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A Comparison of Average Variable Costs of Private vs. 
Public Land Ranches in Southeastern Montana 
JOHN R. LACEY AND JOHN P. WORKMAN 

Abstract 

A study was conducted in southeastern Montana to determine 
the effects of federal range grazing on cattle ranch average variable 
operating costs per animal unit. Data were obtained through per- 
sonal interviews in 1980 with 68 ranches in six southeastern Mon- 
tana counties. T-tests were used to determine if the average varia- 
ble costs per animal unit were less on ranches that rely on federal 
ranges than on ranches that do not. Annual variable costs per 
animal unit averaged S158 and S144, respectively, for ranches 
obtaining O-4% and 541% of total forage from federal lands. 
However, this difference was not statistically significant. Regres- 
sion analysis did indicate that variable costs per animal unit were 
significantly affected by the percentage of total ranch income from 
crop sales. 

It has been estimated that 45% of Montana’s ranchers will be out 
of business by 1990 and 1 in 10 is not expected to survive through 
1986 (Governor’s Council on Economic Development 1985). 
Ranch production costs commonly exceed gross revenues. 

Both ranchers and agricultural lenders need a better understand- 
ing of the factors that influence livestock production costs. Federal 
rangelands in the western US are one potentially important factor. 
More than half of the total land area in several western states is in 
federal ownership and livestock grazing has long been a major use 
of much of this land. A number of studies have compared grazing 
fees on private land with those on public land (Nielsen 1982) but 
little effort has been devoted to determining the effects of public 
land grazing on average variable costs of livestock production. If 
federal land grazing fees are significantly lower than private land 
fees, it seems likely that total variable costs per animal unit (AU) 
would be less on ranching operations that rely on federal ranges for 
a significant percentage of their total forages. 

The purpose of this analysis was to determine if the average 
variable cost per AU is less on ranches that rely heavily on federal 
ranges than on ranches where federal range supplies only a small 
percentage of the total forage requirement. Results should be 
helpful to ranchers and agricultural lenders by providing addi- 
tional insight into the factors affecting livestock production costs. 

Methods 

Six counties in southeastern Montana were selected as the study 
area (Fig. 1). These 6 counties represent the main range livestock 
area served by Agricultural Research Service, Sidney, Montana, 
sponsor of the study (Lacey et al. 1985). Cash receipts from the sale 
of livestock accounted for 79% of the total agricultural earnings in 
that region in 1979. 

Bureau of Land Management lands in southeastern Montana 
are generally “Section 3” lands intermingled in a checkerboard 
pattern with private holdings. Although FS lands in the study area 
are blocked into units, most National Forest permittees border the 
respective forests. Thus, in the study area, little livestock trucking 
is required by federal permitees. 

Possible respondents were identified by reviewing personal 

Authors are extension range specialist, Cooperative Extension Service, Montana 
State University, Bozeman 59717; and professor of range economics, Range Science 
Deoartment. Utah State Universitv. Lonan 84322. At the time of the research. the 
senior author was graduate researc~&sisbnt, Range Science Department, Utah State 
University. 

Manuscript accepted 16 December 1985. 

Fig. 1. Map of Montana showing counties included in rhe study. 

property tax records in July, 1979. Names and addresses were 
recorded of 1,450 operators in the 6-county area who paid taxes on 
at least 25 head of cattle and/or 50 sheep. 

A two-phase sampling technique was used. First, questionnaires 
were mailed to a total of 830 ranchers during May 1980. The size of 
these operations ranged from 50 to 2,096 animal units. In this study 
an animal unit was defined as one l,OOO-lb cow or her equivalent. 
The ranchers were asked to return the questionnaires and indicate 
whether they would be willing to discuss the economics of their 
ranching operation in personal interviews. Eighty-five cattle 
ranchers were then selected from among those willing to partici- 
pate. It should be noted that this possibly introduced some non- 
participant bias. Participants were interviewed during July through 
September, 1980. Their cattle operations ranged from 76 to 1,669 
animal units. Incomplete data and/or atypical operations (those 
with 50% or more of their income from purebred or farming 
operations) made it necessary to exclude some of the personal 
interviews from the final analysis. Therefore, the results reported in 
this paper are based on data collected during personal interviews 
with 68 ranch operators. 

