similar (IQO.05) among all groups of supplemented sheep. Com- 
pared to alfalfa and cowpea diets, tanuinfferous Acacia diets had a 
negative effect (PCO.05) on true-N digestibility, but this was offset 
by their positive effect (PCO.05) on rtducing loss of urinary N. The 
A. tortilis diet had a lower (X0.05) true-N digestibflity than the A. 
brevkpicu diet, which was probably influenced by soluble phenoi- 
its in pods and seeds. On a nutritional basis these Acacia and 
cowpea materials art suitable for inclusion in improved feeding 
systems for Boran calves. 

Key Words: Acacia tortilis, Acacia brevispica, Vigna unguiculata, 
nitrogen supplementation, sheep nutrition, pastoralism 
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Livestock production in Africa’s rangelands is limited by poor 
nutrition during dry periods. The problem can be most acute for 
nursing stock that compete with people for milk and have limited 
opportunity to forage (Donaldson 1986). Nutritional interventions 
for young animals may reduce the incidence of mortality and 
morbidity. In contrast to highlands systems where exotic forages 
are more easily established (Jahnke 1982), sustainable forage 
interventions in the rangelands depend to a higher degree on 
improved use of promising indigenous plants. Native woody vege- 
tation can stabilize seasonal forage supplies (Coppock et al, 
1986a,b) and traditional cultivated legumes can improve soil fertil- 
ity (Hulet and Gosseye 1986), but little is known about their 
feeding value for livestock. Browse forage also contains tannins 
which interfere with nutrient utilization (Reed 1986, Robbins et al. 
1987). 

This study investigated the nutritive value of 3 important native 
forages in southern Ethiopia (2 browses and 1 cultivated legume) 
for possible inclusion in improved feeding systems for calves man- 
aged by seminomadic pastoralists. These materials were compared 
with alfalfa (Me&ago sutivu L.) as protein supplements for dry- 
season diets. 

Materials and Methods 

Study Sites 
The target area for this research is the Borana Plateau (1,000 to 

1,600-m elevation) of southern Ethiopia. The climate is semiarid 
with an annual bimodal rainfall of 600 mm largely received in April 
to May (60%) and October to November (30%). Plant communities 
consist of perennial grasses (Ehemeda Forsk., Cenchrus L., Pen- 
nisetum L. Rich., Chloris SW. and Cynodon Rich. spp.) and trees 
(Acacia L., Commiphora Jacq., Combretum Loefl. and Termina- 
lia L. spp.). The Boran pastoralists are seminomadic and primarily 
herd cattle (Cossins and Upton 1987). 

A calf growth trial under simulated pastoral management was 
conducted during 1988 at Demballa Wachu ranch (11,000 ha at 
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Table 1. Chemical characteristics (% on a dry-matter basis) of basal diets and legume supplements for sheep and calf feeding trials in Ethiopia’. 

Forage 
Basal Basal 
hay grazing 

sheep calves 
Alfalfa hay Cowpea hay A. brevispica leaves A. tortilis fruits 

sheep calves sheep calves sheep calves sheep calves 

Dry matter 
Organic matter 
Nitrogen 
Neutral detergent fiber 
Acid detergent fiber 
Acid detergent lignin 
IVDMD* 
NDF-Nitrogen 
Soluble phenolics 
Insoluble uroanthocvanidins3 

_______________________--____--____________--_ (%)_____________ ___~____~___________~~~~__~~~__~~ 

92.4 91.3 91.3 88.5 
9, 3 

92:6 
89.7 91.4 89.2 91.4 88.1 

88.5 89.4 91.3 87.3 90.4 92.4 92.4 95.0 94.7 
1.0 1.0 2.1 3.4 1.8 2.1 3.0 2.7 2.3 2.4 

65.5 72.7 50.2 42.0 48.0 51.6 38.3 43.4 31.3 41.6 
38.9 44.3 41.5 30.9 39.1 46.4 25.7 26.2 24.6 31.5 
6.8 8.5 5.7 7.0 11.6 13.6 13.6 5.8 8.8 

54.7 37.5 558:; 65.6 62.3 61.6 58.5 56.7 67.9 59.0 

0.53 0.36 0.49 0.72 0.31 0.39 0.97 1.27 0.25 0.39 
3.7 3.4 6.0 7.7 5.2 16.8 16.5 40.6 15.4 
0.07 0.03 0.02 0.03 0.02 0.31 0.40 0.06 0.12 

‘Each tabulated entry represents the mean of 2 samples from a well-mixed feed source. 
*Apparent in vitro dry-matter di 
‘Absorbance values per g DM !es 

tibility. 
o NDF at 550 nm. 

1,550-m elevation). This is a government-managed ranch on the 
Borana Plateau 610 km south of Addis Ababa. Our research herd 
occupied the far southwest corner of the ranch at a stocking rate of 
6 ha per Tropical Livestock Unit (TLU; 1 TLU = 250 kg liveweight; 
Jahnke 1982), similar to that of adjacent areas used by the pastoral- 
ists (Cossins and Upton 1987). Growth and metabolism trials for 
sheep in confinement were conducted during 1987 at an experi- 
ment station at Debre Zeit (1,800-m elevation), about 50 km south- 
east of Addis Ababa in the highlands. 

Forages 
Basal Diets 

Mixed grass hay (Hyparrhenia Fourn., Andropogon L., and 
Pennisetum spp.) was prepared during the dry season in the high- 
lands and was the basal diet component for the sheep. Hay was 
chopped to a 25cm length prior to feeding. The basal diet for the 
calves consisted of dry-season grazing on Pennisetum mezianum 
Leeke rangeland and milk from restricted suckling (described 
below). 

Supplements 
Acacia tortilis (Forsk.) Hayne subsp. spirocarpa (Hochst. ex A. 

Rich) Brenan is a common African tree traditionally used by 
livestock and humans for its production of dry, dehiscent fruits 
(Pratt and Gwynne 1977, Coughenour et al. 1985). Fruits (pods 

with seeds) were collected from trees in the Rift Valley (180-km 
south of Addis Ababa at 1,650-m elevation) for the sheep trials and 
on the Borana Plateau for the calf trial. Fruits were air dried in the 
shade and fed whole. 

Acacia brevispica (Harms) is an important browse shrub for 
livestock in southern Ethiopia (Woodward 1988). It has large 
leaves (3 to 9 cm) with good palatablity, and may remain green all 
year under favorable soil-moisture conditions. Leaves were har- 
vested in June after the long rainy season on the Borana Plateau. 
Leaves were hand-plucked, air dried in the shade, and fed whole. 

Vigna unguiculuta (L.) Walp. or cowpea is an annual legume 
cultivated in semiarid Africa (Hulet and Gosseye 1986). Yields of 
8.1 metric tons of dry matter (DM) per hectare have been reported 
on the Borana Plateau (Yohannes 1989). Cowpea was grown at 
Debre Zeit for the sheep trials and on the Borana Plateau for the 
calf trial. Plants were harvested at fruiting with the leaf and stem 
fodder separated out, air dried in the shade, and chopped to 25cm 
lengths before feeding. 

Alfalfa was grown at Debre Zeit for the sheep trials and nearby 
Modjo for the calf trial. It was harvested at about 50% flowering, 
baled after sun drying, and chopped to 25cm lengths before 
feeding. 

Table 2. Dietary intake (dry-matter basis) and performance of growing sheep (n q  6 per treatment) fed native grass hay with or without Acaciu, cowpea or 
alfalfa supplements during an 8eday growth trial. 

Diets 

Grass hay 
Grass hay plus: 

Alfalfa hay 
Cowpea hay 
A. brevispica leaves 
A. tort& fruits 

SEM* 
F-test probability? 

Overall 
Contrast 1 
Contrast 2 
Contrast 3 
Contrast 4 

Intake Diet conversion 
Supplement Grass hay Total diet Nitrogen Growth rate efficiency’ 

______0_...__..___6;~.head-‘.day’)_-----_----------- (gahead-‘*day-‘) (%) 
624 6.2 31 4.9 

278 312 z77 
215 486 
307 384 

28.9 

725 10.3 53 7.4 
739 9.9 57 7.6 
701 11.3 53 7.6 
691 10.9 53 7.6 

29.1 0.32 4.2 0.54 

** 
** 

z: 
- * 

NS ** ** 
** ** ** 
NS NS NS 
NS l * NS 
NS NS NS 

+* 
** 
NS 
NS 
NS 

****Significant at the 0.05 and 0.01 levels, respectively. 
‘Diet conversion efficiency expressed as (g average daily gain in liveweight/g average daily dry-matter intake) X 100. 
‘SEM = standard error of the means based on 25 degrees of freedom. 
‘Contrast I= grass hay alone vs. supplemented diets; contrast 2 = alfalfa diet vs. diets with the 3 indigenous supplements; contrast 3 q  alfalfa and cowpea diets vs. Acacia diets; and 
contrast 4 = A. brevispico diet vs. A. tort& diet. 
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Table 3. Intake and digestibility of dry matter, organic matter and neutral detergent fiber by growing sheep (n = 6 per treatment) fed native grass hay with 
or without Acac4 cowpea or alfalfa supplements during 8 IO-day metabolism trial. 

Dry matter Organic matter 
Digestibility Digestibility Neutral detergent fiber 

Intake Apparent’ True Intake Apparent’ True Intake Digestibility 

(g l head-’ l _____(%)_____ (g l head-’ l _____(%)_____ (g* head-‘* --(%)-- 
day-‘) day-‘) day-‘) 

Grass hay 668 43 70 577 57 71 459 56 
Grass hay plus: 

Alfalfa hay 760 46 69 664 71 479 51 
Cowpca hay 174 50 

:; 
688 z; 12 480 54 

A. brevispica leaves 741 44 655 69 449 49 
A. tortilis fruits 762 50 69 683 

3: 
IO 421 44 

SEMZ 29.0 1.7 1.1 25.2 1.9 1.3 20.9 2.1 
F-test probability? 

Overall NS ** NS * 
:: 

NS NS ** 
Contrast 1 ** * :: ** NS NS * 
Contrast 2 NS NS NS NS NS NS NS 
Contrast 3 NS NS 

:: 
NS NS NS * ** 

Contrast 4 NS NS NS * NS NS NS 

l +*Significant at the 0.05 and 0.01 levels, respectively. 
1Calculated as [ l<fecal output/intake)]X 100. 
2SEM = standard error of the means hased on 25 degrees of freedom. 
3Contrast 1 = mass hav alone vs. suuolemented diets: contrast 2 = alfalfa diet vs. diets with the 3 indigenous supplements; contrast 3 = alfalfa and cowpea diets vs. Acaciadiets; and 
contrast 4 = 2. brev&ica diet vs. ‘A. rortilis diet. 

Animals, Diets, and Experimental Designs 
Sheep Trials 

Thirty intact male Menz sheep (average age 7 months; average 
liveweight 17.7 kg) were ranked according to weight and randomly 
allocated into 5 groups of 6 animals. Each group thus initially had 
the same average weight. Treatments included: (1) ad libitum 
access to the native grass hay (i.e., the base ration), or the base 
ration plus: (2) 345 g/day of alfalfa hay; (3) 387 g/day of cowpea 
hay; (4) 302 g/day of A. brevispicu leaves; or (5) 368 g/day of A. 
tortilis fruits, all on an as-fed basis. 

Each treatment diet was expected to provide sufficient nitrogen 
(N) and metabolizable energy (ME) for 50 g of liveweight 
gain l head-’ l day-’ . Sheep requirements were calculated using the 
factorial method with nutritional standards for temperate breeds 
(ARC 1980). It was assumed in these calculations that daily dry- 
matter intake (DMI) would be 3% of liveweight in each supple- 
mented treatment, supplements would be entirely consumed, true- 
DM digestibility of each diet would be 60%, and true-N digestibilities 
would range from 85% for the Acacia L. diets to 90% for the 
non-tanniniferous diets (Tanner 1988, Woodward 1988). 

Animals were fed individually. Supplements were weighed out 
daily and half was offered to each animal at 0800 and 1600 in 
troughs adjacent to those containing the grass hay. Refusals were 
also weighed and subsampled daily to provide a cornposited sam- 
ple for each animal throughout the trial, and this cornposited 
sample was used for nutritional analysis. Animals had ad libitum 
access to water and salt block (90% NaCl, 4.4% P, 5.2% Ca, and 
0.4% Mg on a DM basis). 

The first experiment consisted of an 84-day growth trial with 
sheep held in individual pens. During this trial all animals were 
weighed initially and thereafter at weekly intervals following a 
night without food or water. The same animals on the same diets 
were then placed in metabolism crates for a IO-day adaptation 
period followed by a IO-day metabolism trial in which urine and 
feces were collected for each animal, using urine funnels and fecal 
bags. Fecal samples were frozen fresh while urine was preserved by 
adding 5 ml of 95% H&04. 

Calf Trial 
One hundred twenty-five nursing Boran calves (average age 3.5 
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months; average liveweight 37.4 kg) were ranked according to 
weight and randomly allocated into 5 groups of 25 animals. Each 
group thus initially had the same average weight. Animals were 
individually fed supplements under a regime of simulated pastoral 
management. The control treatment consisted of: (i) restricted 
suckling with access to the same 2 quarters twice per day in the 
morning and evening (the other 2 quarters were milked out by hand 
after suckling and milk intake averaged 37% of production overall; 
D.L. Coppock, unpubl.); (ii) being herded for 6 hours/day with 4 
hours/day used for grazing; (iii) being housed individually in small 
mud huts for 11 hours each night; and (iv) once-daily access to 
water in the afternoon. The other treatments consisted of the 
control condition plus: (1) 567 g/day of alfalfa hay; (2) 662 g/day 
of cowpea hay; (3) 473 g/day of A. brevispica leaves; and (4) 616 
g/day of A. tortilis fruits, all on an as-fed basis. 

The supplements and grazing in each treatment were expected to 
provide sufficient N and ME for 150 g of liveweight gain/day. Calf 
requirements were calculated using the factorial method with 
nutritional standards for small temperate breeds (ARC 1980) given 
the moderate mature size of the local Boran (Cossins and Upton 
1987). It was assumed that daily DMI of forage for nursing calves 
would be 2% of liveweight, supplements would be entirely con- 
sumed, and true digestibilities of DM and N for each diet would be 
the same as those anticipated for the sheep trial. 

Supplements were offered at 1800 in plastic buckets to each calf 
overnight. Feeds and refusal samples were handled in the same 
manner described for the sheep trials. Local salt lick [41% NaCl 
and minor quantities of other macro- and trace minerals (E. 
Kabaija and D.A. Little, unpubl.)] was available to calves for 3 
hours/ day when they were held in corrals before and after grazing. 

The 94-day growth trial was conducted during the height of the 
warm dry season (i.e. Jan. to March). Quantification of the com- 
position and quality of calf grazing diets was based on biweekly 
observations of forage selection by 5 calves in which feeding time 
on each plant part and species was recorded (Woodward 1988). 
Using time-weighed profiles of diet composition, hand-plucked 
samples of selected forages were used for nutritional analyses and 
estimation of the mean value of nutrient concentrations in the 
grazed portion of the diet (Coppock et al. 1986b). 

Calves were weighed initially and weekly thereafter following an 
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Table 4. Nitrogen intake and digestibility for growing sheep (n = 6 per 
treatment) fed native grass hay with or without AC&U, cowpea or alfalfa 
supplements during a lo-day metabolism trial. 

excreted. 

Statistics 

Total nitrogen 

Digestibility NDF-Nitrogen 
Intake Apparent’ True Intake Digestibility 

(g@@~~)+ -----(%)----- (g&ad-’ 

Grass hay 8.3 
day-‘) 

(%I 

39 91 
Grass hay plus: 

4.3 83 

Alfalfa hay 12.1 51 93 4.9 
Cowpea hay 

82 
11.6 54 4.3 

A. brevispica 
73 

12.9 53 : 5.7 72 
leaves 

A. fortilis fruits 13.1 49 83 
SEMZ 

43 
0.37 3.9 1.2 d::6 

F-test probability? 
4.0 

Overall ** NS ** ** ** 
Contrast 1 ** ** * * ** 
Contrast 2 NS NS l * NS ** 
Contrast 3 ** NS ** NS ** 
Contrast 4 NS NS * ** ** 

*v**Signi!icant at the 0.05 and 0.01 levels, respectively. 
Qlculated as [I-(fecal output/intake)JX 100. 
%EM = standard error of the means based on 25 degrees of fnedom. 
‘Contrast 1 -grass hay alone vs. supplemented diets; contrast 2 = alfalfa diet vs. diets 
with the 3 indigenous supplements; contrast 3 = alfalfa and cowpea diets VS. Acacia 
diets; and contrast 4 = A. brevispico diet vs. A. tortilis diet. 

overnight fast without supplements or water. Milk and water 
intake was estimated bi-weekly for each animal. Water intake was 
measured as consumption from plastic buckets, while milk intake 
was estimated using a weigh-suckle-weigh technique in the morn- 
ing and evening. 

Logistical constraints precluded the use of fecal collection to 
determine DM intake for the calves. Instead, intake was estimated 
indirectly for an average calf in each treatment from the daily N 
requirements for maintenance and observed growth using the fac- 
torial method described previously. The contribution of grazed 
DM to the diets was estimated by difference since the N content of 
the grazed portion of the diet and N intake of supplements and 
milk were known. Calculations used a milk N content of 0.53% 
(M.J. Nicholson, unpubl.), true-N digestibilities for diets from the 
sheep metabolism trial, and assumed a DMI of 2% of liveweight for 
estimating metabolic fecal N. 

Chemical Analyses 
Feed samples were ground to pass a l-mm screen in a Wiley mill. 

These were analyzed for N (AOAC 1980), acid detergent fiber 
(ADF), neutral detergent fiber (NDF), acid detergent lignin 
(ADL), and in vitro dry-matter digestibility (IVDMD) (Goering 
and Van Soest 1970, Van Soest and Robertson 1980), and nitrogen 
in NDF (NDF-N) (Reed 1986). Phenolics were separated into 2 
fractions. Concentrations of tannins and other phenolics soluble in 
aqueous acetone (soluble phenolics associated with cell solubles) 
were quantified as described by Reed et al. (1985), while concentra- 
tions of proanthocyanidin polymers insoluble in aqueous acetone 
or neutral detergent (insoluble proanthocyanidins associated with 
NDF) were estimated based on spectrophotometer absorbance 
readings at 550 nm of test solutions containing 5 mg of NDF, 
n-butanol, and concentrated HCl and expressed as Asm/g NDF 
(Reed 1986). 

Frozen feces were finely crushed using a mortar and pestle. 
Urinary and total fecal N was determined by kjeldahl analysis 
(AOAC 1980). Fecal N was further divided into NDF-N and 
microbial plus endogenous-N fractions by determination of fecal 
NDF-N and subtracting this from total N (Mason 1969). Retained 
N was calculated as the difference between N intake and N 

All trials employed stratified-random statistical designs and 
data were analyzed using the Statistical Analysis System (SAS 
1987). In the sheep trials a one-way analysis of variance (ANOVA) 
was used to analyze treatment effects on intake and digestibility of 
DM, organic matter (OM), NDF, NDF-N, and N as well as N 
retention, average daily gain (ADG) and conversion efficiency of 
DMI into liveweight. Average daily gain was estimated for each 
animal using a linear regression of weight versus time. A one-way 
ANOVA with N intake as a covariate was used to assess N reten- 
tion and losses. 

In the calf trial a one-way ANOVA was used to analyze ADG 
and water intake [i.e., ml l W’“‘, where W+0.s2 is an empirical 
liveweight scalar relevant for water-intake studies (King 1983)], 
and milk intake per unit metabolic weight (i.e., ml l W*O.‘~; ARC 
1980) was used as a covariate. Average daily gain was estimated for 
each animal using linear regression. 

Single degree of freedom contrasts were used in all trials to 
compare response variables from: (1) the unsupplemented diet vs. 
the 4 supplemented diets; (2) the alfalfa diet vs. the cowpea and 
Acacia diets; (3) alfalfa and cowpea diets vs. the Acacia diets; and 
(4) the A. brevispica diet vs. the A. tortilis diet. All differences 
mentioned in this paper are significant at the P<O.O5 probability 
level unless noted otherwise. 

Results 

Forage Chemical Composition 
Compared to the supplements, basal components in all trials 

were lower in N content, higher in NDF and NDF-N, and lower in 
digestibility and content of soluble phenolics (Table 1). Differences 
among basal diets and supplements were less pronounced for ADL 
or insoluble proanthocyanidins, but A. brevispica leaves were 
highest in these respects. Among supplements cowpea hay was 
lowest in N, and the Acacia materials were lower in NDF and ADF 
and higher in concentrations of phenolic compounds. Variation 
between browse materials in phenolic constituents was particularly 
apparent in the sheep trial, where A. tortilis fruits were higher in 
soluble phenolics while A. brevispica leaves were higher in insolu- 
ble proanthocyanidins. Between-trial variation in forage quality 
was most evident for alfalfa hay overall and for A. tortilis fruits in 
terms of phenolics (Table 1). Differences in A. tortilis fruits were 
probably a result of variation in time of collection in relation to 
ripening. Fruits for the sheep trial were collected relatively earlier, 
which is reflected in their higher levels of soluble phenolics. One 
consequence of ripening may be gradual shift from soluble to less 
soluble phenolics as a result of polymerization. 

Sheep Growth Trial 
On a DM basis, sheep consumed 91% of the A. tortilis fruits, 

88% of the alfalfa or cowpea hay, and 78% of the A. brevispica 
leaves offered when averaged throughout the trial (Table 2). Intake 
of grass hay by all supplemented groups was lower (P<O.Ol) 
compared to the control, which resulted from supplements replac- 
ing from 22 to 38% of the grass hay in the diets. This substitution 
led to no differences in total DMI. Acacia and cowpea supplements 
averaged 39% of total DMI, comparable to 38% for alfalfa. All 
supplemented diets increased N intake by an average 71% com- 
pared to the control, and ACQC~Q diets were higher in this regard 
than cowpea and alfalfa diets (P<O.Ol). Growth rates and diet 
conversion efficiency for supplemented sheep were increased 
(P<O.Ol) compared to the controls by an average of 74 and 54%, 
respectively. 

Sheep Metabolism Trial 
Supplementation increased DMI, apparent DM digestibility, 
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Table 5. Nitrogen losses and balance (g l head-’ l day-‘) for growing sheep (n = 6 per treatment) fed native grass hay with or without Acacia, 
cowpea or alfalfa supplements during an lo-day metabolism trial. 

Nitrogen losses* 
Fecal Nitrogen retention 

Diets Urinary Soluble Insoluble Total Adjusted’ Absolutes 
__________________ _______________ 

Grass hay __.._.;;..__________..__..._________~.h~a~-1.~ay-‘) 5.5 1.0 6.5 2.7 1.7 
Grass hay plus: 

Alfalfa hay 3.4 4.9 0.8 5.7 2.5 2.6 
Cowpea hay ::“8 4.1 1.2 5.3 3.0 3.0 
A. brevispica leaves 4.1 1.5 5.6 3.3 3.6 
A. tortilis fruits 4.0 2.1 6.1 3.5 4.0 

SEM’ ZO 0.47 0.16 0.45 0.18 0.40 
F-test probability? 

Overall ** NS ** NS NS 1. 
Contrast 1 l * NS ** NS NS ** 
Contrast 2 * NS l * NS NS * 
Contrast 3 +* NS ** NS NS l 

Contrast 4 * NS ** NS NS NS 

*~**Significant at the 0.05 and 0.01 levels~ respectively. 
lTabulstcd entries based on a common mtrogcn intake of Il.6 g l head-’ . day-’ in the covariate analysis. 
Talculated by difference and analyzed without a covariate. 
%EM = standard error of the means based on 25 degrees of freedom. 
‘Contrast I = grass hay alone vs. suoolemented diets: contrast 2 : alfalfa diet vs. diets with the 3 indigenous supplements; contrast 3 = alfalfa and cowpca diets vs. Acacia diets; and 
contrast 4 = A. brevispfca diet vs. -AA. rorrilis diet. 

OM intake, and NDF digestibility (Table 3). Intake and digestibil- 
ity of NDF were higher with cowpea and alfalfa diets compared to 
Acacia diets. The A. brevispica diet was lower than the A. tortilis 
diet in apparent OM digestibility. 

Total N intake was increased by an average of 50% in supple- 
mented groups compared to the control (Table 4). Intakes of 
NDF-N ranged from 31% of total N intake for the A. tortilis diet to 
52% for the control diet. The A. tortilis diet was lower than the A. 
brevispica diet in true digestibility of total N or NDF-N, which may 
have been due to the high content of soluble phenolics in the A. 
tortilis fruits (Table 1). 

In absolute terms, all supplemented groups had higher (P<O.Ol) 
rates of N retention than control animals, and N retention for 
sheep on alfalfa was lower compared to those on indigenous sup- 
plements (Table 5). However, when N intakes were adjusted to a 
common level in the covariate analysis, N retention was similar 
across treatments. Supplementation increased (P<O.O 1) output of 
urinary and fecal-insoluble N compared to controls. The Acacia 
diets differed (X0.01) from alfalfa and cowpea diets by having 
lower or higher excretion for urinary and fecal-insoluble N, respec- 
tively. The A. tortilis diet was the most distinctive in this regard 
(Table 5). 

Calf Growth Trial 
On a DM basis, the calves consumed about 8690 of the alfalfa 

hay or A. tortilis fruits and 71% of the cowpea hay or A. brevispica 
leaves offered throughout the trial (Table 6). Milk intake did 
account for some differences in calf growth (690) or water intake 
(190) in the covariate analyses, but results indicated that milk 
intake was adequately standardized among treatments. Nitrogen 
intake from supplements ranged from 8.1 g l head-’ l day-’ (A. 
brevispica) to 14.8 g l head-’ . day-’ (alfalfa). Supplementation 
increased (P<O.O 1) calf growth rates by 44 to 9590 compared to the 
control, and the alfalfa diet elicited higher growth rates than diets 
with the indigenous legumes (P<O.Ol). Supplementation increased 
(P<O.Ol) water intake overall compared to the control group, with 
smaller differences evident among supplemented groups (Table 6). 

On average, the supplements probably comprised a larger pro- 
portion of the total diet of the calves compared to that observed for 
the sheep. For the control calves the factorial analysis indicated 
that the milk intake of 380 ml l head-’ l day-’ contributed 14% of 
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Table 6. Intakes of milk, forage (dry-matter basis), and water and growth 
rater for nursing Boran calves (n = 22 to 25 per treatment) under sbnu- 
lated pastoral management with or without Acudu, cowpea or alfalfa 
supplements during a 94-day growth trial. 

Supplement Milk Water Growth 
intake intake intake rate 

&head-‘. (ml.W*‘.79) (ml.W*“) (gmhead-‘* 
day-‘) day-‘) 

Grass hay 0 25 112 81 
Grass hay plus: 

Alfalfa hay 438 25 138 158 
Cowpea hay 423 

;: 
112 107 

A. brevirpica 300 134 117 
leaves 

A. tortilis fruits 4153 24 130 137 
SEM’ 4.7 8.9 
F-test 

probability? 
Overall ** +* 
Contrast 1 - *+ t* 
Contrast 2 - ** ** 
Contrast 3 - NS NS 
Contrast 4 - * NS 

***Significant at the 0.05 and 0.01 levels, respectively. 
‘SEM = standard error of the means based on either 3% or I16 degrees of freedom for 
water intake or growth rate, respectively. 
*Contrast 1 = grass hay alone vs. supplemented diets, contrast 2 = alfalfa diet vs. diets 
with the 3 indigenous supplements; contrast 3 = alfalfa and cowpea diets vs. AC&~ 
diets; and contrast 4 = A. brevispica diet vs. A. fortilis diet. 

the total dietary N requirements of 14.8 g l head-’ l day-‘, with the 
remainder from about 1.3 kg DM of daily grazing. Milk provided 
from 10 to 1290 of the N requirements for calves in the supple- 
mented groups, while the legumes provided from 46% (A. brevis- 
pica diet) to 5590 (A. tortilis and cowpea diets) and 78% (alfalfa 
diet). Averaged across supplemented groups the contribution of 
milk, supplements, and grazing to N requirements may have been 
11, 58, and 3190, respectively. Compared to the control group, 
supplements may have reduced grazing intake on the order of 4090 
(A. brevispica diet), 4590 (A. tortilis diet), 55% (cowpea diet), and 
80% (alfalfa diet). Total DMI (excluding milk) for the supple- 
mented groups may have been reduced by 12% (A. tortilis diet) to 
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50% (alfalfa diet). Thus, it is speculated that compared to the appear as fecal NDF, which biases estimation of true-NDF diges- 
sheep, the legumes not only replaced more of the base diet for the tibility (Reed 1986). Considering the high proportion of legumes in 
calves but also contributed to a lower total DMI. This was because sheep and calf diets, it is likely that the most important effect of 
the grazing intake was more limiting to the calves than the grass legumes on improved performance was because of their absolute 
hay offered to sheep in terms of availability (due to forage distribu- contributions of N and ME. 
tion and restricted feeding time) and quality especially IVDMD; The legumes had varied effects on utilization of dietary protein 
Table 1). and this was probably influenced by the different types and concen- 

Between-Trial Variation 
Despite the use of nutritional standards for temperate breeds 

(ARC 1980), other assumptions, and sources of experimental 
error, the targeted growth rate from supplementation of sheep (50 
g l head-’ l day-‘) was achieved in all treatments, while that for the 
calves (150 g l head-’ l day-‘) was not in 3 of 4 treatments, even 
with the contribution from milk. The less accurate transferability 
of guidelines for the calves may have been largely due to differences 
in N or ME requirements, but it may have also been related to the 
lower relative intake of some supplements by calves compared to 
the sheep and the low IVDMD of grazing. 

Compared to the sheep growth trial, there was also higher varia- 
bility in growth among supplemented calf groups. This was most 
likely due to between-trial variation in diet quality. The lower 
nutritive value of grazing plus the larger variability in quality of 
supplements in the calf trial served to spread treatment response to 
a greater degree. For example, compared to the sheep, the rela- 
tively greater response of calves to alfalfa, or their smaller response 
to cowpea, reflected larger differences in nutritive value between 
these materials (Table 1). Similarly, the greater relative response of 
calves to A. tortilis diets compared to sheep was probably related 
to the lower concentration of soluble phenolics in the fruits for the 
calves, which may have had the greatest influence on N digestibil- 
ity. In sum, these results are interpreted to show that high variabil- 
ity occurs in the nutritive value of these legumes and that it is 
difficult to precisely predict animal response to supplementation 
under these conditions. 

Discussion and Conclusions 

Our work demonstrated that these Acacia and cowpea materials 
are suitable protein sources in terms of intake and growth 
responses. This has been previously documented for the Acociu 
forages. Tanner et al. (1990) found sheep to consume all the A. 
tortilis fruits on offer and to grow at the same rate as sheep fed 
oilseed meal [Guizotiu abyssinica (L.f.) Cass.] when both were 
offered as isonitrogenous protein supplements to maize stover 
(Zeu muys L.). In addition, there were also no differences between 
these 2 diets in terms of digestibility of DM or OM. Woodward 
(1988) reported that sheep and goats under confinement consumed 
over 90% of A. brevispicu leaves on offer, and had diet digestibili- 
ties of DM and OM similar to those for animals fed vetch ( Viciu 
dusycurpu Tenore) when offered as isonitrogenous supplements to 
teff [ Erugrostis tef(Zucc.) Trotter] straw. Field observations have 
also indicated a high acceptance of A. tortih fruits by sheep and 
goats (Pratt and Gwynne 1977, Coppock et al. 1986a) and A. 
brevtipicu leaves by sheep, goats, and camels (Woodward 1988). 

Despite the positive responses of sheep and calves in terms of 
legume intake and increased growth, the role of these legumes as 
supplements, in a strict sense, remains open to debate. One 
hypothesis was that legume feeding should increase intake and 
digestibility of fiber, thereby improving the efficiency of use of the 
base component of the diet. When the control group was compared 
vs. all supplemented diets in the sheep metabolism trial, no differ- 
ences were observed in NDF intake, and the legume diets appeared 
to reduce NDF digestibility. There is a problem, however, with 
interpretation of NDF digestibility of the Acacia diets. This is 
because tannins complex with other dietary components and 

trations of phenolics. The nutritional effects of these compounds 
are diverse. In many cases phenolics have negative effects on forage 
palatibility and diet digestibility (Hatfield 1970, Bate-Smith 1973, 
Reed et al. 1990). However, phenolics may also improve N reten- 
tion (Egan and Ulyatt 1980, Barry and Manley 1984). 

Soluble phenolics include tannins which may form indigestible 
complexes with nutrients and inhibit enzymes (Reed et al. 1985). 
Many browse species also contain insoluble proanthocyanidins 
which may complex with protein and carbohydrate and elevate the 
content of NDF and NDF-N (Reed 1986). Our results indicate that 
the A. tortilis fruits had the greatest effect on N digestion and this 
was probably due to their high content of soluble phenolics. 

We did not examine differential digestibility of the pods and 
seeds that comprised the A. tortilis fruits, but Tanner (1988) found 
that 54% of A. tortilis seeds passed undigested through his sheep. 
This was in contrast to much lower passage rates (4 to 16%) for 
seeds of 3 other Acacia species he tested. The undigested seeds of A. 
tortilis constituted a significant portion of the diet in the study by 
Tanner (1988); they represented 19 and 31%, respectively, of the 
intake of DM and N of the fruits and 6 and 11 Yc, respectively of the 
total dietary intake of DM and N. 

Tanner (1988) used our assays for phenolics as well as high 
performance liquid chromatography and thin layer chromato- 
graphy to isolate proanthocyanidins in A. tortilis fruits. Soluble 
phenolics in the seeds consisted of prodelphidins of high molecular 
weight. These compounds may increase the resistance of A. tortilis 
seeds to digestion and decrease protein digestibility. 

Previous research on the soluble phenolics and insoluble proan- 
thocyanidins in A. brevispicu leaves indicates that the phenolics 
have little effect on inhibition of cellulase and protein precipitation 
(Reed et al. 1985). The soluble phenolic fraction has a low content 
of proanthocyanidins (Mueller-Harvey et al. 1987). 

In accordance with work by Nastis and Malechek (1981), 
Woodward (1988), Nunez-Hernandez et al. (1989), Reed et al. 
(1990), and Tanner et al. (1990), our results indicate that tanninif- 
erous forages can be suitable protein sources as long as the negative 
effect of tannins on increasing output of fecal N is less than their 
positive effect of reducing urinary-N loss. In contrast to this per- 
spective, however, work with native American shrubs indicates 
that forages high in tannin content reduced N retention in goats 
more by depressing intake rather than through influences on N 
digestion (Holechek et al. 1990). 

Nunez-Hemandez et al. (1989) concluded from their studies of 
temperate browse that moderate intakes (30% of DM) of most 
materials tested resulted in efficiencies of N assimilation similar to 
those of animals on diets supplemented with alfalfa. Our work 
supports a similar view for these tropical browses, as even high (40 
to 600/o) proportions of these materials in calf diets apparently had 
no negative effects. 

Recommended use of tanniniferous forages is complicated by 
effects of stage of maturity (Nastis and Malechek 1981), local 
environment (Barry and Forss 1983), and drying procedures (Price 
et al. 1979) on phenolic content. While caution may be approp- 
riate, we found nothing to preclude recommendation of the indi- 
genous forages tested here. 

Although the legumes examined in this research are suitable in 
terms of nutritional value, their implication in improved feeding 
systems for calves also depends on the productivity and distribu- 
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tion of plants because this determines the labor needed for forage 
collection. Calf feeding among the Boran is traditionally somewhat 
intensive, as nursing calves obtain a large proportion of forage as 
standing grass collected and hand fed by women (Mulugeta 1990). 
Grass collection is reportedly most difficult in dry seasons when the 
women have to spend more time searching for forages of sufficient 
quality, and those labor constraints may limit the amount of forage 
offered to calves (Mulugeta 1990). Improved feeding systems 
should thus raise the level of calf nutrition, but without a large 
increase in labor. 

While there has been no tradition among the Boran of collecting 
and storing calf forage for the dry season, some success has been 
achieved in extending concepts of storing grass hay after the long 
rains (when seasonal labor demands are lower) and collecting A. 
tortilis fruits during dry periods (Mulugeta 1990). Changing atti- 
tudes of the Boran towards more intensified use of resources may 
be due in part to increasing population pressure and competition 
(Menwyelet 1990). 

Calves consumed from 300 to 460 g l head-’ l day-’ of the 
legumes on a DM basis, which translates into 27 to 41 kg DM per 
calf for 90 days at the height of the dry season. For many families, 
however, the labor required to collect this much material can be 
prohibitive. Instead of legumes being used to augment calf diets 
based on sparse, poor-quality grazing or cut-and-carry forage 
found in dry periods, a more appropriate method could be to use 
legumes with the grass hay made earlier in the year. Grass hay 
made by the Boran in extension trials has a higher N content and 
IVDMD compared to standing grass in the dry season (Mulugeta 
1990). For example, using legumes to slightly improve a hay-based 
diet, offered at 1 kg l head“ l day“, from 6 to 8% crude protein on 
a DM basis would require from 30 to 45% less of the legumes 
compared to the amounts consumed by calves in this research 
(D.L. Coppock, unpubl.). This represents a large labor savings, 
which makes effective use of legumes more likely and illustrates the 
interdependency of forage interventions. Studies have indicated 
that the legumes average 25times as expensive as grass hay in 
terms of seasonal labor costs, so the legume input needs to be 
minimized (Mulugeta 1990). 

Acacia tortilis fruits are produced in dry seasons when forage is 
most needed. This species is recognized as drought tolerant and a 
key forage stabilizer in African pastoral systems (Coughenour et 
al. 1985, Coppock et al. 1986a, Gates and Brown 1988). Acacia 
tortilis should be promoted in range improvement programs. 
Cowpea should also be promoted, but first for its seed to diversify 
human diets and second as fodder for supplementing livestock 
(Yohannes 1989). Cowpea should also serve as a useful risk- 
aversion crop with cereals (Hulet and Gosseye 1986). Acacia bre- 
vispicu is the most difficult of these plants to use because of a low 
standing crop of leaves per shrub (1 to 2 kg DM; A. Woodward, 
unpubl.) and prickly leaf rachii that make harvest of large quanti- 
ties difficult by hand. However, this is an invading species that has 
formed thickets at higher elevations (Tamene 1990). Boran who 
reside in these areas could efficiently collect leaves if this was 
promoted, which could help control A. brevispicu. 

Improved feeding management of calves in this system will also 
depend on more water development to allow calves greater intake 
of improved feeding packages (D.L. Coppock, unpubl.). To be 
successful, interventions that involve planting forages (e.g., A. 
tortilis trees) must take advantage of situations where communal 
land tenure has been replaced by regulated access. This is becoming 
more prevalent on the Borana Plateau because of population 
pressure (Menwyelet 1990). 
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Abstract 

The usefulness of near infrared reflectance spectroscopy (NIRS) 
for predicting diet quality of free-ranging cattle through fecal 
analysis was examined. Diet samples were obtained with esopha- 
geal fistulated steers; subsequently, study areas were grazed with 
nonfistulated lactating and dry cows to provide fecal samples 
representing differing forage diet quality. Diet samples, which were 
analyzed by conventional laboratory procedures for in vivo cor- 
rected digestible organic matter (DOM) and crude protein (CP), 
provided dependent variable reference data while fecal sample 
spectra provided independent variable data for development of 
NIRS predictive equations by stepwise regression. Equations were 
developed from a data set at one location with subsequent equation 
development using expanded data ranges obtained by adding sam- 
ples from a second location. Standard errors of calibration (SEC) 
and validation (SEV) for the DOM equation developed from the 
expanded data range were 1.66 and 1.65, respectively; these values 
were nearly equivalent to the laboratory standard error (SEL) of 
1.68. SEC and SEV for the CP equation developed from the 
expanded data range were 0.89 and 0.93, respectively, compared to 
the 0.44 SEL. Coeffkients of determination for DOM and CP 
equations were 0.80 and 0.92, respectively. These statistical 
parameters developed from fecal spectra to predict forage diet 
quality are equal to or better than statistics reported in the litera- 
ture for NIRS equations developed using forage spectra. Further- 
more, equation standard errors were within acceptable limits for 
NIRS calibrations. No effects of physiological stage of animals on 
calibration were noted in this study. Results are interpreted to 
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indicate that prediction of diet DOM and CP of free-ranging 
herbivores can be accomplished with NIRS fecal analysis to a 
degree of precision equivalent to conventional laboratory diet 
analyses. 

Key Words: crude protein, digestible organic matter, near infrared 
reflectance spectroscopy 

Presently there are no rapid reliable methods of determining diet 
quality of free-ranging herbivores. However, recent investigations 
indicate potential for application of near infrared reflectance spec- 
troscopy (NIRS) in rangeland diet quality analysis (Holechek et al. 
l982b, Stuth et al. 1989). In addition, NIRS prediction of forage 
quality of free-ranging herbivores through fecal analysis appears to 
have potential both as a management and research tool (Brooks et 
al. 1984, Coleman et al. 1989, Stuth et al. 1989). Our hypothesis 
was that rangeland herbivore feces contains chemical bonds result- 
ing from undigested residues and microbial fermentation and host 
animal digestion end products which can provide NIRS spectral 
information highly correlated with dietary crude protein and diges- 
tibility. This study examines the potential of NIRS technology to 
predict diet digestibility and crude protein content of free-ranging 
cattle. 

Study Area and Treatments 

This study was conducted at 2 locations. The first location was 
the La Copita Research Area (27” 4O’N, 98” 12’W) in northeastern 

Tamaulipan Province, approximately 30 km W of Corpus Christi, 
Texas. Prosopis-Acacia shrubland sites at this location were char- 
acterized (Olson 1984) by a post oak (Quercus stellata Wang.) 
overstory and a herbaceous component dominated by little blue- 
stem (Schizachyrium scoparium Michx.) and brownseed paspa- 
lum (Paspalumplicatulum Michx.). Five trials were conducted at 
La Copita in June, August, and October of 1988 and in January 
and June of 1989. Esophageal fistulated 5- to 9-yr old steers (680 
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kg) were used to collect diet samples. During each trial, 8 Brahman 
X Hereford nonfistulated cows (520 kg) selected from a group of 12 
cows at various stages of lactation and gestation were utilized to 
graze study plots and generate fecal samples. 

The La Copita grazing scheme involved 2 sites, 4 cows per site, 2 
levels of grazing, and 4 days grazing per site for 320 potential fecal 
samples. At the beginning of each trial, cows were randomly 
assigned to either an upland or lowland grazing group, including 2 
lactating and 2 dry cows each. Sites were ungrazed between trials to 
allow accumulation of new forage. Within trials, sites were grazed 
at 2 levels of forage quality (high and low). During the first grazing 
cycle (high quality), cow groups grazed 1 day in each of 4 paddocks 
within sites; subsequently, plots were grazed by steers until pre- 
ferred plants were grazed to mean leaf collar height to create a 
lower level of forage quality yet adequate standing crop during the 
second grazing cycle. After cows had grazed each paddock at the 
high quality level, they were rotated back through paddocks for 
grazing at the lower forage quality level. 

Diet samples were collected at daylight on each day of a trial. 
Two groups of 3 steers were used to collect diets from each range 
site each day of a trial. After diet samples were collected on the first 
day of a trial, cows were turned into sampled paddocks in each site. 
Fecal sampling began the first morning after grazing was begun 
and continued until 1 day after each trial ended. Diet and fecal 
sampling were conducted at the same time each morning during a 
trial. Fecal samples were taken by fecal aeration, i.e., grab sample. 
Extrusa samples were dried immediately after collection at 60” C 
for 48 hours and then ground in a Wiley mill to pass a 2-mm screen 
to avoid problems with unground sample residue (Lippke et al. 
1986). Fecal samples were frozen for later processing. 

At College Station, 5 additional trials were conducted in August, 
October, and December of 1989 and April and May of 1990. These 
trials were used to collect forage and fecal data which would allow 
expansion of the La Copita data range at both extremes and 
provide additional spectral variability. 

In College Station trials, sampling sites were selected based on 
available forage and feasibility of collecting representative diets 
with esophageal fistulated steers. Each trial was designed to collect 
data at 1 diet quality level. Diet samples were collected using 3 
steers at the beginning of each trial. Eight intact cows then grazed 
sampled areas for a 72-hour period. Fecal samples were collected at 
1Zhour intervals beginning at 24 hours after initiation of grazing. 
Extrusa and fecal samples were processed in the same manner as 
those collected at La Copita. 

Laboratory Methods 

Digestibility Determinations 
Extrusa sample digestibility was determined by in vitro procedures 
using a 48-hr fermentation (Tilley and Terry 1963) followed by 
neutral detergent fiber procedure (Van Soest and Wine 1967). 
Three forage standards of known in vivo digestibility (values 
suppled by W.E. Pinchak of the Texas Experimental Ranch, Ver- 
non, Texas) were included in each in vitro run for every 10 
unknown samples. Standards were wheat stubble hay, 54.8% in 
vivo organic matter digestibility (OMD); kleingrass hay, 65.0% 
OMD; and alfalfa hay, 76.3% OMD. 

Forty-eight hour in vitro values were corrected to in vivo values by 
regression. Resulting OMD values for unknowns were converted 
to in vivo digestible organic matter (DOM) values using organic 
matter values for individual samples. Daily extrusa samples were 
pooled across animals within each site for use as dependent vari- 
able reference data in NIRS equation development. 

Crude Protein Determinations 
Each extrusa sample was analyzed for crude protein (CP) con- 

tent on a dry matter basis by micro-Kjeldahl procedure using the 
Hach system (Hach 1987). Daily extrusa samples from each range 

JOURNAL OF RANGE MANAGEMENT 45(3), May 1992 

site were pooled for use as dependent variable reference data in 
NIRS equation development. 

Fecal Sample Processing for NIRS Analysis 
Frozen fecal samples were dried in a forced-air oven at 60° C for 

48 hours with periodic stirring to eliminate crusting and facilitate 
drying. Dried samples were ground in a Udy cyclone mill to pass a 
l-mm screen to reduce particle size and ensure uniformity of 
particle dimension for improved precision of NIRS results (Norris 
et al. 1976). Moisture was stabilized in samples (Lyons 1990) before 
scanning with a Pacific Scientific NIR Scanner 4250 equipped with 
3 tilting filters and a spinning sample cup. 

Equation Development 
Calibration equation development in this study was accomp- 

lished using stored NIRS spectra from fecal samples as independ- 
ent variable reference data. However, reference data for the 
dependent variables DOM and CP was obtained from laboratory 
analysis of esophageal extrusa samples. 

To match diets and feces for La Copita samples, an averaging 
algorithm was used for both DOM and CP data in which reference 
data for day 1 and day 2 of a trial within each site were averaged. 
This average was used as the reference data for day 2 fecal samples. 
The mean reference data for day 2 was added to the value for day 3 
and the mean of the 2 values calculated. This mean served as the 
reference data for day 3. This algorithm was repeated until refer- 
ence data was calculated for each day in the trial. Because of 
probable diet transitions onto experimental plots and transitions 
between levels of diet quality, only information from days 3 and 4 
and days 7 and 8 of a trial were used in equation development. 
Huston et al. (1986) reported mean gastrointestinal tract retention 
times for cattle grazing native rangeland of 33, 34.7,40, and 34.8 
hours for spring, summer, fall, and winter, respectively. The fecal 
sample selection procedure described above resulted in 144 sam- 
ples which composed a calibration data set for the 5 La Copita 
trials used to develop initial NIRS equations for prediction of 
DOM and CP. 

College Station data which either expanded the La Copita data 
range or provided additional samples at points within the data 
range where data were absent or inadequate were selected for use in 
development of equations using combined College Station/ La 
Copita data sets. College Station fecal samples within 12-hour 
collection periods with La Copita equation diet quality predictions 
most closely approximating laboratory diet analysis were selected 
to provide spectral data for recalibration with the assumption 
forage selected by fistulated animals may differ from that available 
to cows used in grazing and fecal sample collection prior to begin- 
ning trials. 