Forty-six of the ranchers interviewed had BLM permits, while 6 
had permits to graze on National Forests (Table 1). Three addi- 
tional ranchers had both BLM and FS grazing permits. Two 

Table 1. Number of federal grazing permits held by 68 ranches in soutb- 
eastern Montana, 1979. 

Agency Controlling Permit 

BLM 
BLM and US Fish & Wildlife Service 
BLM and FS 
FS 
None 

Number of Ranches 

46 
2 
3 
6 

11 

z 

others grazed on both the Charles M. Russell Wildlife Refuge and 
BLM lands. The contribution of federal range to the total forage 
used in the ranching operations ranges from 0 to 5 1%. 

The ranchers supplied production and cost data. Cost data were 
divided into fixed and variable costs. Fixed costs are those 
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related to the fixed factors of production and in this study included 
the opportunity cost of family labor and interest attributed to land 
investment. Fixed costs do not change with the level of output and 
cannot be avoided in the short-run. Fixed costs were not included 
in the analysis. 

Variable costs are those associated with the variable factors of 
production such as purchased feed, repairs, gasoline, grazing fees, 
interest on operating loans, veterinary bills, and hired labor. Total 
variable costs increase with increases in production and decrease 
with reductions in output. 

Variable Cost Comparison Using t-Tests 
The variable costs per animal unit on 34 ranches were federal 

lands provided an average of 22% of total forage were compared to 
the variable cost per animal unit on 34 ranches where federal lands 
provided an average of 1% of total forage. The amount of federal 
forage relative to total forage ranged from 5 to 51% and 0 to 4%, 
respectively, for the two groups. A t-test was used to test for 
statistical difference between sample means of variable costs t for 
the two groups. 

Because the above analysis examined a continuum (O-51% fed- 
eral forage contribution) of ranches, rather than two distinct 
groups (principally private vs “major” dependence on public graz- 
ing) a second t-test was conducted. A subsample of 34 ranches was 
selected from the original 68 observations. Seventeen of the 
ranches had 1% or less of their total forage supplied by federal 
range while the other 17 ranches had 18% or more. The t-test was 
used to determine if there was any difference in the variable costs 
per animal unit between the 17 ranches where federal lands pro- 
vided an average of 0.4Yo of total forage and the 17 ranches where 
the federal lands provided an average of 31% of the total forage. 

Linear Regression Analysis 
Simple linear regression analysis was used to determine the 

effects of range size, relative importance of crop production, and 
relative importance of range forage on variable costs per AU. 
Average variable cost per AU was the dependent variable in each 
regression, while the independent variables were number of animal 
units, percentage of total ranch income from crop sales, and per- 
centage of total forage contributed by range, respectively. Each 
analysis included 68 observations. 

Results and Discussion 
Variable Cost Comparison Using t-Tests 

Annual variable costs per AU ranged from $52 to $361 and 
averaged $151. About one-half of these costs are attributable to 4 
items: supplemental feed, machine operation, equipment repair, 
and interest on operating capital (Table 2). Although variable costs 
were similar between the 2 ranch groups, costs of machine opera- 
tion and equipment repair averaged about $5 per AU higher on the 
private land ranches. Average operating loan interest per AU was 
also higher on the ranches with less federal range due, perhaps, to 
their relatively greater crop production. In contrast, average costs 
of supplemental feed and hired labor were higher on ranches with 
more federal grazing. 

Total annual variable costs per animal unit averaged $157.86 for 
the ranches who 0 to 4% federal forage compared to $144.09 for the 
ranches that had 5 to 51% of their forage supplied by federal lands 
(Table 2). There was no significant difference in variable costs per 
AU between the 2 groups at the .05 level. Figure 2 illustrates that 
the average variable cost per AU would have had to differ by about 
$45 between the 2 groups for the difference to be statistically 
significant at the 5% level. 