Equations were developed by modified stepwise regression 
(Westerhaus 1985a). Equation selection involves consideration of 
several factors which includes the standard error of calibration 
(SEC) (Hruschka 1987, Osborne and Fearn 1986); laboratory 
standard error (SEL) (Hruschka 1987); coefficient of determina- 
tion (R2) (Hruschka 1987, Osborne and Fearn 1986); equation 
wavelength F-statistics (Westerhaus 1985); wavelength coefficient 
magnitude (Williams 1987); and equation wavelength examination 
to determine if chemical relationships exist with variables being 
measured (Hruschka 1987). 

Results 

Digestibility Equations 
In terms of standard error of calibration, DOM equation devel- 

opment was deemed successful. Calibrations using the same diet 
reference data and spectra data from lactating and dry groups 
(Table 1) within the La Copita data set resulted in identical calibra- 
tion statistics, and slopes and bias for validation samples which 
were not significantly different (-0.05). The SEC for the equa- 
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Table 1. Comparison of in vivo corrected digestible organic matter (DOM) and crude protein (CP) quatiom for Iactathg (LACT) and dry (DRY) COW 
fecal calibration sets within La Copita caIibration set. 

Equation n 

LACT DOM 54 
DRY DOM 54 
LACT CP 54 
DRY CP 54 

Calibration 
SEC 

1.70 
1.70 
0.87 
0.87 

RZ n SEV(C) 

0.70 18 1.93 
0.70 18 1.88 
0.63 18 1.21 
0.63 18 1.09 

Validation 
r* 

0.70 
0.71 
0.45 
0.57 

Bias Slope 

-0.37 1.03 
-0.75 0.92 
0.15 1.14 

-0.04 1.23 

SEC-Standard error of calibration. 
R*-Coefficient of determination. 
SEV(C)-Standard error of validation corrected for bias. 
r*-Coefficient of simple correlation. 

tion developed from the La Copita calibration set (Table 2) was 
I .75 compared to 1.66 for the equation developed from the College 
Station/ La Copita calibration set. These values were nearly equi- 
valent to the SEL (1.68), which indicates procedures used in sample 
preparation for NIRS scanning introduced little error. Standard 
errors of calibration obtained in the present study were equivalent 
to or lower than values reported for digestibility estimates in other 
studies (Holechek et al. 1982b, Brooks et al. 1984, Brown et al. 
1990). Standard error of validation corrected for bias, SEV(C), 
shown in Table 2 was obtained using an equation developed from 
odd-numbered samples predicting even-numbered samples (Norris 
et al. 1976). The College Station/ La Copita equation SEV(C) of 
1.65 (Table 2) indicates a high degree of precision in predictions. 
The relationship between reference DOM values and NIRS pre- 
dicted values for the College Station/ La Copita validation set is 
illustrated in Figure 1. 

The La Copita DOM equation R* (0.69) (Table 2) was lower 
than values reported by others. Using fecal material, Brooks et al. 
(1984) reported a 0.88 RZ for in vivo dry matter digestibility equa- 
tions for prediction of extrusa. However, improvement in R2 (0.80) 
was achieved with the College Station/ La Copita equation (Table 
2). The relatively low La Copita equation R2 is at least partially due 
to limited data at the extremes of the data set and possibly the 
narrower range of the data. 

The La Copita DOM equation range (54.6-65.3%) had only 12 
samples below 56% and 4 samples above 64%. A wider range of 

values (54-68%), more samples at extremes, and additional sam- 
ples at points where data was lacking resulted in improvement of 
R* from 0.69 to 0.80. Calibration samples should be numerous 
enough to accomplish calibration, well distributed over the range 
and representative of the population (Osborne and Fearn 1986). 

Crude Protein Equations 
Standard error of calibration for CP did not approach the 

laboratory standard error as closely as in the DOM equation, yet 
calibrations were not affected by physiological stage. As with 
DOM, crude protein calibrations for the lactating and dry groups 
(Table 1) resulted in identical SEC and Rzvalues and no significant 
bias or differences in slope (mO.05). The standard error of cali- 
bration for the La Copita equation was 0.88 compared to a SEL of 
0.44. Variation in CP between pooled extrusa samples was used to 
calculate this SEL. The College Station/ La Copita equation SEC 
was 0.89 (Table 2). These values are nearly 2 times the SEL, which 
is within acceptable limits for NIRS calibration procedures 
(Hruschka 1987). Crude protein standard errors of calibration 
obtained in our study were similar to those reported by others 
(Holechek et al. 1982b, Brooks et al. 1984, Brown et al. 1990). 
Higher relative CP standard errors of calibration compared to 
those for DOM equations could be related to variations in the 
supply of nitrogen (N) due to rumen recycling and endogenous N. 
The relationship between reference CP and NIRS predictions for 
the College Station/ La Copita equation validation set is illustrated 
in Figure 1. The SEV(C) shown in Table 2 indicates a high degree 

Table 2. In vIvo corrected digestible organic matter (DOM) and crude protein (CP) quations from La Capita (LC) and College Station-La COPita 
(CSLC) calibration sets. 

kquation 

LC DOM 

Calibration Validation 

n Math A F SEC R2 n SEV(C) rz Bias Slope 

72 1st 1968 29 1.75 0.69 72 1.73 0.71 -0.30 1.03 

2145 30 
2297 292 

CSLC DOM 102 2nd 1968 146 1.66 0.80 102 I .65 0.80 0.08 1.02 

2064 208 
2278 356 
2297 389 

LC CP 72 2nd 2044 139 0.88 0.64 72 0.89 0.63 -0.12 1.03 

2064 109 
2219 106 
2293 85 

CSLC CP 98 2nd 2036 258 0.89 0.92 97 0.86 0.93 0.08 0.97 

2063 220 
2107 649 
2210 100 
2275 427 

Math-1st or 2nd derivative of log (I/R) spectra. 
SEC-Standard error of calibration. 
R2-Coefficient of determination. 
SEV(C)-Standard error of validation corrected for bias. 
&Coefficient of simple correlation. 
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SEV(C) = 0.88 
BIAS = 0.08 
SLOPE = 0.97 8 I 
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Fig. 1. Reference crude protein (CP) vs. NIRS predicted CP and reference 
in vivo corrected digestible organic matter (DOM) vs. NIRS predicted 
DOM for the College Station/La Copita validation set indicating stand- 
ard error of validation corrected for bias, SEV(C), coefficient of simple 
correlation (r*), bias, and slope. 

of precision in estimates for CP. 
La Copita crude protein equation Rr (0.64) was lower compared 

to values reported by others, 0.99 (Brooks et al. 1984) and 0.92 
(Holechek et al. 1982b). However, marked improvement (0.92) was 
obtained with the College Station/ La Copita equation (Table 2). 
As wih DOM, the range in the data appears to be related to the 
lower R2 values. The CP range (6.9-12.9%) had only 8 samples 
below 7% and 4 above 11%. Both a wider range of data (4-17%), as 
well as more samples at extremes and additional samples where 
data were lacking, resulted in marked improvement in this statistic 
for the College Station/La Copita equation. The CP range 
reported by Brooks et al. (1984) was 3.0-23.3% with a 0.99 Rr, 
while Holechek et al. (1982b) reported a range of 5.2-14.9s with a 
0.92 Rr. 

Discussion 

Fecal nitrogen indices for use in estimating dietary intake (Gal- 
lup and Briggs 1948); digestibility (Lancaster 1949, Holechek et al. 
1982a); and CP content (Raymond 1948, Hinnant 1979, Holechek 
et al. 1982a) have been of interest to many researchers. Fecal 
analysis is appealing because samples are easily obtained and 
should theoretically, be representative of the quality of forage 
selected by grazing animals. These attributes of fecal analysis make 
the technique appealng both as a research and management tool. 

Although earlier studies (Gallup and Briggs 1948, Raymond 1948, 
Lancaster 1949, Hinnant 1979) have dealt primarily with fecal 
N-dietary N relationships, some studies (Holloway et al. 1981, 
Holechek et al. 1981, Holechek et al. 1982a, Leite and Stuth 1990) 
have examined multiple fecal indices. Investigations with both 
fecal N and multiple fecal indices have met with mixed results. 

Consideration should be given to ruminant fecal composition 
and its theoretical relationship to dietary constituents. Ruminant 
fecal dry matter consists of undigested dietary materials, undig- 
ested cell walls of rumen bacteria, microbial cells from the cecum 
and large intestine, and residues of endogenous substances includ- 
ing digestive enzymes, mucous and other secretions, and sloughed 
epithelial cells (Merchen 1988, Van Soest 1982). Morphologically, 
increased concentrations of bacterial cells were observed in sheep 
feces as rations became less fibrous, while dietary residues vary 
with the nature of the ration but include small amorphous pieces of 
lignified material, pitted xylem vessels, and xylmem fibers (Mason 
1969). Undigested plant residues in herbivore feces consist largely 
of plant cell wall constituents including cellulose, hemicellulose, 
and lignin (Jarrige 1965, Van Soest and Moore 1965). The propor- 
tion of dietary materials to materials of metabolic and endogenous 
origin is greatest with diets of low quality forage (Jarrige 1965, 
Merchen 1988). Feces physically become more fibrous as plants 
age and digestibility decreases (Jarrige 1965). Pond et al. (1987) 
found larger sheets of cuticle, more parenchyma bundle sheath 
cells associated with vascular bundles, and more exposed tracheary 
elements in fecal particles derived from mature versus immature 
Coastal bermudagrass (Cynodon dactylon L.). Bacterial N excre- 
tion has been reported to be closely related to amount of energy 
fermented in the host animal (Mason 1969). 

Microbial cells and residues constitute a large proportion of 
fecal dry matter (Merchen 1988). Indigestible cell walls from 
rumen bacteria plus cells from fermentation in the lower gastroin- 
testinal tract are the largest sources of microbial fecal matter (Van 
Soest 1982). Endogenous fecal matter, i.e., nonmicrobial, consti- 
tutes IO-15% of the metabolic fraction. About 86% of fecal N is of 
bacterial and endogenous origin with 74% of this nondietary N 
being of bacterial origin (Merchen 1988). No evidence exists of 
potentially digestible feed protein in feces because dietary protein 
residues are present as keratin or Maillaird products and bound to 
lignin (Van Soest 1982). 

Microbial cell walls contain substituted glucosamine (muramic 
acid) polymers with attached peptides (Van Soest 1982). The fecal 
amino acid profile is similar to that of isolated gastrointestinal 
bacteria (Merchen 1988). Among the amino acids present is diami- 
nopimelic acid (DAPA) (Mason 1969, Van Soest 1982), which is 
unique to bacteria. Cell walls also contain teichoic acids, polymers 
of ribitol or glycerol phosphate with alanine side chains (Van Soest 
1982). lndole and skatole, ring compounds produced from microb- 
ial degradation of tryptophan, also appear in the feces. 

As suggested by Hruschka (1987), the final NIRS equation 
evaluation involves wavelength examination to determine if selected 
wavelengths appear to have a chemical relationship to the variable 
being measured. Norris et al. (1976) suggested the first 2 wave- 
lengths in terms of F-statistic rank were most important in NIRS 
multiple regressions. Windham et al. (1988) also indicated that, 
although wavelengths of multiterm equations are so interdepend- 
ent that interpretation of individual wavelengths is often difficult, 
it is useful to evaluate the first 2 wavelengths in terms of related 
chemical constituents. For these reasons and because tilting fiber 
instruments such as the one used in this study provide only approx- 
imate wavelength identification, we will briefly discuss the possible 
biological basis only for primary wavelength selection in the Col- 
lege Station/ La Copita CP and DOM equations. 

Log (1 /R) spectra of fecal samples representative of forage 
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Fig. 2. Comparison of second derivative log (l/R) fecal spectra associated with fermentation and digestion of low (A) and high (B) quality forages 
illustrating greater absorbance at most significant estimated wavelengths in the College Station/La Capita CP equation (2107 nm) for sample A and in 
the DOM equation (2297 nm) for sample B. Valleys (minima) in second derivative are analogous to peaks (maxima) in log (l/R) spectra. Gaps indicate 
filter changes. 

quality at extremes of data sets were converted to second derivative 
spectra to accentuate spectral characteristics (Hruschka 1987). 
Maxima in log (1 /R) spectra correspond to second derivative 
minima (Barton 1987), i.e., valleys indicate greater absorbance 
with second derivative spectra. Spectra of fecal samples represent- 
ing diet quality of 4% CP, 54.7% DOM and 17% CP, 67.3% DOM 
are illustrated in Figure 2. For the DOM equation, this comparison 
shows greater absorbance for the high quality sample at the prim- 
ary wavelength (2297 nm). In NIRS forage applications, this wave- 
length region has been associated with neutral detergent fiber 
(Norris et al. 1976, Redshaw et al. 1986). Furthermore, Barton et 
al. (1986) attributed an observed continual decrease in apparent 
absorbance intensity at 2290 nm with time of barley straw in vitro 
incubation to cellulose digestion. Location of primary absorbers 
may be shifted by the derivative process or distorted by tilting 
filters and by various combinations of absorbing bonds. The 
implied discrepancy of greater absorbance for feces from high 
quality forage observed in our study at 2297 nm and decreasing 
absorbance observed at 2290 nm by Barton et al. (1986) may be due 
to shifting by tilting filters of our instrumentation. Regardless of 
exact wavelength location, we suggest the observed greater absor- 
bance associated with feces from high quality forage may indicate 
detection of microbial response to diet quality possibily through 
absorbance associated with chemical bonds in undigested rumen 
microbial cell walls, whole microbial cells produced in the lower 
gastrointestinal tract, and aromatic and other by-products of 
microbial degradation. As indicated above, a direct relationship 
exists between dietary energy and fecal microbial residues (Mason 1969). 

242 JOURNAL OF RANGE MANAGEMENT 45(3), May 1992 

For the spectral region near the primary wavelength (2107 nm) 
in the CP equation (Fig. 2), absorbance appears to be greater for 
the low quality sample. Because a filter change occurs in this area, 
wavelengths are estimated, and intercorrelations between wave- 
lengths exist, it is possible that an artifact could have been pro- 
duced which correlated well with CP, and the actual wavelength 
related to CP may be one of the other wavelengths listed in Table 2. 
However, we suggest that this wavelength is possibly associated 
with undigested dietary residues of cell wall carbohydrates which 
would be present in greater portions in feces from lower quality 
forage (Mason 1969, Merchen 1988). This 2100 nm wavelength 
region usually represents the very strong OH combination band 
seen in all starch- and cellulose-containing substances (Murray and 
Williams 1987). Crude protein and digestibility of range grasses 
decline with advancing maturity (Burzlaff 1970), which is, of 
course, associated with increased fiber content. 

Average number of equation wavelengths encountered in NIRS 
studies involving forage and extrusa (Norris et al. 1976, Shenk et 
al. 198 1, Holechek et al. 1982b, Brown et al. 1990) were 5 and 7 for 
CP and digestibility, respectively. However, Brooks et al. (1984) 
reported use of 6 and 3 wavelengths in equations developed from 
forage samples and 5 and 2 wavelengths in equations developed 
from fecal samples for CP and in vivo dry matter digestibility, 
respectively. In the present study, College Station/La Copita CP 
and DOM equations contained 5 and 4 wavelengths, respectively. 
Although both diet CP and DOM predictions through fecal analy- 
sis are indirect estimates, we suggest more wavelengths were 
required for CP because little measured dietary CP is present in the 
feces while much of the measured undigested material associated 



with measurement of DOM is present. 
Differences in levels of forage intake and rates of passage asso- 

ciated with different physiological stages (dry, lactating) of animals 
providing fecal spectra were thought to be potential sources of 
error in equation development. However, lack of differences in 
equation and validation statistics (Table 1) are interpreted to sug- 
gest that equation calibrations in this study were not affected by 
animal physiological stage. This lack of difference may be due to 
compensatory fermentation and digestion. Deswysen and Ellis 
(1988) reported evidence of compensatory cecum-colon fermenta- 
tion in heifers with different voluntary intake potentials. 

Interestingly, addition of calibration samples from a second 
location (College Station) to the original data set (La Copita) 
improved statistics of DOM and CP equations. Added samples 
included Cs and Cd plants, annual and perennial plants, monocots 
and dicots, and plants at various phenological stages. These results 
lend encouragement to the idea that development of broad-based 
NIRS equations (Abrams et al. 1987) is feasible. We suggest that in 
the case of fecal analysis, broad-based equations may even improve 
local equations by expanding the data range increasing spectral 
diversity within the data set. 

Conclusions 

Success of NIRS equation calibrations for both DOM and CP 
suggest that NIRS technology may have potential for nutritional 
profiling of free-roaming cattle and other herbivores on range- 
lands. Precision of DOM equations matched that of conventional 
laboratory methods. Although CP equations lacked relative preci- 
sion compared with DOM equations, these equations still possess 
an acceptable level of precision. 

To determine broad based applicability of DOM and CP equa- 
tions developed, field validation is needed. One means of valida- 
tion would be collection of esophageal extrusa samples from dis- 
crete plant communities followed by collection of fecal samples 
from animals grazing the area and determine correlations between 
conventional laboratory analysis of diet samples and NIRS fecal 
predictions of diet quality. Another means of assessing applicabil- 
ity of equations is to examine fecal samples from cattle grazing in 
various regions for spectral outliers to the calibration data set. This 
procedure could help identify regions or seasons which require 
further calibration. If universal equations prove infeasible, regional 
and animal species-specific equations must be developed. 

NIRS continues to exhibit potential for rangeland applications. 
Its precision, potential accuracy, flexibility, and ability for rapid 
analysis once calibrations are available establish NIRS as a viable 
animal monitoring method for the future. 
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Abstract 

The objective of the study was to determine if exposure of young 
lambs to leafy spurge (Euphorbia e&u L.) would increase the 
consumption of this plant. Orphan lambs were exposed to leafy 
spurge from birth to 11 weeks of age as a water soluble extract 
mixed with milk replacer and as freshly harvested plants. Ewe- 
reared lambs were exposed to leafy spurge by grazing them on a 
leafy spurge-infested pasture. Study 1 investigated the consump- 
tion of vegetative and flowering leafy spurge paired with arrowleaf 
balsam root (Balsamorhiza sagiftata (Pursh)Nutt.) by orphan 
lambs during a 30-mm feeding period. Experienced lambs con- 
sumed a higher percentage leafy spurge than naive lambs (P<O.O3). 
The interaction of leafy spurge phenophase and previous expe- 
rience (X0.02) showed that experienced lambs preferred leafy 
spurge regardless of phenophase (70% of intake) and naive lambs 
only preferred leafy spurge when it was vegetative. Study 2 investi- 
gated the preference for leafy spurge on pastures with high or low 
leafy spurge biomass. Experienced compared to naive lambs had a 
higher percentage of bites (P<O.OOl) and preferred leafy spurge in 
the high spurge biomass pasture, but not in low biomass pastures. 
Naive lambs avoided leafy spurge in both pastures. Study 3 was a 
pasture trial that investigated spurge consumption by orphan and 
ewe-reared lambs. Percent bites and time spent grazing leafy 
spurge were not affected (C-0.23) by previous exposure, but daily 
herbage removal was greater (P<O.O9) in pastures grazed by expe- 
rienced compared to naive lambs (876 vs. 685 g/lamb, respec- 
tively). Experienced ewe-reared lambs had a higher rate of biting 
on leafy spurge (PCO.06) than naive or orphan Lambs. These 
studies indicate that previous experience will be an important 
factor affecting the use of sheep as a biological control agent for 
leafy spurge. 

Key Words: Euphorbia es&z, biological control, lambs, diet 
training 

Leafy spurge (Euphorbiu esulu L.) is an aggressive perennial 
weed that can displace other vegetation in pasture and rangeland 
habitats. This plant has been reported in 38 of the 48 contiguous 
states (Watson 1985) and infests over 2.5 million acres (Lacey et al. 
1985). Messersmith and Lym (1983) reported that losses in agricul- 
tural production caused by leafy spurge in North Dakota totaled 
more than 12 million dollars annually. They also noted loss of hay 
and beef cattle production amounting to an estimated 7 million 
dollars annually due to competition and because cattle avoided 
grazing infested areas. 

Leafy spurge can be controlled with cultural practices; however, 
these methods may not be appropriate on range and pasture lands 
where control costs often exceed the value of the land (Watson 

Authors wish to express their appreciation to Dave Swanson, Ed Vadnais, and Julie 
Hugo for technical assistance in data collection. Appreciation is expressed to Sheridan 
Golden Eagle Ranches and to Gneiting Ranch for providing land for this study. 

Manuscript accepted 4 August 1991. 

JOURNAL OF RANGE MANAGEMENT 45(3), May 1992 

1985). Furthermore, leafy spurge spreads along water ways and the 
use of chemical herbicides in these areas is prohibited because of 
possible contamination of water supplies. Previous research has 
shown that sheep consume leafy spurge (Johnson and Peake 1960, 
Bowes and Thomas 1978, Landgraf et al. 1984). Yet, the use of 
sheep to control leafy spurge is not widely practiced (Alley and 
Messersmith 1985). This probably is due to variable success in 
controlling leafy spurge by sheep grazing. Lacey et al. (1984) 
reported that sheep selectively consume leafy spurge without 
depleting other herbaceous species. Others have shown that the 
relative palatability of associated plant species affects leafy spurge 
utilization (Johnson and Peake 1960). Initially, leafy spurge may 
not be acceptable to sheep (Landgraf et al. 1984, Lacey et al. 1984), 
which suggests that diet training procedures may produce benefi- 
cial results. 

Lambs that have consumed specific foods early in life subse- 
quently show a greater preference and higher consumption of these 
foods compared to lambs with no exposure (Nolte et al. 1990, 
Squibb et al. 1990, Thorhallsdottir et al. 1990). The objective of 
this study was to evaluate how early exposure of lambs to leafy 
spurge affects subsequent utilization of this plant. 

Methods and Materials 

We conducted this study during the summer of 1989 in Clark 
County, located on the upper Snake River Plains of southeastern 
Idaho. 

Exposure Treatments 
Twenty orphan lambs and 20 ewe-reared lambs were randomly 

assigned to a treatment (exposed) or a control (naive) group. 
Orphan lambs were exposed to leafy spurge as both a water soluble 
extract and as freshly harvested whole plants beginning at 4-days 
of age. Extract was prepared by boiling fresh plants in water for 30 
min and straining the solution through cloth. All milk replacer 
consumed by exposed orphan lambs was made by mixing powder 
milk replacer with this extract. Extract was used instead of water to 
reconstitute the milk replacer powder at the recommended dilution 
rate. During the nursing period, exposed compared to control 
lambs consumed 0.23 vs. 0.21 liters milk replacer per kg body 
weight and gained 290 vs 245 g l day“. Lambs were weaned at an 
average age of 5 weeks. After weaning all lambs were fed a com- 
mercial starter ration for 3 weeks then changed to a barley alfalfa 
pellet ration (40:60) for 4 weeks before beginning any preference 
testing. Rations were offered ad libitum in self feeders. Exposed 
lambs were offered freshly harvested leafy spurge ad libitum in 
addition to the basal ration. The purpose of this treatment was to 
provide maximal exposure of lambs to leafy spurge. If such expo- 
sure did not significantly increase utilization of this plant in grazing 
trials, then further study would be unwarranted. 

Ewe-reared lambs received experience with leafy spurge by graz- 
ing with their mother on a leafy spurge-infested pasture starting at 6 

245 



weeks of age and continuing for 45 days. The ewes had not been 
exposed to leafy spurge prior to this study. The pasture was a 
deteriorated alfalfa field composed of scattered alfalfa plants, 
annual forbs, grasses, and leafy spurge. We tried to force the 
animals to eat leafy spurge by restricting them to a small heavily 
infested area until they consumed the plants. But, after the animals 
consumed all the forage except leafy spurge they would not stay in 
the fence (5 strand electric polywire) used to contain them on the 
heavily infested area. These animals mixed with the cooperators 
flock and we do not know to what extent they consumed leafy 
spurge during this period. The purpose of this exposure treatment 
imposed on ewe-reared lambs was to investigate a treatment that 
could be easily implemented by producers. 

Table 1. Herbage standing crop f standard deviation in study 2 (orphan 
Iamb pasture trial) on pasturea with different amounts of leafy spurge. 

Abundance of Leafy 
leafy spurge spurge GlIlSS Forbs Total 

Low 
High 

_202f;66________(kg/ha)_________~l;_~_,84_ 

565 f 244 49 f 94 
940f 740 1488 f 368 78 f 158 2506f812 

Study 1: Paired Choice Test 
Study 1 was a confinement feeding trial to measure orphan lamb 

intake of leafy spurge and arrowleaf balsamroot (&llsamorhizu 
sagirtara(Pursh)Nutt.). Lambs averaged 78 days old and there were 
9 and 10 animals in the exposed and naive groups, respectively. 
Prior to this trial, lambs in the exposed treatment were continu- 
ously exposed to leafy spurge, as described above. Leafy spurge in 
vegetative and flowering stages of phenological development was 
used in separate trials. The arrowleaf balsamroot had flowered but 
the flowers were killed by frost prior to this study. Phenology of 
arrowleaf balsamroot remained constant during all collections. 
Following an overnight fast (2000-0700), individually penned 
lambs were offered 150 g each of freshly harvested whole plants of 
leafy spurge and arrowleaf balsamroot in adjacent feeders, for 30 
min. Test were conducted on 4 consecutive days beginning on 12 
July 1989. The 4 tests consisted of 2 replicated trials pairingvegeta- 
tive leafy spurge with arrowleaf balsamroot, followed by 2 repli- 
cated trials pairing flowering leafy spurge with arrowleaf balsam- 
root. The objective of this study was to determine the effect of 
exposure on relative preference for leafy spurge while minimizing 
confounding factors associated with grazing, such as harvestability. 

of time spent grazing each forage category, and the time spent at a 
feeding station. A feeding station is defined as the area available in 
front of and to each side of the animal when its front feet are 
stationary (Ruyle and Dwyer 1985). Treatment groups were grazed 
separately following a short fast (1200-1700) to assure active graz- 
ing. The treatment groups simultaneously grazed the areas with 
low or high leafy spurge standing crop and then switched them 
between areas. All animals were observed using a focal animal 
sampling procedure (Altman 1974). The objective of this study was 
to determine if preferences demonstrated in the paired feeding trial 
would persist during grazing. 

Leafy spurge consumption was expressed as a percent of total 
intake. All calculations were made on a dry matter basis although 
results were similar on a fresh weight basis. Study 1 was analyzed 
using a mixed model repeated measures analysis of variance with 
exposure treatment as a between animal factor and phenology and 
replication as within animal factors. The experimental units were 
the individual animals (10 naive vs. 9 exposed). Residuals from the 
percentage data in this study, and other studies presented in this 
paper were normally distributed (Shapiro and Wilk 1965); there- 
fore, none of the data were transformed before analysis. 

Percentage bites and time spent grazing leafy spurge were calcu- 
lated by dividing the number of bites or time grazing leafy spurge 
by the total number of bites from or time spent grazing all forage 
categories, respectively. Relative preference for leafy spurge was 
calculated as the ratio of the percent bites in the diet and the 
percent biomass in herbage. This index ranges from 0 to positive 
infinity; values less than 1 indicate avoidance while values greater 
than 1 indicate preference relative to other forage items (Krueger 
1972). Study 2 was analyzed using a mixed model repeated mea- 
sure analysis of variance with exposure treatment as a between 
animal factor and spurge density as a within animal factor. Data 
were analyzed for the main effects of treatment (experienced vs. 
naive); leafy spurge density and the interaction of treatment and 
density. Experimental units were individual animals (10 naive vs. 9 
exposed). 

Study 3: Orphan and Ewe-Reared Lamb Pasture Trial 

Study 2: Orphan Lamb Pasture Trial 
In study 2 the same lambs used in study 1 were grazed on a leafy 

spurge-infested pasture, but exposure was discontinued during the 
9-day interim between studies. Lambs averaged 91 days of age 
during this study. Pasture vegetation was composed primarily of 
leafy spurge and smooth bromegrass (Bromus inermis Leys.). 
Leafy spurge consisted of a mixture of vegetative and flowering 
plants. Because the lambs had never grazed before, they were 
allowed to graze a similar area for 3 days before sampling began. 
During this time treatment groups were kept separate. Two trials 
were conducted: one was on an area of low leafy spurge biomass 
and the other was on an area of high leafy spurge biomass. Ten 
0.5-m* circular quadrats were clipped and separated into leafy 
spurge, grass and forb categories to estimate standing crop bio- 
mass (Table 1). 

The effect of treatment on preference for leafy spurge was moni- 
tored by the bite count technique (Sanders et al. 1980). Each 
animal was observed for 5 min on the 2 different areas. The number 
of bites was recorded using an electronic data logger. The data 
logger was programmed to record total numbers of bites, amount 

In study 3, orphan lambs and ewe-reared lambs from the naive 
and exposed treatment groups grazed leafy spurge-infested pas- 
tures. This trial began 14 Sep. 1989; leafy spurge was mature and 
the fruit had dehisced. Prior to this study orphan and ewe-reared 
lambs were pastured (separately by rearing groups) on areas with- 
out leafy spurge. Lambs (N = 39) from each treatment and type of 
rearing group were pastured separately; there were 2 replicate (80 
m*) pastures per treatment (8 pastures total) and either 4 or 5 lambs 
per pasture. Composition of the pastures was leafy spurge with an 
understory dominated by Sandberg bluegrass (Pea sandbergii 
Vasey). The animals grazed these pastures for 1 day prior to 
making bite-count observations. A multiple probe capacitance 
meter was used to estimate standing crop biomass (Neal et al. 1976) 
before and after grazing. One-hundred plots (0.3 X 0.6 m) were 
systematically located in each pasture and 4% of the plots were 
clipped to calibrate the instrument (r* = 0.96 and 0.86 before and 
after grazing, respectively). The animals were penned the evening 
before observations and provided hay and water to ensure that 
they did not begin grazing before observations started. ObseNa- 
tions were taken on focal animals during the morning grazing bout 
(0830 to 1030). Observations lasted 5 min and multiple observa- 
tions were taken on each animal with the restriction that each 
animal in a pasture was observed once before an animal was 
observed a second time. One observer recorded bites in each pas- 
ture (i.e., 5 animals/ observer) using a data logger as in study 2. The 
forage categories were leafy spurge, forb, grass, and shrub. The 
objective of this study was to compare the effect of method of 
exposure on relative preference for leafy spurge. 
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The bite count data for the multiple observations on each animal 
were summed and leafy spurge bites were expressed as a percentage 
of total bites. The bite count data were analyzed as a completely 
random 2 X 2 factorial for the effects of exposure treatment, type 
of rearing, and their interaction. Because the variation of pasture/ - 
treatment was similar to the animal/pasture variation (P>o.63), 
these sources of error were pooled to provide an error term to test 
the main and interactiqn effects (Drane 1989). Herbage disappear- 
ance was calculated as the difference between standing crop bio- 
mass before and after grazing. These data were tested for differen- 
ces caused by exposure treatment and type of rearing using 
pastures within treatment as an error term and initial standing crop 
as a covariate. 

Results 

Study 1: Paired Choice Test 
In the pen feeding trial exposed orphans consumed a higher 

percentage leafy spurge than naive animals (P<O.O3). However, 
this response was modified by the phenophase of leafy spurge 
(P<O.O2) in that experienced lambs consumed about 70% spurge 
regardless of phenophase while naive lambs consumed less mature 
compared to vegetative leafy spurge (Fig. 1). 

vegetative flowering 

Leafy Spurge Phenophase 
Fig. 1. Effect of early experience on consumption of leafy spurge at 2 

phenophnses by orphan lambs in a paired feeding trial with arrowleaf 
balsamroot. Consumption expressed as a percentage of total intake 
during 30-min observation periods. Vertical lines represent one standard 
error of mean. 

Study 2: Orphan Lamb Pasture Trial 
Percentage leafy spurge in the diet and percentage time spent 

grazing leafy spurge were affected by the interaction (P<O.OOS) of 
the exposure treatment and leafy spurge standing crop (Table 2). 
Differences in diet composition were caused by a greater percen- 
tage of time spent consuming leafy spurge rather than by a faster 
rate of biting. Experienced lambs took a greater percentage of their 
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Table 2. The effect of previous exposure to leafy spurge and density of 
leafy spurge on grazing behavior and preference for leafy spurge (zt 
standard error of mean) during study 2. 

____________LeafySpurge___________ Time at 
Grazing Bite Relative feeding 

Treatment time rate Bites preference’ station 

(%) (bites/ min) (%) (set) 
--------------LowSpurgeBiomass_____--_______ 

Naive 1*-l 35 f 7 I k 6 0.04 f 0.16 24 + 4 
Exposed 1*7 26 + 4 1 + 6 0.05 + 0.17 16 + 5 

-------------HighSpurgeBiomass ______ _______ 
Naive 37 f 7 13 f 4 28 f 6 0.75 f 0.16 39 k 4 
Exposed 79 f 7 22 * 4 77+7 2.06kO.18 27f5 

-----___- ____ -Rrobability>F____ ____ ______ 
Exposure 0.006 0.985 0.001 0.001 0.101 
Density 0.001 0.069 0.001 0.001 0.008 
Exp. X Den 0.006 0.190 0.001 0.001 0.760 

1% bites l % standing crop-l; relative avoidance <I < relative preference. 

bites from leafy spurge only in the area where it was abundant 
(Table 2). This resulted in the experienced lambs preferring leafy 
spurge when its availability was high and avoiding it when availa- 
bility was low. Naive lambs avoided leafy spurge at both levels of 
availability (Table 2). The number of seconds spent at a feeding 
station was greater (P<O.O08) on the high spurge biomass sites and 
tended to be greater (P<O. 10) for the naive compared to the 
experienced lambs. 

Study 3: Orphan and Ewe-Reared Lamb Pasture Trial 
Experienced lambs averaged 80% more bites from leafy spurge 

compared to naive lambs (18 vs. lo%, respectively), but these 
differences were not significant (P>O.24) because of the large 
variability among animals (Table 3). Similarly, exposure treatment 

Table 3. The effect of previous exposure to leafy spurge and type rearing 
on grazing behavior and preference for leafy spurge (* standard error of 
mean) during trial 3 (orphan and ewe-reared lamb pasture trial). 

___________LeafySpurge----------- 

Time at Daily 
Grazing Bite Feeding herbage dis- 

Treatment time rate Bites station appearance 

(%) (bites/ min) (%) (set) (g/lamb) 
__________________Orphans______------------ 

Naive 4f7 22 * 4 4f8 46 f. 77 631 ILK 77 
Exposed I3 f 7 22 + 3 II ?c 8 11 k82 938 + 82 

_-___________--Ewe-Reared---------------- 
Naive I8 ZII 6 I3 * 4 16 + 6 51* I 739 * 17 
Exposed 24 +I 6 26 +I 3 24 k 6 23+ 7 816 * 89 

______________Probabihty>F____------------- 
Exposure 0.260 0.053 0.237 0.001 0.086 
Rearing 0.059 0.508 0.052 0.273 0.937 
Exp. X rear 0.853 0.084 0.936 0.636 0.247 

did not affect (P>O.25) the percentage of time lambs spent grazing 
leafy spurge. The exposure by rearing interaction for bite rate 
(KO.09) showed that exposed ewe-reared lambs had a higher bite 
rate on leafy spurge than their naive counterparts, but exposure did 
not affect orphan lambs for this behavior (Table 3). Ewe-reared 
lambs had a higher percentage of their bites from leafy spurge, but 
the exposure by rearing interaction was not significant (P>o.93), 
suggesting that either method of exposure was equally effective; 
and the accumulated experience of the orphan lambs did not 
remove the effect of early exposure in this group. Similar to Study 
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2, naive lambs spent more time at a feeding station than expe- 
rienced animals. Herbage disappearance per lamb was 28% greater 
(P<O.O9) in pastures grazed by experienced compared to naive 
lambs (876 vs. 685 g l lamb-’ l day- , respectively). The sampling 
procedure used did not allow us to partition herbage disappear- 
ance into forage categories. However, because over half of the 
standing crop appeared to be from leafy spurge, and because 
residual standing crop at the end of the trial appeared to be almost 
exclusively composed of leafy spurge, we attribute most of the 
difference in herbage disappearance to differences in intake of the 
plant. 

Discussion 
Lambs that had previous experience consuming leafy spurge 

generally showed a greater preference for this plant at later dates. 
However, the effect of this experience depended on the relative 
availability and phenological stage of leafy spurge. 

The effect of availability on preference for leafy spurge was 
shown in study 2. In this study when leafy spurge biomass was low, 
both experienced and naive lambs avoided it by grazing in the open 
interspaces and consumed less than 2% of their bites from spurge. 
When leafy spurge biomass was high, resulting in a closed canopy, 
experienced lambs grazed in the top of this canopy resulting in a 
preference for leafy spurge. However, naive lambs avoided leafy 
spurge by grazing the graminoiddominated understory below the 
leafy spurge canopy. 

The effect of leafy spurge phenophase on preference for it was 
shown in studies 1 and 3. In the paired choice test, the difference 
between exposed and naive lambs in relative preference for leafy 
spurge was greatest when it was flowering. This difference was 
caused by naive lambs decreasing their relative consumption of 
leafy spurge in the flowering compared to the vegetative stage. 
Leafy spurge that was fed to the experienced group was primarily 
flowering; therefore, these animals were accustomed to consuming 
the more mature plant and maintained the same level of preference 
despite phenological stage. In the orphan and ewe-reared lamb 
pasture trial, leafy spurge was mature and the effect of experience 
on preference for this plant was not as great as in previous trials. 
This may indicate that all animals were avoiding leafy spurge 
because of its advanced phenological stage. 

These studies also give insight on how previous experience 
affects different levels of consumption of a targeted plant species. 
Increased consumption may be caused by more time spent grazing 
a plant, a higher rate of intake, or some combination of these 2 
factors. An increase in grazing time on a targeted species would 
suggest that the relative palatability of the plant was greater. 
Higher bite rates may show that an animal has developed better 
motor skills necessary to harvest the plant. In these studies, expe- 
rienced lambs spent more time grazing leafy spurge compared to 
naive animals. This indicates that the relative palatability of leafy 
spurge was greater for experienced compared to naive lambs. 
Higher bite rates in study 3 by exposed ewe-reared lambs may 
indicate that these animals developed better prehension and motor 
skills necessary to harvest leafy spurge because their experience 
consisted of grazing leafy spurge in a pasture compared to orphan 
lambs experienced only in eating harvested leafy spurge plants. 
Flores (1989) also found that bite rate was greater for experienced 
compared to inexperienced lambs and that form of plant would 
affect harvesting rate. Herbage disappearance data from study 3 
indicated that the general effect of previous exposure to leafy 
spurge was greater removal of this plant from these leafy spurge- 
dominated pastures. 

In contrast to other studies (Nolte et al. 1990, Thorhallsdottir et 
al. 1990) we did not see an enhancement of the exposure effect 
when it was accompanied by a social model. Our observation of the 

ewes in this study and in subsequent unpublished studies indicates 
mature ewes that have not been exposed to leafy spurge avoid it. 
We assume that the ewes did not act as effective social models for 
their lambs. Therefore, we believe that these data support the 
conclusion of Nolte et al. (1990) that exposure is not effective 
unless the feed is consumed. 

The shorter feeding station intervals recorded in the pasture with 
lower standing crop during study 2 is consistent with other research 
on the effect of available forage on time spent at a feeding station 
(El Aich et al. 1989, Ruyle and Dwyer 1985). However, it is not 
clear why experienced lambs spent less time at a feeding station 
than naive animals. 

Conclusions 
Biological control of undesirable plants by grazing is effective 

only when it results in heavy grazing of the undesirable plants to 
the advantage of plants to be favored. The unequal utilization of 
plants that is necessary to achieve this control is the result of 
relatively greater preference by the herbivores in the community 
for the plants to be controlled. This preference is the expression of 
innate and learned behaviors of the animal interacting with the 
vegetation. These data indicate that sheep that have not previously 
grazed leafy spurge will not be effective in controlling this plant. To 
maximize preference for leafy spurge it is recommended that a 
closed flock be used so that all replacements into the flock are 
reared on spurge-infested pastures. This should increase the effect 
of exposure by providing an effective social model. Other factors 
that will influence the use of sheep as biological control agents for 
leafy spurge include the density of the stand and its phenological 
stage. 
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Abstract 

In vitro and in vivo digestion trials with lambs were conducted to 
determine effects of ponderosa pine needles (PN;Pinuzponderosu 
Laws.) on digestibility of crested wheatgrass (CW; Agropyron 
desertorum [Link] Schultes) hay. Pine needles contained shikimic 
acid (S-28 mg/g) and several monomeric phenolics (p-hydroxy 
benzoid acid, caffeic acid, p-coumaric acid, ferulic acid) and flavo- 
noids. Tannin concentration exceeded assay limits glO%) and 
terpenes were not found, probably due to the drying procedure. In 
the in vitro trial, needles were mixed with CW in 10% increments 
from 0% to 100%. In the in vivo trial, PN were fed to lambs as 
follows: (1) O%, (2) 12.59$, (3) 2570, and (4) SO%, with the remainder 
of the diet as CW. In vitro organic matter digestibility (IVOMD) 
was regressed on level of PN in the substrate. As the proportion of 
PN increased, IVOMD declined cubicly (P<O.Ol). The IVOMD 
values ranged from 54% for 100% CW to 24% for 100% PN. In vivo 
digestibility of organic matter, neutral detergent fiber and acid 
detergent fiber declined linearly (P<O.Ol) as PN were increased 
from 0% to 50% of the diet. Apparent crude protein digestibility 
and N retention by lambs declined cubicly (P = 0.02 and P<O.Ol, 
respectively) and urinary N increased cubicly (P<O.Ol) as dietary 
PN increased from 0% to 50%. We concluded that PN reduce in 
vitro and in vivo nutrient digestibility, reduced N retention by 
lambs, and effects were detectable even at low levels. 

Publication has been approved by the director of the Montana Agr. Exp. Sk, 
Joumal Ser. J-2476. 
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Cattle grazing winter range consume variable but sometimes 
large quantities of ponderosa pine needles (PN; Pinus ponderosa 
Laws.; Pfister and Adams 1991). Consumption of needles from 
ponderosa pine causes abortion (James et al. 1977), retained pla- 
centas, and endometritis in cattle (Stuart et al. 1989). Pine trees 
grow in much of the western U.S., and pine needle abortion has a 
severe impact on livestock producers in areas with ponderosa pine 
(Lacey et al. 1988). 

Pine needles contain a number of secondary phytochemicals 
such as phenolics, terpenes, and tannins (Smith 1964, Hanover 
1966). Levels of secondary compounds and forage digestibility are 
negatively correlated (Jung and Fahey 1981, Akin 1982, Jung 
1985); phenolics also negatively impact rumen microbial popula- 
tions (Akin 1982, Chesson et al. 1982). 

Despite the negative effects of pine needles on cattle reproduc- 
tion and possible negative influences of pine needles on forage 
digestibility, there is little information available on effects of pine 
needles on digestion and metabolism of ruminants. The objectives 
of this study were to determine effects of pine needles on digestibil- 
ity in vitro and in vivo and on N retention in lambs. Our hypothesis 
was that pine needles would reduce forage digestibility and N 
retention. 
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Materials and Methods 
Digestibility Trials 

In vitro and in vivo digestion trials were conducted to determine 
effects of PN on digestibility of crested wheatgrass (CW; Agro- 
pyron desertorum [Link] Schultes) hay. Mature (full seedhead) 
CW hay was harvested from a 13-ha site 1 km west of Miles City, 
Mont. Crested wheatgrass was selected because it is often grazed 
and 1 or fed as a hay on sites with ponderosa pine where cattle are 
wintered. Green PN on branches from trees were collected in the 
spring and fall at a site about 20 km east of Miles City, Mont., and 
were air dried in a room at 20” C. After drying, PN were stripped 
by hand from branches. Spring PN were fed with CW to lambs 
(average weight = 26 kg) in a conventional digestion trial. Treat- 
mentswerediets of(l) lOO%CW,(2) 87.5%CW and 12.5%PN, (3) 
75% CW and 25% PN, and (4) 50% CW and 50% PN. Before 
feeding, CW and PN were ground through a hammermill with a 
2.5-cm screen. Sixteen crossbred (primarily Targhee X Suffolk X 
Hampshire) wether lambs were utilized in the digestion trial. The 
trial consisted of 2 periods with 8 lambs per period (2 lambs/ 
treatment). Lambs were fed experimental diets for a 12day 
adjustment period, followed by a 7day total collection of feces and 
urine. Lambs were fed at 0700 and 1600 daily (90% of their ad 
libitum intake during 12day adjustment period) during the collec- 
tion period. Feces and urine were collected daily, and composited 
by lamb across days and frozen until laboratory analysis. The CW 
and PN were sampled daily and composited across days and lambs 
within each period for chemical analysis. In a few instances, there 
were some orts from PN or CW during the collection period. Orts 
were collected and composited across days for each lamb. 

Dry matter (DM), ash, and N in feed, orts and fecal samples and 
N content of urine were determined by standard methods (AOAC 
1984). Neutral detergent fiber (NDF) and acid detergent fiber 
(ADF) content were determined in feed and fecal samples by the 
procedure of Goering and Van Soest (1970). 

Intake of DM, ash, N, NDF, and ADF was adjusted for content 
in orts. Digestion coefficients for DM, organic matter, NDF, 
ADF, and the apparent digestion coefficient for crude protein were 
calculated as described by Schneider and Flatt (1975). 

Spring- and fall-collected PN were mixed in varying proportions 
with CW in an in vitro digestion study. The CW for both in vitro 
trials was a subsample of CW used in the in vivo trial. Before in 
vitro digestion, PN and CW were ground to pass a l-mm screen in a 
Wiley mill. In independent trials (i.e., different dates) using spring 
or fall PN, substrate was varied from 100% CW to 100% PN in 10% 
increments. To more precisely define PN effects at low levels, the 
fall PN, substrate was also varied from 100 CW% to 80% CW by 
adding PN in 2% increments. 

In vitro organic matter digestibility (IVOMD) was determined 
in triplicate for spring and quadruplicate for fall PN for each 
PN:CW combination with a modified (Cochran et al. 1986) 2-stage 
Tilley and Terry (1963) procedure. Rumen fluid inoculum for the 
in vitro trials was collected through a rumen fistula from a steer 
maintained on a diet of CW hay. Rumen fluid was collected 
approximately 4 hours after feeding for both in vitro trials. Rumen 
fluid was strained through 8 layers of cheese cloth and samples 
within each trial were handled simultaneously within a single run. 
Spring and fall in vitro trials were conducted independently on 2 
separate dates. 

The in vivo trial was analyzed as a randomized complete block 
by analysis of variance. Dry matter intake was tested as a covariate 
for each digestion coefficient, urinary N excretion, and N balance. 
When the covariate was significant, means were adjusted to a 
common dry matter intake. Treatment means for each digestion 
coefficient, urinary N excretion and N balance were compared with 

orthogonal polynomials (Steel and Torrie 1980). In vitro trials 
were analyzed by regression techniques. In vitro organic matter 
digestibility was regressed on level of PN in substrate. Linear, 
quadratic, and cubic regression coefficients were tested, as was the 
season X level of PN interaction. Linear, quadratic and cubic 
regression coefficients were tested for incubations of fall PN in 2% 
increments. 

Chemical Methods for Pine Needle Analysis 
Carbohydrates, Acids, and an Alcohol 

Pine needle tissue was air dried and ground through a l-mm 
screen througha Wiley mill. Ground tissue (500 mg) was extracted 
in 80/20 methanol/water (20 ml). A 9-ml aliquot was blown dry, 
taken up in pyridine, and 0.5 mg erythritol, the internal standard, 
was added. The compounds in solution were derivitized with trime- 
thylchlorosilane and hexamethyldisilazane. A 5 ~1 aliquot of the 
supernatant was injected into a Hewlett Packard capillary gas 
chromatograph equipped with a 100% methyl polysilozane, 25-m 
column. Nitrogen was the carrier gas at 0.5 ml/min. Injector 
temperature was 250° C, detector temperature was 260” C, and 
initial temperature was 100’ C for 1 min. Compounds were identi- 
fied by co-chromatography using known standards. Data for these 
compounds, as well as all other compounds, were expressed as 
mg/ g dry weight of tissue. 