Similar results were obtained for the subsample comparing 34 
ranches. Variable costs per AU averaged $149.16 on the 17 ranches 
with less than 1% of total forage supplied by federal range, com- 
pared to $148.20 on the 17 ranches relying on federal range for 18 
to 51% of their total forage (Table 3). This difference was not 
statistically significant at the .05 level. 

Table 2. Mean variable cost per animal unit on two group of ranches in 
southeastern Montana. 

Percent of Total Forage Supplied 
by Federal Range 

Variable Cost Item’ 

Supplemental feed 

Veterinary 

Insurance 

O--4% 5-51% 
Dollars per AU* 

24.86 30.24 
(16.21) (24.40) 

2.82 3.16 
( 1.46) ( 2.16) 

4.70 3.71 

Hired labor 
( 3.3 ) 

8.33 

Tax (personal property) 

Fertilizer and seed 

Machinery operating 

Equipment repair 

(13.26) 
13.16 

( 6.46) 
10.99 

(13.21) 
20.79 

(11.93) 
13.39 

( 2.62) 
14.77 

(18.92) 
13.08 

( 9.08) 
6.83 

(14.89) 
18.81 

(12.58) 
10.61 

Utilities 

Grazing fees 

Supplies 

Interest (operating loan) 

Miscellaneous3 

TOTAL 

( 8.37) ( 6.80) 
4.75 4.01 

( 2.99) ( 2.16) 
10.81 9.10 

(14.49) ( 6.59) 
7.76 

( 7.52) ( z::, 
23.85 14.32 

(19.33) (14.87) 
11.65 7.01 

(14.40) ( 9.70) 

157.86 144.09 

Wariable costs are for 1979.34 ranches in each group. 
2Mean standard deviations are in parentheses, 
3Miscellaneous includes contract labor, buildlng repair, irrigation, herbicide, tmns- 
portation and accounting. 

9sxcl 

0-U of tocal 
forage from 
federal taoge 

5-51x of tora1 
forage fror 
federal range 

Fig. 2. Average variable cost per AUfor two groups of Montana ranches, 
1979. 

Linear Regression Analysis 
Ranch size (number of AU’s) did not affect variable cost per AU. 

The 34 ranches obtaining only O-4% of their forage from federal 
range averaged 420 AU, while the average size of the 34 ranches 
that had 5-5 1% of total forage supplied by federal range was 465 
AU. Similarly, the 17 ranches in the subsample that obtained 1% or 
less of their total forage from federal range averaged 266 AU, 
compared to 409 AU for the 17 ranches obtaining at least 18% of 
total forage from federal range (Table 3). However, the correlation 
between average variable cost per AU and number of animal units 
was not statistically significant (probability of a larger value was 
.41). 
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Table 3. Mean variable cost per rnhnal unit, number of animal units and 
percent of total income from sale of livestock on two groups of ranches in 
southeastern Montana. 

Percent of 
Average Total Income 

Range Group’ Cost Per Number of From Sale 
(Federal Forage Contribution) AU (%)* Animal Units Livestock 

Less than 1% 

18 to 51% 

$149.16 
(51.60) 

$148.20 409 90 
(72.001 (2581 fl41 

partially due to more intensive use of range improvement practices 
(Table 5) and partially due to differences in land productivity. 
Ranches with 1% federal range averaged 1 water development for 
218.5 ha (695 ac) and 1.6 km (1 mi) of fence per 94.8 ha (234 ac), 
while ranches with 22% federal range averaged 1 water develop- 
ment per 311 ha (768 ac) and 1.6 km (1 mi) of fence per 112.2 ha 
(277 ac) of rangeland. Calf crop percentage was 88% on the ranches 

Table 5. Number of hectares per range improvement unit on two groups of 
ranches in southeastern Montana’. 