Monomeric phenolics 
Air dried, ground plant tissue (500 mg) was extracted in 8 ml 

100% methanol. This was concentrated to 4 ml under N at 46” C. 
Water was added, the extract was washed with 8 ml hexane, and 
blown dry at 46” C. Methanol/HCL (0.5 ul) was added to the 
extract, the extract was heated to 100” C for 30 min, and then 1 ml 
water was added. This was extracted with 1.5 ml ethyl acetate, 
dried using NaaS04, and the internal standard vanillic acid was 
added (0.25 mg). This was blown dry as above, derivitized in 100 ~1 
dimethylformamide and dlO0 ~1 bis-trifluoracetamide plus 1% 
trimethylchlorosilane, and 5 ~1 were injected in a Hewlett Packard 
capillary gas chromatograph (GC). The GC was equipped with a 
Hewlett Packard ultra 2, 5% phenyl/5% methylsilicone column, 
25-m long, and ID 0.32 mm. The temperature regime is that 
described for carbohydrates. Compounds were identified by co- 
chromatography using known standards. 

Tannins as Analyzed by Astringency 
Because the ecologically important property of tannins has been 

suggested to be astringency (i.e., protein-complexing activity), 
tannin content was analyzed by the astringency method (Homer et 
al. 1987). Air dried, ground plant (200 mg) was extracted in 70% 
acetone. Acetone was removed by passing N over the supernatant 
at 55” C, filtered through a 0.45 pm nylon filter and hemolglobin 
solution used as the reaction protein. The astringency of the tissue 
is expressed as that relative to the standard quebracho tannin. 

Results 

Pine Needle Chemistry 
Pine needles contained several carbohydrates; galactose was the 

most prevalent (Table 1). Two acids, shikimic and citric acid, were 
present in PN tissue (Table 1). An alcohol, inositol, was also found 
in needles. The spring and fall pine needles had large numerical 
differences in levels of several carbohydrates and shikimic acid. 

We found several monomeric phenolic acids in PN tissue; flavo- 
noids were also present in needles (Table 1). Terpenes were not 
detected in PN tissue, probably due to volatilization during air- 
drying plant material. Tannins were present in large quantities (i.e., 
>lO%), exceeding detection limits of the astringency technique 
used. Fall and spring needles differed quantitatively in levels of 
several phenolic and flavonoid compounds; the biological signifi- 
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Table 1. Carbohydrates, acids, an alcohol, phenoiic monomers, tannins, 
flavonids, and terpenes (mg/g dry weight) in pine ne-edie (PN) tissue 
collected during faii and spring in eastern Montana. 

Class of compound/chemical Spring PN1 Fall PN 

mg/g mglg 
Carbohydrate 

Fructose 8.78 4.29 
Galactose 16.30 23.86 
Glucose 10.20 4.83 
Mannose 0.84 0.42 
Sucrose 3.58 9.25 

Acids 
Shikimic acid is.94 27.76 
Citric acid 2.43 2.58 

Alcohol 
Inositol 1.10 0.61 

Monomeric phenolic acids 
p-hydroxy benzoic acid 0.085 0.118 
caffeic acid 0.008 0.016 
p-coumaric acid 0.082 0.000 
ferulic acid 0.049 0.052 
gallic acid 0.154 0.493 
vanillic acid 0.059 0.058 

Flavonoids 
kaempferol 0.025 0.039 
naringen 1.429 1.750 
quercetin 0.000 0.214 
taxifolin 0.128 0.075 

Terpenes 
alpha-pinene absent absent 
beta-pinene absent absent 

Tannins2 present present 

‘Pine needles used in an in vitro and in viva trial. 
*Tannin concentration was not quantified because levels exceeded detection limits 
(>lO%) of the method used. 

cance of these differences is unknown in the context of our study. 
Nutrient composition of CW and PN used during the study is 

shown in Table 2. Although collected at 2 seasons, nutrient compo- 
sition of needles was similar. 

In vivo Trial 
Digestion coefficients for the in vivo trial are presented in Table 

3. Dry matter intake as a covariate was not significant (-0.05) for 
digestibility of any nutrient measured. In vivo digestibility of DM, 
OM, NDF, and ADF declined linearly (P<O.Ol) with increasing 
levels of PN in the diet. However, there was a consistent trend (P= 
0.09 to P = 0.20) for a cubic relationship between level of PN and 
digestibility for each of these 4 variables. The cubic relationships 

Table 2. Nutrient composition of crested wheatgrass (CW) and pine 
needles (PN) used in digestion trials’. 

Item 

Dry matter (%) 
Organic matter (%) 
Crude protein (%) 
Neutral detergent fiber (%) 
Acid detergent fiber (%) 

‘Dry matter basis. 

cw Spring PN2 Fall PN 

91.7 92.7 92.2 
95.0 96.5 97.6 

5.9 7.8 6.5 
70.5 54.8 49.9 
40.6 42.3 36.9 

2Pine needles used in an in vitro and in viva trial. 

each revealed a large reduction in digestibility between the 0% and 
12.5% levels of PN. The digestion coefficients for 12.5% and 25% 
PN levels were similar, and a large reduction in digestibility 
occurred as PN proportion was increased from 25 to 50%. Appar- 
ent digestibility of crude protein was markedly different at all levels 
of PN (Table 3). A cubic relationship (P = 0.02) occurred between 
dietary PN proportion and crude protein digestibility. Apparent 
protein digestibility was reduced by more than 90% as PN were 
increased from 0% to 50% of the diet. 

Dry matter intake significantly affected urinary N excretion and 
N retention by lambs; therefore, urinary N and N retention were 
adjusted to a common level of intake. Dry matter intake was 17.0, 
16.6, 16.0, and 12.0 g/kg of body weight for diets containing O%, 
12.5%, 25%, and 50% PN, respectively. The relationship between N 
excreted in the urine and dietary PN percentage was cubic (P = 
0.02). Excretion of N in the urine declined slightly as PN percen- 
tage was increased from 0% to 25%. A large increase in urinary N 
excretion occurred between the 25% and 50% levels of PN. 

Nitrogen retention was negative for lambs on all treatments 
(Table 3). The relationship between N retained and level of PN 
consumption was cubic (P<O.Ol). Nitrogen retention declined 
slightly between the 0% and 12.5% levels of PN, then increased 
slightly as PN were increased from 12.5% to 25% of the diet. A 
large reduction in N retention occurred between the 25% and 50% 
PN levels. 

In vitro Trial 
A cubic relationship occurred between IVOMD and level of PN 

for fall and spring PN in 10% increments from 0% to 100% of 
substrate. The season X level of PN interaction was not significant, 
nor were regression coefficients_ different for fall and spring PN. 
Thus, a single cubic (P<O.Ol; R2 = 0.99) regression equation 
represented the relationship between level of PN and IVOMD for 
both spring and fall PN (Fig. 1). The IVOMD declined rapidly as 
PN increased from 0% to 50% and then declined at a much slower 
rate from 50% to 100% PN. 

The IVOMD declined linearly (P<O.Ol; R* = 0.74) as PN 
replaced CW substrate in 2% increments from 0% to 20%. The 

Table 3. Effects of pine needles on digestibility of dry matter (DM), organic matter (OM), neutral detergent fiber (NDF), acid detergent fiber (ADF) and 
crude protein (CP), and on urinary N excretion (UN) and N retained (NR) by iambs. 

Percent of pine needles in the diet* Significance of orthogonal polynomial’ 
Variable! 0 12.5 25 50 L Q C EMS4 

DM (%) 58.7 50.6 51.0 41.8 PCO.01 DO.2 P=O.O9 16.6 
GM (%) 60.6 52.7 52.5 43.7 P<O.O 1 no.2 P=O. 14 17.6 
NDF (%) 58.8 49.4 44.4 31.0 P<O.O 1 DO.2 P=O.20 15.7 

t,D??) 
UN (g? day) 

43.9 52.4 22.9 39.8 37.3 30.6 24.5 3.9 KO.01 KO.01 no.2 X0.01 P=O.20 P=O.O2 40.5 83.6 
2.8 2.5 2.3 8.4 P<O.O 1 PCO.01 P=O.O2 0.42 

NR (g/day) -0.1 -1.3 -1.0 -7.7 X0.01 PCO.0 I P<O.Ol 0.30 

‘Digestibility coefficients are on a dry matter basis. 
‘Remainder of diet was crested wheatgrass hay. 
‘L = linear, Q = quadratic, C = cubic, N = 4. 
‘EMS : Error mean squares. 
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PERCENT OF PINE NEEDLES IN THE IN VITRO SUBSTRATE 

Fig. 1. Effects of increasing level of pine needles on in vitro organic matter digestibility of a crested wheatgrass hay*based substrate. In Data set 1, pine 
needles varied from 0% to 100% of the in vitro substrate in 10% increments (regression: Y = 54.5 - .944X + 1.06 X.10m2 X3 - 4.00 X lo” X3, R3 = .99). In 
Data set 2, pine needles varied from 0% to 20% of the in vitro substrate in 2% increments (regression: Y = 54.5 - .660X, Ra = .74). 

inhibitory effect of PN on digestibility added in smaller increments 
produced a similar relationship as when PN were added in larger 
amounts (Fig. 1). 

Discussion 

Pine needles contained a number of secondary phytochemicals 
that have been shown to depress forage digestibility. For example, 
Jung (1985) and Chemey et al. (1989) found that benzoic, cinnamic 
(e.g., p-coumaric and ferulic acid), and caffeic acids depressed 
digestion of cellulose. Flavonol glycosides (e.g., kaempferol) are 
also of interest (Strack et al. 1988) because these compounds may 
limit degradation of plant material in ruminants (Huang et al. 
1986). The predominant acid in PN tissue, shikimic acid, is a major 
precursor of cinnamic acid and lignin in plant tissue (Goodwin and 
Mercer 1972). 

There are numerous published reports that indicate tannins have 
negative impacts on digestibility (Kumar and Singh 1984). The 
high level of tannins found in our study may have inhibited micro- 
bial breakdown of plant cell wall (Cooper and Owen-Smith 1985). 
However, it appears unlikely that dietary tannins inhibit digestion 
through inhibition of digestive enzymes (Bernays et al. 1989). 
Under in vivo conditions, dietary tannins are generally not accessi- 
ble to digestive enzymes (Butler et al. 1984, Mehansho et al. 1983). 
Tannins have been shown to be much more deleterious under in 
vitro conditions (Blytt et al. 1988). 

Isolation of crude extracts and individual compounds and test- 
ing their effects in an in vitro system will be required in future work 
to determine which compound(s) is most inhibiting to forage 
digestion. 

The reduction of digestibility observed for dietary components 
examined in this study is consistent with findings for other plant 
species containing various phytochemicals (Barry and Manley 
1986, Jung 1985, Palo 1985, Burritt et al. 1984). Organic matter 
digestibility declined as PN percentage increased with both in vitro 
and in vivo digestion. Surprisingly, the impacts of PN on digestibil- 
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ity traits were observed at as little as 2% PN in vitro and had a 
marked effect at 12.5% of the diet with lambs. 

The effects of PN were greater for in vitro than for in vivo 
digestion, and the difference became greater as level of PN 
increased. Our findings suggest that toxic effects of PN metabolism 
accumulate at higher levels in in vitro compared to in vivo systems, 
accentuating PN effects in vitro. 

Although PN reduced digestibility of all nutrients in the in vivo 
trial, the most striking effect was on digestibility of crude protein. 
The negative effects of PN on digestibility are at least partially due 
to effects of phenolics or other secondary compounds on rumen 
microbial populations (Wiedmeier, unpublished data); other stu- 
dies have noted that low molecular weight phenolics limit microb- 
ial degradation of structural carbohydrates (Akin 1982, Chesson et 
al. 1982). 

We found a large inhibition of protein digestibility with PN 
inclusion in diets. Research at our laboratory (Pfister, unpublished 
data) with cattle consuming pine needles has shown that PN levels 
about 15% of the diet reduce ammonia-N concentrations below 
levels adequate for ruminal function, which would further reduce 
forage digestibility (Slyter et al. 1979, Qkskov 1982). 

Nitrogen retention was negative for all levels of PN because of 
low levels of intake and concentrations of crude protein in the diet. 
The high negative N balance at the 50% level of dietary PN is 
explained by the 3.9% apparent crude protein digestibility and the 
8.4 g N/day excreted in the urine. At some point between the 25% 
and 50% level of PN, increasing the level of dietary PN increases N 
passing through the feces and urine and profoundly reduces N 
retention. Ingestion of browse material commonly results in poor 
N retention in ruminant livestock. Holechek et al. (1990) fed 6 
shrub diets varying in phenol content to goats, and found that all 
diets produced a negative N balance. 

From relationships between PN consumption and digestibility 
coefficients and N retention observed in this study, we conclude 
that PN at low levels adversely affect in vitro and in vivo forage 
digestibility and N retention. Because of the adverse effects of PN 
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on digestibility and N retention, PN may have negative impacts on Horner, J., R.G. Cates, and J. Gosz. 1987. Tannin, nitrogen, and cell wall 
the nutritional status of cattle (i.e., loss of live weight), in addition composition of green vs. senescent Douglas-fir foliage: within and 

to abortifacient effects. between stand differences in stands of uneaual density. Oecologia 
72:515-519. 
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Abstract 
Houndstongue (Cynoglossum o#cinale L.) Is a biennial weed 

infesting pasture, hayfields, and disturbed areas throughout North 
America. Houndstongue contains pyrrolixidine alkaloids (PAS) 
that are hepatotoxic. Fit and second year’s growth of hounds- 
tongue were harvested from emergence to maturity. Nuclear mag- 
netic resonance was used to determine the levels of total PAS, free 
base, and N-oxide forms of the alkaloids in leaves, stems, buds, 
flowers, and pods. PA levels generally were highest (1.5 to 2.0% dry 
weight) in immature plant tissue, with a gradual decline during 
maturation. Most plant parts contained greater quantities of the 
N-oxide form of PAS (60-90%) compared to the free base form. 
Leaves and pods of mature houndstongue contahred sufficient PAS 
to be potentially toxic if ingested by livestock. 

Key Words: plant alkaloids, poisonous plants, livestock feeding 

Houndstongue(Cynoglossum officinale L.) is a poisonous weed 
native to Europe and Asia, that has been introduced into much of 
North America (Dickerson and Fay 1982, Welsh et al. 1987, Upad- 
hyaya et al. 1988, Upadhyaya and Cranston 1991). It has been 
implicated in the deaths of cattle (Greatorex 1966, Baker et al. 
1989) and horses (Knight et al. 1984) in England, Russia, and in the 
western U.S. Houndstongue is biennial and grows from 0.3 to 1.2 
m tall in pastures, disturbed areas, and along roadsides (Whitson 
1987). The first year’s growth typically forms a robust rosette, with 
large, rough leaves (15 to 2O-cm long, and 2 to 7-cm wide) resem- 
bling a canine tongue, hence the common name. Although the 
green plant is generally considered to be unpalatable to livestock, 
the plant is readily consumed when dry or harvested with hay 
(Baker et al. 1989). 

The toxins in houndstongue are pyrrolizidine alkaloids (PAS) 
(Mattocks 1986). These toxins are found in other plant species 
worldwide (e.g., Senecio. Crotalaria, Eupatorium, Amsinckia, 
Heliotropium). Many PAcontaining plants are cytotoxic, with 
liver (hepatic) toxicity of primary concern (Mattocks 1986). 
ingested PAS are converted by the liver to toxic pyrrolic metabo- 
lites in the mixed function oxidase (cytochrome P-450) system of 
the endoplasmic reticulum. Pyrrolic metabolites are toxic, accum- 
ulate in the liver, cause damage to nuclear DNA, and inhibit 
cytoplasmic protein synthesis (Mattocks 1986). Houndstongue 
contains 4 individual alkaloids: 7-angelylheliotridine,‘echinatine, 
heliosupine, and acetylheliosupine (Mattocks 1986). All except the 
latter have been tested for toxicity in their purified form in rats 
(Bull et al. 1968). Heliosupine, the predominant alkaloid in the 
plant, was found to be 4-6 times more toxic than the other alka- 
loids (ca. LDm for heliosupine is 60 mg/ kg, Mattocks 1986). 

Information on PA content of houndstongue is important for 
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predicting potential toxicity problems in livestock consuming the 
plant. There is little information available on seasonal levels of 
PAS in various plant parts of houndstongue. Knight et al. (1984) 
measured PA levels in immature and mature houndstongue, but 
beyond this no information is available. The purpose of this study 
was to characterize the PA level (N-oxide and free base forms) of 
houndstongue plant parts over the growing season. Both free base 
and N-oxide content were determined because of the potential 
differences in toxicity. 

Materials and Methods 
Plant Collection and Preparation 

Individual plant parts (i.e., leaves, stems, buds, flowers, and 
pods) were collected periodically from first and second year’s 
growth of at least 10 individual houndstongue plants, near Logan, 
Utah, from April to late June, 1990. The collection site had been 
severely overgrazed in past years, but was not being grazed when 
our collections occurred. Soils in the collection area are moder- 
ately well drained with a loam to a silty clay subsoil; the collection 
site is level or gently sloping (O-3%) at elevations of 1,308 to 1,400 
m with annual precipitation of 35-43 cm (SCS 1974). The vegeta- 
tion on undisturbed areas often consists of western wheatgrass 
(Elymus smithii [Rydb.] Gould), Great Basin wildrye (Elymus 
cinereus Scribn. & Merr.), and saltgrass (Distichlis spicata [L.] 
Greene). 

The freshly sampled material was pooled by plant parts from the 
different individual plants, immediately frozen at -20° C, and 
freeze-dried. Dry plant material was ground to pass through a 
l-mm screen in a Wiley mill. 

Alkaloid Analysis 
The general procedure for analysis was that used for PAS in 

Senecio spp. (Molyneux et al. 1979). Briefly, the method entailed 
exhaustive overnight extraction with methanol of a weighed 
amount of plant material using a Soxhlet apparatus and evapora- 
tion of the extract to dryness using a rotoevaporator. After dissolv- 
ing in 2N hydrochloric acid and extraction with ether, the residue 
was divided into equal portions, and the first portion basified, then 
extracted with chloroform and evaporated to dryness. The second 
portion was reduced with zinc dust. The portion treated with zinc 
dust gives a measure of total PA content since the N-oxides are 
reduced to the corresponding PAS; the unreduced (first) portion 
provides a measure of free base alkaloids. The N-oxide content is 
calculated from the difference between the total and free base 
content. Concentrations of total and free base PAS were deter- 
mined from nuclear magnetic resonance (NMR) spectra, using a 
known weight of pdinitrobenzene as an internal standard. The 
total PA content was calculated as heliosupine, since it is the 
dominant alkaloid in houndstongue (Mattocks 1986, Knight 
1984). 
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Table 1. Total pyrrolizidine alkaloid content’ (% of dry weight), free base 
aikaloid content, N-oxide content, and proportion ($) of N-oxide of 
total pyrroiizidine alkaloid composition in first year’s growth of hoonds- 
tonpe during 1990 in Utah. 

Date Item 

5 Apr. Leaves 
18 Apr. Leaves 
3 May Leaves 

I8 May LeaVeS 

I Jun. Leaves 
16 Jun. Leaves 
27 Jun. Leaves 

N-Oxide- % 
Total PAS Free base N-Oxide of total PAS 

_____________%___________ 
1.73 0.32 1.41 82 
1.31 0.58 0.73 56 
0.91 0.29 0.62 68 
1.08 0.52 0.56 52 
0.96 0.35 0.61 _ 63 
0.45 0.16 0.29 64 
0.89 0.36 0.53 60 

IAnalytical variation for duplicate samples was f 0.01%. 

Results and Discussion 
Total PA levels were highest in immature leaves of hounds- 

tongue (Tables 1 and 2). Immature first and second year leaves 
contained PA levels at or near 2% of dry weight, and leaf PA levels 
declined by 50% or more with maturation. Generally, but not 
always, the majority (60 to 90%) of the leaf pyrrolizidine alkaloids 
were in the N-oxide form (Tables 1 and 2). 

Date 

5 Apr. 
18 Apr. 
3 May 

18 May 

I Jun. 

16 Jun. 

27 Jun. 

N-Oxide- % 
Item Total PAS Free base N-Oxide of total PAS 

_____________%___________ 
Leaves 1.89 0.31 1.58 84 
Leaves 2.12 0.74 1.38 65 
Leaves 1.05 0.71 0.34 32 
Leaves 0.84 0.42 0.42 50 
Stems 1.29 0.32 0.97 75 
Buds 1.27 0.44 0.83 65 
Leaves 0.31 0.06 0.25 81 
Stems 0.56 0.21 0.35 63 
Flowers 1.36 0.30 I .06 78 
Leaves 1.20 0.17 1.03 85 
Stems 0.13 0.04 0.09 69 
Flowers2 0.12 0.05 0.07 58 
Leaves 0.68 0.02 0.66 97 
Stems 0. IO 0.09 0.01 IO 
Pods 1.00 0.29 0.71 71 

early growth stages. Similar to the findings of Johnson et al. 
(1985a) and Molyneux et al. (1979), houndstongue leaves generally 
contained more alkaloid in the N-oxide than in the free base form. 
It is difficult to compare the PA content of houndstongue plant 
parts other than leaves. Other studies generally have examined 
alkaloids in whole plants or mixed plant parts (e.g., Molyneux et 
al. 1979, Johnson et al. 1985a). Knight et al. (1984) found that 
houndstongue contained 2.1% and 0.6% PAS in the rosette and 
mature stages, respectively. 

Because much of the PAS in houndstongue occur in the N-oxide 
rather than free base form, the comparative toxicity of N-oxide vs. 
free base alkaloids must be considered. Mattocks (1986) has 
emphasized that PAS are toxic only after being metabolized by 
liver mixed function oxidases (MFOs) to pyrrolic intermediates. 
PAS in the form of N-oxides are not converted by MFOs to 
pyrrolic metabolites, and before N-oxides can be converted to 
toxic pyrroles, they must first be reduced to the free base form 
(Mattocks 1986). This conversion occurs in the gastrointestinal 
tract in animals, but it is unknown how much reduction of N-oxide 
to free base occurs in the rumen (Molyneux et al. 1988). Recent 
experiments in which pure riddelliine and riddelliine N-oxide iso- 
lated from Senecio riddellii were fed to calves, individually and in 
combination, indicated that both free base and N-oxide forms 
caused intoxication at equivalent dose rates (Molyneux et al. 
1991). However, it is unclear how much of the toxicity of hounds- 

Table 2. Total pyrrolizidine alkaloid eontent’ (% of dry weight), free base tongue can be ascribed to the N-oxide form of the alkaloids, and 
alkaloid content, N-oxide content, and proportion (k) of N-oxide of until further information is forthcoming, we must assume virtually 
total pyrrolizidine alkaloid composition in second year’s growth of 
houndstongue during 1990 in Utah. 

complete conversion from the N-oxide to the free base form in 
livestock. 

Although grazing studies have not determined consumption by 
free-grazing livestock, there is no question that houndstongue is at 
least as toxic as Senecio spp. to cattle and horses. Baker et al. 
(1991) conducted the first controlled feeding study with hounds- 
tongue to determine toxicity to calves. The houndstongue plant 
used in the study of Baker et al. (1991) contained 0.73% total PA. 
Ingestion of 60 mg PA/ kg body weight (about 1 kg air-dry plant 
weight) was fatal to all calves within 48 hours due to massive liver 
failure. A chronic dose of 15 mg PA/ kg (about 400 g of plant daily) 
for 21 days caused moderate, but eventually fatal hepatic damage. 
It seems reasonable to assume that cattle consuming hay contami- 
nated with houndstongue could ingest from 400 to 1,000 g daily for 
a number of days, leading to hepatic failure and subsequent death 
(Baker et al. 1989). 

1Analytical variation in duplicate samples was f 0.01%. 
2Flowcrs were in late bloom in transitIon to pod stage. 

Knight et al. (1984) fed ground houndstongue to a pony at the 
rate of 60 g/kg body weight for 20 days; when later euthanized, the 
pony had liver damage suggestive of PA toxicosis. Younger anim- 
als such as the calves in the study of Baker et al. (1991) may be 
much more susceptible compared to mature animals such as the 
pony in Knight’s study (Mattocks 1986). 

Stem material in the second year’s growth showed a large decline 
in PA content with maturation, and by the late flower stage stems 
contained small amounts of PAS (Table 2). Most (>60%) of the 
stem PAS were in the N-oxide form until maturity, when virtually 
all PAS were in the free base form. Buds and flowers in full bloom 
contained substantial quantities of PAS Ql%), but late bloom 
flowers were low in PA content until the pods set. As with the other 
plant parts, buds and flowers also contained more N-oxide than 
free base alkaloids. 

The total PA content of houndstongue leaves was generally 
much higher than found for ragwort (Seneciojacobuea L.), about 
equal to threadleaf groundsel (S. longilobus Benth.), but much 
lower than Riddell’s groundsel (S. riddeliii T & G), as reported by 
Molyneux et al. (1979) and Johnson et al. (1985a). Unlike Senecio 
or Crotalaria spp. (Johnson et al. 1985a), houndstongue leaf PA 
content did not peak at the bud or flower stage, but was highest in 

Intoxication from PAS has a cumulative effect on the liver over 
time (Mattocks 1986), and the threshold between no-effect level 
and a chronically intoxicating dose is unknown for houndstongue. 
In Senecio spp., the threshold level has been estimated at 2.5-3.0 
mg PA/ kg body weight/day for S. jacobaea, lo-13 mg/ kg/ day for 
S. longilobus, and 15-20 mg/ kg/ day for S. riddellii, when fed for 
20 days (Johnson et al. 1985b). Therefore we assume that because 
houndstongue contains substantial levels of PAS during early 
growth and at maturity, there is no safe exposure level for live- 
stock. Producers with houndstongue in pastures and hayfields 
should excercise due caution to ensure that livestock do not con- 
sume the plant. The greatest danger probably lies with mature, 
senescent houndstongue on rangelands, and from dried plant in 
hay (Baker et al. 1989). If animals begin to consume houndstongue 
in pastures, they should be. quickly removed. Contaminated hay 
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should not be fed to livestock. 
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Abstract 

The impact of grazing anhnals and plant protection on shrub 
seedling establiihment was studied ln 2 separate experiments. A 
total of 3,665 seedlings were monitored for survival during a sheep 
grazing trial in 1984, and 5,755 seedlings were monitored durhrg a 
cattle grazing trial in 1986. Approximately l/2 of the seedlings 
were located under the canopy of mature plants and l/2 were 
located in the interspaces between plants. The presence of domestic 
livestock and the seedling location affected both the overall survi- 
val at the end of the growing season and the pattern of survival 
during the growing season. The interaction between these inde- 
pendent variables resulted In the highest survival (0.11) for shel- 
tered seedlings in the grazed pastures and the lowest survival 
(0.009) for unprotected seedlings in the grazed pastures. Seedlings 
in the ungrazed pastures had survival rates intermediate between 
these 2 rates. 

The pattern of seedling survival was similar in both experiments. 
Seedlings in the grazed pastures experienced high mortality during 
the actual grazing event and immediately after grazing. Seedlings 
which were unsheltered experienced the lowest survival due to 
trampling. Survival rates late in the summer were not affected by 
grazing but were dependent on receiving precipitation during this 
normally dry period of the year. 

The interaction between grazing and seedling location may par- 
tially explain the aggregated distribution of Artemisia found in 
many communities. This aggregation should affect interspecific 
competition and may play a role in later stages of plant succession 
within these shrub-dominated communities. 

Key words: seedling survival, sagebrush 

The increase of shrub populations in grassland communities is a 
widespread occurrence in a variety of ecosystems (van Vegten 
1983, MacDonald and Frame 1988, Archer et al. 1988). Shrub 
establishment does not occur as an advancing front from undis- 
turbed shrub stands but seems to occur from isolated shrubs 
remaining in the grass stand. Two examples are basin big sage- 
brush (Artemisia tridentata spp tridentata) which often invades 
pastures seeded to grasses such as crested wheatgrass (Agropyron 
desertorum)from shrubs which were not killed prior to seeding the 
grass (Marlette and Anderson 1986), and the shrub Baccharis 
pilularis which invades the annual grasslands of California (Willi- 
ams et al. 1987). 

Native sagebrush is a long-lived shrub which has little value for 
grazing herbivores. Vast areas associated with long-term heavy 
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grazing are now dominated by basin big sagebrush communities, 
with little forage available for domestic livestock (Young et al. 
1990). Periodic treatment of these communities with herbicides or 
prescribed fires can successfully reduce the dominance of basin big 
sagebrush and promote herbaceous forage production, but regen- 
eration of the shrub population usually occurs. Understanding the 
population biology of the expanding shrub population is a critical 
step in successfully managing these rangelands for cattle production. 

Basin big sagebrush establishment does not seem to be limited by 
seed production, although dispersal distance is usually short 
(Young 1988). An average stand of basin big sagebrush can pro- 
duce 50 million seeds per ha annually and a plant can begin 
producing seed in its second year (Young et al. 1989). Harniss and 
McDonough (1976) found that basin big sagebrush seed germina- 
tion rates were high enough to exclude seed germination as a 
limiting factor in the establishment process for the 3 consecutive 
years of their study. Establishment remains as an episodic event 
(Young et al. 1989, West et al. 1979). 

Environmental factors, especially precipitation, competition, 
and seedbed factors, play an important role in the growth of shrub 
populations. Therefore, factors that alter the environment of indi- 
vidual seedlings may also alter the probability of survival and 
successful establishment. Factors that could affect seedling survi- 
val include grazing by large herbivores, seedling location in rela- 
tion to other plants, and the interaction between these factors. 
Grazing may actually promote the establishment of an unpalatable 
species such as basin big sagebrush by reducing competition from 
the preferred forage species. Seedling location relative to other 
plants may affect seedling establishment by either protecting the 
seedling from grazing or by altering the microenvironment. 

This study was designed to answer the following questions con- 
cerning the expansion of basin big sagebrush populations into 
crested wheatgrass communities: (1) Does grazing by domestic 
livestock increase the probability of seedling survival? (2) Does the 
location of the seedling relative to mature conspecific plants affect 
seedling survival? and (3) What is the combined effect of grazing 
and seedling location on overall survival and the pattern of survival 
during the growing season? 

Materials and Methods 

The study was conducted on the Tintic Research Area (elevation 
1,830 m) located in the Intermountain region of the western United 
States (39O 53’N and 122’ 03’W). The study pastures within the 
Research Area were mechanically treated for brush removal in the 
early 1950’s and seeded to crested wheatgrass. Meanannual precip- 
itation is 374 mm with 75% falling from October to May as snow 
(Wraith et al. 1987). Summer precipitation is highly variable in 
both intensity and location. Precipitation during the first year of 

257 



the study (1984) was above normal with 452 mm recorded, while 
the second year (1986) was about normal with 366 mm. 

Two separate experiments were conducted: the first experiment 
used sheep as the grazing animal in 1984 and the second experi- 
ment used cattle in 1986. No seedlings emerged in 1985 due to 
drought conditions. Basin big sagebrush seedlings were mapped 
from emergence to the end of the first growing season in permanent 
plots (10 X 10 cm) in both experiments. All surviving seedlings 
were mapped at IO-day intervals from May to October 1984 and 
April to July 1986. A severe summer drought in 1986 reduced 
seedling numbers sufficiently to curtail sampling. The number and 
location of dead seedlings were recorded at each sample date. The 
actual mapping procedure has been described elsewhere (Owens 
and Norton 1989). 

In the sheep grazing experiment, grazing was imposed (8 sheep 
ha-‘) for 4 days, 24-28 May, in 2 replications; 2 ungrazed pastures 
served as replicated controls. The brief, intense grazing period was 
typical of short duration grazing management systems advocated 
for optimum livestock production on these rangelands. The grazed 
and ungrazed pastures were randomly selected from 12 pastures in 
a 28-ha area. Seedlings first became evident in late May and 
mapping began on 22 May 1984. An entire census was completed 
before grazing began. 

In the cattle grazing experiment, grazing was imposed (11 Angus 
heifers ha-‘) for 2 grazing periods in 2 replications; 2 ungrazed 
pastures served as replicated controls. The 2 grazing periods, 28-30 
April and 18-20 May, were included as part of a short duration 
grazing study (Olson et al. 1989). All basin big sagebrush seedlings 
emerged in a l-week period and mapping began on 22 April 1986. 
Grazing began approximately 6 days after seedling emergence. 

Each pasture was stratified to delineate areas with seedlings 
directly under the canopy of mature basin big sagebrush (sheltered 
treatment) and areas with seedlings in the interspaces between 
mature plants (unsheltered treatment). Seedlings were considered 
to be in the interspace if the seedling was not directly under the 
canopy of a mature basin big sagebrush. Since basin big sagebrush 
was the only shrub present, seedlings in the interspaces were com- 
pletely vulnerable to grazing and direct radiation. A total of 40 
plots were used in 1984 and 36 in 1986. Plot selection consisted of 
marking 4 plots and randomly selecting 1 of those plots for sam- 
pling; the other 3 plots were not used. One-half of the plots were 
placed in each shelter treatment for all experiments. 

Data Analysis 
Two separate analyses were conducted within each experiment. 

The first analysis examined overall survival at the end of the first 
growing season for each of the grazing and shelter treatments. The 
second analysis examined the pattern of survival during the grow- 
ing season. The basis for these analyses was that each plant was 
observed for mortality at each sampling date. Therefore, each 
plant had a limited number of outcomes, in that it could be 
observed to die at any date or remain alive throughout the experi- 
ment. Such a sampling design uses cross-classified categorical data 
and focuses on the individual plant as the sample unit. 

Differences in survival at the end of each experiment between 
grazing and seedling location treatments were tested using categor- 
ical data analysis (CDA) with a 0.05 probability level. CDA is the 
appropriate technique for analyzing cross-classified categorical 
data such as survival counts (Fienberg 1983) and has been used in 
other plant survival analyses (e.g., Chambers et al. 1990, Pyke 
1990). 

A backward elimination technique was used to select the model 
which best fit the data using the Xz and G2 statistics. A hierarchy of 
models was constructed by successively dropping the highest order 
interaction from the model. If the Z value were not significant, the 
result would be to fail to reject the model of no significant interac- 

tion. If the x2 were statistically significant, the model would be 
rejected and the interaction would be included in the final model. 
The best model was selected as the model with the fewest number of 
high order interactions and which still fit the data. A more com- 
plete description of the partitioning technique can be found in 
Fienberg (1983). 

After the best model had been selected for the data set, logit 
models were formed to determine the probability of survival for 
each treatment combination. Independent 2 X 2 Chi-square con- 
tingency tests were then calculated using the logit values as a mean 
separation. This technique is analogous to a protected Fishers 
LSD after an analysis of variance (Owens and Norton 1989). 

The second analysis within each experiment tested the pattern of 
survival during the growing season using maximum likelihood 
analysis and the multinomial distribution (White 1983). This tech- 
nique has been widely advocated for wildlife population studies 
(Brownie et al. 1978, White 1983) but has been used only occasion- 
ally in plant population studies (Gardiner 1986, Salihi and Norton 
1987, Owens and Norton 1989). Survival rates were estimated over 
the finite periods of time between samples (IO-day) rather than 
instantaneous rates over the entire growing season. Models were 
constructed by setting survival rates equal for critical time periods. 
For instance, to test for the effects of grazing on the pattern of 
survival, a model was constructed setting survival rates equal for 
all cohorts of plants, regardless of treatment, during the grazing 
period. If grazing did not affect survival, a Chi-square analysis 
would fail to reject the model of equal survival rates. A significant 
Chi-square value would reject the model and support the conclu- 
sion that the survival rates were not equal during the grazing 
period. If 2 or more models tit the data, the best model was selected 
using a likelihood ratio test (Brownie et al. 1978, White 1983). 

Results 

Sheep Grazing Experiment 
A total of 3,669 seedlings were marked in all treatments (Table 

1). Survival was very low with a total of only 73 and 81 seedlings 

Table 1. Distribution of alive and dead basin big sagebrush seedlings under 
2 separate grazing trials in sheltered and unsheltered microsites. 

Grazed Ungrazed 
Alive Dead Alive Dead Total 

--------------(number)_______________ 
Sheep Grazing Experiment - 1984 

Sheltered 1 14 154 30 605 803 
2 45 472 5 186 708 

Unsheltered I 5 95 21 414 541 
2 9 762 19 827 1617 

Total 73 1483. 81 2032 3669 

Cattle Grazing Experiment - 1986 
Sheltered 1 6 750 1 606 1363 

2 86 1030 27 209 1352 
Unsheltered 1 I 937 7 714 1665 

2 18 1097 18 242 1375 
Total 117 3814 53 1771 5755 

surviving for 1 year from cohorts of 1,556 and 2,113 in the sheep- 
grazed and ungrazed pastures. Sheltered seedlings experienced 
higher survival (94 alive from 1,511 total) than unsheltered seed- 
lings (60 alive from 2,158). None of the seedlings were alive in the 
spring of 1986. 

CDA indicated the best model for the data included the replica- 
tion X shelter and grazing X shelter interactions (Table 2). The G* 
partitioning indicated that the replication X shelter interaction was 
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Ttblt 2. Cttcgorictl date enelysis of basin big ttgtbrutb tttdling survival. 
Tbt X2 tntlytit indicates tht significance of tht ovtrtll modtl and the G’ 
analysis indicates the tignifhnct of the specific effect. 

Effect 

Significance Partitioned GZ 
tests of within 

heirarchical the best 
models fit model 
X2 df G2 df 

Grazing 
Shelter 
Grazing X Shelter 
Replication X Shelter 
Replication X Grazing 
Replication X Grazing 

X Shelter 

43.3w s 3.37 1 
45.93*+ 4 15.13** 1 
12.18*+ s 11.52** 1 
6.865 2 3.92* 1 
1.78 2 0.21 1 
1.66 1 1.63 1 

*p<o.os 
+*P<0.01 

barely significant at a = 0.05 (G* = 3.92, a = 0.04) and that the 
critical term was the interaction between grazing and shelter (G* = 
11.52, a q  0.001). The interaction was apparent because seedling 
location did not affect survival in the ungrazed pastures but did 

A) Sheep grazing experiment 
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Fig. 1. Mttn sunivtl log&t for bttin big ttgtbrutb tttdlingt tt tht end of 

the fhut growing season in rtlation to A) thttp and B) cattlt grtzing tnd 
tttdling lo&ion. Btrt with different lttttrs within an txptrimtnt wtrt 
si@icen~~y difftrtnt at P-a.05. 

affect survival in the grazed pastures (Fig. 1A). Sheltered seedlings 
in the grazed pastures had significantly higher logit values than 
seedlings in any other treatment and unsheltered seedlings had the 
lowest logit values. Grazing, as a main effect, did not significantly 
affect survival (G* = 3.37, Table 2) because the sheltered and 
unsheltered seedlings were combined to test for this main effect. 

The pattern of seedling survival in the sheep grazing experiment 
was evaluated to investigate the relationships between grazing and 
seedling shelter. Survival during the grazing period (relativized to 
10 days) was significantly lower in the grazed pastures for the 
unsheltered and sheltered seedlings than in the ungrazed pastures 
(Table 3). This difference in seedling survival rates continued for 
only 10 days following grazing (Fig. 2). For the next 30 days, 
survival rates were not significantly affected by either the grazing 
treatment or seedling location. 
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lo-’ ’ ’ ’ ’ ’ ’ ’ ’ I ’ * 
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LL 
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Days after emergence 
Fig. 2. Btsin big stgtbrush sttdling sorvivtl in pasWres grued by sheep 

(circlts) tnd in ungrtztd controls (triangles). SNdlings wtrt in shtktd 
(solid limt) tnd onshtlttrtd (dtshtd lines) Iocttiont. Hatched trtr 
represents the actual grtzing period of 24-28 May 1984. Precipitation is 
presented as lo-dry totals. 

A summer drought began approximately 30 days after emer- 
gence and continued for about 50 days (Fig. 2). At the beginning of 
the drought (60 days after emergence), seedling survival rates in the 
grazed, sheltered treatment were slightly higher than for the other 
treatments (Table 3). As the summer drought progressed, survival 
rates for the seedlings in grazed, sheltered treatment were sign& 
cantly higher than for seedlings in any of the other treatments. 

Cattle Graxing Experiment 
A total of 5,755 seedlings were mapped in the cattle grazing 

experiment (Table 1). Survival was low with only 117 and 53 
seedlings surviving from cohorts of 3,93 1 and 1,824 in the grazed 
and ungrazed treatments. Survival was slightly higher in the shel- 
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Table 3. Probabilities of seedling survival in sheltered and unsheltered microsites during a 110 day sheep grazing trial. 

Days after emergence 

10* 20 30 40 50 60 IO 80 90 100 110 

Grazed 
Sheltered x 0.18 0.42 0.83 0.96 0.94 0.86 0.74 0.83 0.85 0.91 0.99 

se 0.02 0.03 0.04 0.02 0.02 0.03 0.04 0.04 0.03 0.03 0.01 
Unsheltered x 0.11 0.32 0.87 0.89 0.90 0.69 0.56 0.55 0.71 0.85 1.00 

se 0.01 0.03 0.03 0.03 0.03 0.04 0.05 0.07 0.07 0.07 0.01 

Ungrazed 
Sheltered x 0.71 0.61 0.80 0.95 0.95 0.81 0.45 0.75 0.63 0.74 0.99 

se 0.02 0.02 0.02 0.01 0.01 0.02 0.03 0.04 0.04 0.05 0.01 
Unsheltered x 0.68 0.56 0.90 0.92 0.89 0.81 0.55 0.52 0.59 0.81 0.99 

se 0.02 0.02 0.01 0.01 0.01 0.02 0.02 0.03 0.03 0.04 0.01 

*Grazing occurred during this time period. 

tered treatment (120 survivors from a cohort of 2,715) than in the 
unsheltered treatment (50 survivors from 3,040 seedlings). 

CDA indicated the best model included all of the 2-way interac- 
tions between replications, grazing treatment, and shelter (Table 
4). 

Table 4. Categorical data analysis of basin big sagebrush seedlings during 
the cattle grazing experiment. The X* statistic indicates the significance 
of the overall model and the G* analysis indicates the significance of the 
specific model. 

Effect 

Significance Partitioned G2 
tests of within the 

heirarchical best fit 
models model 

x= df G* df 

Grating 
Shelter 
Grazing X Shelter 
Replication X Shelter 
Replication X Grazing 
Replication X Grazing 

29.72+* 4 10.77** 1 
53.22*+ 4 35.19” 1 10 I I I 1 I I I I 1 

9.71** 2 9.31** 1 
8.34** 2 8.03** 1 

1986 Precipitation 
13.12** 2 12.30** 1 
0.38 1 0.40 1 c 0.6 

X Shelter 0 

.P<O.OS 
**P<o.ol 

p OS4 
The G2 partitioning of the model demonstrates that all of the 

._ 5% 0.2 

effects are statistically significant within this model. The interac- 
tion of replications with the other factors was due to the near total 

g 00 

mortality found in the first replication (Fig. 1B). There were no 
L * 

0 20 40 60 80 
significant differences between the logit values in the first replica- 
tion and the values were generally very small. Seedlings in an 
unsheltered location in the grazed pastures had the lowest proba- Days after emergence 
bility of survival while protected seedlings had the highest chances 
for survival in both grazed and ungrazed pastures in the second 
replication. Seedlings without the protection of mature basin big 
sagebrush were 5 times more likely to die in the grazed pasture than 
in the ungrazed pasture. Within grazed pastures, the difference was 
more pronounced, with protected seedlings being up to 6 times 
more likely to survive than unprotected seedlings (Fig. IB). In the 
other replication, over 99% mortality in all treatments precluded 
the detection of treatment effects. 

Fig. 3. Basin big sagebrush seedling survival in pastures grazed by cattle 
(circles) and in ungrazed controls (triangles). Seedlings were in sheltered 
(solid lines) and unsheltered (dashed lines) locations. Hatched areas 
represent the actual grazing periods of 28-30 April and 18-20 May 1986. 
Precipitation is presented as lO-day fotals. 

As with the sheep study, grazing by cattle caused differences in 
the pattern of mortality during the 80day trial (Fig. 3). During the 
first 2day grazing period, survival rates were significantly higher 
for the ungrazed seedlings in the sheltered (0.91) and unsheltered 
(0.85) microsites than in the same microsites in the grazed pastures 
(0.84 and 0.49, respectively, Table 5). During the second grazing 
period 18 days later, survival was much lower in all treatments but 
survival was significantly lower in the grazed, unsheltered treat- 

ment than in any other treatment. A dry period began 20 days after 
seedling emergence and continued throughout the summer (Fig. 3). 
Seedling survival in all treatments decreased as the dry summer 
progressed, but survival in the ungrazed pastures was sharply 
depressed during the period of 10 to 20 days after the beginning of 
the summer drought (40 days after emergence, Table 4). 

Discussion 

Grazing by domestic livestock or native herbivores has been 
reported to decrease seedling survival of some shrubs and grasses 
(Eckert et al. 1986, Gardiner 1986, Salihi and Norton 1987) but 

260 JOURNAL OF RANGE MANAGEMENT 45(3), May 1992 



Table 5. Probabilities of seedling survival in sheltered and unsheltered microsites during a cattle grazing trial. 

Grazed 
Sheltered 

Unsheltered 

Ungrazed 
Sheltered 

Unsheltered 

x 
se 
x 
se 

x 
se 
x 
se 

10 20* 

0.81 0.84 
0.01 0.01 
0.84 0.49 
0.01 0.01 

0.95 0.91 
0.01 0.01 
0.93 0.85 
0.01 0.01 

Days after emergence 
30 40 50, 60 70 80 

0.85 0.69 0.27 0.54 0.56 0.67 
0.01 0.02 0.02 0.03 0.04 0.03 
0.89 0.68 0.08 0.57 0.42 0.63 
0.01 0.02 0.01 0.05 0.07 0.06 

0.71 0.29 0.18 0.55 0.68 0.76 
0.02 0.02 0.02 0.06 0.09 0.06 
0.76 0.26 0.27 0.40 0.76 0.65 
0.02 0.02 0.03 0.05 0.08 0.06 

*Grazing occurred during this time period. 

may have a slight positive effect on survival of other species (West 
et al. 1979). Grazing by either sheep or cattle sharply depressed 
basin big sagebrush seedling survival for a brief time after the short 
but intense grazing period (Fig. 2 and 3). Later in the season the 
remaining seedlings were less prone to mortality than seedlings in 
the ungrazed pastures. The effects of grazing, evident early in the 
season, were masked at the end of the season by the late summer 
moisture-dependent mortality. The net result was no difference in 
overall seedling mortality between the grazed and ungrazed pas- 
tures at the end of the growing season. The seedlings that were not 
killed from trampling during the grazing period experienced high 
mortality rates from another source, late summer drought. This is 
in direct contrast to crested wheatgrass seedlings in the same 
pastures as this study (Salihi and Norton 1987). The effects of 
grazing on crested wheatgrass seedling survival, following a similar 
2-day grazing period, an 18-day rest and an additional 2-day 
grazing period, was evident up to 1 year after grazing. For both 
crested wheatgrass and basin big sagebrush, the individual seed- 
lings were too small to be grazed but were subjected to trampling. 
Almost 90% of the crested wheatgrass seedlings occurred in the 
interspaces rather than under mature plants and may have been 
more vulnerable to trampling than the basin big sagebrush seed- 
lings in this study. Only 60% of the basin big sagebrush seedlings in 
this study were in the interspaces so potential trampling would 
have been less. Balph et al. (1989) state that vegetation cues are 
used by cattle to avoid trampling on mature plants, therefore 
seedlings in the interspaces would be at a higher risk of mortality. 

microcephala were more likely to die from herbivory and small 
plants were likely to die from summer desiccation. Since basin big 
sagebrush seeds were small and emergence was synchronous in this 
study, with all seedlings emerging within 1 week, plant size was 
very similar and could not affect the observed survival rates. Graz- 
ing sharply reduced the number of seedlings in the grazed pastures, 
but desiccation resulting from summer drought caused late 
summer mortality (Fig. 2). In 1986, the lack of late summer rains in 
August had a marked effect on mortality rates compared to the 
steady decline in seedling numbers through the relatively moist late 
summer of 1984 (Fig. 3). This would support the hypothesis that 
the timing of precipitation is as important as the total amount 
(Hennessy et al. 1984). Ungrazed annual grasses in California 
transpired water in the top portion of the soil and prevented 
Baccharispilularis shrubs from becoming established unless spring 
precipitation was relatively high (Williams and Hobbs 1989). The 
high basin big sagebrush survival noted for sheltered seedlings in 
the grazed pastures may be affected by this phenomenon. We 
hypothesize that the heavily grazed grasses in this study were 
transpiring less water than the ungrazed grasses and that conse- 
quently more soil moisture was available for the basin big sage- 
brush seedlings. Grazed crested wheatgrass plants did not use 
water as quickly as ungrazed plants on this study site, which would 
have maintained a more favorable soil water status in the grazed 
pastures (Wraith et al. 1987). 

The differential seedling survival rates caused by the sheltered 
and unsheltered microsites and the presence or absence of grazing 
may partially explain the aggregated plant distribution found 
within some semiarid communities (Brown and Archer 1989, 
Archer et al. 1988). The short dispersal distance (generally<1 m) 
and favorable microenvironment found beneath mature basin big 
sagebrush shrubs are also major factors causing aggregation 
(Young 1988). However, survival rates of seedlings were not 
affected by the microsites in this study unless the pastures were 
grazed. The beneficial attributes of increased water holding capac- 
ity and nutrient status (Young 1988) did not change survival rates 
of first-year seedlings. The combined effect of microsites and graz- 
ing emphasized the aggregated dispersion pattern. Another arid 
land shrub, Gutierrezia microcephala, also demonstrates an aggre- 
gated dispersion pattern which may be related to differential survi- 
val rates for seedlings in various microsites (Parker 1982). Survival 
rates of Gutierrezia seedlings were generally higher in the vicinity 
of adult plants than in the interspaces. Herbivores were also a very 
important influence on survival and distribution of shrub seedlings 
in that system. 

If grazing is limiting seedling distribution to areas under the 
protection of mature plants, at some point in the future intraspe- 
cific competition may limit either growth or survival. Although the 
water-holding capacity of the soil is higher under the canopy of 
basin big sagebrush shrubs, the potential competition between 
mature shrubs and seedlings is great (Young 1988). Competition 
may be expressed early, as with Cirsium vulgare which can inhibit 
seedling growth with litter from mature plants (de Jong and Klink- 
hamer 1985), or may not be expressed for several years. The 
aggregated distribution of juvenile basin big sagebrush found on 
this site suggests that intraspecific competition may play a more 
important role between juveniles rather than seedlings (Owens 
1987). The resultant aggregation of seedlings and juveniles in the 
grazed pastures may affect intraspecific competition as the plants 
become larger. Densitydependent mortality of juvenile sagebrush 
may become an important factor regulating population size and 
hence establishment rates of shrubs into grasslands. 

Literature Cited 

Parker (1982) reported that large seedlings of Gutierreziu 

Archer, S., C. Scifres, C.R. Bassham, and R. Maggie. 1988. Autogenic 
succession in a subtropical savanna: Conversion of grassland to thorn 
woodland. Ecol. Mono. 58:ll l-127. 

Balph, D.F., M.H. Balph, and J.C. Malechek. 1989. Cues cattle use to 
avoid stepping on crested wheatgrass tussocks. J. Range Manage. 
42:376-317. 

JOURNAL OF RANGE MANAGEMENT 45(3), May 1992 261 



Brown, J.R., and S. Archer. 1989. Woody plant invasion of grasslands: 
establishment of honey mesquite (Prosopis glandulosa var. glandulosa) 
on sites differing in herbaceous biomass and grazing history. Oecologia 
80: 19-26. 

Brownie, C., D.R. Anderson, K.P. Bumham, and D.S. Robson. 1978. 
Statistical inference for ban recovery data-a handbook. U.S. Dept. Inte- 
rior Fish and Wildl. Serv. Resour. Pub. 131. Washington, D.C. 

Chambers, J.C., J.A. MacMahon, and R.W. Brown. 1990. Alpine seedling 
establishment: the influence of disturbance type. Ecology 71:1323-1341. 

de Jong, T J., and P.G.L. Klinkhamer. 1985.The negative effects of litter of 
parent plants of Cirsium w&are on their offspring: autotoxicity or 
immobolization?. Oecologia 65153-160. 

Eckert, R.E., F.F. Petersen, and J.T. Belton. 1986. Relation between 
ecological-range condition and proportion of soil-surface types. J. 
Range Manage. 39409414. 

Fienberg, S.E. 1983. The analysis of cross-classified categorical dam. MIT 
Press, Cambridge, Mass. 

Gardiner, H.G. 1986. Dynamics of perennial plants in the mulga (Acacia 
anueura F. Muell.) zone of western Australia. II. Survival of perennial 
shrubs and grasses. Australian Range. J. 8:28-35. 

Hnmiss, R.O., and W.T. McDonougb. 1976. Yearly variation in germina- 
tion in three subspecies of big sagebrush subspecies. J. Range Manage. 
29:167-168. 

Hennessy, J.T., R.D. Gibbens, and M. Cudenas. 1984. The effect of shade 
and planting depth on the emergence of founving saltbush. J. Range 
Manage. 37~22-24. 

MacDonald, I.A.W., and G.W. Frame. 1988. The invasion of introduced 
species into nature reserves in tropical savannas and dry woodlands. 
Biol. Conserv. 44:67-93. 

Marlette, G.M., and J.E. Anderson. 1986. Seed banks and propagule 
dispersal in crested wheatgrass stands. J. Appl. Ecol. 23:161-175. 

Olson, K.C., G.B. Rouse, and J.C. Malechek. 1989. Cattle nutrition and 
grazing behavior during short-duration-grazing periods on crested 
wheatgrass range. J. Range Manage. 42153-157. 

Owens, M.K. 1987. Recruitment of big sagebrush (Artemisia tridentara 
Nutt. subsp. tridentata) into a seeded foothill rangeland in Utah. Ph.D. 
Diss. Utah State Univ., Logan, Utah. 

Owens, M.K., and B.E. Norton. 1989. The impact of ‘available area’ on 
Artemisia tridenta seedlina dvttamics. Veaetatio 82: 155-192. 

Parker, M.A. 1982. Associatknwith mature-plants protects seedlings from 
predation inan arid grassland shrub, Gutierrezia microcephala. Oecolo- 
gia 53:276-280. 

Pyke, D.A. 1990. Comparative demography of co-occurring introduced 
and native tussock grasses: persistence and potential expansion. Oecolo- 
gia 82537-543. 

Salihi, D., and B.E. Norton. 1987. Survival of perennial grass seedlings 
under intensive grazing in semi-arid rangelands. J. Appl. Ecol. 24: 145-I 53. 

van Vegten, J.A. 1983. Thombush invasion in a savanna ecosystem in 
eastern Botswana. Vegetatio 56:3-7. 

West, N.E., K.H. Rea, and R.O. Harniss. 1979. Plant demographic studies 
in sagebrush-grass communities of southeastern Idaho. Ecology 70: 
376-388. 

White, G.C. 1983. Numerical estimation of survival rates from band- 
recovery and biotelemetry data. J. Wildl. Manage. 47:716-728. 

Williams, K., and RJ. Hobbs. 1989. Control of shrub establishment by 
springtime soil water availability in an annual grassland. Oecologia 
81:62-66. 

Williams, K., R J. Hobbs, and S.P. Hamburg. 1987. Invasion of an annual 
grassland in northern California by Baccharis pilularis ssp. consangui- 
nea. Oecologia 72461-465. 

Wraith, J.M., D.A. Johnson, R.J. Hanks, and D.V. Sisson. 1987. Soiland 
plant water relations in a crested wheatgrass pasture: response to spring 
grazing by cattle. Oecologia 73:573-578. 

Young, J.A. 1988. Seedbeds as selective factors in the species composition 
of rangeland communities. In: P.T. Tueller (ed). Vegetation science 
applications for rangeland analysis and management. Kluwer Academic 
Publ. Boston. 

Young, J.A., R.A. Evans, and D.E. Palmqtdst. 1989. Big sagebrush (Arte- 
misia triakntata) seed nroduction. Weed Science 3747-53. 

Young, J.A., R.A: Evan;, and D.E. Palmquist. 1990. Soil surface charac- 
teristics and emergence of big sagebrush seedlings. J. Range Manage. 
43~358-366. 

262 JOURNAL OF RANGE MANAGEMENT 45(3), May 1992 



J. Range Manage. 
45263-266, May 1992 

Factors Affecting Utah Ranch Prices 
R.C. ROWAN AND JOHN P. WORKMAN 

Authors are graduate research assistant, Rangeland Ecology and Management, Texas A&M University, College 
Station 77843-2126; andprofessor, Range Science Department, Utah State University, Logan 84322-5230. At the time 
of the research, Rowan was graduate research assistant at Vtah State University. 

Abstract 

A total of 341 Utah rural land sales occurring between 1980 and 
1987 were analyzed to identify and quantify the determinants of 
Utah rangeland and ranch prices. Two factors statistically influ- 
enced average sale price (S/hectare and/or S/AUM): number of 
hectares sold and whether buildings were included in the sale. 
Regression analysis incorporated statistically significant (P<O.O5) 
explanatory variables into a predictive equation that expressed 
total ranch sale price as a function of number of deeded AUMs, 
building value, year and month of sale, number of leased AUMs, 
distance to nearest town, recreation influence, and size of parcel 
sold. The regression model produced an adjusted R* = 0.91. Value 
of buildings and number of deeded AUMs explained most of the 
variability in total ranch sale price. 

Key Words: appraisal, valuation, model, regression, prediction 

A rural real estate appraiser may be asked to determine real 
estate equity positions, establish value for tax assessment, or 
determine value for condemnation hearings. Since appraisal is 
both a science and an art, appraisers use all available information 
to provide a value estimate. Any information that complements the 
traditional appraisal approaches may improve accuracy of estimates. 

Demand for Utah farm and ranch land and resulting land prices 
increased from the 1940’s until about 1982 (Fig. 1). Improved 
technologies allowed farmers and ranchers to own and rent more 
land without increased equipment inputs (Reynolds and Timmons 
1969, Suter 1980, Scott 1983). Thus, demand for land remained 
strong during this period and economic theory predicted that the 
price of land should increase (Phipps 1984, Burt 1986). Land prices 
during the late 1970% did increase. 

Inflation alone cannot explain the dramatic increase in land 
values in the late 1970’s but does partially explain investment 
strategies during this period. Expectations of continued land 
appreciation induced investment and speculation. These expecta- 
tions became a self-fulfilling prophecy, especially in 1979 and 1980 
(Fig. 1). 

The rural real estate market in the U.S. over the past 50 years has 
been marked by recurring price instability. Utah real estate values 
increased between 1975 and 1982 and then declined (Fig. 1). This 
paper attempts to identify and quantify the main factors influenc- 
ing Utah rangeland and ranch prices. 

Methods 

Utah land sales that occurred betwen 1980 and 1987 and that 
were financed by Farm Credit Services (FCS) were analyzed to 
identify and quantify factors affecting Utah ranch prices. FCS is a 
leading source of rural real estate financing, second only to private 
sellers. Regional FCS offices keep detailed information on sales 
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transactions. Information on a total of 341 FCS sales was 
obtained. Sample sales consisted of both whole ranches, including 
buildings and improvements, and unimproved tracts of cropland 
and rangeland. Characteristics of the ranch sales sample are shown 
in Table I. Sales selected included those that had listed “establish 
own ranch” or “expand ranch operation” as reasons for purchase 
on the FCS sales forms. The small number of federal grazing 
permits transferred without land was not included in the study. 

Table 1. Characteristics of the Utah ranch sales sample, 1980-87. 

Variable 

Sale price ($) 
Deeded hectares 
Unit price ($/ha) 
Unit price ($/AUM) 
Deeded AUMs 
Leased AUMs 
Distance to town (kilometers) 
Building value (S) 
Range hectares 
Cultivated hectares 

Number 
of cases 

196 
191 
190 
98 

116 
193 
187 
196 
195 
180 

Mean 

120,095 
145 

4,182 
391 
375 
155 
41 

4,419 
118 
19 

Ranch sales were analyzed to assess the importance of each 
individual price variable, independent of other price variables, 
using SPSS-X, Version 3.1 (Statistical Package for the Social 
Sciences 1989). A 5% probability level was used for all statistical 
tests, except where indicated otherwise. Mean ranch prices (%/ha 
and $1 AUM), standard deviations, variances, standard errors, and 
the range of prices were calculated. Analysis of variance (ANOVA), 
group t-tests, and a Least Significant Difference (LSD) test were 
used to compare price differences among ranch sizes. 

Mean values ($1 ha and $/ AUM) for ranches with and without 
buildings were compared across all sales to test whether there was a 
significant effect on sale price due to the presence of buildings. 

The influence of nonranch variables (residential expansion, 
recreation potential, mineral reserves, and commercial develop- 
ment) was tested by t-tests across all ranch sales. Mean sale price 
($/ha and %/ AUM) of all sales indicating some form of nonranch 
influence was compared to mean sale price of all sales with no 
nonranch influence. 

FCS sales listing either “establish own ranch” or “expand ranch 
operation” as reasons for purchase were tested against sales listing 
any other reason for purchase. Both $1 ha and $1 AUM compari- 
sons were made. 

Regression analysis was used to develop equations to predict 
and explain total ranch sale prices. FCS sales data provided the 
following information: total sale price; building value; number of 
cultivated, rangeland, and total hectares sold, sale price per hec- 
tare; livestock carrying capacity; reason for purchase, nonranch 
influence; and sale date. Various explanatory variables were evalu- 
ated to determine the model of best fit (highest R-squared and 
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Fig. 1. Comparison of the Utah Real Estate Index (Utah R.E.) to the Consumer Price Index (CPI), 1975-87. 

appropriate algebraic signs of coefficients), and confidence of fit 
(significant t-tests). Consideration was also given to whether or not 
variables were readily available to model users. Explanatory vari- 
ables considered for inclusion in the final model were: time, time- 
squared, total ranch hectares, number of deeded AUMs, number 
of leased AUMs, percent leased forage, dollar value of improve- 
ments, distance to a Utah town of at least 2,000 people, number of 
hectares deeded rangeland and pasture, number of cultivated hec- 
tares, quarterly FCS interest rates, Beef Cattle Price Index (BCPI), 
Prices Paid Index (PPI), a proxy index for net ranch income 
(BCPI-PPI) in the year of sale and also lagged 1 year from sale 
date, a productivity rating in deeded AUMs/deeded hectare, index 
(dummy) variables delineating 3 size categories (<16, 16-259 and 
>259 ha), and an index variable for nonranch influences. Predic- 
tive models were constructed by entering variables in forward 
step-wise multiple regression. 

Ihe time variable was measured by month of sale with the 
median sale month (December, 1983) assigned the numerical value 

of zero. Sales prior to the median month were given consecutive 
negative values (e.g., October 1983=-2) and those after were given 
consecutive positive values (e.g., February, 1984=+2). 

Distance values were measured as the shortest distance along 
established roads from the ranch to a Utah town of at least 2,000 
people (Andriot 1983). Measurements were to the nearest kilome- 
ter using the Sigma Scan (Jandel Scientific, Corte Mandera, Calif.) 
digitizing program. 

Beef Cattle Price Indexes (BCPI) and Prices Paid Indexes (PPI) 
were from USDA (various issues, 1975-87). Since many of the 
sample sales were seasonal grazing tracts, carrying capacity was 
recorded in animal unit months (AUMs). Animal Units Year Long 
(AUYL) was also tested as an independent variable, defined as the 
total number of AUMs divided by 12. Nonranch influence was 
entered into the analysis in binary form (l,O), on the basis of 
presence or absence of influence. Quarterly interest rates were 
compiled from Boehlje and Eidman (1984), Melichar (monthly 
series, 197%1987), and USDA (1988). the adjusted RZ value was 

Table 2. ANOVA table showing the effects of region and size (ha) on sale prices of Utah land (S/ha), Farm Credit Services sales, 1980-W. 

Source of variation 

Main effects: 
Region of state 
Size 

2-Way: 
Region X Size 

Residual 

Totals 

‘significant at the 0.05 level. 

DF Sum of squares Mean square 

4 33,288,873,060 8,322,218,265 
2 7,473,748,023 3,736,874,012 
2 24,230,910,538 12,115,455,269 

4 13,403,514,457 3,350,878,614 
185 302,634,899,082 1,635,864,319 

193 349,327,286,600 I ,809,985,941 

F value 

5.087 
2.284 
7.406 

2.048 

P 

.OOl’ 

.I05 

.001* 

.089 
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reported for the final model following the methods of Verbyla 
(1986). 

Results and Discussion 

Farm Credit Services financed 341 ranch sales during the period 
1980-87. There was considerable variability in size and other char- 
acteristics of the ranch sales sample (Table 1). Total deeded ranch 
hectares, for example, ranged from l/2 ha to over 12,000 ha. 
Deeded AUMs ranged from 0 to 12,000. Because the sample con- 
tained some very small sales, average unit values ($/ha and 
$1 AUM) in Tables 3,4, and 5 are skewed towards the high end of 
the range. 

The mean price for agricultural land sales was approximately 
$120,000 (Table 1). Mean hectares was 145, composed of 118 ha of 
rangeland and pasture and 19 ha of cultivated land. The 8-ha 
balance was composed of building sites, homesites, and wasteland. 
In 1987, USDA (1985-88) listed the average size of “farms”in the 
mountain states region as 454 ha. The reason our sample Utah land 
sales were smaller than the regional average might be that the Utah 
sales included cropland parcels and small expansion tracts, thereby 
reducing the average parcel size. 

Average deeded and leased AUMs for a 145-ha “ranch” totaled 
530 AUMs. If this were a yearlong operation, the “ranch” would 
support approximately 45 AUYL. Again, many of these sales were 
probably expansion units. 

Size Effects 
Analysis of Variance (ANOVA) in Table 2 indicated that sale 

size significantly influenced $1 ha prices. The F-value for size indi- 
cated a significant difference among means but did not identify 
which sizes were different. A Least Significant Difference (LSD) 
test was performed on size means. Results indicated that size 1 
(%26,035/ha for parcels <16 ha) differed significantly from both 
size 2 ($2,035/ha for parcels 16-259 ha) and size 3 ($573/ha for 

presence or absence of nonranch influence. Sales with nonranch 
influence were compared against those without such influence 
(Table 4). Nonranch influences did not significantly affect average 
sale prices ($/ha or $/AUM) at conventional levels of statistical 
significance, due to the large standard deviations. 

Table 4. Comparison of Farm Credit Services Utah ranch sale prices, with 
and without nonranch influences. 1980-87. 

# of Std t 2-tail 
Cases Mean Dev DF Value P 

Dollars Per Hectare: 
Without 160 10,353 46,448 172 48 .64 
influence 
With 34 8,267 14,017 
influence 

Dollars Per AUM: 
Without 
influence 
With 
influence 

78 283 312 16 -1.49 .16 

17 2,414 5,886 

Reason for Purchase 
The final ANOVA was conducted to determine if reasons for 

purchase affected sale price. The relevant question was whether 
buyers purchasing land for agriculture paid a different price than 
buyers purchasing land for nonagricultural purposes. Nonagricul- 
tural reasons for purchase included investment, nonagricultural 
development, rural dwelling, other, and unknown. There was no 
significant difference (.05 level) between average prices ($/ha and 
$/AUM) paid by agricultural buyers and nonagricultural 
buyers (Table 5). However, additional testing with the dependent 

_ parcels >259 ha). 

Building Influence 

price (%/ha or $/ AUM) than unimproved acreages. Average sale 
price (S/GUM) was significantly (0.10 level) influenced by inclu- 

Real estate salespersons and appraisers recognize the impact 
buildings can have on both total sale prices and unit prices. It is 

sion of buildings (Table 3). Further analysis indicated that at the 

often generalized that highly improved acreages sell at a higher 

purchased for agricultural reasons with those purchased for non- 
Table 5. Comparison of Prices of Farm Credit Services Utah ranch sale 

Dollars Per Hectare: 

agricultural reasons, 1980-87. 

Agricultural 217 

# of 

9,706 40,s 10 

Std 

303 

t 

.45 .66 

2-tail 

Non-Agricultural 

Cases Mean 

120 8,333 15,092 

Dev DF Value P 

Table 3. Comparison of Farm Credit Services Utah ranch sale prices, with 
and without buildings, 1980-87. 

Dollars Per AUM: 
Agricultural 110 784 2,774 48 -1.32 .I9 

Non-Agricultural 49 9,351 45,580 

# of Std 2-tail 
Cases Mean Dev DF t-value P 

Dollars Per Hectare: 
Without buildings 
With buildings 

Dollars Per AUM: 
Without buildings 
With buildings 

163 10,652 46,016 154 .94 .35 
31 6,491 14,331 

77 767 2,857 79 1.65 .lO 
18 225 192 

0.10 level there was a significant difference within size 2 (16-259 ha) 
between sales with buildings ($226/ AUM) and sales without build- 
ings (%497/ AUM). This higher average price without buildings was 
the reverse of what might be expected. It may be that buyers in this 
size category were most interested in additional land than in addi- 
tional buildings. 

variable specified as total sale price per entire parcel showed a 
significant difference @ = .026) between average total prices paid 
by agricultural buyers ($138,507) and nonagricultural buyers 
($242,598). 

Predictive Equation 
A preliminary regression analysis was performed on a portion of 

ranch sales to identify a set of ranch price variables having predic- 
tive power. A forward stepwise regression of these sales yielded a 
reasonable fit (R2 = ,759). 

Several restrictions were imposed on the data set to obtain a 
representative and normally distributed subsample. Various com- 
binations of minimum sale size (acres and AUMs) proved unsatis- 
factory. Restrictions to ensure a normally distributed variance also 
gave an undesirably small sample size. These preliminary con- 

Nonranch influences 
straints were abandoned in favor of restricting the sample to sales 

Nonranch influences such as residential expansion, recreation 
for establishing or expanding a ranch. The purpose of the regres- 

potential, mineral reserves, and commercial development would be 
sion model was to accurately predict ranch prices based on price 

expected to affect the value of rural land. FCS appraisers noted the 
variables readily available to range managers and appraisers. The 
model could have been formulated with price per AUM (or price 
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per acre) as the dependent variable (Tore11 and Doll 1990, Tore11 
and Doll 1991). However, preliminary attempts using the price per 
AUM formulation resulted in equations with poor explanatory 
and predictive power. Consequently, total ranch price in nominal 
dollars was used as the dependent variable, following the approach 
of Tore11 and Fowler (1986), giving much stronger statistical 
results. 

The final regression model was: 

Total ranch price = 115,893.91** + 77.97** (Daums) 
(17,117.58) (11.85) 

+ 2.95** (Dwell) - 1,163.18** (Adjmo) + 42.47** (Laums) 
(0.40) (0.0098) (13.15) 

-1,426.63**(Dist) + (100,373.49* (Recre) - 72,055.57** (D1) 
(395.91) (42,872.62) (18,029.05) 

-3 1,084.14* (Dz) 
(14,138.04) 

where 

* = significant at 0.05 level, ** = significant at 0.01 level, 
Daums = Deeded animal unit months, 
Dwell = Dwellings and buildings value, 
Adjmo = Time trend variable for month of sale, 
Laums = Leased animal unit months, 
Dist = Distance to Utah town of 2,000 people (miles), 
Recre = 1 if recreational influence present, 

= 0 if recreational influence not present, 
D1 = 1 if size is <40 acres, 

= 0 if size is 40-640 acres, 
= -1 if size is >640 acres, 

DZ = 0 if size is <40 acres, 
q  1 if size is 40-640 acres, and 
q  -1 if size is >640 acres. 

Numbers in parentheses below coefficients are the standard 
errors of the coefficients. For ease of application by range manag- 
ers and appraisers in the western U.S., all parameters are expressed 
in English units. This model is the result of regression of 82 sales 
(adjusted fl = .91). 

The final model explains 91% of the variability in sale price. It is 
also helpful to know which of the independent variables contrib- 
uted the most towards predicting sale price. The “decomposition of 
the variability in Y”procedure (Gujarati 1988) was used and invo- 
vles the formula: 

SSReg = @z” mzz + 8~~ ma + flk2 m3 + 2 82 82 rn= + . . . . 2 Bj /3t mjt 

where &, &.....pk = explanatory variable coefficients 
m22, m X$...mkk q  SS of explanatory variables 
mz....mjk q  sum of cross products of variables. 

The relevant portion of the equation (in parenthesis) is the individ- 
ual contribution of each variable to the overall regression sum of 
squares (Table 6). Contributions of the interactions, which ac- 

Table 6. Decomposition of explained variability in Utah ranch sale price 
for each independent variable in the model. 

Variable 

Dwell 
Daums 

Total 
Pi Pihi SSReg Rank 

8.7 1.501597E+I2 22.80% 1 
6.079 1.414105E+12 21.50%, 2 

Dl 5.19200iE+9 1.739321E+ll 2.60% 3 
Dist 2,035,273 1.700104E+l1 2.60% 4 
Laums 1,803 9.96575E+lO 1.50% 5 
Adjmo 1,352,987 6.564747EtlO .98% 6 
D2 966,223,760 6.038898EtlO .92% 7 
Recre l.O07483E+lO 5.54OOOOE+lO .84% 8 

counted for 38% of the explained variability of Y, were not 
calculated. 

Dwellings and buildings contributed the largest percentage to 
explained variability in total sale price. Thus, the real estate profes- 
sion may be correct in attributing such importance to dwellings 
and buildings when estimating property values. 

Regression coefficients for deeded and leased AUMs are close to 
expected values. To determine the estimated value of deeded land 
in dollars per Animal Unit Year Long, holding all other variables 
constant, the deeded AUM coefficient was multiplied by 12. Esti- 
mated value of deeded land was %935/ AUYL. The predictive equa- 
tion estimated leased AUM values, all else equal, at $42.47/ AUM. 
This federal grazing permit value is similar to the one calculated by 
Workman (1988). 

Users of the model must be cautioned that coefficient values 
cannot be extracted from the model and used independently with- 
out explicitly recognizing that all other variables are being held 
constant. Also, deletion of any variable will change coefficient 
values for remaining variables. 
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Abstract 

Ponderosa pine (Pinus pondkrosu Laws.) overstory-forage 
understory relationships were studied on the Kaibab Plateau of 
northern Arizona to evaluate bow well forage (graminoid, forb, 
and current year shrub) production could be predicted by stand 
density index (SDI). Linear and nonlinear equations were used. 
Stand density index, a relative measure of stand density, was a 
useful predictor of understory production for a variety of stand 
structures and ages. The linear and nonlinear equations produced 
coefficient of determinations of 0.76 and 0.72, and standard error 
of the estimates of 5.08 kg ha” and 5.51 kg ha-l, respectively. 

measure of stand density that provides a relationship between trees 
per hectare, stand basal area, average stand diameter, and stocking 
of a forested stand. Reineke noted that the log of trees per hectare 
when plotted against the log of quadratic mean diameters (the stem 
diameter of average basal area) took on a negative linear form that 
had a slope of -1.605. This relationship is considered analogous to 
the biological -3/2 self-thinning power law (Yoda et al. 1963). In 
application, it is assumed that an increase in quadratic mean 
diameter of fully stocked stands can only occur if accompanied by 
a decrease in number of trees per hectare. The functional form of 
this relationship is: 

Key Words: Plant production, overstory-understory relationships, 
Pinus podkrosa, stand density measures 

Many equations used in predicting forage (graminoid, forb, and 
shrub) production as a function of ponderosa pine (Pinusponde- 
rosa Laws.) forest overstory have expressed overstory as basal 
area, an absolute measure of stand structure, and canopy cover 
(Pase 1958, Reynolds 1962, Pearson 1964, Ffolliott and Worley 
1965, Clary and Ffolliott 1966, Jameson 1967, Clary 1969, 
McConnell and Smith 1970, Ffolliott and Clary 1974 and 1975, 
Clary et al. 1975, Ffolliott 1983, Bennett et al. 1987, Wilson 1987, 
Uresk and Severson 1989, Tapia et al. 1990). These studies used 
inverse linear and nonlinear models expressed as decreasing her- 
bage production with increasing forest overstory and have found 
basal area and canopy closure to be highly correlated with forage 
and herbage production. 

loglo N = k - 1.605 (IogloQMD) 

where, N q  number of trees per hectare, 

iMD 
= a species specific constant, 
= quadratic mean diameter. 

(I) 

Stand density index is defined by imposing the condition that SD1 
equals the number of trees per hectare when quadratic mean 
diameter is equal to 25.4 centimeters. McTague and Patton (1989) 
give an excellent discussion of the derivation of stand density index 
and present Reineke’s SD1 in the following form: 

Additional knowledge of stand structure is necessary, however, 
to interpret what effect a given tree basal area will have on forage 
production. In the Southwest, for example, a ponderosa pine stand 
with a basal area of 10 m2 ha-’ would be open and park-like in 
stands composed of large mature trees. Forage production below 
such a stand would likely be greater than in a stand with the same 
basal area composed of many small-diameter stems. Predictions of 
forage production may be improved if the expression of tree den- 
sity incorporated additional stand structural information. There- 
fore, relative measures of stand density which relate absolute stand 
attributes to stand structure are attractive for use in predicting 
forage production. 

SD1 = N (QMD/2S.4)‘.Bos 

where, N = number of trees per hectare, 
QMD q  quadratic mean diameter, 
25.4 = a reference QMD, 
1.605 = a self-thinning constant from Reineke 

(1933). 

(2) 

Other self-thinning constants have also been suggested for ponde- 
rosa pine (Larson 1968, Edminster 1987), however, these equations 
can be written in the same functional form as equation 2: 

SD1 q  N(QMD/25.4)‘89’ 

SD1 = N(QMD/25.4)‘= 

where, N, 25.4, and QMD were defined previously. 

(3) 

(4) 

Study Area 

Stand density index (SDI) is commonly referenced in the litera- 
ture for use in prescribing tree stocking levels (Stout and Larson 
1988, Edminster 1987) and describing wildlife thermal and hiding 
cover (McTague and Patton 1989); however, to our knowledge it 
has never been used as a predictor of forage production. The 
objective of this paper is to demonstrate that stand density index is 
also a reliable predictor of forage production. 

Methods 
Stand Density Index 

Our study area consisted of ponderosa pine stands within 4 
townships (between latitude/longitude: 36O 30’OO”N 112O 15’OO”W, 
36” 45’OO”N 112” 3O’OO”W) on the North Kaibab Ranger District 
on the Kaibab National Forest. This district is located north of 
Grand Canyon National Park in Coconino County, Arizona. 

Stand density index, as developed by Reineke (1933) is a relative 

Research was funded in part by McIntire-Stennis Grant No. 28. The authors wish to 
thank the anonymous reviewers for their very helpful comments. 
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The primary overstory species of the study area are ponderosa 
pine with clumps of gambel oak (Quercusgambelii Nutt.) scattered 
throughout. Rocky Mountain juniper (Juniperus scopulorum 
Sarge.) is occasionally present. The graminoid understory is domi- 
nated by 2 species of bluegrass (Poafendleriana Steud. Vasey., and 
Poa longiligzdu Scribn. and Williams) and bottlebrush squirreltail 
(Sitanion hystrix Nutt.). The most common forbs include several 
species of lupine (Lupinus spp.). Buckbrush (Ceanothus fendleri 
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Gray.) and Oregon grape (Berberis repens Lindl.) are the major 
shrub species. 

The climate for the Kaibab Plateau is characterized as cool and 
subhumid. Mean annual precipitation ranges from 50 to 62 cen- 
timeters (cm) with a mean of 56 cm. Approximately 55% of this 
moisture falls during the late fall and winter months (October to 
March). Mean annual air temperature ranges from 4 to 6O C. The 
average frost-free period is 100 days (Schubert 1974). Elevation of 
the plots varied from 2,250 to 2,500 meters. 

The soils are derived from limestone parent material of the 
Kaibab formation. The study plots were located on the most 
common soil subgroups of the Kaibab Plateau-Mollic and Typic 
Eutroboralfs (USDA Forest Service 1986). 

Sampling Design 
Understory and overstory characteristics were measured on 93 

study plots in pine stands that ranged in age from 70 to 250 years; 
average number of stems per hectare was 322, ranging from 0 to 
1200; and average quadratic mean diameter (cm) was 37, ranging 
from 0 to 92. 

All study plots were located on areas that were harvested at least 
10 years prior to sampling since a study by Reynolds (1962) on the 
Kaibab Plateau shows that this IO-year period should be a sufti- 
cient time since harvest to negate the “harvest effect” on the 
understory. 

Line transects were established within each stand and plot data 
were collected at 60.4-meter (3chain) intervals along the transects. 
The transect length and number of transects within a stand and the 
number of plots along each transect varied with stand size. Each 
overstory fixed plot was 400 square meters (20 X 20 m). Tree 
species and diameter at breast height (dbh) were recorded for each 
tree inside the plot. 

Initial sampling failed to produce a sufficient number of plots of 
low tree density. Therefore, 10 additional plots were taken in the 
low densities (e.g., O-30 mr basal area) to ensure adequate estima- 
tion of this critical portion of the response function. 

To determine understory standing crop three 0.5 X 2.0 meter (1 
mr) understory quadrats were sampled for each overstory plot. 
This shape was chosen to reduce variation caused by natural 
patchiness of the understory vegetation. These understory quad- 
rats were located 2 meters from plot center and were oriented 120” 
apart. 

All current-year’s standing crop of grass, sedge, and forb was 
clipped to ground level and separated into plant type for each 
understory plot. Grasses were also separated into cool and warm 
season components. Current-year twig growth below 1.37 meters 
was clipped on shrubs. Understory data were collected between 22 
August and 23 September 1988. Plant samples were oven dried at 
70” C and were reported on a kg/ ha basis. 

After summing yields in each quadrat and converting to kilo- 

grams per hectare, average yield from the 3 quadrats was used to 
develop relationships between forage yield and SD1 for that over- 
story plot. 

Statistical Procedures 
Simple linear and nonlinear regression procedures were used to 

develop forage production models using stand density index. 
Residuals were plotted for all regression equations to check for 
systematic lack of fit and violations of regression assumptions. 
These revealed that variance increased with the untransformed 
dependent variable (i.e., understory production) response with 
decreasing overstory density. Hence, a square-root transformation 
(Weisberg 1985) was applied to the dependent variable for all of the 
overstory-forage production models presented. All analyses were 
conducted at the 0.05 alpha level. 

Results 

Forage production averaged 441 kg ha“ and ranged from 7 to 
2,111 kg ha-‘. The mean SD1 was 459, with a range of 0 to 1,274 and 
a standard deviation of 296. 

The relationship between tree overstory density and forage pro- 
duction for SD1 was negatively sloped and curvilinear. This con- 
cave function was expected since the understory was graminoid 
and forb dominated (Clary 1987). A square-root transformation 
was used to stabilize understory production variance; however, the 
transformation also changed the form of this relationship by mak- 
ing the shape of the curve less concave compared to a graph of the 
untransformed data. In high stand densities, the relationship 
between tree overstory density and understory production was 
weak or asymptotic (i.e., approximately a horizontal line). This 
condition was prevalent with decreasing stand density to a thres- 
hold where forage production (transformed) increased approxi- 
mately linearly with continued decreasing overstory density. 

General Model Comparison 
The piece-wise linear model (Y = Intercept + Slope1 (D) + Slope2 

(D - Break)*X) and the nonlinear model (Y q  a + b*expeD) were 
both suitable for approximating the relationship between over- 
story density and forage production for SDI; where, Y q  square 
root of understory production (ovendry kg ha“), D = stand den- 
sity index (SDI), X = 1 if D > BREAK, 0 otherwise, exp = base of 
natural logarithms, and a,b,c are coefficients to be determined. 

Initially, semi-log and log-log transformations were used because 
models are reported most often in the literature for ponderosa pine 
forests (Ffolliott 1983). Surprisingly, these log models displayed 
heterogeneous variance and showed signs of systematic lack of fit 
in this analysis based on examination of the residuals. A square- 
root transformation on the dependent variable alleviated these 
problems. The coefficients of the least-square regression solutions 
for the piece-wise and the nonlinear models are presented in Table 
1. 

Table 1. Coefficients, coefficients of determination, and standard errors for the least-square regression solutions of the piece-wise and nonlinear stand 
density index models. 

Piece-wise model: 
‘Y q  Intercept + Slopel(D) + SlopeZ(D - BREAK)*X 
Measure (D) Intercept Slope1 

SD1 35.770 -0.0477 

Nonlinear model: 
‘Y = a + b*exp(-c*D) 
Measure (D) a b 

SD1 3.5837 32.326 

Slope2 
0.0440 

&IO21 

BREAK b3 “SE 
503.2 0.76 5.08 

r2 SE 
0.72 5.51 

‘Equation(s): Y = square root of understory production (oven-dry kg ha-‘); D = stand density (SDI) (Reineke 1933); X = 1 if D > BREAK, 0 otherwise; exp = base of natural 
lo 
Y! 

arithms; a,b,c are coefficients. 
coeffclent of determination; for nonlinear model = 1 - (RSSJ total sum of squares). 

‘SE: standard error of the estimate 
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A statistical technique does not exist to test for significant differ- 
ences in explained variation between 2 models with the same 
number of parameters. Therefore, the models in Table 1 were 
ranked using coefficients of determination (r-square) and standard 
error of the estimate (SE). The better model has a higher r-square 
and a lower SE. The piece-wise models consistently explained 
more variation in understory production than did the nonlinear 
models. The piece-wise regression lines for stand density index are 
shown in Figure 1. The regressions were run on Reineke’s SDI, as 

1400 1 

Fig. 1. 
SD1 
(E). 

Ol I I I I 1 I 1 

0 200 400 600 800 1000 1200 1400 

Stand Density Index 
Understory production kg ha-l versus stand density index ush~g 
equations developed by Reineke (R), Larson (L), and Edminster 

well as the SD1 equations developed by Larson (1986) and Edmins- 
ter (1987). The difference in explained variation between Reineke’s 
SD1 and those suggested by Larson (1968) and Edminster (1987) 
for predicting forage production is trivial (Fig. 1). 

Understory Response 
Regression analysis applied to a simple linear model with no 

intercept (to assure zero percent production when total production 
equals zero) showed that on an average, grasses composed 49% of 
the total understory production by weight in all overstory densities 
while sedges, forbs, and shrubs attributed 12, 37.5, and 1.5% of 
production, respectively. These production increments are depicted 
in Figure 2 for Reineke’s stand density index. 

Understory vegetation response. to the overstory appeared to be 
dependent on understory plant type. Overstory density effects on 
understory production were most predictable for the herbaceous 
plants (i.e., grasses, sedges, and forbs) while shrubs showed only a 
slight response to changing overstory density (Fig. 3). However, 
the shrub component was greatly undersampled in the l-m* 
quadrats. 

Cool-season plants showed a much stronger relationship with 
overstory density than did warm-season plants. As a rule, cool- 
season grasses, sedges, and forbs responded more predictably to 
changes in stand density than did warm-season vegetation regard- 
less of the plant type (Fig. 4). 

Discussion 

Forage production (oven-dry weight) averaged 1,250 kg ha“ in 

WShrubs 

q  Forbs 
q  Sedges 
q  Grasses 

Stand Density Index 

Fig. 2. Understory production increments by plant type versus stand den- 
sity index. 
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Fig. 3. Understory production kg hi1 by plant type versus stand density 
index. 

areas with no trees, and 200 kg ha-’ in the average stand sampled in 
1988. The upper limit of production is within the range of produc- 
tion values reported in other studies on sedimentary soils with 
similar species composition (e.g., Pase and Hurd 1957). However, 
these values are higher than those reported for limestone soils in 
the Black Hills of South Dakota (Bennett et al. 1987). Ffolliott and 
Clary (1975) do not present the equations developed in their study 
on limestone and basalt soils near Flagstaff, Arizona. Inferences 
from their graphical representation of understory production 
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Fig. 4. Cool and warm seaeon plant production kg he’1 versus stand 
density index. 

would be possible; however, their plots were grazed by cattle which 
rendered comparisons with this study inappropriate. 

The r-square and standard error values using SD1 as a predictor 
of forage production in this study (Table 1) fall within the range of 
values presented in several recent articles using basal area (m* ha-‘) 
as the predictor variable (Uresk and Severson 1989, Tapia et al. 
1990). These studies were conducted in the ponderosa pine type 
also. Uresk and Severson (1989) used both simple linear and nonli- 
near models and obtained r-square values of 70,72, and 83%, and 
standard errors of 393,226, and 379, for 3 years of data, respec- 
tively. Tapia, et al. (1990) used semilogarithmic and polynomial 
models in their equations and obtained r-square values of 70 and 
76.5% and standard errors of 0.25 and 0.23, respectively. The 
point is that using SD1 as a predictor of forage production appears 
to be reliable, it does not appear to be that much more reliable than 
those using basal area. However, these and other studies are not 
directly comparable because there are many other factors which 
influence understory production such as soil quality, precipitation 
patterns, overstory canopy cover, differences in harvest and slash 
treatments, and past use which have not been held constant. There- 
fore, in order to directly compare the merits of each predictor 
variable, a study needs to be conducted which examines each 
predictor simultaneously. 

Linear versus Nonlinear Models 
The piece-wise linear model and the exponential nonlinear 

model performed well as general models for predicting understory 
production. The linear models explained slightly more variation in 
understory production than did the nonlinear ones. Both models 
differ in how they mimic the threshold response of forage produc- 
tion in low SD1 and the asymptote in high SDI. However, the 
piece-wise general model is most certainly not the “true” form of 
the tree. overstory-forage understory relationship for 2 reasons. 

First, the break point or “kink” of the piece-wise line is not 
continuous because the first derivatives of the 2 lines at the break 
point are not equal. Secondly, the piece-wise models are not truly 
asymptotic as would be expected of the “true” relationship (Neter 
and Wasserman 1974, Weisberg 1985). Neither of these shortcom- 
ings, however, are important for predictive purposes because the 
piece-wise line is nondisjoint, and the model remains asymptotic 
for unreasonably large SD1 values. Thus, in all other aspects, the 
piece-wise model seems biologically appropriate for representing 
the observed relationship. 

I 

There are several advantages that can be realized by using the 
linear piece-wise model rather than the nonlinear ones. Statisti- 
cally, linear regression is simpler to calculate and more flexible, 
and the results are easier to interpret than nonlinear regression. 
The semi-log and log-log models can be estimated using linear 
least-square procedures. However, in instances evident in this 
study where none of the logarithmic models provide a good tit to 
the data, the piece-wise general model permits another linear 
option. A transformation of the dependent, independent, or both 
variables may be necessary to comply with regression variance 
assumptions. 

Management Implications 

Arizona’s pine forests produce quantity of resources simultane- 
ously (timber, forage, water, esthetics) and are a prime place to 
practice multiple use management. Therefore, an understanding of 
pine overstory-forage production relationships is important. Also, 
measurements collected from relative measures of stand density 
such as SD1 (e.g., tree diameter) are often used to drive certain 
resource models and could reduce the redundancy of data collec- 
tion in an integrated resource inventory. 

In our l-year study, SD1 was a useful predictor of understory 
production in a variety of stand structures and ages. Although, 
stand density index was developed for even-aged stands, it may be 
used for describing density in uneven-aged stands (Stage 1968), for 
describing wildlife habitat (McTague and Patton 1989), and for 
predicting forage production, especially when the forage is domi- 
nated by grasses. 
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Abstract 

Characterization of standing herbaceous biomass on rangeland 
is complicated by both temporal and spatial variability that results 
from patchiness in vegetation. These patches often cause non- 
uniform levels of grazing by livestock. Currently accepted methods 
for estimation of forage, and its utilization, assume a normal 
distribution. This assumption may not be appropriate if the fre- 
quency distribution of amount of biomass becomes skewed as 
grazing occurs. We evaluated the 3 parameter Weibull distribution 
as an alternative to the normal distribution in modeling the fre- 
quency distributions of plant height and biomass as a function of 
grazing intensity over time in a shortgrass steppe. Weibull distribu- 
tions, estimated by probability weighted moments, fit all observed 
plant height and biomass data distributions at the (Y = 0.05 level of 
significance. In contrast, the normal distribution fit only 25% of 
the data sets. 

Key Words: Weibull distribution, normal distribution, shortgrass 
steppe, cattle grazing patterns 

Rangelands occupy over 50% of the world’s land and a measure 
of aboveground biomass of vegetation, especially forage, is needed 
for their management (Anderson and Currier 1973). These lands 
provide half of the feed needed for all domestic ruminants (Hole- 
chek et al. 1989). Therefore, measurement and monitoring of her- 
bage biomass are needed because both are used to estimate stock- 
ing rate and the subsequent use of forage. 

Forage utilization problems commonly result from grazing dis- 
tribution of animals within pastures or grazing units. In particular, 
variance in topography, microclimate, location of fences along 
with location of salt and water, types of animals present, and shade 
locations influence in patterns of use by large herbivores (Williams 
1954). As a result of these effects, forage on particular areas within 
a pasture may remain unused, while other areas may be overused. 

Differential use by animals contributes to an uneven distribution 
of herbage that is arranged into complex mosaic spatial patterns 
(Shiyomi et al. 1984). Furthermore, this heterogeneity of herbage 
biomass varies with grazing intensity. That is, as a pasture is grazed 
more intensely, the spatial pattern of herbage biomass becomes 
more heterogeneous with pastures (Shiyomi et al. 1984). 

Patterns of individual species and species combinations are not 
usually considered in a statistical analysis of plant biomass data. 
Yet, spatial patterns affect biomass estimates and commonly used 
statistics do not account for these patterns. Current range forage 
inventories assume a normal distribution of biomass and asso- 
ciated plant heights. The latter measure is often used to estimate 
utilization and plant vigor. However, Shiyomi et al. (1983, 1984, 
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1985) have observed that the frequency distribution of biomass is 
not normally distributed, but rather, is more often skewed to the 
right. Thus, estimates of forage biomass distribution may be biased 
if obtained from the normal distribution. Therefore, an unbiased 
method is needed to account for heterogeneity of vegetation bio- 
mass when skewness occurs in the data. 

The Weibull distribution which is named after Waloddi Weibull, 
a Swedish physicist, was originally developed in 1939 (Johnson 
and Kotz 1971). This distribution has been used to study disease 
progression, seed germination, fire interval prediction, and diame- 
ter distribution of forest stands (Wang and Lin 1986, Bridges et al. 
1989, Baker 1989, Reich et al. unpublished). 

The purpose of this study was to evaluate the feasibility of using 
a Weibull distribution to model the frequency distribution of plant 
heights and biomass of blue grama [Boutelouu grucilis (H.B.K.) 
Lagg. ex Steud] and buffalograss [Buchloe ductyloides (Nutt.) 
Engelm] on a shortgrass steppe site subjected to different levels of 
grazing. Our hypothesis was that plant heights and biomass follow 
a Weibull distribution. 

Methods 

The study was conducted on the Central Plains Experimental 
Range (CPER), located 61 km northeast of Fort Collins, Colo- 
rado. The climate is semiarid, with average annual precipitation of 
3 10 mm, of which 75% falls as rain throughout the growing season, 
April to October (Jameson et al. 1969). The topography is rela- 
tively flat with rolling hills that have an average elevation of 1,650 
m. Mean monthly temperatures range from -5” C in January to 
22’ C in July. 

Two 130-ha enclosed pastures, that have been grazed for about 
30 years with yearling heifers and steers, were used in this study. 
One pasture was lightly grazed, while the other was heavily grazed. 
The Agriculture Research Service (ARS) maintains grazing treat- 
ments with the objective of leaving 452 kg forage ha-’ on the lightly 
grazed pasture and 226 kg forage-’ on the heavily grazed pasture at 
the end of the season. Initial stocking rates from 24 May were 76 
AUM 130 ha-’ for the heavy and 40 AUM 130 ha-’ for the light; in 
late October the rates were reduced to 13 AUM 130 ha-’ and 7 
AUM 130 ha-‘, respectively, to meet ARS objectives. 

Field data were collected during late May and June, mid- 
August, and in late October 1990. Blue grama and buffalograss 
biomass was considered as a single unit because of problems in 
separating the material into individual species. A double sampling 
technique, with a randomly placed 0.25-m2 circular plot, was used 
to estimate standing biomass. A ratio of 3:1, between ocularly 
estimated plots and clipped plots, was used for data collection. 
Within each pasture 60 plots were estimated and 20 of these were 
randomly clipped at each time of sampling. Samples were oven- 
dried at 60° C for 48 hours to a constant weight, and dry weights 
were recorded. The estimates were corrected using regression. 
Also, within each plot the tallest part of a plant was measured. 
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Fig. 1. Examples of Weibull distributions for illustrative values of parameters (u,b,c). 

Statistical Analysis 
A Weibull distribution is expressed as: 

variability in maximum plant heights occurred in the heavily 
grazed pasture, while the least variability was observed in the 
lightly grazed pasture during May. 

(1) 

The a parameter is the Weibull distribution location factor which 
corresponds to the smallest data value obtained; in the present 
case, a was the smallest amount of biomass or the shortest maxi- 
mum height of a blue grama or buffalograss plant. The b parameter 
is called the scaling factor, which is a measure of the variability in 
the data set. The c parameter measures the shape of the frequency 
distribution and determines the skewness and other shape proper- 
ties of the distribution. 

When the shape, c parameter, is equal to 1.0, the Weibull func- 
tion reduces to an exponential distribution (Fig. 1). When c is 
greater than 1, the Weibull distribution becomes mound shaped 
and skewed to the right. As c approaches 3.5, the Weibull resem- 
bles a normal distribution. Finally, when c becomes greater than 
3.5, the Weibull function is skewed to the left (Bailey and Dell 
1973). 

The frequency distributions of plant height and biomass were 
fitted to the 3 parameter Weibull distribution using probability 
weighted moments (PWM) (Grender et al. 1990). This procedure 
yields unbiased estimates of these parameters (Greenwood et al. 
1979). Kolmogorov goodness-of-fit was determined for data fit, 
both to the Weibull and to the normal distribution (Hollander and 
Wolfe 1973, Stephens 1974). The level of significance used was o! = 
0.05. 

Results and Discussion 

Plant Heights 
Mean heights ranged from 6.0 cm in May to 18.4 cm during 

August in the lightly grazed pasture. This range is in contrast to 
mean plant heights of 5.1 cm in May to 14.2 cm in August, in the 
heavily grazed pasture. The greatest variability in plant heights was 
observed in August for both pastures. As expected, the larger 
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These results indicated that plant heights increased from May to 
August for both treatments and then declined by October. This 
height increase suggested an active growing season for the 2 
grasses, from May to August, followed by a decline as a result of 
senescence and prolonged grazing. 

Biomass 
Biomass for the species ranged from 2.5 to 7.4 g 0.25 m-* during 

May and June, respectively, in the lightly grazed pasture. This is in 
contrast to the heavily grazed pasture, where biomass ranged from 
2.2 to 5.5 g 0.25 m” during May and June, respectively. However, 
biomass results also indicated, as expected, that the least amount 
occurred in May, but increased until August for both levels of 
grazing and then declined over the next 2 sample dates. These 
results are similar to those found in previous studies of these 
species using comparable grazing levels (Milchunas et al. 1989, 
Milchunas et al. 1990). 

Variability of observed biomass was greater in the heavily grazed 
pasture during June, while the least variability was observed in the 
heavily grazed pasture during May. 

Normal Distribution 
Based on Kolmogorov goodness-of-fit test, maximum plant 

heights were not normally distributed for any of the sampling dates 
in either the lightly or heavily grazed pasture (Table 1). But rather, 
maximum plant heights observed in our study, were skewed to the 
right (c<3.5). 

Biomass in the lightly grazed pasture was shown by the Kolmo- 
gorov goodness-of-fit tests to be approximately normally distrib- 
uted for each sample date (pZO.05). This is in contrast to the 
distribution of forage biomass in the heavily grazed pasture; it was 
not normally distributed. Interpretation of the field data, for 
height and biomass indicates that these plant measures in the 
heavily grazed pasture were not normally distributed at any of the 
sample dates. 

This lack-of-fit for biomass, using the normal distribution, 



Table 1. Comparison of the number of distributions using the normal and 
Weibull distribution for 16 data sets (4 dates, 2 levels and 2 variables). 
Kolmogorov goodness-of-fit test for each distribution eO.05). 

Normal Weibull 

Lightly-grazed 
Height 
Biomass 

Heavily-grazed 
Height 
Biomass 

Total Fit 

0 4 
4 4 

0 4 
0 4 

4 16 

clearly demonstrates what Shiyomi (1983) describes as patterns 
caused by different levels of grazing over time. That is, as the 
intensity of grazing increases, the frequency distribution for bio- 
mass becomes skewed and no longer follows a normal distribution. 

Weibull Distribution 
The Weibull distribution was used as an alternative to the 

assumption of normality. Estimators of the Weibull parameters 
are given in Table 2. The location parameter for heights, a, ranged 

Table 2. Weibull parameters for plant heights (cm) and biomass (g 0.25 
mm’) for grazing levels and dates.1 

Month Location Scale Shape 
~~-~--------------~-~~~~~Lightly_g~~~~___~_________________ 

Height (cm) 
May 1.23 5.34 3.03 
June 4.29 II.29 1.14 
August 0.0 20.79 2.10 
October 0.0 14.65 2.27 

Biomass 
(g a 25 mm’) 

lightly grazed pasture, also during May and August, plant heights 
ranged from 5.34 to 20.79 cm, respectively. There was more varia- 
bility in plant heights during August and the least amount during 
May. Plant heights peaked in August, but not uniformly in either 
pasture. 

The scale parameter for biomass in the heavily grazed pasture 
ranged from 2.45 to 6.14 g 0.25 mm2 during May and June, respec- 
tively. In the lightly grazed pasture, biomass ranged from 2.82 to 
8.3 1 go.25 m3 during May and June, respectively. There was more 
variability in biomass during June and the least variability in May. 
As precipitation occurred in early June, plant growth was acceler- 
ated, but not in a uniform fashion across the pasture. 

The shape parameter c, as previously noted, determines the 
shape of the distribution. This parameter in the heavily grazed 
pasture for plant heights ranged from 1.14 in June to 3.03 in May. 
The c parameter in the lightly grazed pasture ranged from 1.38 in 
June to 2.77 in May. Biomass in the heavily grazed pasture, for the 
shape parameter, ranged from 1.55 in June to 2.41 in May. This 
parameter in the lightly grazed pasture for biomass ranged from 
2.08 in June to 2.29 in May. This range for the lightly grazed 
pasture indicates skewness to the right, but as previously noted, 
biomass was normally distributed. However, the skewness was not 
drastic enough to reject normality (o = 0.05). This pasture illus- 
trates that biomass was not significantly wO.05) different from a 
normal distribution by the Kolmogorov goodness-of-fit test. 

The c parameter for both dates and both levels of grazing indi- 
cate skewness to the right. In turn, we believe that nonuniform 
grazing occurred over the season, which resulted in patches with 
different amounts in plant heights and biomass. 

Comparison of the Normal Versus the Weibull 
The statistical properties of selected percentiles were evaluated 

Table 3. Relative error associated with percentiles calculated from Wei- 
bull distributions and normal distributions for plant heights and biomass 
during June for the heavily grazed pastures.’ 

May 0.0 2.82 2.29 
June 0.0 8.31 2.08 
August 0.0 5.93 2.27 
October 0.0 4.82 2.20 

lC= F(x)=k/30 Height Biomass 

2 0.03 -6.56 -2.93 
4 0.07 -1.31 -0.09 

~_~~~~~-~---~--~-~~~~~~_~H~avily_grazed______~_________________ 

Height (cm) 
May 0.0 5.70 2.77 
June 0.0 10.04 1.38 
August 0.0 15.93 1.83 
October 0.0 12.17 2.24 

Biomass 
(g l 25 m”) 

May 0.0 2.45 2.41 
June 0.0 6.14 1.55 
August 0.0 4.56 1.67 
October 0.0 4.64 2.04 

‘Location and scale parameters units correspond to those of plant heights and hio- 
mass; shape is witless. 

from 0.0 in August and October to 4.29 cm in June in the lightly 
grazed pasture. This range indicates that maximum height of all 
plants was at least 4.29 cm during June while for 2 sampling dates, 
August and October, the least, or shortest possible maximum 
height was 0.0; in other words, no plant was present in the plot. The 
u-parameter for heights in the heavily grazed pasture was 0.0 for all 
dates. This illustrates that at least 1 plot did not contain blue grama 
or buffalograss. In addition, we believe that as cattle grazed, the 
maximum plant height in a plot approached 0.0 over time. 

The scale parameter, b, in the heavily grazed pasture ranged 
from 5.70 to 15.93 cm during May and August, respectively. In the 

6 
8 

IO 
I2 
I4 
I6 
18 
20 
22 
24 
26 
28 
30 
32 
34 
36 
38 
40 
42 
44 
46 
48 
50 
52 
54 
56 
58 

0.10 
0.13 
0.17 
0.20 
0.23 
0.27 
0.30 
0.33 -1.08 
0.37 -2.28 
0.40 
0.43 
0.47 
0.50 
0.53 
0.57 
0.60 
0.63 
0.67 
0.70 
0.73 
0.77 
0.80 
0.83 
0.87 
0.90 
0.93 
0.97 

-3. IO 
-1.69 
-0.87 

0.29 
I .46 
1.04 

-1.47 

-0.92 
-1.46 
-2.29 
-2.37 
-3.92 
-7.13 

-12.04 
-278.17 

19.25 
8.33 

-14.44 
-73.92 

35.04 
2.13 

-1.74 
-0.23 
-8.52 
-2.75 

-0.57 
-0.48 

5.15 
-1.01 
-3.17 

3.93 
31.80 
-0.10 
-1.29 
-1.58 
-1.59 
-1.32 
-1.94 
-0.76 
-1.31 
-1.05 
-1.89 
-3.61 
4.24 

-12.54 
-3.01 
-3.41 
-3.69 

-14.3 I 
15.75 

1.89 
-27.09 

‘Relative error = % error normal/% error Weibull. 
20nly even plot numbers arc presented in ascending order of data values. 
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Fig. 2. Biomass of blue grama and buffalograss in the lightly and heavily grazed pastures during June based on a Weibull distribution. 

to determine how well the normal and Weibull distribution des- 
cribed the observed data. A few representative results, presented in 
terms of the relative error associated with estimations of various 
percentiles are given in Table 3. The relative error is equal to the 
percent error of the normal divided by the percent error of the 
Weibull. An absolute relative error greater than 1 indicated that 
the Weibull distribution provided a closer approximation of the 
sample data than the normal distribution. 

The relative error for plant height at the 63 percentile (F(x)=0.63) 
resulted in a large value of -278.17. This extreme value resulted 
from the Weibull’s expected value being only 0.01 units from the 
observed (actual) value. In 49 out of 58 percentiles selected over the 
range of the data, the Weibull described the data better than did the 
normal. Therefore, we conclude that the Weibull should be used 
instead of the normal when describing the distribution of plant 
heights and biomass in both lightly and heavily grazed pastures. 

Application 

determined from the 63 percentile of the data, were 23 1 and 339 kg 
ha-‘, respectively. Thus the normal distribution overestimated the 
amount of forage by 17% for 63% of the heavily grazed pasture 
area when compared to the data set, while the lightly grazed 
pasture biomass was overestimated by 2%. On the other hand, the 
Weibull distribution estimated the amount of biomass for 63% of 
the pasture area as less than 249 kg ha-’ in the heavily grazed 
pasture and 337 kg ha-’ in the lightly grazed pasture-an overesti- 
mate of 8% and an underestimate of less than l%, respectively. The 
normal distribution also underestimated the lower and upper 95% 
confidence bounds for both the lightly and heavily grazed pasture: 
8 and 589 kg ha-’ and -77 and 529 kg ha-‘, respectively. 

As an example of the usefulness of the Weibull, forage biomass 
was estimated in the lightly and heavily grazed pastures during 
June. The 63% of the data values occurs when the location parame- 
ter (u) is added to the scale parameter (b) of the Weibull distribu- 
tion (see Table 2 for (I + b = 0.0 + 8.31 for lightly grazed and 0.0 + 
6.14 for heavily grazed). This sum approximates the amount of 
forage biomass, such that 63% of the pasture has less than that 
amount of forage. This forage estimate is then easily converted by 
simple linear transformation into kilogram per hectare of dry 
weight. 

The Weibull distribution compared to the normal provided a 
closer approximation of the amount of forage, as observed by the 
actual frequency distribution, for both levels of grazing. In addi- 
tion, the Weibull distribution will never have a negative value for 
amount of forage, but the normal might give a negative value when 
confidence intervals are used about the mean as demonstrated in 
the example above. That is, based on the assumption of normality 
at a given percentile, there is the possibility that the value for plant 
height or biomass could be negative. 

Conclusions 

Figure 2 depicts the estimated 63% in heavily and lightly grazed 
pasture for biomass during June. That is, 63% of the pasture area is 
estimated to have biomass ranging from 0.0 to 247 kg ha-‘, for the 
heavily grazed pasture and from 0.0 to 336 kg ha-’ in the lightly 
grazed pastures. Consequently, 37% of the pasture was estimated 
to have biomass exceeding these values, respectively. The lower 
and upper 95% confidence bounds for the Weibull distribution in 
the lightly grazed pastures were 57 and 628 kg ha-‘, respectively and 
24 and 576 kg ha-’ for the heavily grazed pasture. 

Results of this study indicated that the Weibull distribution may 
be more appropriate than the normal to describe plant heights and 
forage biomass on a shortgrass steppe. The height and biomass 
data suggest that patterns are caused in part by grazing intensity 
and as a result, the Weibull distribution is useful for interpreting 
the effects of grazing on blue grama/ buffalograss mixtures. 

The normal distribution approximated 63% of the biomass in 
the heavily grazed pasture to be 270 kg ha-’ and the lightly grazed 
pasture to be 347 kg ha-‘. The amounts represented by the data, as 

The results also revealed limitations of the normal distribution 
in describing data distributions for plant height and biomass. 
Because of these limitations, the Weibull distribution is then sug- 
gested as an alternative to the normal distribution. This recom- 
mendation is based on the fact that the Weibull fit all data for each 
level of grazing and each date, while the normal was very limited in 
describing the data. This clearly demonstrated the inherent flexibil- 
ity of the Weibull to account for normal distributions as well as for 
skewness in data. Further studies are needed to contrast sodform- 
ing grasses, which tend to produce close to uniform amounts of 
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biomass, with bunchgrasses on a per unit area basis. 
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Abstract 

To help local Niger government authorities and donor countries 
ameliorate conditions in the advent of drought, a rapid yet simple 
means to assess annual herbrceous production at the end of the 
rainy season is needed. Several rainfall variables were tested as 
estimators of herbaceous production using weighted and loga- 
rithmic transformation in regression analysis. A computer pro- 
gram was developed in Basic to generate rainfall parameters from 
daily rainfall data. Input parameters used to calculate the rainfall 
variables were varied to minimize the regression standard error of 
the estimates. Selected regression models were compared using 
80% confidence levels for mean values for each rainfall treatment 
class using logarithmic and weighted regressions. The selected 
weighted model involved the number of moist days and consecu- 
tive dry days as independent variables. The selected logarithmic 
model used total rainfall as the only independent variable. These 
models were tested by comparing an independent data set with the 
95% confidence hrtervals for observations. Selected models separ- 
ated rangeland production classes of 200 kg l ha-r confidence lii- 
its for mean values. The logarithmic model could only do so when 
biomass levels were less than 800 l ha’*. Thus, these models only 
have application for predicting herbage biomass within rather 
large classes. 

Key Words: production models, Sahel, biomass 

An African bioclimatic zone where droughts are endemic, called 
the Sahel, extends east to west across the southern border of the 
Sahara Desert. The Sahel, roughly 200 km wide, is delineated by 
the 150-mm isohyet in the north and the 300-mm isohyet in the 
south (Justice and Hiemaux 1986). Droughts have devastating 
effects on national economies and people’s livelihoods. Pastoral- 
ism contributes to the livelihood of many people in the Sahelian 
country of Niger, with livestock being second only to uranium in 
foreign exchange earnings. In Niger, livestock numbers decreased 
by 50% during the 84-86 drought (Onwordi 1989). Attempts at 
predicting droughts in the Sahel are unreliable. Rather, current 
drought early warning systems address early identification of 
drought so government decision makers and donor countries can 
develop relief strategies (Sollod 1990, Wheeler 1988). A rapid 
pasture assessment program at the end of the growing season 
would not only help government annual management and policy 
decisions, but it would be an important complement to GIS 
oriented drought early warning systems which combine economic, 
health and ecological factors (Wheeler 1988). Rainfall data are 
relatively easy and inexpensive to obtain, and precipitation is an 
important determinant of primary productivity (Davy et al. 1976). 

The objective of this research was to develop a simple model to 
estimate upland rangeland production using rainfall indexes (cal- 
culated from daily precipitation data) as predictor variables. 

Journal Article 1512 of the New Mexico Agr. Exp. SW, Las Cruces. 
Manuscript accepted 30 August 199 1. 
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Description of Area 

The Sahel has a unimodal rainfall pattern, with the rainy season 
beginning as early as June and ending as late as mid-October in the 
pastoral zone. Most forage production occurs in the rainy season 
in the form of herbaceous annuals. The subsequent 8-9 month dry 
season is harsh for livestock because of the lack of green feed, low 
forage quality and, in some years, low forage quantity. 

Sahelian herbaceous production exhibits extreme interannual 
variations. Average annual pasture production levels in the central 
pastoral zone of Niger from 1984 to 1987 varied from 8 to 388 
kg l ha-’ north of 16” north latitude and from 32 to 816 kg l ha-’ 
south of 16” north latitude (Wylie et al. 1987). 

Rainfall events in the Sahel tend to be high-intensity storms 
(Hoogmoed and Stroosnijder 1984) resulting from localized con- 
vection cells that exhibit high spatial variability. Estimated average 
storm cell size was 5 to 20 km along the wind direction (Davy et al. 
1976). Year-to-year rainfall variation can differ from the mean by 
50% in the Sahel and 100% in the southern Sahara. 

The study area was the pastoral zone of central Niger, which is 
roughly square, with the towns of Tahousa, Tassara, Agadez, and 
Tanout located in each corner of the square (Fig. 1). The area 
includes 9 million ha with annual rainfall varying from 100 mm in 
the north to 400 mm in the south. Dominant ecological land 
systems in the southern half of the project zone are river-drained 
savannas and sand dune grasslands (Milligan 1982). These are 
dominated by annual grasses and forbs, primarily Arlstida mutabi- 
lls Trin. & Rupr., Cenchrus btjlorus Roxb., and Indigofera spp. 
The scattered trees are primarily Acacia spp. and Balanites aegyp- 
tlaca Del. 

Major ecological land systems in the northern part of the project 
zone are uniform savannas, and runoff and flood plains. Vegeta- 
tion cover here is more sparse, with perennial grasses being more 
prevalent than in the south. Tree cover in the north is mostly 
Commiphora africana and Acacin spp. 

Methods 

Biomass 
Upland sites with sandy soils were selected to represent the 

river-drained savanna and the sand dune grassland ecological land 
systems mapped by Milligan (1982). Rangelands that develop in 
these ecoregions are traditionally grazed during the 9-month dry 
season. The sites were sampled at the end of the growing season 
(late August-September) in 1980-1986. 

Biomass was estimated by double-sampling (Cook and Stub- 
bendieck, 1986 p. 245), using weighted least-squares regression 
analysis. Each site had 20 to 150 plots, with roughly 10% being 
clipped. Plot size varied among sites and years from 0.1 to 0.5 m*. 
Each pasture standing crop mean represented a l-ha area, except 
for 6 sites at Ibecetene in 1985, which were only 0.5 ha. Sampling 
was usually conducted within existing rain gauge exclosures; how- 
ever, if no suitable site was available at the rain gauge, and several 
exclosures or lightly grazed areas were available around the village, 
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Fig. 1. Loerrtion of study area, mean annual kohyete (1951~1982), end the approximate limit of cultivation in the Republic of Niger. 
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sampling was in the 4 cardinal directions from villages. Plot cluster 
placement was random. Within each plot cluster, several plots were 
placed systematically. The number of clusters and plots per cluster 
varied among sites and years. 

rainfall summed for the rainy season in mm. These data were used 
in the analyses. 

Moderate Analysis 
A single, pooled regression equation based on double sampling 

was established for each person estimating plot weights over the 
sampling period. These regression equations were then tested for 
possible differences in slopes and intercepts among sites (Neter et 
al. 1983; p. 285) to test site indicator variables and interaction 
terms. Sites found to have different slopes or intercepts were 
characterized by separate regressions. 

Precipitation 
Precipitation variables were generated from a Basic program, 

INTERVAL, which had the option to divide the rainy season into 2 
periods based on calendar date. The output files generated by 
INTERVAL contained all the rainfall variables for the first period, 
second period, and the entire rainy season, respectively. The cutoff 
time between the early and later parts of the rainy season in 
INTERVAL was varied (15 Aug., 1 Sept., 10 Sept., and entire 
rainy season) to determine the usefulness of early rainy season 
precipitation to estimate end-of-rainy-season pasture standing 
crop. The rainfall variables produced by INTERVAL were 
grouped into 3 classes for rainfall-biomass model development: (1) 
minimal, (2) moderate, (3) extensive analysis of rainfall data. 

Effective rainfall was the rain index used to test moderate analy- 
sis of daily rainfall data. Effective rainfall was defined as the total 
daily rainfall in mm between minimum and maximum rainfall 
limits. Rainfall events that exceeded the maximum were counted as 
the maximum amount. Rain events below some minimum amount 
contribute insignificantly to herbage production because of high 
evaporative losses. On the other hand, large rainfall events exceed- 
ing some maximum amount can completely saturate the soil at the 
herbaceous plant rooting depth. Additional moisture above the 
maximum results in percolation of soil moisture below the rooting 
depth of herbaceous plants, as well as high amounts of surface 
runoff. 

Effective rainfall was calculated using inputed minimum (5,7, 
and 10 mm) and maximum rainfall limits (30, 40, and 50 mm). 
Appropriate effective rainfall limits were identified by selecting 
models with rainy-season-long and early-(up to 15 August) rainy- 
season effective moisture. 

Extensive Analysis 

Minimum Anrrlysis 
The only minimum analysis rainfall variable was the total daily 

A crude soil water model was developed within INTERVAL to 
calculate extensive rainfall analysis variables. The soil moisture 
model and its extensive rainfall variables were used to index rain- 
fall amount and distribution. 
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Soil water-holding capacity in the rooting zone of annual her- 
baceous vegetation, daily evapotranspiration and a crude root 
growth model were user-defined inputs into INTERVAL. 
INTERVAL allows soil water to increase with each rainfall event, 
up to the soil moisture-holding capacity in the rooting zone of 
herbaceous plants. The root growth model in INTERVAL is a 
linear regression, similar to that of Van Keulen et al. (1985), in 
which the user inputs the amount of rain available to germinating 
annual herbaceous plants (in mm) as the intercept, BO, and a daily 
growth factor, the slope (Bl), for each day the rooting zone was 
moist and conducive to plant growth. Root growth occurs up to a 
user-defined maximum root depth measured in mm of soil water. 

For each day, the daily evapotranspiration amount was sub- 
tracted from the water stored in the rooting zone. The number of 
days when the rooting zone was moist and conducive to plant 
growth was called moist-days, and this variable was used as an 
index of rainfall quantity. 

For extensive analyses of rainfall data, moist-days was the sole 
rainfall quantity variable. Two different sets of BO and Bl terms 
were tested: 80 = 5 mm and Bl = 1 .OO, and BO = 7 mm and Bl = 1.50. 
These root growth models allowed 35 and 22 moist days, respec- 
tively, to attain a rooting development sufficient to access the 
equivalent of 40 mm of rainfall in soil water. For each of these 2 soil 
root growth models, 3 levels of daily evapotranspiration were 
tested: 2, 4, and 6 mm/day. These evapotranspiration rates were 
similar to those recorded by Cocheme and Franquin (1967), Davy 
et al. (1976), and Hiemaux (1984). Within each of these daily 
evapotranspiration rates, 3 different values for the maximum root- 
ing zone or soil water capacity in mm of rainfall were tested: 30,40, 
and 50 mm, which roughly corresponded to the middle 2 groups of 
the 4 available soil water groups used by Davy et al. (1976). 

Options available in INTERVAL include the subtraction of 
estimated runoff from the rainfall variables. The subroutine that 
estimates runoff from rainfall amount was taken from Penning de 
Vries and Djitiye (1982, p. 144). In addition, the daily evapotrans- 
piration rate could be varied as a function of the amount of soil 
water available in the rooting zone and the age of the vegetation. 

Using the soil water model above, the number of days soil water 
was not conducive to plant growth were also identified and called 
dry-days. Drydays constitute a stress on plants, and should have a 
substantial negative effect on plant production, especially extended 
moisture stress periods. INTERVAL quantifies the number of 
consecutive days occurring in stress periods. 

The rainfall distribution variables, dry-days and consecutive 
day-days, were calculated with varying input parameters. The 
input parameters were the number of consecutive dry-days needed 
to constitute a plant stress period (stress period), the cutoff date for 
stress period calculations (end date), and the number of moist-days 
needed to end or break a plant stress period (break). In general, 
these input parameters were similar to those used in Mali (Hier- 
naux 1984). 

The rainfall distribution variables (consecutive dry-days and 
dry-days) were tested as possible additions to selected moist-days 
models. This was done with stepwise regression analysis consider- 
ing the 2 rainfall distribution variables for the first part of the rainy 
season (up to the respective cutoff date), the latter part of the rainy 
season (after the cutoff date) and the entire rainy season. The stress 
period calculation was done only until the number of moist-days 
exceeded the values input for the end date input parameter, 30 and 
50 moist-days, respectively. 

Precipitation-Biomass Regression 
The precipitation variables and estimated biomass values for 

each site from 1980-1985 was used to establish regression relation- 
ships between biomass (dependent variable) and rain indices 
(independent variables calculated from respective input parame- 

ters). The regression analysis strategies employed were weighted 
least-squares and ordinary least squares using a natural logarith- 
mic transformation. The weighting term used was the sampling 
variance of the respective biomass estimates. 

The natural logarithmic transformations of the dependent vari- 
able was used because nonlinear increases in herbaceous growth 
have been monitored in the Sahel (Hiemaux 1984, Le HouCerou 
and Host 1977, Penning de Vries and Djiteye 1982, p. 166). Also 
plots of the data points indicated they conformed to a general form 
that is best explained by a logarithmic transformation of the 
dependent variable (Neter et al. 1983, p. 138). Residual plots of the 
models were used to assess linear trends and homogeneity of 
variances visually. 

The most appropriate rainfall input parameters were determined 
by selecting input parameters that minimized the standard error of 
the regression estate. This was done for the 3 rainfall data analysis 
classes: (1) minimal, (2) moderate, and (3) extensive, employing 
both weighted and logarithmic models. 

Models were evaluated by comparing the 80% confidence limits 
for predicted mean values of the different regression models. 
Because the models used different independent variables, the con- 
fidence intervals were plotted using actual versus predicted axes to 
facilitate comparisons. Comparisons of the best models from each 
of the 3 levels of rainfall analysis (minimal, moderate, and exten- 
sive) allowed selection of the weighted least squares and logarith- 
mic models. Selected models from the 1980-1985 data set were 
then tested by determining if an independent data set, the 1986 
biomass and rainfall variables, were contained in 95% confidence 
intervals for observations. Binomial probabilities were used to test 
if the number of observations within the confidence intervals war- 
ranted rejecting or accepting the model. 

Results and Discussion 
Pasture production regression analyses were separated and/or 

pooled in accordance with the extra sum of squares principle. In 
general, the adjusted Rz values were acceptable with 5 having R2 
values less than 0.60. Standard errors of the estimate, transformed 
by the weighting, were less than 40 kg l ha“, except in 4 cases, 2 of 
which are from 1984, with Tabalak having the highest standard 
error of 91 kg l ha“ in 1986. 

Regression equations were pooled to provide an adequate 
number of clipped plots to represent each regression equation. 
However, 3 of the regression equations had fewer than 10 clipped 
plots and 1 had only 3 clipped plots. 

Fifteen regression equations were used to convert average esti- 
mated plot weight per site to estimated equivalent air dry weights 
(Table 1). The column of s combined is the sample standard 
deviation combined from both the regression and the mean esti- 
mated plot weight (Cook and Stubbendieck 1986 p. 247). Coeffi- 
cients of variations (CV) for pasture production means were gener- 
ally less than 30%. Raw data were not available for 2 sites in 1983, 
Inidi and Ranch North Dakoro (RND), so sampling standard 
deviations were estimated. 

Weighted-Least-Square Analysis 
The minimal analysis model with a cutoff date of 15 August had 

the lowest standard error of the regression estimate. August is 
usually the wettest month, with the reproductive phenological 
stage for the dominant grass (Cenchrus b1floru.s) and other species 
photoperiodically triggered around mid-August. 

Selected effective moisture minimum and maximum parameter 
values were compared with varying cutoff dates for moderate 
analysis model. There was a better lit with the 15 August cutoff 
date and 7 and 30 as minimum and maximum effective parameter 
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Table 1. Pasture biomass estimates and statistics obtained with double 
sampling for each site 1980-1986. values (Table 2). This implies that rainfall events of less than 7 mm 

and greater than 30 mm do not contribute significantly to herbage 
standing crop. S’ Total 

Name or number Year Combined Mean (CV) precip. 

ADDER 
INIDI 
RND 
ADDER 
INIDI 
RND 
GADABED 
INIDI 
RND 
GADABED 
INIDI 
RND 
INIDI 
EKIN 
AKAB 
IBEC HQ 
T. TABA 
ADDER 
INIDI 
RND 
GADABED 
AKAB 
IBEC HQ 
T. TABA 

F: 
514 
6.6 
1.4 
1.2 
T. TAB0 
TABALAK 
INIDI 
RND 
AKAB 
IBEC HQ 
TABALAK 

1980 
1980 
1980 
1981 
1981 
1981 
1981 
1982 
1982 
1982 
1983 
1983 
1984 
1984 
1984 
1984 
1984 
1985 
1985 
1985 
1985 
1985 
1985 
1985 
1985 
1985 
1985 
1985 
1985 
1985 
1985 
1985 
19864 
19864 
19864 
19864 
19864 

‘bk:“’ 

90 
232 
264 
122 
94 

218 
491 
283 
987 
6903 
3663 
121 
29 
24 
14 
71 

35 
139 
269 
349 
23 

915 
39 

1,026 
48 

154 
54 

167 
359 

55 
18 
45 
75 
29 
36 

579 

(kg/W O-N2 
1,597 21.4% 108 

861 10.4% 116 
2,445 9.5% 204 

340 77.7% 121 
773 15.8% 213 
709 13.3% 235 
176 123.8% 37 
548 89.5% 78 
984 28.8% 214 

1,939 9.7% 98 
1,153 - 226 

221 
145 837% 

118 
85 

329 8.8% 58 
429 5.7% 83 
724 1.9% 189 
314 12.4% 62 
400 8.8% 136 
785 17.8% 163 

2,668 10.1% 256 
3,103 11.2% 257 
1,:: 2.8% 162 

88.0% 234 
314 12.4% 67 
288 356.2% 268 
819 5.8% 256 
853 18.1% 234 
823 6.5% 251 
834 20.0% 250 
904 39.8% 246 

1,297 4.2% 138 
731 2.4% 314 
868 5.2% 298 
199 37.8% 167 
619 4.6% 270 
895 4.0% 321 

3,117 18.6% 365 

‘Sampling standard deviation (Cook and Stubbendieck, 1986 p. 247). 
Total precipitation excludes early rains that occurred before the surviving germina- 
tion occurred. 
‘Raw biomass data were not available for these sites. The s combined was estimated by 
averagmg the x combined for the closest larger and smaller biomass values. 
‘The 1986 pasture production estimates were used only to test the models developed. 

Table 2. Minimum and maximum early effective moisture limits xnd cutoff 
dates effects on standard errors using a linear weighted least-square~ 
model and a logxrithmic model. 

Minimum Maximum Cutoff 

Weighted Logarithmic 
standard standard 

error error 

5 
5 
5 
5 
5 
5 
5 
5 
7 
7 
7 
7 

10 
10 
10 
10 

40 
40 
40 
40 
50 
50 
50 
50 

:o” 
:o” 

30 
30 
30 
30 

15-Aug 
01-Sep 
IO-Sep 
30-Sep 
15-Aug 
01-Sep 
IO-Sep 
30-Sep 
15-Aug 
01-Sep 
IO-Sep 
30-Sep 
15-Aug 
01-Sep 
IO-Sep 
30-Sep 

-------kg/ha-‘---____ 
3.87 0.67 
4.40 0.65 
4.41 0.64 
4.52 0.65 
3.99 0.68 
4.47 0.66 
4.40 0.64 
4.51 0.66 
3.79 0.68 
4.39 0.66 
4.45 0.64 
4.60 
4.56 8.2 
4.56 0:65 
4.58 0.63 
4.64 0.65 

For early and entire season rainfall extensive analysis weighted 
models. the root deuth model of Bo = 7 and Bl = 1.50 had relatively 
low standard errors of estimates and were selected. Daily evapora- 
tion rate had greater effects on the weighted standard errors of 
estimates than soil water-holding capacity. An evaporation rate of 
4 mm l day“ and a soil water capacity of 40 mm were selected for 
analyses with different cutoff dates. 

For this model, as with weighted least-squares models using 
effective rainfall and total rainfall, the weighted standard error of 
the estimate was lowest using the 15 August cutoff date. Using the 
weighted exensive model with selected input parameters given 
above, the lowest standard error of the estimates was attained with 
no runoff estimation and a constant evapotranspiration rate. The 
estimation of percent runoff as a linear function of daily rainfall 
amount did not improve the model. Perhaps the selection of 
upland sites with sandy to sandy loam soils minimized runoff 
effects, or runoff is more strongly related to rainfall intensity rather 
than amount (which was used here). The oversimplification of the 
factors affecting the fluctation of daily evapotranspiration rates 
added to the model’s variability. 

Temporal Distribution 
Some distribution variables were significant for particular soil 

moisture model input parameter variations with the selected exten- 
sive weighted model (Table 3). The minimum weighted standard 
error of the estimate (3.44) was obtained using a M-day period with 
3 consecutive moist-days to break the plant stress period. 
Table 3. Linear weighted least squares regreseion results with additional 

significant independent variables to the moist days independent vxriable. 

7 
15 
15 
30 
7 
7 

15 
15 
30 

Stress 
period 
(days) 

Weighted 
standard 
error of 
estimate 

3.71 
3.47 
3.52 
3.71 
3.51 
3.50 
3.44 
3.46 
37.1 

Pearson 
correlation 
coefficient* 

-0.36 
-0.08 

-0.52 
-0.31 
-0.36 
-0.10 

End Independent 
date variables 

30 moist-days 
30 moist-days, strlr 
30 moist-days, strt4 
30 moist-days 
50 moist-days, strl 
50 moist-days, strt 
50 moist-days, strl 
50 moist-days, strt 
50 moist-days 

‘Pearson correlation coefficient between independent variables. 
*Moist days variable up to the cutoff date. 
‘Stress peti.od variable, consecutive dry days up to the cutoff date. 
Stress pertod variable up to the number of moist days determined by the rainfall 
distribution input parameter, end date. 

The 15 August cutoff date was used for both independent varia- 
bles. Pearson correlation coefficients between the independent 
variables were small. A condition number indicated multicollinear- 
ity was not a problem for this model (Belsley et al. 1980). 

One would expect the consecutive dry-days variable to be nega- 
tively correlated to pasture production; however, in this model, it 
was positive: 

P + 233.84 + 18.32 Xr + 4.48 Xz 

where X1 q  moist days 
X2 q  consecutive dry days 
9 q  estimated biomass (kg/ ha) 

where P is the biomass estimate in kg l ha“. Stress periods for 
consecutive drydays were a minimum of only 15 dry-days. Smaller 

c 

JOURNAL OF RANGE MANAGEMENT 45(3), May 1992 



900 

700 

500 

300 

100 

- TOTAL PRECIPITATION 

EFFECTIVE MOISTURE 

C- MOIST DAY 

200 400 600 800 1000 1200 
ESTIMATED BIOMASS (kg.ha-') 

Fig. 2. Comparison of best weighted least squares models 80%~ confidence intervals for mean valuee. 

rainfalls could occur within these 15 days. Three moist-days were 
needed to break a plant stress period. Using the dailyevapotranspi- 
ration rate of 4 mm used in this model, rainfall events of up to 11 
mm could occur without breaking the plant stress period. The 
positive coefficient for consecutive negative days may be indicating 
that plant efficiency of soil moisture use increases under moisture 
deficits. Stomata1 closure under moisture stress reduces daily eva- 
potranspiration rates and increases water use efficiency (Van 
Keulen et al. 1985). Thus, the constant daily evapotranspiration 
rate used in this model underestimated biomass levels when condi- 
tions are moderately xeric. In addition, widely spaced, large rain- 
fall events would favor deep root development, improving plant 
moisture availability. 

Comparison of Better Models 
The 80% confidence intervals for mean values showed little 

difference in the middle section of the respective regressions (Fig. 
2). At the extreme ends of the regressions, however, confidence 
limits could be separated. The widest confidence limits were for 
total precipitation. The moderate-width confidence interval was 
for the moderate analysis of rainfall, or the effective moisture 
variable. The best extensive rainfall analysis model was a multiple 
regression including moist-day and consecutive dry-day as inde- 
pendent variables. These confidence limits are the narrowest at low 
and high biomass estimates. The peculiar fluctuations in these 
confidence limits at higher biomass values are the result of the 
effect of the second independent variable. 

For a drought early warning system, the importance of accuracy 
in the extremely high and low biomass values should not be under- 
estimated. The extensive analysis of rainfall model was the selected 
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model for estimating pasture production with a linear weighted 
least squares-analysis. 

Testing Selected Model 
The plotting of the weighted 95% confidence limits was done on 

the transformed data set. This was necessary because of the high 
variability of the respective biomass error terms for a given pre- 
dicted biomass range. In the transformation process to simulate a 
weighted least-squares analysis, the divisor of both the independ- 
ent and dependent variables is the square root of the weighting 
term (Neter et al. 1983, p. 171). In this case, the divisor is the 
biomass sampling standard deviation from Table 1. 

The 95% confidence intervals for observations were plotted with 
the independent test values (1986) after weight transformation. Of 
the 5 test values, 2 were outside the confidence intervals. A test data 
value that was on the lower confidence interval line was from the 
North Dakoro Ranch, and was of questionable value because of 
high human trampling and traditional end of rainy season herbage 
removal. The herbaceous biomass within the exclosure at the time 
of sampling appeared lower than that of adjacent grazed pastures. 
The fact that this site was overestimated by the model is not 
surprising. However, the second outlier, which occurred at a higher 
estimated biomass value, was well below the confidence interval. 
This data point is the Akabounou pump station. No ecological 
anomalies were observed during sampling. Using the 95% conli- 
dence intervals for an observation, we expect from binomial pro- 
babilities roughly 20% of the 5 test values to lie outside the confi- 
dence intervals. In this case, 1 value out of 5 (20%) was inexplicably 
outside the confidence intervals. This model is acceptable, but with 
this low number of test observations, it was accepted withcaution, 
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Fig. 3. The 80% confidence interval for mean values for the weighted moist day and consecutive dry-day model. 
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and should be tested with additional data in the future. 
This model allows the estimation of end of rainy season pasture 

production using rainfall data only up to the mid- riny season, 
August 15. This could be useful predicting impending pasture 
deficits and surpluses in the pastoral zone of Niger midway 
through the rainy season. 

The adjusted R2 for this model was 0.64, and the weighted 
standard error of the estimate was 3.4. No apparent lack of fit or 
heterogeneity was observed in the residuals. 

This model would be applied to obtain herbage stand crop 
estimates to represent upland sites with sandy soils for regions 
within the pastoral zone. To obtain a regional biomass estimate, 
data from several rain gauges would be used. Thus, the moist-days 
and consecutive dry-days from each rain gauge would be averaged, 
then the averages would be entered into the regression equation. 
The 80% confidence intervals for mean values seem appropriate for 
this application. Figure 3 indicates pasture production levels could 
be separated using roughly 200 kg/ha incremented production means. 

The problem with weighted analysis is that the error term of the 
biomass value should be known. In some instances, estimated error 
term values can be used. Biomass sampling standard deviations 
used in this study were erratic and were not a function of the 
independent variables; consequently, biomass error terms would 
be difficult to estimate. 

Logarithmic Analysis 

Minimal Analysis of R&fall 
For the logarithmic model, total precipitation was most strongly 

associated with herbage standing crop using a cutoff date of 10 

September. A logarithmic model would be appropriate to estimate 
exponential herbaceous growth that occurs in the Sahel until the 
above ground production is about 1,000 kg l ha-’ (Penning de 
Vries and DjitCye 1982, p. 166). 

Moderate Analysis of Rainfall 
Comparisons of the standard error of the estimates for selected 

input effective rainfall parameters and cutoff date using a loga- 
rithmic model are presented in Table 2. For the logarithmic model, 
it appears the cutoff date of 10 September, generally, has the lower 
standard error of the estimate. The lowest standard error of the 
estimate was obtained with a minimum effective moisture limit of 
10 and a maximum of 30. 

Extensive Analysis of Rainfall 
The root depth model of Bo = 5 and Bl = 1.00 had a lower 

minimum standard error of estimate. The most appropriate loga- 
rithmic model with an 15 August cutoff date had rainfall input 
parameters of 50 mm for soil water capacity, and a daily evapo- 
transpiration of 6 mm. 

. 

Using the most appropriate logarithmic input parameters deter- 
mined the cutoff date was varied (15 August, 1 Sept., 10, Sept. and 
entire season). The logarithmic model had a smaller standard error 
with a cutoff date of 10 September, as was the case with the 
logarithmic models for total precipitation and effective moisture. 
None of the distribution variables contributed significantly to this 
model. 

Comparison of Better Models 
The comparison of the 80% confidence intervals for mean values 
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Fig. 4. The 80% confidence intervals for meen veh~es for the beat logarithmic model using total precipitation. 

for best logarithmic models in each rainfall analysis category 
showed that even at the extreme estimated biomass values, differ- 
ences in accuracy of the models were nominal. 

The lack of a substantial difference in the confidence interval 
widths indicates little precision was gained by using a logarithmic 
model with moderate or extensive analysis of the rainfall data. 
Therefore, use of total rainfall seems to be appropriate for the 
logarithmic model. 

Testing Selected Models 
The 1986 test data were plotted with the 95% confidence inter- 

vals for observations of the selected logarithmic model. The North 
Dakoro Ranch test data point again was low, as expected, but was 
still within the confidence intervals. The other 4 test data points 
were all well within the confidence intervals. 

The 80% confidence intervals for mean values (Fig. 4) shows that 
production classes could be separated at about 200 kg l ha-’ inter- 
vals for biomass estimates less than 800 kg l hg-‘. Above 800 
kg l hg-‘, the confidence bands increase the interval spacing to 400 
kg l hg-’ or more. 

Model coefficients were: 

p = JS.702236 + (0.005338 Xl)] 

where P = the estimated biomass (kg/ ha) 
Xl = the total precipitation (mm) 

The adjusted R2 was 0.29, and the logarithmically transformed 
standard error of the estimate as 0.65. The residual plot of the 
transformed data show no apparent lack of fit or heterogeneity of 
the variance. 

1000 

Using the 10 September cutoff date should include the bulk of 
the rainy season in the pastoral zone. This model is simple and 
appears to give moderately precise estimates of end of rainy season 
production levels on rainfall throughout the bulk of the rainy 
season. 

Conclusions 

Both selected models appear to have possibilities for applica- 
tion. For early warning of drought conditions, even before the 
completion of the rainy season, the selected weighted-least-squares 
model could be applied. The government of Niger could predict 
regional end of rainy season biomass levels by mid-August. How- 
ever, this model requires the use of a computer program (INTER- 
VAL) to generate rainfall indexes, moist-days, and consecutive 
dry-days. Average moist-days and consecutive dry-days indexes 
should be averaged across 20 or more rain stations within the 
region for which the biomass estimate is to be made. This model 
would require daily rainfall data from the pastoral zone of Niger, 
which is available daily for selected meteorological stations. How- 
ever, additional rain stations exist that may require regional or 
even site visits to acquire data. Other disadvantages of this model 
are: (1) it requires estimates of biomass error terms (one could 
estimate biomass with a CV of 3oo/o), and (2) that the test of this 
model was only marginally acceptable. 

The logarithmic model that was selected does not require daily 
precipitation data, only total precipitation prior to 10 September. 
This is advantageous because some historical rainfall data sets are 
only available in monthly or IO-day totals, not in daily amounts. 
The logarithmic model also does not require a computer program 

JOURNAL OF RANGE MANAGEMENT 45(3), May 1992 



to generate the total rainfall index. These factors make this model 
appealing for estimating historical biomass levels within the pas- 
toral zone of Niger. The mean total precipitation from 20 or more 
rainfall stations should be used for this model when estimating 
biomass levels. Problems with the selected logarithmic model 
include widening of the confidence intervals for biomass levels 
above 800 kg l hg-’ and total rainfall index accounted for less than 
30% of the variation in biomass levels, indicating relatively low 
predictive power of the model. 
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Abstract 

Appropriate application of significance tests in statistical ana- 
lyses requires an explicit statement of hypothesis, a clear definition 
of the population(s) about which inferences are to be made; and a 
model, a sampling strategy, an analysis, and an interpretation that 
are consistent with these considerations. In particular, experhnen- 
tai design and analyses must recognize appropriate replication and 
random selection of experimental units from target population(s). 
This paper discusses some aspects of these issues in range science 
research. Textbook examples and examples from range science 
applications are discussed in parallel in an attempt to clarify issues 
of randomization and replication in statistical applications. 

Key Words: experimental design, pseudoreplication, sampling, 
inference 

Hurlbert’s (1984) monograph on pseudoreplication in ecological 
studies has encouraged scientists in many disciplines to examine 
field research problems from the critical perspective of experimen- 
tal design as related to replication. Notwithstanding the impor- 
tance and timeliness of Hurlbert’s paper, it has also generated 
considerable confusion for many. Numerous studies that can be 
appropriately analyzed statistically have been accused of pseu- 
doreplication because of an unclear understanding of the popula- 
tion(s) about which inferences are intended, what constitutes an 
experimental unit of the target population(s), and how these con- 
siderations apply to randomization and replication. 

My purpose is to briefly discuss some aspects of the “problem of 
pseudoreplication”as it is commonly encountered in range science 
research. I begin with a brief discussion of some concepts related to 
analysis of variance, analysis of regression, replication, and ran- 
domization. Textbook examples and examples from range science 
applications are then discussed in parallel in an attempt to clarify 
issues of randomization and replication in statistical applications. 
My intention is not to be critical of any given author or research 
project; therefore, the range-related studies described below are 
real but fictitious names are used. 

Discussion 

It is helpful to begin by distinguishing between “data analysis 
and interpretation”and “statistics”. These terms are not synonym- 
ous labels for identical endeavors. Tukey and Wilk (1966, p. 695) 
stated that: 

“The basic general tenet of data analysis is simply stated: to seek 

through a body of data for interesting relationships and information 

and to exhibit the results in such a way as to make them recognizable 

to the data analyst and recordable for posterity. 

Statistics, on the other hand, is based on 

‘formal theories...[that ‘legitimize] variation by confining it by 

assumption to random sampling, often assumed to involve tightly 

specified distributions (in which a bare minimum of adjustable 
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constants deny almost all flexibility) and [restore] the appearance of 

security by emphasizing narrowly optimized techniques and claim- 

ing to make statements with ‘known’ probabilities of error (Tukey 
and Wilk 1966, p. 695). 

These 2 prominent statisticians remarked that ‘While many of the 
influences of statistical theory on data analysis have been helpful, 
some have not”(Tukey and Wiik 1966, p. 695), and suggested that 
“Data analysis can gain much from formal statistics, but only ifthe 
connection is kept adequately loose” (Tukey and Wiik, 1966, p. 
696). 

To be too narrowly focused on the formal theoretical applica- 
tion of mathematical statistics is as undesirable as to be totally 
unconcerned with the proper application of statistics in the 
broader endeavor of experimentation and data analysis (e.g., Box 
1978, p. 265-266, 270-271). A balance can perhaps be best 
achieved by clearly specifying the objectives and hypotheses moti- 
vating a study: by this process, a scientist makes explicit the popu- 
lation(s) and types of inference involved. This first step in research 
lies at the foundation of Eberhardt and Thomas’( 1991) classifica- 
tion and discussion of field experiments. The following discussion 
is restricted to applications of formal experimental design con- 
siderations. 

Once a population is defined, a statistical model is chosen to 
represent the behavior of the dependent variable as a function of 
explanatory variables. Assuming an appropriate model is selected, 
then certain conclusions about hypotheses can be made and 
extended to the population if research methodology properly 
incorporates replication and randomization assumed by the model 
and analysis. The degree to which the research has successfully 
addressed its objectives and hypotheses must be judged in light of 
the definition of, and correspondence between, thepopulation. the 
model, the sampling methodology, the analysis, and the conclu- 
sions that are drawn. 

Analysis of Variance and Analysis of Regression Models 
Although “analysis of variance’* and “analysis of regression”are 

often regarded as different analyses, they are actually different 
aspects of the same basic analysis of a linear model. The fundamen- 
tal difference between analysis of variance and regression lies in the 
nature of the explanatory portion of the model (the independent 
variables, or the “expectation function”), and hence, appropriate 
application of these techniques depends upon the objectives of the 
research, the nature of the data collected, and the hypotheses to be 
tested. In “analysis of regression,” the independent variables are 
generally continuous variables, and each experimental unit may 
have a different value for the independent variable. The analysis is 
usually couched in terms of fitting a line (or plane) through a 
scatter of points. Hypotheses commonly relate to the slope of the 
line (or plane). Prediction of the dependent variable for specified 
values of the explanatory variable(s) is also an important application. 

In “analysis of variance,” the independent variables are “dummy” 
or “class” variables whose designation and meaning depend upon 
the underlying group structure of the data. Observations on the 
dependent variable that share the same values of the independent 



variable(s) are assumed to be random samples from the group 
designated by the class variables. Hypotheses generally relate to 
population means for groups under study. Equality of population 
means is the most commonly tested hypothesis. 

Replication and Randomization 
Examples discussed in this paper are relatively simple in that 

they involve only 1 treatment factor (or in the regression example, 
1 independent variable). With these examples it is easier to focus on 
4 components of experimental design which, when clearly defined, 
not only characterize the design but also guard against pseudorep- 
lication. These components are the: (1) population(s) to which 
inference is extended, (2) treatment(s) under study, (3) experimen- 
tal units that are treated, and (4) randomization rule used in the 
assignment of treatments to experimental units. Concepts of ran- 
domization and replication apply to single factor completely ran- 
domized designs as well as to more complex designs involving 
restriction in randomization (e.g., randomized block designs and 
latin square designs), factorial and split plot treatment arrange- 
ments, and repeated measures analyses. 

Randomization and replication are both necessary for the 
appropriate application of significance testing in experimental 
designs. As Eberhardt and Thomas (1991, p. 55) stated, “Confir- 
mation that two experimental outcomes are indeed different 
depends on randomization and replication to provide a measure of 
variability in units treated alike.” Replication provides an estimate 
of experimental error: treatment differences are judged in light of 
the inherent variability among experimental units treated alike. 
Randomization plays a different but complementary role (Cox 
1980, p. 313): 

-randomization provides the physical basis for the view that the 
experimental outcome of a given study is simply one of a set of many 
possible outcomes. The uniqueness of the outcome, its significance, 
is judged against a reference set of all possible outcomes under an 
assumption about treatment effects, such as such effects are negligi- 
ble. For the logic of this view to prevail, all outcomes must be 
equally likely, and this is achieved only by randomization.’ 

If statistical concepts related to, for example, alpha level and the 
power of a test to detect real differences are to be interpreted 
explicitly, then these interpretations will be valid only insofar as 
the assumptions underlying the concepts are satisfied. Thus, if a 
scientist wishes to claim that “treatment differences are significant 
at the 5% level,” then that scientist should also be willing to “pay 
the freight” for that statement: The scientist should design and 
conduct the study in accordance with principles upon which the 
inferences are based. 

These concepts are illustrated in the following 4 “case studies.‘* 
Study 1 involves analysis of regression for prediction purposes. 
Discussion is restricted to linear models for the sake of simplicity 
and familiarity. It should be noted that assumptions associated 
with significance tests in nonlinear models are usually identical to 
those associated with significance tests in linear models (Bates and 
Watts 1988). Study 2 illustrates analysis of variance for treatment 
mean comparison. A situation suitable for contingency table anal- 
ysis is described in Study 3. The discussion of each of these studies 
is presented in 2 parts: part (a) is a “classical” description of the 
analysis from a widely used text, and part (b) is an analagous 
application from a range science setting. Study 4 discusses an 
analysis similar to Study 2 but with correlated errors. 

Comparison of “Classical” and “Range-Related” 
Examples 

Study 1, A 
The relationship between serum cholestrol (the dependent vari- 

able Y) and age (the independent variable X) in women is studied 
(Snedecor and Cochran 1980, p. 385-388). Random samples of 56 

women from Iowa and 130 women from Nebraska are selected. 
Linear regression is used to describe the relationship between Y 
and X for women in each state. The experimental unit is the 
individual woman. It is assumed the women selected in each state 
are representative of the populations to which inferences are 
directed. The model Yi =& + PlXi + ei is assumed for women in each 
state. The portion of the model on the right hand side of this 
equation that does not include the errors, ei, is referred to as the 
“expectation function” (Bates and Watts 1988). The formal statis- 
tical hypothesis, H,: p1 q  0, addresses whether a linear relationship 
exists between Y and X. 

The fundamental statistical assumptions for significance testing 
in this model generally offered by texts are that the errors, ei, are 
independently, identically, and normally distributed with homo- 
geneousvariances(e.g., Graybill 1976, Theorem6.3.1, p. 189-191). 
If errors have heterogeneous variances, variance-stabilizing trans- 
formations may be helpful. Although most theoretical studies of 
this model have assumed normality of errors, the F test is relatively 
robust to violations of this assumption (Pearson 1931, Lunney 
1970). Probably the most important assumption is independence 
of errors. Random and mutually exclusive sampling often allows 
one to analyze data as though the assumption of independence is 
satisfied (Ostle 1963, p. 249-250). Correlated error structures (see 
Study 4) may be analyzed by modifying the calculation of the F 
statistic (Graybill 1976, p. 207-212, Smith and Lewis 1980, Pavur 
and Lewis 1983, Scariano et al. 1984, Scariano and Davenport 
1984); failure to apply such modifications may have a large impact 
on type I error rates (Smith and Lewis 1980, Scariano et al. 1984). 
Three other assumptions of this model are: (1) the expectation 
function is correct, (2) the dependent variable is in fact equal to the 
expectation function plus the error, and (3) the errors are inde- 
pendent of the expectation function. Bates and Watts (1988) pro- 
vide an excellent discussion of these assumptions [also see Stein- 
berg and Hunter 1984)]. Application of simple linear regression 
analysis is appropriate when X is subject to measurement error if 
the primary objective of the research is prediction of Y(Soka1 and 
Rohlf 1981, p. 549). This analysis is also appropriate when Xand Y 
have a bivariate normal distribution (Steel and Torrie 1980, p. 
246). 

In addition to within-state analyses in Snedecor and Cochran’s 
example, further hypotheses may address a comparison of the 
relationship between Y and X between the 2 states. For example, 
are the models for the 2 states identical? If not, then is the slope of 
the regression line the same for the 2 states? Is the Y-intercept the 
same for the 2 states? These questions may be appropriately 
addressed through statistical analyses such as comparisons of sim- 
ple (Graybill 1976, Theorems 8.6.1-8.6.3, p. 288-291) and general 
(Graybill 1976, Theorem 8.6.4, p. 291-293) linear models. These 
tests are presented in the context of analysis of covariance in 
applied texts (e.g., Snedecor and Cochran 1980). 

Several features of this study are noteworthy. First, only one 
value of Y need be observed at a given value of X in each sample of 
women. For example, in the sample from Iowa only 1 woman may 
have X=33. The relationship between Yand X for each sample can 
be estimated with only one observation on Y given X under the 
familiar assumption that each realized Yvalue is a random sample 
from a normally distributed population of Y’s (at a corresponding 
value of X), and that each population of Y’s has the same variance. 
It is important to note that statistical literature describes this 
situation as an application of linear regression that lacks replica- 
tion (e.g., Scariano et al. 1984). When several independent obser- 
vations on Y given X are available, then it is possible not only to 
explicitly test these assumptions, but also to examine the “lack of 
fit” of the model to the data (e.g., Montgomery and Peck 1982, p. 
75-79). 

Second, there is only 1 sample of (randomly selected) women 
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from each state. It is obvious that these data are adequate and 
appropriate to estimate regression equations within each state. 
However, it is also possible with these data to compare the rela- 
tionship (between Y and X) between states with respect to slope, 
intercept, or linear combinations of slope and intercept (Graybill 
1976, Theorem 8.6.3, p. 289-291). As Graybill (1976, p. 283) states: 
“For instance, an investigator is studying 3 different experimental 
situations and assumes a linear model for each. He wants to 
determine if these 3 linear models are dentical, or he may want to 
determine if some of the parameters of the models are the same 
from model to model.” Graybill (1976) develops the theory to test 
such hypotheses. That is, 1 regression line has been estimated for 
each experimental situation, and it is possible to compare these 
lines. These tests and their interpretations are well defined. It is not 
unreasonable to suggest that the research may be “stronger” from a 
biological perspective if several samples of women from each state 
were used because a larger sample would be available to estimate 
population parameters. Nevertheless, only 1 sample of women 
from each state is required from a strict statistical viewpoint, and it 
is assumed that the collection of experimental units comprising 
each sample is both representative of its target population and 
large enough to obtain reasonable estimates of population parame- 
ters. Insuring representativeness calls into play appropriate sam- 
pling techniques and research methodology. Whether the sample is 
large enough depends on the precision in estimation desired by the 
researcher. An important factor is the ratio of the sample size(n) to 
the number of parameters being estimated (p); common recom- 
mendations suggest that the ratio n:p be from 30: 1 to 400: 1 (e.g., 
Kerlinger and Pedhazur 1973). 

grazed area were studied, it is not possible to compare the regres- 
sion lines estimated for each site. Second, it is sometimes suggested 
that the comparison of the relationship between juniper canopy 
cover and herbaceous production between “grazing treatments” is 
completely confounded with the 2 sites studied. These criticisms 
are readily answered with the reminder that these 2 sites are the 
populations of interest: the comparison between these 2 sites is not 
intended to apply to grazed and relict sites in general. It is clear 
from Graybill (1976, p. 283-302) that such a comparison is statisti- 
cally valid: 2 (or more) independent regressions can be compared. 

These criticisms concern the definition of population and the 
representativeness of the samples of their respective populations. 
The populations in question in Study 1 are the 2 states (Iowa and 
Nebraska), or the 2 areas (relict and grazed). The experimental unit 
is the woman (in Snedecor and Cochran) or the stand (in White). If 
the collection of experimental units (as a random sample from a 
well-defined population) is representative of its population, then 
the study is amenable to appropriate statistical analyses. If, on the 
other hand, it is not reasonable to assume that the collection of 
experimental units is representative of its target population, then 
the research is flawed to the extent that inferences from the sample 
to the population are unwarranted because the former is not repre- 
sentative of the latter. 

Study 1, B 
Scientist White studied the relationship between redberry juniper 

(Juniperus pinchotii Sudw.) canopy cover (X) and herbaceous 
production (Y) on 2 upland sites characterized by redberry juniper- 
mixed grass vegetation in western Texas. Two populations, or 
experimental situations (sensu Graybill 1976, p. 283), were of 
interest: an ungrazed (relict) area and a heavily grazed area. Study 
locations were an isolated butte that was inaccessible to domestic 
livestock and a nearby grazed area. These 2 study sites were within 
10 km of each other and had similar landscape position, underlying 
substrate, and soils. The primary objective was to describe the 
relationship between juniper canopy cover and herbaceous pro- 
duction on each site. Inference was intended to apply to these 2 
sites. Other study areas may have different relationships between 
canopy cover and herbaceous production for a variety of reasons 
(e.g., edaphic conditions, past management history, etc.). 

If the 2 regressions are shown to differ, for example with respect 
to slope, then the attribution of this difference to a grazing effect is 
an interpretational issue that is best dealt with from an ecological 
perspective. The F test may be used to show a difference between 
regressions, each representing an “experimental situation” in 
Graybill’s (1976, p. 283) sense. The ecological interpretation of this 
difference involves information related to, for example, elevation, 
precipitation, and edaphic characteristics as well as differences in 
grazing history. It may be that the difference between regressions is 
due to some factor other than grazing. If this is so, then attributing 
the difference to a grazing effect is faulty because of confounding 
from an ecological viewpoint. To explicitly and exclusively incor- 
porate grazing history as the “treatment”factor responsible for any 
differences that may be detected changes both the scope of the 
research and the experimental design requirements necessary to 
address the hypotheses in question. In particular, this new objec- 
tive can be satisfied by conducting the research on more than 1 
relict site (each representing a random sample from the population 
of relict sites) and more than 1 grazed site (each representing a 
sample from the population of grazed sites). 

Study 2,A 

An individual juniper stand (“stand” was defined by the 
researcher) was considered an experimental unit. Fifty juniper 
stands were randomly selected on each site; in each stand, juniper 
canopy cover and herbaceous production were estimated with belt 
transects and clipped quadrats, respectively. Because grazing his- 
tory of each site was well known, experimental units were treated 
similarly within each site. The analogy to Study 1, A is clear: 
whereas Snedecor and Cochran described a relationship between 
serum cholestrol and age in randomly selected women from Iowa 
and Nebraska, White studied the relationship between herbaceous 
production and juniper canopy cover in randomly selected stands 
on a relict site and a grazed site. Under usual statistical assump- 
tions, both studies are amenable to statistical analyses. In particu- 
lar, regression lines can be estimated within states (or sites) as well 
as compared between states (or sites). 

A common misunderstanding of White’s research relates to what 
has been incorrectly referred to as pseudoreplication. In particular, 
2 specific criticisms are frequently directed at White’s research. 
First, it has been claimed that because only 1 relict area and 1 

Gomez and Gomez (1984: 13-17) describe a study of the effect of 
chemical control of brown planthoppers and stemborers on rice 
yield. Treatments (6 chemical and a control) are randomly assigned 
to 4 replications (plots) each; that is, the experimental unit is the 
individual plot. Gomez and Gomez (1984:2-4) provide straight- 
forward discussion of the need both for replication and randomiza- 
tion, and state unambiguously that “to obtain a measure of exper- 
imental error [the difference among experimental units treated 
alike] replication is needed.” The issue of subsampling was dis- 
cussed in a later chapter (Gomez and Gomez 1984, p. 241-255); for 
our purpose, subsampling may be incorporated into the present 
example by assuming that 5 randomly located quadrats in each 
plot are harvested to estimate rice yield. Therefore, an appropriate 
statistical model for this design is Yijk = p + Ti + e(i)j + r(Gp. In this 
model, ri represents the i’th treatment effect, e(iy is the experimental 
error associated with the j’th replication of the i’th treatment, and 
e(~)k is the sampling error associated with the k’th sample in the j’th 
replication of the i’th treatment. The variance of e(i)j is denoted 9,” 
and the variance of C(ij)k is denoted oa2. 

Based on this model that includes not only treatment effects, but 
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Table 1. Analysis of variance table for Studies 2,A and 2,B. 

Degrees of freedom 
Study Study 

Source of variation 2,A 2,B Expected mean square 

Treatment (t- 1) 6 2 

Experimental error t(r - 1) 21 
Sampling error tr(s - i) 112 12 6; U 
Total trs - 1 139 14 

also distinguishes between experimental error (variation between 
experimental units treated alike) and sampling error (variation 
within experimental units), these data may be summarized in an 
analysis of variance table (Table 1). Experimental error can be 
estimated when r > 1. Based on expected mean squares, this 
estimate of experimental error is used to evaluate treatment effects 
(also see Steel and Torrie 1980, p. 155). In particular, the hypothe- 
sisHo:pr=ppz=.. . q  MT can be tested, where pi is the mean rice 
yield in the i’th treatment. Assumptions underlying this F test 
include normality and independence of experimental errors as well 
as homogeneity of variances of experimental errors among treat- 
ments. Variation between experimental units relative to variation 
within experimental units may be evaluated to address issues of 
sampling efficiency (Cochran 1977). Pooling experimental error 
and sampling error is discussed by Paul1 (1950) Storm (1962) and 
Gill (1978). 

how simple pseudoreplication increases the probability of detect- 
ing spurious treatment effects. Hurlbert (1984, p. 200) states: 

The validity of using unreplicated treatments depends on the exper- 
imental units being identical at the time of manipulation and on 
their remaining identicalafter manipulation, except insofar as there 
is a treatment effect. The lack of significant differences prior to 
manipulation cannot be interpreted as evidence of such identical- 
ness. This lack of significance is, in fact, only a consequence of a 
small number of samples taken from each unit. 

Hurlbert (1984, p. 203) suggests “The question to be asked is not: 
‘Are experimental units sufficiently similar for one to be used per 
treatment?‘Rather it is: ‘Given the observed or expected variability 
among experimental units, how many should be assigned to each 
treatment?“’ 

Case Study 2, B 
Scientist Black studied the effect of prescribed fire in redberry 

juniper-mixed grass vegetation in the Texas Rolling Plains. The 
objective of the research was to develop management recommen- 
dations for the vegetation type. Fire treatments were applied to 
pastures SOO-1,200 ha in size; the study examined a 4-year old 
burn, an S-year old burn, and an unburned control pasture. Each 
treatment (age of bum) was represented by 1 pasture. Habitat was 
evaluated in part by examining vegetation structure and composi- 
tion. Shrub cover was estimated along 5 randomly located 100-m 
line transects in each pasture. Frequency of herbaceous species was 
recorded in 10, 0.5-m* quadrats randomly located along each 
transect line. Hypotheses of interest included whether mean shrub 
canopy cover and frequency of selected forb species differed 
between burning treatments. 

It was stated earlier that Scientist Black’s objective was to 
develop management recommendations for burning redberry 
juniper vegetation. That is, the population comprises the entire 
vegetation type. The pastures used in Black’s study represent that 
population. However, with only 1 pasture per burning treatment, 
there is no measure of variability between experimental units 
treated alike, and thus no information is available to extend infer- 
ences about treatment effects to other pastures (i.e., to the 
population). 

In this study, the experimental unit (the unit of experimental 
material to which a treatment is applied) was an individual pasture. 
Three pastures were randomly assigned to burning treatments. 
Despite the fact that there were 5 sampling units (line transects) per 
pasture (and 50 quadrats per pasture for herbaceous frequency), 
there was only 1 replication (pasture) per treatment. Based on an 
analysis of variance (Table l), there is no information to estimate 
experimental error because experimental error degrees of freedom 
are 0. The only estimate of error available is sampling error, and in 
view of the expected mean squares in Table 1, use of sampling error 
to evaluate treatment effects leads to a biased F test when ae2 > 0 
(also see Steel and Torrie, p. 155). 

It is possible in Black’s study to compare mean canopy cover 
among his particular pastures with a redefinition of the popula- 
tions to which inference is to be extended (and hence a redefinition 
of the model applied to the data as well as the hypothesis to be 
tested). One may regard each pasture as a population and each 
transect as a sample from that population. Variation from transect 
to transect then estimates variation inherent in the population. An 
F test may be used to compare mean canopy cover among these 3 
pastures. This approach is being used more and more commonly in 
applied ecological research (e.g., Belsky 1986, Guthery 1987, 
Schulz and Guthery 1987, Thurow et al. 1988, Baker and Guthery 
1990, Dormaar et al. 1990). 

Study 3, A 

Black’s study is a straightforward example of what Hurlbert 
(1984) called “simple pseudoreplication.” As Hurlbert (1984, p. 
201) noted, “multiple samples per experimental unit do not 
increase the degrees of freedom available for testing a treatment 
effect.” It is often claimed that significant differences between 
unreplicated treatments may be attributable to the treatment effect 
if, prior to treatment, differences between plots were found to be 
statistically nonsignificant. Hurlbert (1984, p. 200-201) dispels any 
misunderstanding on this point with a detailed example showing 

Steel and Torrie (1980, p. 500-501) discuss an example of the 
effect of enrichment of bacterial inoculum with different vitamins 
on mortality of mice. Treatments are inoculum cultured in broth 
with 4 different vitamins. The experimental unit is an individual 
mouse; 9-13 mice are assigned randomly to treatments. The 
response variable is mouse survival or death. Data may be arrange 
in a 2 X 4 contingency table, with “dead” and “alive” as row 
designations and the 4 treatments as column designations. The 
hypothesis that the proportion of live mice does not differ between 
treatments may be tested with a chi-square test or a likelihood ratio 
G test. It is important to emphasize that although these nonpara- 
metric tests are distribution-free tests, they are not assumption-free 
tests. In particular, assumptions underlying these tests are that: (1) 
the observations in each treatment are a random sample from the 
corresponding population, (2) the observations in the treatments 
are mutually independent, and (3) each observation may be classi- 
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Fig. 1. Plot diagrams for Study 3, A. Trees are represented by x’s; circled x’s are treated with picloram; x’s with squares are treated with dicamba; x’s with 
triangles are treated with 2,4-D. (a) Each rectangle represents a O&ha plot. Chemical are assigned to plots, with 1 plot per chemical.(b) Chemicals are 
(nonrandomly) assigned to trees rather than to plots. (c) Simihu to part (a) except there are 2 plots randomly assigned to each chemical.(d) Similar to 
part (b) except that-trees are randomly assigned to chemicals. 

fied into the categories “dead” or alive” (Bishop et al. 1975, Con- 
over 1979). 

Study 3, B 
Scientist Gray studied the effect of 3 herbicide treatments on 

mesquite (Prosopis glundulosu Torr.) mortality. The field design 
was as follows: 3 contiguous O&ha plots were established and 
randomly assigned to a chemical treatment, with 1 plot per treat- 
ment. In each plot 5 trees were randomly selected and hand- 
sprayed with the chemical assigned to the plot. 

The study can be described in 2 ways (Fig. 1). First, suppose the 
experimental unit is the O&ha plot; this is, in fact, the unit to which 
the chemical treatment was assigned (Fig. la). Mortality would be 
expressed as the percentage of plants killed in each plot. Data 
would be summarized in contingency table with 2 rows (dead and 
alive) and 3 columns (corresponding to treatment). If the experi- 
mental unit is defined as the 0.4-ha plot, then this study lacks 
treatment replication: the approach of expressing mortality as 
percentages yields only 1 datum per treatment. If there had been at 
least 2, O&ha plots per treatment (and assignment of chemical 
treatment to plots was random), then mortality among treatments 
could be tested for equality with an F test (after appropriate 
transformation) because each plot (experimental unit) yields an 
estimate of mortality. With only 1 plot per treatment, however, 
treatments are randomly assigned to experimental units (0.4-ha 
plots), but treatments are not replicated. 

A second approach would be to consider the individual tree as 
the experimental unit; there would then be 5 experimental units per 
treatment (Fig. lb). Data would be summarized in a contingency 
table with 2 rows (dead and alive) and 3 columns (corresponding to 
treatment). However, this approach also has problems. If the 
individual tree is considered the experimental unit, then there is 
replication but treatments are not randomly assigned to experi- 
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mental units. Each experimental unit (tree) in the study area did 
not have an equal chance of receiving a treatment: even though 
individual trees were sprayed, treatment (chemical) assignment 
was to the (group of trees in the) 0.4-ha plot; hence treatments were 
not randomly assigned to experimental units. It is possible that 
there may be some systematic variation from plot to plot due to, for 
example, soil conditions, and differences in tree response from plot 
to plot may be attributable largely to one or more of these other 
factors and not to the chemical treatment. Snedecor and Cochran 
(1980, p. 127) provide a firm reminder: “Before claiming that the 
significant difference is caused by the variable under study, it is the 
investigator’s responsibility to produce evidence that disturbing 
factors of this type could not have produced the difference. . .the 
device of randomization. . .makes it easier to ensure against mis- 
leading conclusions from disturbing influences.” 

This research could have been designed differently in 2 ways to 
render analyses appropriate. If the experimental unit is the 0.4-ha 
plot, then there should be at least 2 plots per treatment, and 
treatment assignment to plots should be random (Fig. lc). Analysis 
of variance is appropriate to test the hypothesis that mortality does 
not differ among treatments; an arcsin transformation may be 
required because data are percentages. Alternatively, if the exper- 
imental unit is the individual tree, then several trees must be treated 
with each chemical, and again treatment assignment to experimen- 
tal units must be random (Fig. Id). A contingency table-based 
analysis with a chi-square or likelihood ratio G test is appropriate 
to test the hypothesis that the proportion of dead trees does not 
differ among treatments. 

Study 4, A 
Range research involving livestock often is subject to limitations 

and difficulties not typically encountered in researching dealing 
with plants. For example, consider a supplementation study using 

289 



steers on native rangeland. The treatment is level of protein sup- 
plementation. Suppose that 4 levels of supplementation are ran- 
domly assigned to animals, with 30 animals in each supplementa- 
tion group. Due to feeding logistics, the 30 animals assigned to 
each treatment are randomly assigned to a fenced pasture. The 4 
pastures used in the study are similar in all reasonable respects 
(e.g., similar management history, soils, forage type and availabil- 
ity, etc.). 

In this study, the experimental unit for the supplementation 
treatment is the individual steer. With 4 treatments randomly 
assigned to 30 animals each, there is appropriate randomization of 
treatments to experimental units as well as appropriate replication. 
The model assumed for this study would be the linear model for a 
l-way analysis of variance without a sampling error (see Study 2). 

However, by keeping the 30 animals in each treatment in separ- 
ate pastures, there is nonrandom handling of treatment groups. 
Two potential consequences of this are: (1) confounding of pasture 
effects with treatment effects, and (2) positively correlated errors 
within treatment groups due to a common environment (Gill 1978, 
p. 20). Whereas the first consequence may be reduced by selecting 
pastures that are as similar as possible, it is clear from Hurlbert’s 
(1984, p. 201) statement regarding multiple samples per experi- 
mental unit that this is not an effective solution to the problem. 

The second consequence (correlated errors) can have very 
serious implications in sigticance tests. One of the assumptions in 
the F test underlying the linear model for a completely randomized 
design is that the errors are uncorrelated. Failure to recognize and 
adjust for correlated errors changes the type I error rate of the F 
test. Smith and Lewis (1980) developed an adjustment for the F 
statistic to account for equicorrelated errors, and Scariano and 
Davenport (1984) extended the adjustment to cases with non- 
equicorrelated errors. Without these adjustments, actual signifi- 
cance levels differ from the nominal significance levels. 

Conclusions 
In many cases it is difficult to replicate or randomize approp- 

riately, perhaps because of logistic constraints or financial limita- 
tions. Although these considerations often exercise profound 
influence on research, they do not excuse the rules of mathematical 
statistics. It may well be difficult or impossible to incorporate 
replication and randomization in the assignment of treatments to 
experimental units; however, this is not justification for interpret- 
ing and presenting results from statistical tests us ifthe study had 
been designed with appropriate replication and randomization. 
Eberhardt and Thomas (1991) present a detailed discussion of data 
analysis and interpretation of field studies which vary in the degree 
of control over which an investigator has in experimental design. 

It is worthwhile to recall Hurlbert (1984, p. 188): “the quality of 
an investigation depends on more than good experimental design, 
so good experimental design is no guarantee of the value of study.” 
The fact that appropriate replication and randomization are not 
incorporated into a study does not mean, in and of itself, that the 
study lacks useful information. The importance of proper experi- 
mental design as a key component in the process of “strong infer- 
ence” (Platt 1964) is in no way diminished by recognizing that 
knowledge can be accumulated through an amalgamation of 
observational data and experimentation. The former information 
is not secondary to the latter, and scientific advancement may be 
more rapid and efficient if observational and experimental endea- 
vors are used in a complementary way (e.g., Schoener 1983, Haw- 
kins 1986). 
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Abstract 

Tallgrass prairies are an important forage resource in the eastern 
Central Great Plains. The effect of spring burning, fertilization, 
and atrazhre [6-chloro-N-ethyl-N’-(l-methylethyl)-l,3,5-triazhre- 
2,4diamine] on standing crop of selected herbaceous species and 
categories of vegetation was determined in 6 tallgrass prairie envi- 
ronments located near Lincoln and Virginta, Neb., from 1987 
through 1989 and 1 site near Bloomfleid, Neb., in 1987. The 
grasslands were in good to excellent condition at the time these 
studies were conducted. Portions of each site were burned in 
mid-to late spring, atrazine was applied at a rate of 2.2 kg a.i. ha-’ in 
late April to early May, and fertilizer was applied in mid-May. 
Despite below-normal precipitation at 6 of the 7 sites, burning 
combined with fertilization improved warm-season grass standing 
crop by 50 to 127% in 5 of the 7 grassland environments studied. 
This reflected the positive response of the dominant warm-season 
grasses, big biuestem (Andropogon gerurdii Vitman var. gerardii 
Vitman) and indiangrass [Sorghustrwn nulons(L.) Nash], to burn- 
ing or fertilization. Atrazine increased warm-season grass standing 
crop at only the site near Bloomfield. Kentucky bluegrass (Poe 
pratensis L.) and annual bromes (Bromuzspp.) were more suscept- 
ible to atrazine than smooth brome (Bromus inermis Leyss.). Forb 
standing crop was signiftcantly reduced by atrazhte alone or by 
burning followed by atrazine application in 4 of the 7 prairie 
environments. Burning combined with fertilizer application im- 
proved warm-season grass standing crop in good to excellent 
condition grasslands and obviated the need to use atrazine. 

Key Words: herbaceous standing crop, big bluestem (An&o- 
pogon gerurdii Vitman var. gerardii Vitman), indiangrass [Sorgh- 
astrum nutens Nash], smooth brome (Bromus iherds Leyss.), 
Kentucky bluegrass (Pooprutensis L.), warm-season grasses, cool- 
season grasses, forbs 

Tallgrass prairies occur throughout the eastern Central Great 
Plains of North America and are a valuable resource that can 
provide high quality warm-season grass forage if properly man- 
aged. In this region abundant cool-season forages and crop 
residues are available for grazing by livestock in the spring, fall, 
and winter (Waller and Schmidt 1983). However, there is an 
imbalance in seasonal forage supply because of a lack of warm- 
season grass forage during the summer. Because of this imbalance, 
there is a tendency for producers to overstock their warm-season 
forages, which often leads to deterioration of this resource. 
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Increasing the productivity of the warm-season forages found on 
existing tallgrass prairies that are in good to excellent condition 
could improve availability of forage in the summer. 

Methods to improve productivity of tallgrass prairies include 
spring burning, fertilization, and application of atrazine [6chloro- 
N-ethyl-N’-(l-methylethyl)-l,3,5-triazine-2,4diamine]. Factors that 
influence the response of tallgrassdominated plant communities 
to these treatments include vegetation composition and succes- 
sional status (Gillen et al. 1987), time of spring burning (Towne and 
Owensby 1984) and time of fertilizer application (Rehm 1984). 
Atrazine has been applied to selectively control introduced cool- 
season grasses Kentucky bluegrass (Poaprutensis L.) and smooth 
brome (Bromus inermis Leyss.) and improve productivity of 
warm-season grasses in degraded tallgrass prairies (Samson and 
Moser 1982, Waller and Schmidt 1983). 

A management strategy that combines atrazine application with 
fertilization and burning in the spring could improve productivity 
of warm-season grasses in eastern Central Great Plains tallgrass 
prairies and alleviate limitations in summer forage supply. The 
importance of atrazine as a component of a management program 
must be assessed and other strategies identified because of the 
suspension of this herbicide from use on rangeland. A series of 
studies were conducted in tallgrass prairies in good to excellent 
condition to determine the influence of these treatments on stand- 
ing crop of the warm- and cool-season grass and forb components 
of these plant communities and to determine if there is any advan- 
tage to including atrazine in a treatment regime with burning and 
fertilization to improve tallgrass prairie productivity. 

Materials and Methods 

Three studies were conducted during a 3 year period from 1987 
through 1989 in 7 environments to determine the response of 
tallgrassdominated plant communities to burning, fertilization, 
and atrazine application in the spring. Plant community response 
to treatments was assessed and livestock were excluded from the 
study sites the year of treatment. 

Study 1 
In 1987, sites were established on grasslands located 15 km 

northwest of Lincoln, Neb., (Nine-Mile Prairie) and IO km 
southwest of Bloomfield, Neb. The soil at the site near Lincoln was 
a Sharpsburg silty clay loam (Typic Arguidoll) and near Bloom- 
field was a Dickinson loamy sand (Typic Hapludoll). The Lincoln 
site was a tallgrass prairie that had not been grazed and had been 
burned at 2 to 3 year intervals since 1968. The Bloomfield site 
supported a grassland community that had been grazed annually 
since revegetation with tall- and mid-grasses in the 1950’s. 

One-half of an area (148 X 54-m) was burned at the Lincoln and 
Bloomfield sites on 18 April and 23 April 1987, respectively. Three 
plots (74 X 18-m) were delineated within the burned and unburned 
areas at each site. In May 1987, one-half of each plot was fertilized 
with I10 kg N ha-‘. In addition, 22 kg P ha-’ was applied at the 
Bloornfield site because the soil was phosphorus deficient. Atra- 
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Table 1. Botanical compoaltlon of tallgrass pralrles near Bloom&Id, Lincoln, and Virginia, Nebraska.’ 

1987 1988 1989 
Bloomfield Lincoln Lincoln Virginia-G Virginia-H Lincoln Virginia 

-__~______-_~____~__~~~~~~~~~~~~~~~~~~~~~ %__________________________________________ 
Big bluestem 0 68 78 I9 I1 60 42 
Indiangrass 40 I3 2 28 29 I6 I4 
Prairie/Tall dropseed 0 0 0 41 I2 1 I1 
Other warm-season grasses 48 12 7 2 36 4 6 
Smooth brome 7 0 0 0 4 0 7 
Kentucky bluegrass NH2 NH 9 I : 1 9 
Scribner’s/ Wilcox’s 3 1 0 4 I 6 

panicum 
Other cool-season 0 I 0 0 0 I 0 

grasses 
Sedge I 3 0 2 2 5 4 
Forbs I 2 4 3 2 10 I 
‘Expressed as a percent of total herbaceous standing crop. 
2Not harvested separately (NH). 

zine was applied at 2.2 kg active ingredient (a.i.) ha-’ to half of each 
fertilized and unfertilized plot within the burned and unburned 
areas. In early August 1987, vegetation within two OS-m2 quadrats 
placed within each subplot was clipped to a 2-cm stubble height, 
separated by species, oven-dried, and weighed. 

Study 2 
In 1988 sites were established on tallgrass prairies near Lincoln 

(Nine-Mile Prairie) and Virginia (Dalbey-Halleck Farm), Neb. 
The soil at the site near Lincoln was a Sharpsburg silty clay loam 
and that near Virginia was a Pawnee clay loam (Aquic Argiudoll). 
The Lincoln site had a similar history to the tallgrass prairie in 
Study 1. Two sites located 5 km south of Virginia on a tallgrass 
prairie were used in this study. For a period of 25 years before 
initiation of this study, 1 site (Virginia-G) had been moderately 
grazed for 50 to 60 days during the summer and the other site 
(Virgina-H) had been hayed in late July or early August. The 
Virginia-G site was sprayed with atrazine at 4.4 kg a.i. ha-’ in 1986 
and with 1.1 or 2.2 kg a.i. ha-’ of 2,4-D [(2,4dichloro-phen- 
oxy)acetic acid] each year from 1982 to 1987. Both sites were 
burned in mid-April 1986 and 1987. 

Eight plots (10 X 20-m) were established at each site in April 
1988. Four of these plots were burned on 6 May 1988. After 

burning four, 5 X 10-m subplots were delineated within each main 
plot. On 12 May 1988 randomly selected subplots were fertilized at 
a rate of 1 lo-22 kg N-P ha-’ and atrazine was applied at a rate of 2.2 
kg a.i. ha-’ to 1 fertilized and 1 unfertilized subplot within each 
plot. In August 1988, vegetation within 2,0.25 m* quadrats ran- 
domly placed within each subplot was clipped to a 2-cm stubble 
height, separated by species, oven-dried, and weighed. 

Study 3 
In 1989 study sites were established on tallgrass prairies near 

Lincoln (Nine-Mile Prairie) and Virginia (Dalbey-Halleck Farm), 
Neb. The soil at the site near Lincoln was a Shelby clay loam (Typic 
Argiudoll) and that near Virginia was a Pawnee clay loam. Man- 
agement of the Lincoln and Virginia sites was similar to that in 
Study 1 and Virginia-G in Study 2, respectively, except that the site 
near Lincoln was burned by a wildfire on 10 March 1988. 

Eight plots (10 X 20-m) were delineated at each site in April 
1989. Four plots were burned on 19 April and 20 April 1989 at 
Virginia and Lincoln, respectively. After burning, four, 5 X 10-m 
subplots were delineated within each main plot. On 26 April 1989 
atrazine was applied at a rate of 2.2 kg a.i. ha-’ to 2 randomly 
selected subplots within each main plot. In mid-May fertilizer at a 
rate of 67-22 kg N-P ha-’ was applied within each bum treatment main 

Table 2. Mean standing crop and F-test probabilities of warm-season grasses harvested in the summer after applications of fire, fertilizer, and atruine in 
the spring to grassland sibs near Bloomfleld, Lincoln, and Virginia, Nebraska. 

Treatment’ 

BFA 
BF 
BA 
B 
FA 
F 
A 
0 

1987 1988 1989 
Bloomfield Lincoln Lincoln Virginia-G Virginia-H Lincoln Virginia 

~~~~~~___~~__~~___~____~~~~~_~~~~~~~~~~~kgha~’~--------------------------~~~~~~~~~~~~~ 
7792 10138 4342 9555 4216 505 1 3030 
4829 9342 5698 8830 3649 5178 2568 
4331 5415 3083 5400 2618 3700 2678 
2088 5097 3568 5810 2290 3670 2271 
5313 7050 4730 6322 2487 3964 3353 
1339 5976 3362 5433 2924 3993 3669 
3284 4820 3726 4774 1953 3818 2009 
2266 4703 3222 4376 2314 2969 1714 

Source of variation df _______ -_________________________F_testprohabilities------------------------------------ 
Burn(B) 1 ND2 0.24 0.01 <O.Ol 0.15 0.89 
Fertilizer(F) I <O.Ol co.01 <O.Ol co.01 co.01 CO.01 
Atrazine(A) I CO.01 0.08 0.98 0.38 0.90 0.49 0.38 
BXF I <O.Ol <O.Ol 0.16 0.02 0.02 0.11 0.01 
BXA I 0.92 0.95 0.03 0.59 0.03 0.38 0.35 
FXA I 0.10 0.25 0.99 0.37 0.82 0.32 0.56 
BXFXA I 0.29 0.69 0.27 0.72 0.67 0.49 0.49 

*Treat.ments arc burned in spring(B), fertilized(F), atrazinc applied at 2.2 kg a.i./ ha (A), and no tre$tment (0). Feflilizer rates: ,l I?-?2,kg N-P/ ha applied at Bloomtield in 1987 
and Lmcoln and Vw@nia in 1988,110 kg N/ha applied at Lmcoln in 1987, and 67-22 kg N-P/ ha 
>Main effect of burmng could not be determined because the whole plots were non-replicated. 

appbed at Lmcoln and Vquua m 1989. 

292 JOURNAL OF RANGE MANAGEMENT 45(3), May 1992 



plot to 1 subplot that had been treated with atrazine and 1 that had 
not. In late July 1989, vegetation within two 0.25mr quadrats 
randomly placed within each subplot was clipped to a 2cm stubble 
height, separated by species, oven dried, and weighed. 

Botanical Composition 
The sites used in these studies were in good to excellent condition 

as indicated by botanical composition (Table 1). The grassland 
near Bloomfield was dominated by indiangrass [Sorghustrum 
nutan~ (L.) Nash] and little bluestem [ Schizachyrium scopurium 
(Michx.) Nash], with each comprising 40% of the warm-season 
grasses, while big bluestem (Andropogon gerurdii Vitman var. 
gerardii Vitman) was uncommon. At the sites near Lincoln, big 
bluestem constituted 60% or more of the herbage with indiangrass 
as the next most common species except on the site treated in 1988. 
Indiangrass, tall dropseed [Sporobolus usper (Michx.) Kunth], 
prairie dropseed [Sporobolus heterolepis (Gray) Gray], and big 
bluestem were the most common grasses at the tallgrass prairie 
sites near Virginia. The cool-season grass component of the 7 
grassland environments evaluated in these studies ranged from 1 to 
10% except at the site near Virginia in 1989 which contained 22% 
cool-season grasses. The most common cool-season grasses were 
smooth brome, Kentucky bluegrass, Scribner’s panicum [Dicun- 
thelium oligosanthes (Schult.) Gould var. scribnerianum Nash], 
and Wilcox’s panicum [ Dicunthelium oligosanthes (Schult.) Gould 
var. wilcoxiunum (Vasey) Gould and Clark]. 

Experiment Design and Data Analysts 
Study 1 was designed as a randomized complete block arranged 

as a split-split plot. Burning treatments constituted the whole plots, 
but were not replicated. Fertilizer and atrazine treatments were the 
subplots and sub-subplots, respectively, and were replicated 3 
times within the burned and unburned whole plots. Because whole 
plots were nonreplicated, an error term could not be generated to 
test the main effect of burning. Despite the restriction in placement 
of bum treatments, appropriate error terms could be developed to 
test fertilizer and atrazine main effects and interactions with each 
other and burning (Anderson and McLean 1974). Testing the 
interactions that include burning are appropriate if the differences 
observed in plant response resulted from burning and not other 
factors unique to the burned or unburned whole plots. Given the 
similarity in botanical composition, soil characteristics, and man- 
agement history between the whole plots at each site, we were 
confident that interactions with burning could be tested. Data 
from burned and unburned whole plots at each site were pooled 
after the error variances were determined to be equal. Equality of 
error variances was determined using a F-test where P50.05 (Steel 
and Torrie 1980). Studies 2 and 3 were designed as randomized 
complete blocks arranged as split plots with 4 replications per 
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Fig. 1. Cumulative precipitation 8t 3 locations in eastern Nebraska during 

the time tbat these studiea were conducted. 

treatment combination. Burning treatments were the whole blots 
and fertilizer and atrazine treatments were randomly assigned 
subplots within the replicated whole plots. Hierarchial analysis of 
variance was used in each study to determine the influence of main 
effects (except main effect of burning, 1987) and interactions on 

Table 3. Mean standing crop of warm-season grasses harvested in the summer, following applications of fire, fertilizer, end l trazine in tbe spring to 
taUgass prairies near Bloomfield, Lincoln, and Virginia, Nebraskan. 

Spring 

burning 

None 
None 
Burn 
Burn 

LSD (0.05) 

Fertilizer* 

None 
Fertilize 
None 
Fertilize 

1987 1988 1989 

Bloomfield Lincoln Lincoln Virginia-G Virginia-H Lincoln Virginia 

______________________~~~~~~~~~~~~~ ~g~~~‘~~~~-----------~~___~_____~~~~~~~~~ 
2775 4761 3474 4595 2133 3394 1861 
3326 6513 4046 5877 2705 3978 3511 
3210 5246 3325 5605 2454 3685 2474 
6311 9741 5om 9192 3932 5115 2799 
934 1303 NS’ 1325 535 NS 694 

‘Standing crop averaged across atrazine treatments. 
2Fertilizer rates: I IO-22 kg N-P/ ha? applied at Bloomfield in 1987 and Lincoln and Virginia in 1988, I10 kg N/ ha-’ applied at Lincoln in 1987, and 67-22 kg N-P/ha-l applied at 
Lincoln and Virginia in 1989. 
‘Not significant at P50.05 level of probability. 
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Table 4. Mean standing crop of wnrm-season (Wann)and coo&neon (Cool) grasses harvested ln the summer following applications of fire, fertilizer, and 
atnzlne In the spring to tallgrass prairies near Bloomfleld, Lincoln, and Virginia, Nebraska. 

1987’ 
Bloomfield Lincoln 

19882 
Virginia-H 

Spring burning Atrazine WarItl Cool Warm Cool Warm Cool 

None 
None 
Bum 
Bum 

kg a.i. ha“ ____________________------- _______~g~-‘___~~-__~--_~______~~~__~---~~---- 
0 2631 279 3292 457 2619 395 

2.2 5180 II0 4228 28 2220 311 
0 - - 4633 123 2970 277 

LSD goa 
- - 3712 177 3417 137 

1134 142 1136 266 535 NS’ 

lStanc?ing crop averaged over burning and fertilizer treatments. 
Wanding crop averaged over fertilizer treatments. 
3Not significant. 

standing crop of selected herbaceous species and categories of 
vegetation. Treatment means were compared using Fisher’s- 
protected least significant difference (Steel and Torrie 1980). 

Results and Discussion 
Precipitation was below normal at 6 of 7 sites during the studies 

(Fig. 1). Precipitation amounts in 1987 were 18% above the long- 
term average at Lincoln and 6% below average at Bloomfield. 
Precipitation at Lincoln in 1988 and 1989 was 31 and 9% below 
normal, respectively. Amount of precipitation at Virginia was 38 
and 27% below normal in 1988 and 1989, respectively. The precipi- 
tation deficit at Lincoln and Virginia in 1988 and 1989 became 
more pronounced as the growing season progressed. 

on burned and fertilized areas. Difference in warm-season grass 
standing crop between the burned and unburned areas that were 
fertilized may also result from burning-induced removal of the 
protective mulch layer and below-average precipitation during 
1988 and 1989 (Fig. 1). The combined effect of these Zfactors could 
have depleted the soil water available for plant growth on burned 
areas more rapidly than on unburned areas. 

Fertilization increased (P<O.Ol) warm-season grass standing 
crop in all prairie environments evaluated (Table 2). Burningcom- 
bined with fertilization increased standing crop of warm-seas& 
grasses by 50 to 127% in 5 of the 7 tallgrass prairie environments as 
compared to standing crop from unburned and unfertilized areas 
(Tables 2 and 3). Warm-season grass standing crop on burned and 
fertilized areas was greater than on burned or fertilized areas at 
both sites in 1987 and near Virginia in 1988 (Table 3). Moreover, 
there was a trend for a similar response at the Lincoln sites in 1988 
and 1989. The observed increases in standing crop were in part due 
to the positive effect of burning or fertilization on big bluestem and 
indiangrass. Big bluestem and indiangrass standing crop were 
increased (P50.05) by burning in 4 environments and by fertiliza- 
tion in 3 environments. These findings are consistent with studies 
conducted in a tallgrass prairie in Oklahoma (Graves and McMurphy 
1969) and in the Kansas Flint Hills (Owensby and Smith 1979) 
where burning and fertilization increased warm-season grass 
yields. Knapp and Seastedt (1986) indicated that burning benefits 
tallgrass prairie by removing plant biomass accumulations that can 
be quite large and, if allowed to remain, can stiile plant productiv- 
ity. Removing this biomass enhances the light environment of the 
emerging plant shoots and warms the soil earlier in the spring, 
which increases organic matter decomposition and improves nut- 
rient availability (Knapp 1984, Seastedt 1988). Nitrogen addition 
increases warm-season grass yield by overcoming any limitation in 
the availability of this nutrient. Seastedt (1988) determined that 
burned tallgrass prairies are nitrogen-limited environments because 
much of this nutrient is immobilized by plant roots on frequently 
burned sites. 

Warm-season standing crop was significantly affected (p10.05) 
by the main effect of atrazine only at the Bloomfield site (Tables 2 
and 4). The positive response of warm-season grasses to atrazine 
occurred in conjunction with suppression of the cool-season grass 
component of the plant community. This suppression may have 
contributed to improve warm-season grass standing crop by reduc- 
ing competitiveness of the cool-season grasses. Waller and Schmidt 
(1983) determined that atrazine applied in the spring increased 
yield of warm-season grasses in an eastern Nebraska tallgrass 
prairie by suppressing smooth brome and Kentucky bluegrass. 
Growth enhancement caused by atrazine may also account for the 
97% increase in warm-season grass standing crop where the herbi- 
cide was applied at the Bloomfield site. Sublethal doses of s- 
triazines have been found to stimulate growth of perennial grasses 
(Reis 1976) and improve blue grama [Bourelouagrucilis (H.B.K.) 
lag ex Steud.] drought tolerance (Hyder et al. 1976). 

The warm-season grass component of the remaining 6 tallgrass 
prairie environments was largely unresponsive to atrazine applica- 
tion. The interaction of burning by atrazine influenced standing 
crop of warm-season grasses at the Lincoln and Virginia-H sites in 
1988 (Tables 2 and 4). Warm-season grass standing crop from 
areas that were treated with atrazine was no different from that on 
burned areas. The lack of response of the Virginia site in 1989 to 
atrazine was unexpected since cool-season grasses comprised 22% 
of the plant community (Table 1). The lack of response may be due 
to the relatively high amount of smooth brome, Scribner’s pani- 
cum, and Wilcox’s panicum, which are less susceptible to atrazine 
than Kentucky bluegrass. The absolute dominance of warm- 
season grasses and minor occurrence (<lo%) of cool-season 
grasses at the sites near Lincoln and Virginia in 1988 negated the 
positive effect of atrazine-induced cool-season grass suppression 
on warm-season grass standing crop. 

The site at Virginia 1989 was the only site where warm-season 
grass standing crop was greater on the fertilized areas than on the 
burned and fertilized areas (Table 3). This resulted from the signifi- 
cant (P<O.O3) contribution made by prairie and tall dropseed to 
the total warm-season grass standing crop on unburned and fertil- 
ized areas. The standing crop of the dropseeds was 1,308 kg ha-’ on 
unburned and fertilized areas as compared to 617 kg ha-’ produced 

Cool-season grasses were not a dominant component of the 
tallgrass prairies studied (Table 1). This reflected the date of plant 
harvest, which occurred well past the time of cool-season grass 
peak production and the good to excellent condition of the grass- 
lands. Despite the small amount of standing crop, response of the 
cool-season grasses to the various treatments could be assessed. 
Kentucky bluegrass and annual bromes (Bromus spp.) appeared to 
be more susceptible to atrazine than smooth brome. Atrazine 
reduced (EO.05) the standing crop of Kentucky bluegrass in 4 of 
the 5 environments sampled in 1988 and 1989. Annual bromes were 
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Table 5. Mean standing crop of forbs harvested in summer following 
applications of fire, fertilizer, and atrazine in the spring to grassland sites 
near Bloomfield, Lincoln, and Virginia, Nebraska. 

Spring 
burning Atrazine 

1987 1988 1989 -- 
Bloom- Virginia- 
field’ Lincoln2 HI Lincoln2 

None 
None 
Bum 
Bum 

kg a.i. ha-’ 
2O2 

b 
2.2 

LSD (0.05) 

_________kg~‘___________ 
323 298 149 391 
44 61 48 53 
- 756 - 198 
- 173 - 296 
271 258 48 258 

‘Standing crop averaged over burning and fertiliier treatments. 
?3tanding crop averaged over fertilizer treatments. 

common only on the Virginia-G site and were completely elimi- 
nated from the community by burning or atrazine application. In 
contrast, smooth brome standing crop was reduced (p10.05) on 
only 2 of 7 sites following treatment with atrazine. Waller and 
Schmidt (1983) observed that smooth brome was more resistant to 
application of atrazine in late April than Kentucky bluegrass. The 
native cool-season grasses, Scribner’s and Wilcox’s panicum, were 
not adversely affected by atrazine application. Standing crop of 
these grasses actually increased (X0.01) from 151 to 287 kg ha-’ 
following atrazine application at the site near Virginia in 1989. 
Atrazine deactivation by carbon in the ash residue remaining after 
burning did not appear to influence cool-season grass response to 
atrazine on plots that were burned. Engle et al. (1990) found that 
the phytotoxic activity of atrazine on prairie threeawn (Aristida 
oligantha Michx.), declined when the herbicide was applied within 
30 days after burning a tallgrass prairie in Oklahoma. They sug- 
gested that the atrazine was adsorbed by the ash and immobilized, 
making it unavailable for uptake by prairie threeawn. 

Forb standing crop was significantly reduced by atrazine or 
burning followed by atrazine application in 4 of the 7 grassland 
environments (Table 5). Similarly, atrazine reduced forb yields on 
rangeland in central Texas (Petersen et al. 1983) and tallgrass 
prairie in central Oklahoma (Gillen et al. 1987). The lack of forb 
response at the remaining 3 sites in these studies was related to 
composition of the forb component of the prairie communities. 
The dominant forbs on the site near Lincoln in 1988, lead plant 
(Amorpha canescens Pursh) and silver-leaf scurfpea (Psoralea 
argophylla Pursh), appeared to be resistant to atrazine application. 
Houston (1977) and Gillen et al. (1987) found that a native legumi- 
nous forb, slim-leaf scurfpea (P. tenuiflora Pursh), was resistant to 
atrazine. Forb response to the atrazine was difficult to assess at the 
grazed sites near Virginia in 1988 and 1989 because so few forbs 
were present. Low forb occurrence resulted from annual applica- 
tions of 2,4-D at rates of 1.1 to 2.2 kg a.i. ha-’ to control musk 
thistle (Carduus nutans L.) for a 6-year period before this study 
was started. 

Management Implications 
Burning combined with fertilization improved productivity of 

the warm-season grass component of tallgrass prairie communities 
in good to excellent condition. The economic feasibility of using 

fire and fertilization to improve tallgrass prairie productivity will 
be determined in part by how much additional forage a producer 
needs to sustain livestock during the summer. Low availability of 
high quality forage during the summer is typically the factor that 
most limits livestock enterprises in the eastern Central Great Plains 
since cool-season forage and crop residues for fall, spring, and 
winter grazing are plentiful. Alleviating this forage shortage should 
benefit producers in this region. Additional research is needed to 
determine if delaying burning to later in May would reduce soil 
water loss early in the growing season and further improve warm- 
season grass yields. Atrazine applied in the spring was generally 
ineffective in improving warm-season grass standing crop and 
adversely affected forbs in the grassland communities studied. The 
primary utility of atrazine application appears to be as a practice to 
renovate degraded prairie communities dominated by introduced 
cool-season grasses (Samson and Moser 1982) and not to improve 
the productity of tallgrass prairies in good to excellent condition. 
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Abstract 

Seeding rangeland is a challenge for rangeland scientists, espe- 
cially on those soils with tendency to crusting. Although some 
information is available on how soil conditioners affect emergence 
of certain comestible crops, little is known about the effect of 
synthetic organic matter on grass emergence. We examined the 
effect of polyacrylamide, a soil conditioner, on seedling emergence 
of Uue panicgrass (Pa&urn u&do&de Retz.), King Ranch blue- 
stem (Bothriochlou isclurcnuun [L.] Keng), sideoats grama (Boute- 
low curtipendula [Michx.] Torr.), plains bristlegrass (Setaria 
macrostllcAy(I H.B.K.), and ‘salado’ aikali sacaton (Sporobolus 
airokfes [Torr. ] Torr.) under field conditions. Emergence of blue 
panicgrass and sideoats grama was increased with polyacrylamide 
applications, even at the lowest concentration (10 kg ha-r) during 
summer 1987. No emergence response to polyacrylamide applica- 
tions was found for King Ranch bluestem, and plains bristlegrass 
did not emerge in any experimental plots during summer 1987. 
During summer 1988, blue panicgrass and sideoats grama emer- 
gence was again increased with polyacrylamide applications. 
Emergence of ‘salado’alkali sacaton and King Ranch bluestem was 
unaffected by polyacrylamide applications. Soil conditioners may 
be a feasible alternative for seeding some rangeland in areas where 
crusting is a problem. 

Key Words: soil conditioner, seeding 

Seeding technologies for certain rangelands have not been ade- 
quately developed, and as a consequence, large rangeland areas 
remain in a stage of depletion after perturbation. Development of 
new technologies for seeding rangelands is needed because of 
crusting soils that retard plant germination and emergence (Herbel 
et al. 1973). Soil crusting may be caused by disintegration of soil 
aggregates (Coughlin et al. 1973) or by chemical dispersion of clay 
particles (Agassi et al. 198 1) that are washed into voids. After either 
process, wetting and drying cycles form the crust. Application of 
organic matter may ameliorate crusting problems. The beneficial 
effects of applying organic matter to soils was empirically recog- 
nized about 4,000 years ago by the Sumerians (Kramer 1963). 
Today, it is well known that applying organic matter, such as crop 
residues and manure, increases the bonding of mineral particles 
into water-stable aggregates (Elson 1940 and Dzhanpeisov et al. 
1984), which reduces crusting. Unfortunately, in some areas, natu- 
ral organic matter is either unavailable or scarce; thus, improve- 
ment of soil structure may be achieved by using synthetic polymers. 

Research on synthetic soil conditioners was quite active about 4 
decades ago when some researchers such as Hedrick and Mowry 
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(1952); Martin (1953); and Quastel(l954) showed the stabilizing 
effect of some chemicals. More recently, other researchers such as 
Cook and Nelson (1986) showed the beneficial effect of these 
chemicals in improving emergence of alfalfa (Medicago sativa L.) 
and sweet corn (Zea muys L.). Synthetic soil conditioners increased 
emergence of tomato (Lycopersicon esculenturn Mill), cotton 
( Gossypium hirsutum L.), and lettuce (Lactuca sativa L.) seedlings 
(Wallace and Wallace 1986a and 1986b), and improved emergence 
of the grasses: sideoats grama (Bouteloua curtipendula ,Michx. 1 
Torr.), alkali sacuton (Sporobolus airoides [Torr.] Torr.), and 
Boer lovegrass (Eragrostis chloromelus Steud.) under greenhouse 
conditions (Rubio et al. 1989,199O). Chemical soil conditions may 
also increase infiltration (Sherwood and Engibous 1953, La1 and 
Greenland 1978, and Wallace et al. 1986~); reduce evaporation 
(Dasberg and Plaut 1964, Lishtvan et al. 1984, and Rubio et al. 
1990); control erosion (Weeks and Colter 1952); improve carbon 
content (Dzhanpeisov et al. 1984); and, possibly, increase yield of 
some crops (Polyakova 1976). 

Polyacrylamide (PAM) is an inexpensive soil conditioner that 
reduces crust formation and improves grass emergence (Rubio et 
al. 1989, 1990), even at low concentrations (Wallace and Wallace 
1986~). Polyacrylamide is manufactured in different ionic configu- 
rations, and is usually used as a flocculating agent. This product 
can be. applied as a solid (granules) or in a solution (liquid), which 
may help in seeding rangeland areas where crusting is a serious 
problem. However, no information is available about how polyac- 
rylamide affects emergence of rangeland grasses under field condi- 
tions. We examined the results of applying 0, 10,20, and 40 kg ha“ 
of PAM (100%_5 million molecular weight) to soil supporting no 
vegetation, but seeded with blue panicgrass (Panicum antidotale 
Retz.), King Ranch bluestem (Bothriochloa ischaemum [L.] 
Keng), sideoats grama, plains bristlegrass (Setaria mucrostachyu 
H.B.K.), and ‘salado’ alkali sacaton under field conditions. 
Polyacrylamide is made and sold by several firms. Polyacrylamide 
used in this study was from the Complete Green Co., 2066 West- 
wood Boulevard, Los Angeles, Calif. 90025. 

Because soil water deficiency in the seed zone is often the major 
cause of grass seeding failures (McGinnies 1960, Osborn et al. 
1967, and McClean and Wikeem 1983), we used waterponding to 
collect more runoff. Dike designs were suggested by Tromble 
(1982), who found waterponding provides adequate soil water 
from 7.5 to 15-cm deep. This is important because seeds with more 
water have a better opportunity to germinate, emerge, and become 
established. However, ponding by itself is inadequate for establish- 
ing grasses (Tromble unpublished data). 

Materials and Methods 

General Methods 
Two field experiments were performed during summer 1987 and 

1988. Both experiment sites were established at the Jornada Exper- 
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imental Range Station, 37 km (33O 11’ N latitude) north of Las 
Cruces, New Mexico. This site is representative of the climate and 
environmental conditions of a semidesert grassland used mainly 
for grazing and wildlife habitat. Low and erratic rainfall, low 
relative humidity, and high evaporation rates occur during the 
summer season, July through September. Drought is common, 
and severe dust storms are common from February through April. 
Yearly rainfall average is 230 mm and about 52% of the rainfall 
occurs during summer. There are 22 different soil series on the 
Jornada, and microrelief changes are dynamic because of water 
and wind erosion. Soils have low organic carbon levels and high 
concentrations of calcium carbonate. Wildlife are abundant on the 
Jornada Experimental Range Station and, phytogeographically, 
this area produces a wide variety of grasses and shrubs. 

Both experiments were conducted upslope from waterponding 
dikes designed and constructed by Tromble (1983). The dikes had a 
horseshoe shape, and were nested below one another progressively 
downslope. Each was designed to catch 250 mm of water, then 
allow excess water to spill into the next one downslope. Thus, 
waterponding modifies the land surface, adds supplemental water, 
increases water infiltration and soil water storage, and controls 
runoff (Tromble 1982). It is assumed that waterponding is advan- 
tageous to seedling establishment as mentioned by Tromble (1982); 
no soil moisture measurements were taken during this study. 
Because salt content was suspected to be high across all treatments, 
5 soil samples were randomly collected at depths of O-5, 5-10, 
lo-15,15-20,20-25, and 25-30 cm at each dike. The 5 soil samples 
were mixed to produce a composite sample for each depth at each 
dike. Additional soil samples at the same depths were randomly 
taken in bare soil without both dikes and vegetation. Electrical 
conductivities were determined for each sample. 

The dikes’catchment areas have medium surface runoff poten- 
tial and moderate water and high wind erosion potential (USDA- 
SCS 1986). The soil is in the fine-silty, mixed, thermic family of 
Ustollic Calciorthids and belongs to the Reagan series. Ten soil 
samples were taken randomly from 0 to 20-cm depth in the diked 
areas, mixed, and a sample analyzed in the Soil and Water Testing 
Laboratory at New Mexico State University. Soil pH was 7.45, 
electrical conductivity was 5.14 mmhos cm-‘, calcium carbonate 
was 17.20%, organic carbon content was 1.03%, nitrogen was 122.0 
pg ml-‘, phosphorus was 8.3 fig ml-‘, potassium was 50.8 pg ml-‘, 
sodium was 2.82 pg ml-‘, and bulk density was 1.47 g cmd. 

Seeds of sideoats grama, alkali sacaton and Boer lovegrass were 
donated by the Jornada Experimental Range Station (USDA- 
ARS). Seeds of blue panicgrass and plains bristlegrass were 
obtained from the USDA-SCS Plant Materials Center, Tucson, 
Ariz., and seeds of ‘salado’alkali sacaton were obtained from the 
USDA-SCS Plant Materials Center at Los Lunas, N.M. Germina- 
tion tests were used to determine germination percentages of the 
seeds before planting. Germination percentages were 36,60,25,69, 
34, and 50% for alkali sacaton, sideoats grama, blue panicgrass, 
King Range bluestem, plains bristlegrass and ‘salado’ alkali 
sacaton, respectively. 

Summer 1987 
Before seeding, dikes were establishd with a motor grader to 

assure water would spill from the highest dike to the lower ones. 
Catchment areas were disked to break the soil surface and prepare 
the seedbed. Treatments consisted of polyacrylamide applications 
at 10,20, and 40 kg ha-’ and the control (0 kg ha-‘). Four perennial 
grasses were tested in the 1987 trial, namely blue blue panicgrass, 
plains bristlegrass, King Ranch bluestem and sideoats grama. A 4 
X 4 factorial arrangement of treatments (4 PAM rates and 4 
grasses) was employed. Four dikes were used, and each dike was a 
replication. The experimental design was a randomized, complete- 
block design with 4 replications. 

Each treatment plot was 3-m long and 2-m wide, with rows 
20-cm apart. Based on germination responses of seed, 2,000 panic- 
grass, 1,660 plains bristlegrass, 730 King Ranch bluestem, and 830 
sideoats grama seeds were planted in each plot to expect 500 
seedlings of each grass per plot. Each of the 10 rows per plot 
received 200 seeds of blue panicgrass, 165 seeds of plains bristle- 
grass, 73 seeds of King Ranch bluestem, and 83 seeds of sideoats 
grama. Anticipated seedlings were about 500 per plot (50 seedlings 
per row). Seeds were planted by hand in a marked groove at about 
0.5 to l.Ocm depth (Cooperative Extension Service 1986), and 
distributed along the rows as evenly as possible. 

Polyacrylamide was weighed and solutions were prepared for 
the different treatments by dissolving PAM in 10 liters of water. 
After seeding, PAM solutions were applied over the soil surface, 
using IO-liter watering cans. Control treatments were watered with 
10 liters of water after planting. A barbed-wire fence excluded 
grazing by sheep and cattle. Emerged seedlings were counted 30 
days after the first rainfall and runoff and emergence percentage 
was calculated. 

Summer 1988 
This experiment was similar to that reported for summer 1987. 

In general, the same grass species as those used in summer 1987 
were used; however, ‘salado’alkali sacaton replaced plains bristle- 
grass because none of the plains bristlegrass seed germinated in any 
of the summer 1987 plots. Seed planting methodology was the 
same as that reported for summer 1987, except 5 rows (not IO) were 
used per plot (distance between rows was 40 cm). Consequently, 
the number of planted seeds per row (and in total per plot) was half 
of that in summer 1987. Each row received 200, 100, 73, and 83 
seeds of blue panicgrass, ‘salado’alkali sacaton, King Ranch blue- 
stem and sideoats grama, respectively. Each plot in each block was 
seeded with 1,000, 500, 365, and 415 seeds of blue panicgrass, 
‘salado alkali sac&on, King Ranch bluestem and sideoats grama, 
respectively, to anticipate 250 seedlings in each plot. 

Polyacrylamide applications were 0, 10, 20, and 40 kg ha-‘. 
Application of this soil conditioner to soil was similar to that 
reported for summer 1987. A 4 X 4 factorial arrangement of 
treatments (4 PAM rates and 4 grass species) in a randomized, 
complete-block design with 4 replications was used. Each dike was 
a replication. Emerged seedlings were counted 30 days after the 
first rainfall, and percentage emergence was calculated. Analysis of 
variance was performed for each species, and contrasts were used 
to determine linear, quadratic, and cubic effects. Differences were 
noted at the 0.05 level of significance. 

Results and Discussion 

Summer 1987 
The first runoff accumulated on the diked areas 17 days after 

planting. Blue panicgrass seedling emergence was significantly 
affected by PAM applications. About 3% emergence occurred on 
control plots in comparison with 11, 16, and 19% in plots treated 
with 10, 20, and 40 kg ha-’ of PAM, respectively. A quadratic 
relationship between PAM applications and seedling emergence 
existed for blue panicgrass (Fig. 1). Plains bristlegrass did not 
emerge in any of the plots so no statistical analysis was performed. 
Seedling emergence of King Ranch bluestem was not affected by 
PAM applications. Only 7% of the seedlings emerged with the 
highest PAM concentration. Control plots and treatments with 10 
and 20 kg ha-’ PAM application reached only about 5,6, and 6% 
emergence, respectively. Sideoats grama seedling emergence was 
improved with PAM applications. About 21% emergence was 
found for this grass with the highest PAM concentration (40 kg 
ha-‘), in comparison with only 3% in control treatments. Treat- 
ments with 10 and 20 kg ha-’ had reached about 7 and 18% seedling 
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emergence, respectively. In general, as PAM rates increased, seed- 
ling emergence increased for sideoats grama. A linear trend was 
evident for seedlings of this grass spcies (Fig. 1). 

Although seedlings of blue panicgrass, King Ranch bluestem, 
and sideoats grama were noticed, these seedlings dessicated 
rapidly, and all plants were dead about 2 months after emergence. 
This dessicating effect had been previously reported by Rubio et al. 
(1989, 1990) in the same grass species with this soil series under 
greenhouse conditions. High salt content in the soil, associated 
with low precipitation and high evaporation rates, caused a nega- 
tive synergistic effect. Although the waterponding dikes increased 
water content in the soil, it was not enough to alleviate the detri- 
mental effect of salts. In reality, the waterponding dikes might 
bring salts to the soil surface where they interfere with germination 
and emergence of some species. 

Dike 2 and dike 4 had the highest salt content at O-10 cm-depth, 
while dike 1 and dike 3 had the highest salt accumulation at 20-25 
cm and 20-30-cm depth, respectively. The highest salt content was 
present in dike 2 with 20.9 mmhos cm-’ and O-5-cm depth. In 
general, dikes 3 and 4 were less affected by salt accumulation. 
Similar electrical conductivities were found for soil samples of the 
dikes 3 and 4 with respect to soil samples of bare soil without dikes. 
Electrical conductivities in bare soil without dikes ranged from 4.1 
(O-5cm depth) to 1.8 mmhos cm-’ (253O-cm depth). However, 
these results showed that dikes 1 and 2 had, at all measured depths, 
salt contents in excess of the definition for a saline soil (Richards 
1954). 

Salty clay soil is recognized as a major problem for rangeland 
seeding. In general, soils without vegetation comprise small areas 
where performances of different species should be tested. In addi- 
tion, PAM, as well as other soil conditioners, may be a valuable 
amendment for seeding rangeland areas. 

Summer 1988 
Control plots reached about 9% emergence averaged across 

species, while plots treated with 10, 20, and 40 kg ha” PAM 
reached about 13, 17, and 27% emergence, respectively. Seedling 
emergence of blue panicgrass was significantly increased with 
PAM applications. Contrasts indicated a strong linear relationship 
between PAM applications and seedling emergence of blue panic- 
grass (Fig. 2). ‘Salado’ alklai sacaton and King Ranch bluestem 
seedlings were unaffected by PAM applications. However, the 
highest percentage of seedlings for these 2 grasses was found with 
application of 40 kg ha-’ of PAM. 

Seedlings of sideoats grama, as expected, were significantly 
improved with PAM applications. Contrasts indicated a positive 
linear relationship between PAM applications and seedlings of 
sideoats grama. The highest ercentage emergence for sideoats 
grama ocurred with 20 kg ha -P of PAM, while the lowest percen- 
tage was found on control treatments. As PAM rates increased, 
seedling emergence also increased until 20 kg ha-’ was applied (Fig. 
2). 

Annual and perennial weeds were identified in the plots for both 
summers. Among the most abundant annual weeds were Russian 
thistle (Salsola iberica Sennen and Pau) and spectacle-pod (Dizhy- 
rea wislizeni Engelm.), while the most abundant perennials were 
hog potato (Hoffmanseggia densijlora Benth.), globemallow (Spha- 
eralcea spp.), and silverleaf nightshade (Solanum elaeagnifolium 
Car.). It is noteworthy that their survival was longer than that of 
the grasses tested. Perhaps weed species or annual grasses can be 
employed as a nurse crop to aid in the seedling survival of perennial 
grasses. 

A comparison of results of the summer 1987 and with summer 
1988 indicated more seedling emergence was obtained in the 
summer 1988. Percentage of seedling emergence of blue panicgrass 
was higher in summer 1988 than in summer 1987. The same trend 

was evident for sideoats grama. This effect may be related to the 
weather pattern; the experiment in summer 1988 received the first 
rainfall and runoff 1 day after planting, so seeds began to germi- 
nate immediately after seeding. It was, therefore, noted that 1 week 
after planting, some seeds came up and became visible in a short 
period of time. Unfortunately, many seedlings of both sideoats 
grama and blue panicgrass died about 45 days after emergence. 

Although water-soluble PAM improved emergence of certain 
grasses under field conditions, further research should be con- 
ducted to examine the usefulness of cross-linked polyacrylamides, 
which are water-insoluble. Water-insoluble polyacrylamides swell 
in the presence of water and may improve the soil water status, 
allowing for seedling emergence, establishment, and subsequent 
growth. Applications of these kinds of polymers at different depth 
layers of the soil profile, and their effect in the different depth layer, 
should be tested because the main effect of PAM is concentrated in 
the soil surface (0 to 5 cm) rather than in deeper layers (Mitchell 
1986). 

Another concern is the possible interaction of salt concentration 
with soil conditioners. Food and Agriculture Organization (1977) 
recommended a study on the effect of soil conditioners on plant 
growth; they further suggested that salty soils should be studied 
carefully because the effect of different soil conditioners will 
depend on type of salt and salt concentration. Therefore, green- 
house studies as well as field experiments should be conducted 
using different soil conditioners as soil amendments in soils with 
different type of salts. 

Based on our results, we conclude that side oats grama and blue 
panicgrass should be considered as potential grasses for seeding 
depleted areas in southern New Mexico in conjunction with PAM, 
but further research is required to improve survival of these grasses 
under salty conditions in clay soils after emergence. Research on 
cultural practices as well as management practices should be 
performed. 
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Abstract 

Eastern redcedar (Juniperus virginicura L.) trees from a location 
in western, central, and eastern Oklahoma were aged by tree ring 
analysis to assess the relationship of tree age to tree height and 
crown area. The relationship of tree age to crown size differed with 
location. Trees in the oldest age class, 28 to 29 years, ranged in 
height from 6.2 m on the western Oklahoma location to 8.3 m on 
the eastern Oklahoma location. The oldest trees at all locations 
were still actively growing. Height growth rate of the oldest class of 
trees averaged 0.5 to 0.6 m yf r on the western and eastern study 
locations, respectively. Eastern redcedar reached 2.0 m in height at 
about 8 years of age on the eastern Oklahoma location. Trees 
reached 2.0 m in height in 10 to 14 years at the other locations. This 
suggests that burning intervals should be more frequent on the 
eastern Oklahoma location than on the central and western Okla- 
homa locations. Crown area as a function of tree age was not as 
similar as tree height among the 3 locations. Not only did the 
relationship differ among locations, but it differed also between 2 
central Oklahoma range sites. Crown area of 28-year-old trees 
ranged from only 15 m* on the central Oklahoma Loamy Prairie to 
40 mr at the eastern Oklahoma location. These data suggest that 
the smaller crown area of trees at the central Oklahoma location 
may be a result of an influence other than environment, such as an 
introduction of plants of a different race with an inherent columnar 
growth habit. The reduction in forage production associated with 
eastern redcedar and the efficacy of prescribed burning for control- 
liig eastern redcedar would change more rapidly as trees age on the 
eastern Oklahoma location than on the other locations. 

Key Words: Juniperus virginiana, growth analysis, brush control, 
prescribed burning 

Encroachment of eastern redcedar (Juniperus virginiana L.) is 
extensive in the tallgrass prairie and adjacent vegetation types of 
the central United States in the absence of fire (Bragg and Hulbert 
1976, Wright 1978). Eastern redcedar populations have increased 
exponentially in recent years, modifying the physiognomy of these 
ecosystems and reducing their value for most uses (Wright and 
Bailey 1980, Snook 1985). As a result, eastern redcedar has become 
a major management concern of range managers in the region. 

The growth dynamics of crowns of invading eastern redcedar 
could be useful for managing rangelands susceptible to invasion by 
eastern redcedar. Unlike junipers of the western United States, the 
zone of interference with herbaceous plant production is primarily 
inside the drip line of the eastern redcedar crown (Engle et al. 
1987). This simple relationship would make information on the 
crown area growth of eastern redcedar useful in predicting the 
effects of eastern redcedar invasion on herbage production and 
subsequent livestock and wildlife production. Furthermore, the 
effectiveness of burning on eastern redcedar is inversely propor- 
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tional to tree height (Owensby et al. 1973, Engle et al. 1988). 
Guidelines could be developed for the frequency of burning neces- 
sary to control invading eastern redcedar based on the height 
growth patterns of eastern redcedar. 

Unfortunately, growth of eastern redcedar is unlikely to be 
represented by generalized growth functions because the range- 
wide distribution of eastern redcedar contains a broad delineation 
of races, some of which are influenced by other juniper species 
(Van Haverbeke and Read 1976). The genetic base of eastern 
redcedar in Oklahoma may be influenced by introgressive hybridi- 
zation from the west by Rocky Mountain juniper (J. scopulorum 
Sarg.) and by Ashe juniper (J. ashei Buckh.) from the south (Hall 
1952, Flake et al. 1978). The influx of plant materials of other races 
brought in with settlement also may serve to complicate the gene 
pool within a region. Tree form and many other characteristics 
vary widely as a consequence, even though populations of junipers 
in the Great Plains are characterized generally by regional races 
adapted to variable environments (Van Have&eke and King 
1990). Considering the uncertainties surrounding the potential 
growth forms of eastern redcedar invading rangelands in the cen- 
tral United States, our objective was to compare the relationship of 
tree crown area and tree height to tree age among populations 
occupying different range sites at 3 distant locations within the 
state of Oklahoma. 

Methods 

Locations in western, central, and eastern Oklahoma were 
selected that contained a variation in size classes of eastern red- 
cedar. The western Oklahoma study area was located in Major 
County on a Dill fine sandy loam (coarse, loamy, mixed Typic 
Ustochrept) and is classified as a Sandy Prairie range site. The 
central Oklahoma study area was located in Payne County. Two 
areas at this location were only the Coyle loam soil (fine-loamy, 
siliceous, thermic Udic Argiustoll) that is classified as a Loamy 
Prairie range site. Two other study areas at this location were on a 
complex of the Grainola (fine, mixed, thermic Vet-tic Haplustalf) 
and the Lucien (loamy, mixed, thermic, shallow Typic Haplustoll) 
soils, both classified as a Shallow Prairie range site. The eastern 
Oklahoma study area was located in McIntosh County on a Tal-’ 
oka silt loam (fine, mixed, thermic Mollic Albaqualf) and is classi- 
fied as a Loamy Prairie range site. Average annual precipitation is 
70,83, and 107 cm in Major County, Payne County, and McIntosh 
County, respectively. The potential vegetation at all locations is 
dominated by perennial grasses, and the understory vegetation at 
all locations was dominated by perennial grasses at the time of the 
study. 

Eastern redcedar trees were sampled for age and crown dimen- 
sions in June 1987 in Payne County (Loamy Prairie N = 23, 
Shallow Prairie N q  27) and June 1988 in Major County (N = 33) 
and McIntosh County (N = 41). Only those trees separated from 
other trees by a minimum distance of 3 m were included in the 
sample to minimize overlapping of spheres of influence. Trees with 
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Fig. 1. Eastern redcedar crown height as a function of tree age at 3 

locatioos in Oklahoma, (a) western Oklahoma, @) central Oklahoma, 
and (c) eastern Oklahoma. 

abnormally shaped crowns resulting from grazing injury or other 
influences were not sampled. The crown of each tree was measured 
for its longest diameter and the diameter perpendicular to the 
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Fig. 2. Growth rate of eastern redcedu crown height at 3 locations in 
Oklahoma. 

longest diameter. Differences in the 2 diameter axes were rarely 
greater than 5%, so the average of the 2 measurements was used in 
computing crown area as a circle. Trees were cut 2 cm above the 
soil surface, and crown height of the cut tree was measured from 
the bottom of the cut trunk of the apex. A full cross-section was 
removed from the trunk of each tree and a radius of each cross 
section was sanded and polished to facilitate identification of 
annual growth rings. Tree age was determined from ring counts as 
described for eastern redcedar by Kuo and McGinnes (1973) to 
avoid counting false rings. 

The crown size variables were transformed to natural logarithms 
to produce homoscedasticity in the variance (Hunt 1978). The 
transformed variables were expressed as polynomial functions of 
time, with the functions fit to the third order by least squares 
regression analysis. Best fit was determined from analysis of var- 
iance to minimize overfitting with a 5% level of probability for 
entry level of individual parameters. Same order polynomials for 
different locations and sites were compared using indicator vari- 
ables for locations and sites (Draper and Smith 1966). Absolute 
rate of growth of crown height and of crown area were determined 
from the derivative of the respective function with respect to age 
(Hunt 1978). Crown size and crown growth rate data were plotted 
in the original units of measurement by retransforming the regres- 
sion models. Results 

The relationship of tree age to tree height differed with respect to 
location (P<O.O3), but not between the 2 range sites in central 
Oklahoma (mO.80) (Fig. 1). Trees in the 28 to 29 year-old age 
class ranged in height from 6.2 m on the western study site to 8.3 m 
on the eastern study site, but the oldest trees at all locations were 
still actively growing (Fig. 2). 

Height growth rates of the oldest class of trees continued at 0.5 to 
0.6 m yr-’ on the average on the western and eastern study loca- 
tions. Trees on the central study location, which grew faster than 
trees on either the eastern or western study sites for the first 20 
years, slowed their growth to about 0.2 m yr-’ at 28 years of age. 
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The average increase in height over all age classes was 0.33,0.24, 
and 0.22 m yr-’ at the eastern, central, and western Oklahoma 
study locations, respectively. 

Crown area as a function of tree age was not as similar as tree 
height among the 3 locations. Not only did the relationship differ 
among locations, but the relationship differed between the 2 cen- 
tral Oklahoma range sites (P<O.O3) (Fig. 3). Crowns of 28 year-old 
trees on the eastern Oklahoma location occupied 40 m*, whereas 
crowns of 28 year-old trees on the central Oklahoma Loamy 
Prairie occupied only 15 mr. Crown area of eastern redcedar 
increased at a similar rate at all locations to about age 20, after 
which trees grew at P greater rate at the eastern Oklahoma and 
western Oklahoma locations than at the central Oklahoma loca- 
tion (Fig. 4). 

0g 

Central emy Prairie 

Central Shallow Prairie 

Tree age (years) 

Fig. 4. Growth rate of eastern redcedar crown area at 3 locations in 
Oklahoma. 

Discussion 
Eastern redcedar grow considerably taller than juniper species’of 

the western United States (Jameson 1965, Van Pelt et al. 1990). 
Redberry juniper (Juniperuspinchorii Sudw.), for example, aver- 
aged only 2 m in height at 30 years on a mesic lowland site in 
western Texas (McPherson and Wright 1987). Eastern redcedar 
may reach a height of 17 to 18 m on welldrained alluvial sites in the 
eastern United States (Ferguson et al. 1968). From observations of 
eastern redcedar in the Ozarks of Arkansas, Arend (1950) con- 
cluded that growth averages about 14 m in 50 years on well-drained 
alluvial soils and upland soils that exceed 0.6 m in depth. Trees on 
soils less than 0.3 m in depth seldom grow taller than 6 to 9 m in the 
Ozarks, whereas trees average about 11 m on soils between 0.3 and 
0.6 m in depth. Site index curves for eastern redcedar in the eastern 
U.S. predict tree height from less than 5 m to over 12 m for 30 
year-old trees (Carmean et al. 1989). The trees on our study loca- 
tions, all of which had soils of 1 .O m or more in depth, fit well within 
the normal range of height for the eastern U.S. 
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The effectiveness of burning, an economically favorable method 
of controlling eastern redcedar (Bernard0 et al. 1988), is primarily 
a function of tree height. Almost all trees in the <I .O m height class 
are killed by any fire that carries through a grass fuel bed, but tree 
kill declines rapidly as tree height increases from 1.0 to 2.0 m 
(Martin and Crosby 1955, Buehring et al. 1971, Owensby et al. 
1973). The eastern redcedar invasion rate and the demography of 
future eastern redcedar populations on grassland sites susceptible 
to encroachment will likely be determined by an interaction of the 
fire return interval and the rate of height growth of eastern red- 
cedar. To kill invading eastern redcedar, prescribed burning inter- 
vals should be more frequent on the eastern Oklahoma Loamy 
Prairie than on the central and western Oklahoma locations. Trees 
reached the 2.0-m height class at 8 years of age on the eastern 
Oklahoma location and trees reached 2.0 m at 10 and 14 years of 
age at the central and western locations, respectively. Trees 2.0-m 
tall averaged 12 years of age on a variety of Kansas tallgrass prairie 
range sites with similar site potential as the range sites at the central 
Oklahoma location (Owensby et al. 1973). This provides some 
evidence for uniformity in height growth functions among sites of 
similar potential. 

The potential for crown closure appears very high at the eastern 
and western Oklahoma locations in particular. Only 250,28-year- 
old trees ha-’ on the eastern Oklahoma study location would create 
complete canopy closure, assuming individual tree growth charac- 
teristics were similar to those of this study. Competition between 
trees at higher densities might significantly alter their individual 
growth characteristics. It%s revealing, however, that canopy clo- 
sure has become more common on grasslands throughout Okla- 
homa in the past 30 years. According to our observations in central 
Oklahoma (unpublished data), most of these stands are occupied 
by trees in the size and age classes represented in this study. 

Crown area of 28-year-old trees was increasing at a rate of nearly 
8 mr yi’ on the eastern Oklahoma location. This suggests that the 
efficacy of prescribed burning for controlling eastern redcedar 
would be further reduced as trees age because fine fuel necessary to 
sustain an effective fire will be reduced in an amount approxi- 
mately equal to the crown area of eastern redcedar (Engle et al. 
1987). 

Conclusions 
Eastern redcedar tree height and crown area as a function of age 

were different at 3 locations in Oklahoma. Trees in the 28- to 
29-year-old age class ranged in height from 6.2 m on the western 
Oklahoma location to 8.3 m on the eastern Oklahoma location. 
The trees on the eastern location were younger when they grew 
beyond the height at which they are effectively killed by fire. This 
implies that burning return intervals would need to be more fre- 
quent in the east to provide similar protection from eastern red- 
cedar invasion under the same rate of invasion. 

Crown area growth rate was also greatest on older trees on the 
eastern Oklahoma location, but crown area on older trees on the 
central Oklahoma location was less than that of trees on the eastern 
or western Oklahoma locations. These data suggest that the 
smaller crown area of trees at the central Oklahoma location, 
which is intermediate in site potential to the western and eastern 
locations, might be reflecting a genetic influence, such as an intro- 
duction of a different race having more of a columnar growth 
habit. A distinct variety having a columnar crown form has been 
described for eastern redcedar (Van Haverbeke and Read 1976). 

The reduction in forage production associated with eastern red- 
cedar would change more rapidly as trees age beyond 20 years on 
the eastern Oklahoma location than at the other locations. The 
efficacy of prescribed burning for controlling eastern redcedar 
would also change more rapidly in this age class of trees on the 
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eastern Oklahoma location. The annual rate of forage loss beneath 
the crowns of 20 year-old and older trees is substantial at all 3 
locations, and it is very high for older trees at the eastern and 
western locations. 

Literature Cited 

Arend, J.L. 1950. Influence of fire and soil on distribution of eastern 
redcedar in the Ozarks. J. For. 48:129-130. 

Bernardo, D.J., D.M. Engle, and F.T. McCollum. 1988. An economic 
assessment of risk and returns from prescribed burning on tallgrass 
prairie. J. Range Manage. 41:178-183. 

Bragg, T.B., and L.C. Hulbert. 1976. Woody plant invasion of unburned 
Kansas bluestem prairie. J. Range Manage. 29: 19-24. 

Buebring, N., P.W. Santehnann, and H.M. Elwell. 1971. Responses of 
eastern redcedar to control procedures. J. Range Manage. 24378-382. 

Carmean, W.H., J.T. Hahn, and R.D. Jacobs. 1989. Site index curves for 
forest tree species in the eastern United States. USDA Forest Serv. Gen. 
Tech. Rep. NC-128. 

Draper, N.R., and H. Smith. 1966. Applied regression analysis. John Wiley 
& Sons, Inc. N.Y. 

Engle, D.M., J.F. Stritzke, and P.L. Claypool. 1987. Herbage standing 
crop around eastern redcedar trees. J. Range Manage. 40~237-239. 

Engle, D.M., J.F. Stritzke, and P.L. Claypool. 1988. Effect of paraquat 
plus prescribed burning on eastern redcedar (Juniperus virginiana). 
Weed Tech. 2172-174. 

Ferguson, E.R., E.R. Lawson, W.R. Maple, and C. Mesavage. 1968. 
Managing eastern redcedar. USDA Forest Serv. Res. Pap. SO-37. 

Flake, R.H., L. Urbatsch, and B.L. Turner. 1978. Chemical documentation 
of allopatric introgression in Juniperus. Syst. Bot. 3:129-144. 

Hall, M.T. 1952. Variation and hybridization in Juniperus. Annals MO. 
Bot. Gard. 39: l-64. 

Hunt, R. 1978. Plant growth analysis. Studies in Biology, No. 96. Edward 
Arnold (Publ.) Ltd. London. 

Jameson, D.A. 1965. Arrangement and growth of pinyon and one-seed 
jumper trees. Plateau 37:121-127. 

Kuo, M., and E.A. McCinnes, Jr. 1973. Variations of anatomical structure 
of false rings in eastern redcedar. Wood Sci. 5205-210. 

Martin, S.C., and J.S. Crosby. 1955. Burning on a glade range in Missouri. 
USDA Forest Serv. Central Sta. Forest Exp. Sta. Tech. Pap. 147. 

McPherson, G.R., and H.A. Wright. 1987. Factors affecting reproductive 
maturity of redberryjuniper (Juniperuspinchotii). Forest Ecol. Manage. 
21:191-196. 

Owensby, C.E., K.R. Bian, B.J. Easton, and O.G. Russ. 1973. Evaluation 
of eastern redcedar infestations in the northern Flint Hills. J. Range 
Manage. 26:256-260. 

Snook, E.C. 1985. Distribution of eastern redcedar on Oklahoma range- 
lands. p. 45-52. In: R.W. Wittwer and D.M. Engle, eds. Proc. Eastern 
Redcedar in Oklahoma Conf. Coop. Ext. Serv., Div. Agr., Oklahoma 
State Univ. E-849. 

Van Haverbeke, D.F., and R.A. Read. 1976. Genetics of eastern redcedar. 
USDA Forest Serv. Res. Pap. WO-32. 

Van Haverbeke, D.F., and R.M. King. 1990. Genetic variation in Great 
Plains Juniperus. USDA Forest Serv. Res. Pap. RM-292. 

Van Pelt, N.S., R. Stevens, and N.E. West. 1990. Survival and growth of 
immature Juniperus osteosperma and Pinus edulis following woodland 
chaining in central Utah. Southwest. Nat. 35322-328. 

Wright, H.A. 1978. Use of tire to manage grasslands of the Great Plains: 
Central and Southern Plains. D. 694-969. In: D.N. Hvder. ed. Proc. 1st 
Int. Rangeland Cong. Sot. Range Manage. Denver, Cola. 

Wright, H.A., and A.W. Bailey. 1980. Fire ecoloy and prescribed burning 
in the Great Plains-A research review. USDA. Forest Serv. Intermoun- 
tain Forest and Range Exp. Sta. Gen. Tech. Rep. INT-77. 

JOURNAL OF RANGE MANAGEMENT 45(3), May 1992 305 



J. Range Manage. 
45:306-311, May 1992 

Laboratory germination responses of 3 love- 
grasses to temperature in relation to seedbed 
temperatures 
BRUCE A. ROUNDY, JAMES A. YOUNG, LEE B. SUMRALL, AND MARGARET 
LIVINGSTON 

At the time of the research, the senior and last 2 authors were associate professor and graduate research assistants, 
respectively, School of Renewable Natural Resources, University ofArizona, Tucson 85721. Second author is reseach 
leader, USDA/Agricultural Research Service, 920 Valley Road, Rena, Nevada 89512. 

Abstract 

Laboratory tests are often conducted to determine seed germina- 
tion responses to temperatures for seedbed ecology interpretations 
and revegetation seeding rate calculations. To determine the utility 
of laboratory germination tests for indicating seedbank germina- 
bility of lovegrasses we measured seedbed temperatures and soil 
water on 2 semidesert grassland sites in the Southwest. We also 
tested germination of Lehmann lovegrass (Erogrosiis lehmanniana 
Nees), ‘Cochise’lovegrass (E. lelurrcuvriono Nees X E. tdchophoru 
Goss & Dur.), and plains lovegrass (E. intermedia Hitch.) seed 
collections associated with natural or artificial revegetation studies 
on these 2 sites in relation to an array of constant and alternating 
temperatures. Germination responsea to different temperatures 
varied with the year and source of collection and seed age and 
differed compared to those reported in the literature. Lehmann 
and Cochise lovegrass had high germination at temperature alter- 
nations similar to wet seedbed temperature extremes in December 
(O,Z/lS” C) and these species and plains lovegrass were germinabie 
at moderate temperature alternations representative of wet seedbeds 
in April (lo/300 C). Ability to germinate in laboratory tests at 
these temperatures is not necessarily indicative of germinability in 
the field for Lehmann lovegrass, which has been observed to 
germinate in April, not December, in wet seedbeds. All species had 
maximum or near maximum germination at a temperature alter- 
nation of 20/4iP C, which is similar to wet seedbed temperature 
extremes during the summer rainy period when these species usu- 
ally emerge. Because of the variability in germinability of different 
seed collections of lovegrass over time, specific collections should 
be tested at specific ages relevant to seedbed ecology and revegeta- 
tion studies or projects. Laboratory germinrtion tests which mimic 
actual wet seedbed temperature curves might be more predictive of 
seedbed germinability than the usual tests which expose the seeds 
to abrupt temperature alternations. 

elevations in the desert grassland than Cochise lovegrass (Curtis 
and Curtis 1989), which is adapted to slightly higher elevations 
than Lehmann lovegrass (Holzworth 1980). Wildlife refuge man- 
agers and other conservationists would like to use this native 
lovegrass for revegetation and restoration of native grassland. 

Germination responses of these species under temperature fluc- 
tuations similar to those that occur in the field may help explain 
field seedling emergence. These data may also help in determining 
appropriate temperature ranges for testing germination and calcu- 
lation of pure live seeding rates in revegetation studies and 
projects. 

Lehmann lovegrass germination responses to different tempera- 
ture and other treatments vary greatly depending on collection and 
seed age. Certain collections of Lehmann lovegrass have exhibited 
high germination under constant temperatures (Toole 1938; Knipe 
1967; Ryan et al. 1975a,b; Martin and Cox 1984). Some collections 
have a strong post-harvest or extended dormancy that may 
decrease with time, mechanical scarification, exposure to light, 
prechilling, and various moisture and temperature pretreatments 
(Knipe and Herbel 1960, Brauen 1967, Wright 1973, Haferkamp 
and Jordan 1977, Hardegree and Emmerch 1991). These treat- 
ments are thought to increase seed coat permeability, thereby 
increasing physiological development of seeds (Haferkamp et al. 
1977). 

Temperature alternations are effective in breaking seedcoat 
dormancy of some species (Bewley and Black 1982, Totterdell and 
Roberts 1980). Wright (1973) found a temperature alternation of 
20/ 30’ C produced higher germination of Lehmann lovegrass than 
constant temperatures of 15 and 20’ C but similar germination as 
temperatures of 25, 30, 35, 15/25, and 25/35O C. Roundy et al. 
(1991) found that an alternating temperature of 15/38’ C greatly 
increased germination of 4 collections of Lehmann lovegrass seed 
exposed to fluorescent light and slightly increased germination of 
seeds in darkness compared to a constant temperature of 25” C. 

Keywords: range revegetation, seedbed ecology, Lehmann love- 
grass, Cochise lovegrass, plains lovegrass, Southwest desert grass- 
land, alternating temperatures 

Lehmann lovegrass (Eragrostis lehmanniana Nees) and ‘Cochise’ 
lovegrass (E. lehmanniana Nees X E. trichophora Coss & Dur.) are 
native to South Africa but are adapted to the foothills of southern 
Arizona and New Mexico. These species have been seeded exten- 
sively for livestock forage (Cox et al. 1986), and Lehmann love- 
grass has spread naturally on sandy soils from 800 to 1,500 m 
elevation (Cox and Ruyle 1986). Plains lovegrass (E. intermedia’ 
Hitch.) is a native perennial lovegrass that is adapted to higher 

Although Jordan and Haferkamp (1989) presented germination 
rate data for Cochise and plains lovegrass, little other germination 
data have been reported for these 2 species. Germination of 
Cochise lovegrass was much higher than that of Lehmann love- 
grass at constant temperatures of 15, 18, and 21” C (Martin and 
Cox 1984). Germination responses of Cochise and plains lovegrass 
to alternating temperatures have not been reported but Chirco and 
Turner (1986) recommended alternating temperatures of 20/ 30° C 
and 20/ 35” C for testing of Lehmann and plains lovegrass germi- 
nation, respectively. The Association of Official Seed Analysts 
(Yaklich 1984) recommends 20/ 30” C alternating temperatures for 
testing germination of many grass species. 

Manuscript accepted 20 May 1991. Germination of some collections of Lehmann lovegrass is 
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limited by seedcoat dormancy, which decreases with seed age 
(Brauen 1967). Treatments which disrupt the seedcoat, such as 
alternating temperatures and scarification, would be expected to 
interact with the degree of original dormancy and seed age in 
enhancing germination (Brauen 1967). Alternating temperatures 
and other treatments might have the greatest effect on germination 
at some midpoint in seed age between highly dormant young seeds 
and highly germinable older seeds. The original degree of dor- 
mancy of Lehmann lovegrass seeds varies greatly among years of 
collection from the same mother-plant population and varies 
among different populations for the same year of collection 
(Brauen 1967). Therefore, specific collections and ages of Leh- 
mann and possibly other lovegrasses should be tested for germina- 
tion responses to temperature conditions to determine seeding 
rates and to interpret differences in field emergence. 

Natural and artificial revegetation studies have prompted our 
interest in the germination responses of specific collections of these 
species to alternating temperatures. A Lehmann lovegrass popula- 
tion at the Santa Rita Experimental Range in southern Arizona 
produced high seedling emergence in association with increased 
diurnal seedbed temperature fluctuations when the grass canopy 
was opened by burning or mowing (Ruyle et al. 1988, Sumrall et al. 
1991). Cochise lovegrass seeded at 1 million pure live seeds per 
hectare, as calculated from a germination percentage of 14 at a 
constant temperature of 25O C, produced extremely high emer- 
gence in 1987 in southern Arizona in a seedbed preparation study 
(Winkel and Roundy 1991). Plains lovegrass seed produced from 
irrigated plants and with a germination percentage of 43 at a 30’ C 
constant temperature produced very limited emergence on an 
extremely wet year when seeded at the Santa Rita Experimental 
Range (Livingston and Roundy 1991). 

Our purpose was to determine if germination responses to 
temperature are related to observed seedling emergence and 
seedbed temperatures for these specific collections of Lehmann, 
Cochise, and plains lovegrass. Our approach was to characterize 
diurnal temperature fluctuations of field seedbeds where seedling 
emergence of these collections has been observed and to test ger- 
mination of these collections in relation to an array of constant and 
alternating temperatures in the laboratory. 

Methods 

Soil Temperatures and Seed Collections 
Lehmann lovegrass seeds were collected in fall of 1987 and 1988, 

and soil temperatures were measured for 2 years on a sandy loam 
upland range site at 1,200-m elevation at the Santa Rita Experi- 
mental Range (SPER) 60 km south of Tucson, Ariz. Soil tempera- 
tures were measured in conjunction with a seedbed ecology study 
(Sumrall et al. 1991) on plots with an intact lovegrass canopy and 
on plots with the canopy removed by burning or mowing. Temper- 
atures were measured during selected periods in fall, winter, spring, 
and just prior to and during the summer rainy season. 

Soil temperatures were also measured in conjunction with a 
seedbed preparation study (Winkel and Roundy 1991) on a loamy 
upland range site at 1,027-m elevation on the Anvil Ranch 65 km 
southwest of Tucson, Ariz. Measurements at that site were made 
just prior to and during the summer rainy season. Gypsum blocks 
and fiberglass soil cells (Colman and Hendrix 1949) were used to 
measure soil water availability for germination in relation to 
seedbed temperatures. Thermocouples or thermisters buried at 1 
cm were used to sense temperatures. Temperature and moisture 
sensors were read every minute and 30-min. averages calculated 
using Campbell CR-10 dataloggers. 

Cochise lovegrass seeds were obtained commercially from pro- 
duction fields in southeastern Arizona. The same seed lot used in 

the seedbed preparation study at the Anvil Ranch where soil 
temperatures were measured (Winkel and Roundy 1991) was used 
in germination tests. Plains lovegrass seeds were collected directly 
from plants growing at the Buenos Aires Wildlife Refuge, 90 km 
southwest of Tucson at 1,000-m elevation, as well as from irrigated 
transplants taken from the refuge and grown at the University of 
Arizona farm in Tucson. 

Germination Tests 
Germination tests were conducted using methods described by 

Young and Evans (1979). Seeds were placed on a single thickness of 
germination paper and kept moist with tap water. Seeds were 
considered germinated when the radical had emerged 2 mm. 

Lehmann lovegrass seeds collected from the SRER in fall of 
1987 were prechilled 12 months post harvest at 19 constant and 
alternating temperatures for 4 weeks, and germination recorded 
after 1,2, and 4 weeks of subsequent exposure to a constant 35” C 
temperature. Prechilling included constant temperatures of 0,2,5, 
and 10” C and alternating temperatures (cold 16 hours/warm 8 
hours) of O/2,0/5,0/ lO,Oll5,0/20,0/25,2/5,2/ 10,2/ 15,2/20/ 
2/25,5/ lo,51 15,5/20, and 5125’ C. 

Lehmann lovegrass seeds collected from the SRER in fall 1987 
were also tested for germination 12 months after harvest in relation 
to 16 alternating temperatures including cold temperatures (16 
hours) of 10,15,20, and 25O C alternating with warm temperatures 
(8 hours) of 30,40,50 and 60“ C. Seeds were incubated for 4 weeks 
and germination counts made after 1,2, and 4 weeks. 

Lehmann lovegrass, Cochise lovegrass and plains lovegrass 
seeds were tested for germination in relation to 78 constant and 
alternating temperatures. Constant temperatures were 0,2,5, 10, 
15, 20, 25, 30, 35, 40, 45, and 50’ C. Alternating temperature 
regimes consisted of 16 hours at each constant temperature and 8 
hours at 1 of each possible higher temperature in each 24-hour 
period. For example, O” C alternated with 2,5, 10, 15,20,25,30, 
35, 40, 45, and 50° C but 45” C alternated with 50” C only. 
Le.hmann lovegrass collected from the SRER in fall of 1987 and 
fall 1988 were tested in relation to these temperatures 18 months 
and 12 months after harvest, respectively. Cochise lovegrass and 
plains lovegrass were tested at 30 and 7 months after harvest, 
respectively. 

All germination tests were done in dark germinations set at 
constant temperatures. Temperatures were alternated by moving 
petri dishes from 1 constant-temperature germinator to another. 
All treatments included 4 replications of 25 seeds each. Roundy et 
al. (199 1) found that Lehmann lovegrass seeds initially imbibed in 
darkness had greatly increased germination in darkness after l-5 
min exposure to red light. Seeds in this study were exposed to light 
for periods greater than 5 min twice daily when seeds were changed 
from 1 germinator to another and also when petri dishes were 
removed for seed counts. 

The arcsin of the square root of total germination percentages 
was analyzed by analysis of variance to determine significance of 
collections, temperature treatments, and interactions (m.05). 
Least significant difference (p10.05) was used to separate germi- 
nation means of collections, cold temperature treatments at spe- 
cific warm temperatures, and warm temperature treatments at 
specific cold temperatures as appropriate based on analysis of 
variance. 

Results 

Seedbed Temperatures 
Seedbed soil temperatures in the desert grassland at l-cm deep 

fluctuated diurnally throughout the year (Table 1). Fluctuations 
were greater for a dry than wet seedbed and were greater for bare 
soil than that under a grass canopy. Differences between minimum 
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Table 1. Diurnal soil temperatures at 1 cm for 2 sites in the desert grassiand 
in southern Arizona. 

Maximum- 
Location and conditions Minimum Maximum Minimum 

SantaRitaExperimentalRange ------------(“C)------------ 
December-Soil dry 

Bare soil 2.6 31.1 28.5 
Under grass canopy 6.4 21.4 15.0 

December-Soil wet’ 
Bare soil 1.2 16.3 15.1 
Under grass canopy 5.5 13.4 7.9 

April-Soil dry 
Bare soil 10.5 32.3 21.8 
Under grass canopy 12.2 20.7 8.5 

April-Soil wet 
Bare soil 8.0 28.7 20.7 
Under grass canopy 9.7 17.7 8.0 

June-Soil dry 
Bare soil 17.3 54.1 36.8 
Under grass canopy 19.2 47.0 27.8 

July-Soil wet 
Bare soil 19.7 42.0 22.3 
Under grass canopy 22.2 30.6 8.4 

Anvil Ranch 
June-Bare soil dry 21.8 59.9 38.1 
July-Bare soil wet 21.5 41.1 19.6 

‘Wet = matric potential at 1-3 cm was > 4.IMPa. 

and maximum temperatures were at least 20° C when the soil was 
wet during the rainy season in July when warm-season grass seeds 
usually germinate. Temperatures change continuously in a natural 
seedbed (Fig. 1) rather than abruptly as occurs in most laboratory 
tests of germination response to alternating temperatures. 

A5;-’ 
40 . . . . . . . . . . . . . . . . . . . .._._...._..... 

E 
E 35 
2 
d w30 ..t........................ . . . . . . . . . . . . 

r: 
E 
425 . . . . . . . . . . . . . . . . . . . . . . . 

g 
20 . . . . 

15 
0 2 4 6 8 10 12 14 16 18 20 22 24 

HOUR (MST) 

Fig. 1. Average wet (matrtc potential 1 -O.lMPn) soil temperatures at 1 
em in a Lehmann lovegrass stand at the Santa Rita Experimental Range 
for 13-24 August 1989. 

Prechilling 
Germination of Lehmann lovegrass collected in fall 1987 and 

tested 12 months post harvest differed significantly among prechill 
temperature treatments (p10.05). Constant prechill temperatures 
of 0,2,5, and 10” C produced limited germination but 0,2, and 5” 
C cold-period temperatures alternating with warm-period temper- 
atures greater than 10” C increased germination (Fig. 2). Gener- 
ally, germination increased with increasing difference between cold 
and warm-period prechill temperatures. Prechill temperature 
alternations including 0 and 2O C cold-period temperatures 
resulted in higher germination than those with a 5’ C cold-period 

a0 
g 

COLD PERIOD TEMPERATURE (C) A 

n 0 : 
i 
B 

25 30 LRM P:oRloo T:izPER*TYRE (C) 

Fig. 2. Germination (46) of LehmaM lovegrass seeds at 12 months post 
harvest in relation to cold period (16 hours) and warm period (8 hours) 
prechilling temperatures. Seeds were prechilled at alternating tempera- 
tures for 4 weeks then germinated at a constant 35’ C for 3 weeks. Similar 
letters above means for a warm-period temperature indicate no signifi- 
cant difference (mO.05) among those corresponding means as deter- 
mined by LSD. 

temperature. Some of the seeds in this experiment germinated 
during the prechill period. 

Seed Age 
Germination of Lehmann lovegrass collected in the fall of 1987 

and tested at 12 and 18 months post harvest was statistically 
compared for the 8 common cold and warm period-temperature 
alternations at which they were tested and produced some germi- 
nation. No germination occurred at warm-period temperatures of 
50 or 60“ C. Cold period temperature, warm-period temperature, 
seed age, and the 2 and 3-way interactions of these factors were all 
significant (P<O.O5). Twelve-month-old seeds had very high ger- 
mination when cold-period temperatures of 10,15, and 20° C were 
alternated with a 40 but not when alternated with a 30” C warm- 
period temperature (Fig. 3). Eighteen-month-old seeds had a trend 
toward higher germination at a warm-period temperature of 40 
compared to 30” C, but the differences were not significant 

Cl 12 MONTHS OLD 
n 1aiwwrtis OLD 

- 30 C WARM PERIOD 
---- 40CWARMPERlOD 

100 1 I 

s 80 
- t 

q  __‘-- L-(3._ 
*. 

. . 
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COLD PERIOD TEMPERATURE (C) 

Fig. 3. Germination (%) of Lehmann lovegrass seeds at 12 and 18 months 
post harvest in relation to 4 cold period (16 hours) and 2 warm period (8 
hours) incubation temperatures. Similar letters relative to means at a 
cold period temperature indicate no significant difference (p>O.OS) 
among those corresponding means as determined by LSD. 
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Fig. 4. Germination (%I) of 3 lovegrass specie in relation to cold (16 hours) and warm (8 hours) alternating temperatures. Similar letters above means 
indicate no significant difference (E-0.05) among corresponding means as determined by LSD. 

(DO.05). Germination was similar for both seed ages at a 30’ C 
warm-period temperature for all cold-period temperatures. Ger- 
mination did not differ greatly but slightly decreased with increas- 
ing cold-period temperature at a warm-period temperature of 30’ 
C. 

Seed Collections and Alternating Temperatures 
Lehmann lovegrass seeds collected in fall 1988 and tested 12 

months post harvest and plains lovegrass seed collected from unir- 
rigated plants at the Buenos Aires Wildlife Refuge and tested at 7 
months post harvest both had very low germination. The 1988 
Lehmann lovegrass seed had a maximum germination of 12% at a 
temperature alternation of O/ 20” C, while the Buenos Aires plains 
lovegrass had a maximum germination of 17% at an alternation of 
2/ 30” C. Germination of these collections was generally less than 
10% for different temperature alternations. 

Germination of Lehmann lovegrass collected in 1987 and tested 
at 18 months post harvest, Cochise lovegrass tested at 30 months 
post harvest, and plains lovegrass seed from irrigated plants tested 
at 7 months post harvest was compared statistically for 78 tempera- 
ture treatments. Collection, temperature treatment, and the inter- 
action of these factors were highly significant (-0.05) for total 
germination percentage. Only plains lovegrass germinated at a 
warm-period temperature of 45’ C (25,8, and 14Yc at temperature 
alternations of 25145, 30145, and 35/4S0 C, respectively). No 
germination occurred at a warm-period temperature of 50’ C. 
Lehmann and Cochise lovegrass generally had a similar pattern of 
germination response to alternating temperatures (Fig. 4). Both 
collections had much higher germination than plains lovegrass at 
low cold-period temperatures alternating with 15 to 25O C warm- 
period temperatures. Germination of plains lovegrass generally 
increased with increasing warm-period temperatures for a given 
cold-period temperature. Germination of Lehmann and Cochise 
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lovegrass increased with increasing warm-period temperatures for 
some cold-period temperatures and increased then decreased with 
increasing warm-period temperatues for other cold-period temper- 
atures. Greater temperature alternations generally produced higher 
germination and germination was low at cold-period temperatures 
of 30° C or higher. 

Constant and Alternating Temperatures 
Germination of seeds of Lehmann lovegrass at 18 months post 

harvest, Cochise lovegrass at 30 months post harvest, and plains 
lovegrass from irrigated plants at 7 months post harvest was com- 
pared statistically for 4 constant and 6 alternating temperatures 
(Table 2). Those temperatures were of interest because they are 
commonly recommended for germination tests or are representa- 
tive of seedbed temperature extremes during the summer rainy 
season. Collection, temperature, and the interaction of these fac- 

Table 2. Germination (96) at 4 constant and 3 alternating temperatures for 
3 lovegrasses. 

Species 
Lehmann Cochise Plains 

Temperature lovegrass lovegrass lovegrass 

(” C) _________________ ______----------- (%I 
IS 38al 33bc 16bc. 
20 2lbc 40ab 21b 
25 IOC 2lcd 7c 

20,3: 
7d 15d l6bc 
8cd 47ab 21b 

20135 l4cd 45ab 28b 
20140 29ab 55a 47a 

‘Means in a column with the same letter are not signiticantly different by LSD 
(130.05). 
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tors were significant (sO.05) for germination percentage. The 
20/40° C alternation, which is similar to seedbed temperature 
extremes when lovegrasses emerge during the summer rainy sea- 
son, resulted in maximum germination for Cochise and plains 
lovegrass and a germination percentage that was not significantly 
different (DO.05) from the maximum for Lehmann lovegrass 
(Table 2). Temperature alternations produced higher germination 
of Cochise lovegrass than did constant temperatures, except at 20” 
C. Some constant temperatures produced similar germination of 
Lehmann and plains lovegrass as some alternating temperatures. 
The 20/40° C temperature alternation produced higher germina- 
tion of plains lovegrass than the 20/3S” C alternation recom- 
mended by Chirco and Turner ( 1986). The 20/ 30“ C temperature 
alternation recommended for testing germination of Lehmann 
lovegrass (Chirco and Turner 1986) and many other grasses (Yak- 
lich 1984) produced low germination of this collection of Lehmann 
lovegrass, compared to a constant 15O C or an alternation of 
20/40° c. 

Discussion 
Use of laboratory germination tests to indicate germinability of 

lovegrasses under actual seedbed temperature conditions in natu- 
ral and artificial revegetation studies may have a number of 
limitations. 

Field Seedbed Temperatures Prior to Germination 
Seeds in field seedbeds are exposed to a variety of temperature 

and moisture conditions that may stimulate or reduce germinabil- 
ity. Seeds of warm-season grasses in the Southwest are usually 
seeded prior to the summer rainy season and are exposed to wide 
temperature extremes in dry seedbeds (Table 1). Seeds of love- 
grasses in the field generally fall in September or October and are 
exposed to an array of temperature extremes in dry and wet 
seedbeds prior to summer rains, when they usually germinate. That 
natural pretreatments may reduce dormancy of Lehmann love- 
grass seeds is suggested by the increased germinability of seeds in 
the laboratory after prechilling (Fig. 2), and after various wet and 
dry heat treatments (Haferkamp and Jordan 1977, Haferkamp et 
al. 1977). Germinability of Lehmann lovegrass seeds in the seed- 
bank, as indicated by bioassay, increased with time after seed rain 
and was highest prior to the summer rainy season (Ruyle et al. 
1988, Sumrall et al. 1991). Besides afterrippening with time during 
the winter and spring, seeds in field seedbeds may lose dormancy as 
they are exposed to widely fluctuating temperature and moisture 
conditions. 

Just how much field seedbed conditions throughout the year 
affect germinability of lovegrass seeds during the summer rainy 
season is unclear. Emergence of Lehmann lovegrass from bioassay 
samples collected after seed rain in fall of 1988, stored dry in the 
laboratory and tested in June 1989, was as high as emergence from 
samples collected and tested in June 1989 (Sumrall et al. 1991). 
This suggests that environmental seedbed conditions did not 
increase germinability of Lehmann lovegrass or that, if they did, 
there was also a loss in viability or germinability of some seeds 
during the winter and spring. 

Laboratory and Field Temperatures during Germination 
Seeds in field seedbeds are exposed to temperatures which 

change gradually and continuously between the minimum and 
maximum (Fig. I), while those in most laboratory studies are 
exposed to abrupt alternations, generally being at one temperature 
for 16 hours and at another for 8 hours (Yaklich 1986). Because 
abrupt temperature alternations may break dormancy of some 
species (Yaklich 1986), sharp temperature alternations in labora- 
tory tests could overestimate germinability of seeds under field 
conditions. 

Lehmann and Cochise lovegrass had high germination under 
low cold-period temperatures (0,2C) alternating with high warm- 
period temperatures (20-30° C, Fig. 4). These temperature extremes 
rarely occur in the semidesert grassland (Table 1). However, these 
lovegrasses had at least 28 to 45% germination at temperature 
alternations similar to those that occur in a wet seedbed in 
December (O/ 15,2/ 15” C, Table 1). Lehmann, Cochise and plains 
lovegrass had 28, 61, and 14% germination, respectively, at a 
temperature alternation of 10/30” C, which is similar to wet 
seedbed temperature extremes in April (Table 1). However, these 
species usually emerge during the summer rainy period in July and 
August, not during winter or spring rains. In the case of low 
cold-period, moderate and high warm-period temperature alterna- 
tions, laboratory germination results do not appear to be very 
representative of germinability in the field for these lovegrasses. 

Totterdell and Roberts (1980), Roberts and Totterdell (1981) 
and Probert et al. (1986) have shown that germination of some 
seeds is sensitive to the time spent at a particular temperature in a 
temperature alternation treatment, as well as the rate and ampli- 
tude of temperature change. Low temperatures are effective in 
breaking dormancy of many species which will then germinate at 
higher temperatures (Bewley and Black 1982). The relatively long 
warm period of laboratory temperature alternations may allow 
germination to proceed while the low cold-period temperature 
helps to break dormancy for Lehmann and Cochise lovegrass. 
However, the minimum temperature requirement for germination 
of Lehmann lovegrass does not appear to be satisfied by field 
seedbed temperatures in winter or spring. 

Germinability of seeds at laboratory temperature alternations 
within the range of seedbed temperatures measured during the 
summer rainy season appears to be associated with germinability 
in the seedbed. Temperatures in wet seedbeds in July when warm- 
season grasses usually germinate and emerge ranged from 20 to 42O 
C at l-cm deep in bare soil (Table 1). Lehmann lovegrass seeds 
collected in 1987 and tested at 12 months post harvest had much 
higher germination at a temperature alternation of 20/40° C than 
20/ 30° C (Fig. 3). This corresponds to the much higher emergence 
of Lehmann lovegrass from bare soil than from under a lovegrass 
canopy where temperature ranged from 22 to 31’ C on the site 
where this site was collected (Table 1, Sumrall et al. 1991). The lack 
of field emergence of Lehmann lovegrass under the canopy may 
have been due to less temperature alternation and also due to lack 
of red light (Roundy et al. 1991). 

Cochise lovegrass seeded at the rate of 1 million pure live seeds 
per hectare as calculated from a germination percentage of 14 at a 
constant temperature of 25’ C had unusually high emergence 
during a wet summer (Winkel and Roundy 1991). This same lot of 
Cochise lovegrass in the current study had 21% germination at a 
constant temperature of 25” C and 55% germination at a tempera- 
ture alternation similar to that of a wet seedbed in July (20/40” C). 
The bulk seeding rate of Cochise lovegrass could have been over- 
estimated by using a constant-temperature germination percentage 
to calculate the pure live seed percentage. 

Plains lovegrass seeds tested in this study had 47% germination 
at a temperature alternation of 20/ 40” C and at least 18% germina- 
tion at other moderate, mid-range temperature alternations 
( 15-20” C cold periods alternating with 25-40° C warm periods). 
Germination responses to temperature do not appear to be respon- 
sible for or help explain lack of emergence of this seed lot when 
seeded on a wet year (Livingston and Roundy 1991). 

Seed Age and Collection 
Because Lehmann lovegrass seed dormancy can vary so much 

with collection and age (Brauen 1967), laboratory germination 
tests may or may not indicate germinability in the seedbank at a 
different time than when the laboratory tests are conducted. Leh- 
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mann lovegrass harvested in fall 1987 and tested at 12 months post 
harvest had much higher germination at temperature alternations 
of 10/40, 15/40, and 20/40° C than the same seed tested at 18 
months post harvest (Fig. 3). Thirty-month-old seeds of Cochise 
lovegrass, l%month-old seeds of Lehmann lovegrass, and 7- 
month-old seeds of plains lovegrass had highest, intermediate and 
lowest germination, respectively, over an array of germination 
temperatures. Because seed age and species are confounded, higher 
germination cannot conclusively be attributed only to greater seed 
age. In fact, year of collection, as probably reflecting the environ- 
ment of the mother plants, had the greatest affect on overall 
germinability of seeds in this study. Lehmann lovegrass seeds 
collected from the SRER in fall of 1988 had much lower germina- 
tion when 12 months old than seeds collected in 1987 at 12 and 18 
months of age. Plains lovegrass seeds from unirrigated plants had 
much lower germination than those of the same age from irrigated 
plants taken from the same population. 

Difference in germinability of different lovegrass collections 
may be due in part to differences in degree of seed coat permeabil- 
ity as related to environmental conditions under which the seed 
was produced. Brauen (1967) found 14 to 18 collections of Leh- 
mann lovegrass seed to be highly dormant (<IO% germination), 
depending on the year of collection, while 18 to 22 others were not. 
Scarification increased germination rate and percentage of 10 col- 
lections of Lehmann lovegrass tested by Hardegree and Emmerich 
(1991). Variability among these collections in germination rate was 
decreased by scarification but not variability in total germination 
percentage. This indicates that differential germinability of differ- 
ent collections of Lehmann lovegrass may be only partly due to 
differences in seedcoat permeability. 

Germination responses of different Lehmann lovegrass collec- 
tions to temperature are also highly variable as indicated by the 
literature and the current study. Temperature alternations recom- 
mended for plains and Lehmann lovegrass by Chirco and Turner 
(1986) and those that produced maximum germination of Leh- 
mann lovegrass in other studies (Knipe 1967, Wright 1973) did not 
produce the highest germination in this study. 

This study and data from the literature indicate the difficulty in 
determining laboratory temperature treatments to indicate ger- 
minability of lovegrasses in field seedbeds. The high degree of 
variability in germination of different collections and ages of seed 
in relation to temperature make it difficult to state a temperature 
alternation that could be used to determine maximum germinabil- 
ity of all collections. The 20/40” C alternation in this study pro- 
duced maximum or near maximum germination and is similar to 
wet seedbed temperature extremes during the summer rainy season 
when lovegrasses usually germinate. Laboratory germination tests 
which mimic actual wet seedbed temperature curves could be most 
useful in understanding natural recruitment and in making more 
accurate pure live seed and bulk seeding rate calculations for 
revegetation with lovegrasses. Seed age is an important considera- 
tion in testing germinability of lovegrasses for ecological interpre- 
tations and for seeding rate calculations for revegetation. 
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Abstract 

An automated system to weigh and sort free-ranging cattle was 
adapted to administer cottonseed pellets (41% crude protein) to 
free-ranging cattle. The frequency with which animals drank water 
determined the interval between supplemental feedings. The 
automatic spacing of individual animals was the weakest link in the 
chain of events leading to the sorting of cattle into groups to 

water was available due to above-average precipitation. This 
resulted in an inconsistent supplementation schedule because 
animals did not have to return through the maze to drink water. 
Single berd management eliminated potential pasture-treatment 
confounding but accentuated individual animal behavior, which 
resulted in a range of supplement intakes and drinking water 
patterns. 

Key Words: drinking water behavior, supplementation, live-weight 

With the advent of single animal electronic identification, indi- 
vidual animal management became a reality during the late 1960’s 
(Street 1979). Electronic automation made it possible to reduce 
labor, improve data accuracy, and optimize the production poten- 
tial of individual animals. During the 1980’s electronics and infor- 
mation processing were integrated into production agriculture 
systems on livestock farms (Spahr 1984). 

Karn and Lorenz (1984) used electric shock to train cattle to 
avoid entering an alley which led into a pen containing feed. Rose 
(1991) has proposed a nose/lip implant, which when interrogated 
with a radio signal produces an electric shock, to control the 
ingress and egress of free-ranging livestock in lieu of conventional 
wire fencing. Martin et al. (1989) used electric shock to train sheep 
not to eat from a trough containing supplement. 

The drinking water behavior of cattle has been used to draw 
animals through automated systems designed to administer water 
and obtain individual animal live-weights (Adams et al. 1987, 
Anderson and Weeks 1989). Supplements have been administered 
automatically to individual animals using electronic systems (Kam 
and Clanton 1974, Morris and Delmas 1982). 

With behavior modification and automatic sorting, single herd 
management of free-ranging livestock is possible. Automation can 
overcome the bias of pasture differences resulting from separate 
supplement groups, in addition to facilitating individual animal 
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No. 1505, New Mexico State University, Las Cruces. 
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record keeping. The objective of this paper is to describe an auto- 
mated procedure for individually weighing and sorting free- 
ranging adult cattle into groups. 

Materials and Methods 

Single herd management was facilitated through individual ele- 
tronic identification from an external transponder worn around 
the animal’s neck (Universal Identification Systems, Corp., Cooke- 
ville, Tenn.). Cows were individually and automatically weighed, 
before drinking water, as they walked through a one-directional 
maze to obtain water to drink (Fig. 1). When interrogated the 
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Fig. 1. Block diagram of a l-directional maze desiped for weighing and 
sorting cattle. 

external transponders controlled pneumatically operated gates 
that automatically moved to sort animals into one of 3 locations. 

One-way gates, some of the bayonet-type (Anderson and Smith 
1980), ensured 1 directional movement through the system, which 
included a 6m-long single-animal electronic scale (L-8 Agri Pro- 
ducts, formally of Solana Beach, Calif.). Once adult cattle had 
passed the spacer, (Anderson and Mertz 1983) their movement was 
monitored as a series of photocell beams were sequentially broken. 
If more than 1 photo beam was simultaneously brokenmore than 1 
animal was in the maze. The pneumatic gates would default to a 
setting in which all animals would be returned to the pasture 
regardless of the animals preselected treatment (pen or pasture). 
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Table 1. Example: Live-weights, protein supplementation (41% cottonseed pellet) and drinking water data for cattle grazing arid rangeland between 16 
April and 16 July 1986. 

Bulls 

Live-weight Supplement Drinking 
Feedings 

Daily Intake Over Interval Interval 
91 d Trail’ Between Number Between2 

No. Mean Range Total Mean Range Mean Range Mean Range No. Mean 
Animals 

Range 
Consumed Animals 

‘;’ (kg) (kg) (kg) (kg/hd/d)(kg/hd/d) (d) (d) (n) (n) W (d) (d) 
477 393-514 709 1.6 1.1-1.8 3.4 2.74.8 28.2 19-34 5 2.3 1.7-2.8 

Supplemented Cows 
High Frequency 
Lactating I2 340 205-457 1449 1.3 0.9-1.8 3.9 2.9-4.6 24.3 20-3 I I2 3.4 2.1-5.7 
Non-Lactating 5 384 305-485 663 I.5 1.0-1.9 3.5 2.7-4.3 26.4 21-34 5 2.9 I .6-4.3 

Low Frequency 
Lactating 9 301 210-432 664 0.8 0.6-0.9 6.1 5.1-9.1 15.3 lo-18 8 4.5 2.8-8.5 
Non-Lactating 6 303 202-375 355 0.6 0.5-0.9 7.5 4.8-9.1 12.7 10-19 4 4.1 3.1-5.7 

Non-supplemented Cows 
Lactating 17 375 150-523 7 4.2 2.6-6.8 
Non-Lactating 20 390 200-687 9 4.1 3.1-5.7 

‘Animals were given 5 kg of supplement each time they were fed; orts were weighed back to accurately determine individual intake. 
20nly 34 days of data were collected. Free-standing water in the pasture from 5-29 through 6-3 (2.41 mm) and 6-23 through 6-26 (6.78 mm) eliminated the animal’s need to 
return to Headquarters to drink water. 

If only 1 animal at a time was in the system it was restrained from 
walking forward for about 11 set following the drinking of water. 
While the animal was stopped, its transponder was interrogated 
and its identification number along with date, time, and live-weight 
were recorded. In addition, the automated gates in the system 
moved into position to sort the animal either into pen A or B or 
back into the pasture. After this brief restraint the spring loaded 
gate, which had remained closed in front of the animal, automati- 
cally opened. As the animal walked through the gate opening, a 
solenoid lock attached to the cattle spacer was electronically 
released. Once the locking mechanism on the spacer was released 
another animal was free to enter the alley leading to the scale 
platform. This process repeated itself until all animals had passed 
through the weighing/ sorting system. 

The system was evaluated in a 91day study at the Jornada 
Experimental Range Headquarters (32O 37’ N, 106’ 40’ W) in 
Dona Ana County, New Mexico, between 16 April and 16 July, 
1986. Two, 2,300-ha pastures were sequentially stocked with a 
single herd of 69 Hereford and Fl crossbred Hereford cows 4 years 
of age or older and 5 Simmental bulls. Calves were not weighed 
automatically and did not have to negotiate the maze to drink 
water. 

The automated system was evaluated as a tool to aid in adminis- 
tering a 41% crude protein cottonseed pellet supplement. Cows 
were initially allotted to a nonsupplemented control and 2 protein 
supplement levels: 1.8 kg/ hd/ d (high) and 0.9 kg/ hd/ d (low), on 
the basis of breed, lactation status, and age. All bulls were to be fed 
at the high supplement level. Five kilograms of cottonseed was fed 
to each supplemented animal during a 24-hour period. This 
amount was fed during the initial visit regardless of the number of 
additional times the animal came through the system that day. 
Supplement was administered manually between 0700 and 1800 
hours, Mountain Standard Time, in wooden boxes distributed 
around the perimeter of pens A and B (Fig. 1). When an animal 
finished eating, the orts were weighed and the animal was imme- 
diately released back into the pasture. 

Results and Discussion 

Between 16 April and 16 July, 10.22 cm of precipitation was 
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recorded at ranch Headquarters. Ninety percent of the precipita- 
tion received during the study (9.19 cm) was received between 29 
May and 3 June (2.41 cm; 6 days) and 23 June and 26 June (6.78 
cm; 4 days) while the 5 remaining events occurred on isolated days 
and ranged between 0.05 and 0.3 cm. The January through July 
precipitation was 68% above the long-term average of 9.7 cm. 
There was 7.4 cm of rainfall recorded in June; this exceeded the 
long-term average for June by 6.2 cm (U.S. Commerce Depart- 
ment 1986). The 6 days of rain in late May and early June and the 
rainy period later in June for 4 days left free-standing water in the 
pasture and eliminated the need for animals to return to Headquar- 
ters to drink water. Overall, data were collected on 64 out of 91 
days. Of the 27 days data were not collected, the longest consecu- 
tive period was for 13 days during which time the 6.78 cm of 
precipitation was received. Measurable precipitation was recorded 
on 10 days, leaving only 17 days (21Yo) in which data were not 
collected for unexplained reasons. 

The mechanical and automatic spacing of individual animals 
was ‘the weakest link in the automated chain of events. If cows 
closely followed each other in single file, the cattle spacer was 
frequently unable to separate them. Therefore, with 2 or more 
animals within the maze, no data were obtained because the gate 
default settings immediately returned these animals to pasture 
following their drinking water. Once in the pasture the animals did 
not reenter the maze again until they again were thirsty. Possible 
modifications to the holding pen and or cattle spacer might alle- 
viate this problem but will require further experimentation. 

Training cattle to accurately negotiate the maze required about 3 
months. However, not all animals were successfully trained and 
some had to be dropped from the experiment. Currie et al. (1989) 
reported culling < 5% of a group of steers because of disposition or 
lack of adapting to a procedure in which they had to enter a scale 
platform in order to drink water. In our experience individual 
temperament was the key factor responsible for an animal’s adap- 
tability to this type of management. Animals that were docile when 
in the presence of humans adapted most quickly to the automated 
management. Animals with horns adapted to the system; however, 
polled animals were preferred since they were less likely to destroy 
equipment and were able to move through narrow alleys and 
chutes easier than horned animals. 



Each animal’s frequency to drink water varied. Therefore, the 
actual daily intake of supplement the treated animals received 
ranged between 0.5 and 1.9 kg/hd/da (Table 1). 

Conclusions 
A free-ranging herd of beef cattle can be trained to negotiate a 

one-directional maze in order to obtain drinking water and receive 
a supplement. Docile animals and precipitation events which do 
not produce free-standing water are essential if water drinking 
behavior is to be used to bring animals to a specific location. 
Electronic identification made possible long-term individual live- 
weight records, automated sorting, and single herd management. 
The automated system eliminated pasture-treatment confounding; 
but individual animal behavior was accentuated, resulting in a 
range of supplement intakes and drinking water patterns. 
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Book Reviews 
Soil Management for Sustainability. Edited by R. La1 and 

F.J. Pierce, with 14 chapters. 1991. Soil and Water Con- 
servation Society, Ankeny, Iowa. 189 p. US$15.00 paper. 
ISBN O-935734-23-6. 
This book explores the challenging future of soil sustainability. 

It is also a tribute to the career of Dr. Bill Larson, who made 
significant contributions to the science of managing and sustaining 
the soil resource. Chapter 11 gives an excellent global perspective 
of the complex problems caused by an explosion in world popula- 
tion, an increase in soil degradation and erosion, an increase in 
off-farm discharge of agrichemicals, an increase in carbon dioxide 
emissions from soil organic carbon, and an excessive consumption 
of fossil fuel energy by agriculture. All of these problems make it 
increasingly difficult to provide for the basic food and fiber needs 
of the world in an economically viable, environmentally safe 
fashion without further degrading the soil resource upon which 
agriculture depends. Or, as the introductory chapter says, there is 
an increasing need for sustainable agriculture, which is defined as 
the successful management of resources to satisfy changing human 
needs while maintaining or enhancing the quality of the environ- 
ment and conserving natural resources. Chapter 11 suggests that 
on a global scale, sustainability depends upon the combined char- 
acteristics of the soil and climatic resources. 

Whereas many books on sustainable agriculture discuss crop- 
ping systems and rotations, the focus of this book is on the soil as a 
precious resource whose degradation endangers the goal of agri- 
cultural sustainability. Chapter 2 bluntly suggests that manage- 
ment practices be designed to achieve specific improvements in soil 
structure which will indirectly improve crop production. Chapter 
14 suggests three specific changes in management that are needed 
to foster greater renewability and sustainability: (1) farming by 
soils and landscapes, (2) managing zones within fields, and (3) 
managing the non-crop period to minimize on-and off-farm deg- 
radation of resources. Chapter 9 discusses the concept of farming 
by soil in detail, noting that this practice is alternatively referred to 
as prescription farming, site-specific farming, or variable farming. 
Whatever it is called, the development of farming by soil technol- 
ogy is the single greatest breakthrough in soil management to have 
occurred in the last decade. 

Policy issues relating to sustainability are discussed in several 
excellent chapters. In Chapter 12, Dr. Larson states that the policy 
of idling land to reduce surplus and increase profits makes no 
sense. This policy degrades soil structure and fertility, inflates land 
prices, and costs money. Chapter 7 defines conservation tillage as a 
system in which either crop residue or a rough soil surface is 
produced to control soil erosion and achieve good infiltration. This 
chapter suggests that current policy does not adequately account 
for effects of random and oriented surface roughness on soil and 
water conservation, nor does it adequately account for buried crop 
residue. The major barriers to adoption of conservation tillage 
include grower attitudes, poor net profit and financial aspects of 
weed control, the difficulty in managing crop residue, and inade- 
quate equipment. Chapter 10 has an excellent comparison of the 
energy ratios for slash and bum agriculture, draft animal agrofor- 
estry, and conventional agriculture. Current economic constraints 
do not allow fossil fuel sources to be replaced by ethanol produced 
from corn grain. Furthermore, current policy and commodity 

support programs inhibit the adoption of legumes in rotation that 
would reduce reliance on nitrogen fertilizers, conserve fuel, and 
reduce erosion. It is suggested that greater coupling of policy with 
environmental benefits is needed. 

Issues relating to erosion and productivity are discussed in 
Chapters 5 and 6. The chapter on erosion suggests that models be 
increasingly used for erosion prediction and to guide policy devel- 
opment. Yet it also acknowledges current limitations of erosion 
prediction technology, including the difficulty in predicting spatial 
or temporal variability of erosivity and erodibility; the need for 
further research on the relation between force, resistance, and 
erodibility; the difficulty in evaluating transport capacity of thin 
flows in interrill areas; and the difficulty in predicting changes in 
detachment with depth. The chapter on erosion productivity 
impact prediction reviews approaches that have been used to esti- 
mate productivity and suggests that the best overall indicator is 
crop yield. Changes in productivity with erosion are generally 
difficult to estimate due to technological innovations and improve- 
ments in management that mask declines in productivity. Produc- 
tivity in the United States is estimated to decline no more than 8% 
on average during the next 100 years if erosion stabilizes at present 
rates. The uncertainty in such projections could be reduced if more 
long-term experiments were conducted at several sites to develop 
models capable of predicting the spatial and temporal distribution 
of the relationship between erosion and productivity. 

In general, this book will be a valuable reference for researchers 
and policy makers interested in issues of soil sustainability. All but 
two of the chapters were excellent. The chapter on soil stresses was 
highly technical, had a typographical error in Equation 11, and 
failed to discuss the relevance of theory to issues of sustainability. 
The chapter on sludge disposal was technically accurate and well- 
written, but failed to discuss issues of sustainability. Notably 
absent was a chapter on the impact of long-term management on 
soil properties such as organic matter, tilth, and infiltration. Also 
missing was a chapter on the impact of sustainable agrichemical 
practices on water quality. Both of these topics were discussed by 
Dr. Larson in brief excerpts from an interview with him published 
in Chapter 12. In spite of these deficiencies, the book is excellent 
and well worth the low purchase price.-David J. Mulla, Washing- 
ton State University, Pullman, Washington. 

The Jackson Elk Herd: Intensive Wildlife Management in 
North America. By Mark S. Boyce. 1989. Cambridge 
University Press, Cambridge. 306 p. US$75.00 hard- 
bound. ISBN O-521-34147-7. 
This book began as a study funded by the Jackson Hole Elk 

Study Group (Bridger-Teton National Forest, Grand Teton Na- 
tional Park, National Elk Refuge, and Wyoming Game and Fish 
Department) to review data gathered on the Jackson elk herd since 
Anderson’s 1958 monograph. As such, Boyce synthesized existing 
agency data, conducted statistical analyses, developed computer 
models, but apparently conducted no field research. 

Though the relationship between elk (Cervus elaphus), other 
ungulates and vegetation in Jackson Hole has long been a subject 
of intense debate, Boyce neither clearly defined the critical differ- 
ences at issue nor presented them as alternative hypotheses. To 
summarize the two main schools of thought, agency biologists at 
first (1900-1960s) believed: (1) Jackson Hole was not historical elk 
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winter range, (2) European settlement forced elk to winter in the 
valley, (3) supplemental feeding permitted the growth of an 
abnormally large elk herd which, (4) caused substantial damage to 
the winter range. However, they and Boyce now believe: (1) large 
numbers of elk have wintered in Jackson Hole for the last several 
thousand years, (2) feedlots have only replaced winter range lost to 
human developments, (3) therefore, today’s elk populations are 
not unnaturally high, though the distribution of wintering animals 
may have changed, (4) serious, elk-induced range damage has not 
occurred except near feedlots, and (5) the elk population would be 
regulated by density-dependent homeostasic mechanisms if hunt- 
ing ceased. 

In his preface, Boyce tells his readers that “Much of this controv- 
ersy ultimately stems from abundant misinformation,*’ implying 
that his work does not misinform. His book, however, has impor- 
tant errors and omissions, two examples of which are illustrated 
here. 

First, Boyce’s work is predicated on the assertion that several 
thousand elk wintered in Jackson Hole for the last 8,000 or so 
years. On pages 212-213, Boyce presents a short review of fauna1 
remains found in archaeological sites as support for this assump- 
tion. He cites the Dead Indian Creek Site as evidence that elk 
remains date to 4,000 BP. A review of the original report [Frison 
and Walker. 1984. Wyo. Archaeol. 27(1-2):l l-122.1, however, 
reveals that site is located 180 airline km northeast of Jackson 
Hole. Moreover, the fauna1 section indicates that 17 elk, 28 ante- 
lope (Antilocapra americana), 43 bison (Bison bison), 311 bighorn 
sheep (Ovis canadensis), and 8 12 mule deer (Odocoileus hemionus) 
bones were unearthed, respectively. Clearly, the ungulate remains 
at this site are dominated by mule deer and bighorn sheep, not elk. 
This situation is the exact opposite of the present situation along 
Dead Indian Creek and in Jackson Hole where elk constitute more 
than 80% of total ungulate numbers (Kay 1990. Yellowstone’s 
northern elk herd: A critical evaluation of the “natural regulation” 
paradigm. Ph.D. Diss., Utah State Univ., Logan.). 

More importantly, Boyce does not mention any of the archaeo- 
logical work done in Jackson Hole. Over the years, more than 20 
archaeological sites dating from 140 BP to 5,200 BP have been 
excavated in Jackson Hole, but not a single elk bone has been 
recovered. Archaeologist Gary Wright (1984. People of the high 
country: Jackson Hole before the settlers. Peter Lang.) concluded 
that large herds of elk did not inhabit Jackson Hole until the late 
1800s. Though Native Americans used Jackson Hole for at least 
8,000 years, according to Wright, those peoples subsisted mainly 
on vegetal foods because all ungulates were rare. 

After reviewing hundreds of archaeological reports and inter- 
viewing prominent archaeologists throughout the West, I can 
unequivocally state that elk are rare in all Intermountain archaeo- 
logical sites. Instead, ungulate fauna1 remains from those sites are 
dominated by bighorn sheep or deer. Of over 52,000 ungulate 
bones unearthed in western archaeological sites, only 3% were elk 
(Kay 1990). If large numbers of elk had “always” wintered in 
Jackson Hole, or other areas in the Intermountain West, their 
bones should appear more frequently in archaeological sites (Kay 
1990). 

In a 1984 letter to Leslie Pengelly, then director of the Wildlife 
Biology Program at the University of Montana, Wright said “keep 
in mind that I have (been) battling wildlife biologists from Grand 
Teton and Yellowstone Parks for some years. One told me, after a 
seminar I gave at the Jackson Hole Biological Research Station on 
the fauna1 resources of the region, “Even if you demonstrate that 
no elk were here, we would still continue to argue for them because 
our management policies require a herd of at least 10,000 elk by the 
end of the Pinedale ice (the last deglaciation).” If Boyce does not 
believe Wright and other archaeologists’ work, he should at least 

have told his readers why he does not. If he cannot, then the key 
assumption of his book is, at best, without foundation. 

Boyce correctly identifies the condition and trend of aspen 
communities as one of the major points of debate over elk man- 
agement in Jackson Hole. One school of thought holds that elk 
browsing has substantially impaired aspen communities while 
Boyce and others believe that the decline of aspen is due primarily 
to suppression of lightning fires and normal plant succession. 

Boycecitesmywork(Kay 198%~~. 131-160inG.W. Workman, 
ed. Western elk management: A symposium. Utah State Univ., 
Logan.) as evidence that the “current condition of aspen in Jackson 
Hole generally appears to have improved since the early 1970s.” 
My early aspen research, however, was in error because it concen- 
trated along roads and trails where human disturbance displaces 
elk. Subsequently, I sampled an additional 2,000 aspen stands in 
Jackson Hole away from roads and other areas of human distur- 
bance. Practically no aspen stands >400-800m from roads have 
successfully regenerated. This information was relayed to Boyce 
well before the publication date of this book, but he apparently 
chose not to include it. Elk are severely curtailing aspen communi- 
ties throughout much of Jackson Hole (Kay 1990). 

Boyce also misrepresents John Hart’s aspen research in the 
valley when he states “Remarkably, aspen decreased within exclo- 
sures as well as in areas browsed by elk” and implied that this 
proved elk were not responsible for the decline of aspen in Jackson 
Hole. Aspen stem densities did decline inside and outside exclo- 
sures, but for different reasons. Hart concluded that the density of 
aspen stems decreased outside exclosures because of repeated 
ungulate browsing while stem densities declined inside exclosures 
due to severe density-dependent competition between aspen stems 
for space, often called self-thinning. Hart did note that aspen stem 
densities were similar inside and outside exclosures, but those data 
have no bearing on biological interpretations since the outside 
stems, which are all nearly<.5 m tall, are not ecologically equival- 
ent to the maturing trees (> 10 m) within the exclosures. 

I recently measured all the aspen exclosures in Jackson Hole and 
throughout the Greater Yellowstone Ecosystem (n= 14). In all but 
one case, aspen protected from browsing successfully regenerated 
and developed characteristics of climax or stable aspen communi- 
ties while those outside did not (Kay 1990). These exclosures show 
that elk are having a dramatic impact on aspen communities. 

This book is subtitled “Intensive Wildlife Management in North 
America.” If this is, in fact, intensive wildlife management, it is 
clear why most ecologists hold that discipline in low regard and 
why the devloping field of conservation biology is leaving wildlife 
management in its wake (Wagner 1989. Wildl. Sot. Bull. 17:354- 
360.). Though Boyce reviewed the range studies conducted by the 
agencies since the late 195Os, one is struck by how little work has 
been done on that critical subject for the last 25 years. For instance, 
the latest browse utilization data for the Gros Ventre drainage 
reported by Boyce were collected in 1963. None of the agencies has 
conducted any long-term research on aspen or other plant com- 
munities nor is any in progress. 

This book has a number of serious omissions and paints a 
selected view of elk ecology in Jackson Hole. It is written primarily 
from the perspective of the management agencies which all have a 
vested interest in maintaining the status quo. This book’s main 
value is that it may generate independent research on subjects 
neglected by the agencies. It definitely is not the final word on elk 
management in Jackson Hole.-Charles E. Kay, Utah State Uni- 
versity, Logan, Utah. 
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