Ranch Groun* 

Wariable costs are for 1979; 17 ranches in each group. 
ZMean standard deviations are in parentheses. Kind of Improvement 

O-4% 5-51% 
Federal foragege Federal forage 

Livestock sales accounted for 87% of total cash receipts earned 
by the 68 ranches. But livestock sales accounted for 82% and 91% 
of the total cash receipts earned by the ranches with O-4% and 
5-51% federal range forage, respectively. Therefore crop sales 
made a relatively larger contribution to revenues on the private 
land operations. In the following linear regression, coefficients 
were statistically significant @<.O 1) and rz = 0.41: average variable 
cost/AU = 117.8 + 2.5 (percent of total ranch income from sale of 
crops). The regression equation can be used to predict how produc- 
tion costs of the 2 groups of ranches were affected by percent of 
income contributed by crops. For each additional percent of crop 
income contribution, variable cost per AU would increase by 
$2.50. Because private land ranchers earned 9% more of their total 
income from crop production than did the average public rancher, 
their average variable costs per AU were $22.50 higher. Thus, after 
adjusting for differences in crop income contribution, average 
variable cost per animal unit was actually only $135.36 on the 
ranches with 0 to 4% federal forage, or about $lO/AU less than on 
the ranches more heavily dependent on federal range. While not 
statistically significant, these differences in variable costs agree 
with results reported by Tore11 et al. (1986) for Nevada. 

Correlation between average variable cost per AU and percen- 
tage of total forage contributed by range was not statistically 
significant (probability of a larger value was .44). This non- 
significant correlation is surprising in view of the substantial 
machinery and labor costs associated with both hay harvest and 
hay feeding. Variability among ranches in amounts of hay har- 
vested and hay purchased may explain the unexpected low correla- 
tion of these variables. 

Comparison of Production Practices 
Although the differences are not statistically significant, man- 

agement practices may be less intense on ranches that are more 
heavily dependent on federal grazing permits. The average stock- 
ing rate was 18.9 ha (46.7 ac) of total (deeded and public) ran- 
ge/ AU on ranches with 22% federal forage (Table 4) compared to 

Table 4. Average stocking rate, calf crop pereentage and weaning weight of 
steer calves on two groups of ranches in southeastern Montana, 1979.’ 

Ranch Group* 
(Federal Forage 
Contribution) 

O-4% 

5-51% 

Stocking 
Rate 

Ha/ AU 

15.7 
(6.2) 
18.9 
(6.0) 

Calf Crop 
% 

(878.4) 

;:4) 

Weaning 
Weight 

kg 
202 

(18.2) 

IMean standard deviations are in parentheses. 
234 ranches in each group. 

15.7 ha (38.8 ac) of total range/AU on the ranches with only 1% 
federal forage. The higher stocking rate by the latter group may be 

Water developments 
wells, springs BE reservoirs (each) 

Fence (1.6 km) 

Hectares 
281 311 

(252) (241) 
94.8 112 . 

(45.3) (44) 
‘Mean standard deviations are in parentheses. 
*34 ranches in each group 

with 1% federal range and 84% on ranches with 22% federal range 
(Table 4). Likewise, weaning weights of steer calves were 202 kg 
(445 lb) on ranches with little federal range and 200 kg (441 lb) on 
ranches more dependent on federal range allotments. Death loss of 
cows averaged 2.690 on both groups of ranches. Death loss of 
calves was 690 on ranches with little federal range and 9% on 
ranches more dependent on federal range. 

Summary and Conclusions 
A study was conducted in southeastern Montana to determine 

whether or not the average variable operating cost per animal unit 
is less on ranches that rely on federal range than on those that graze 
little or no federal range. Data were obtained through personal 
interviews in 1980 with 68 ranches in 6 southeastern Montana 
counties. The sample was divided into 2 groups of 34 ranches each. 
One group obtained from 0 to 4% of total forage from federal 
ranges while the second group obtained from 5 to 51% of total 
ranch forage from federal lands. Annual variable costs per animal 
unit averaged $158 for the private land group of ranches and $144 
for the ranch group more dependent on federal ranges. However, 
this difference was not statistically significant. Analysis of a sub- 
sample comparing 17 ranches with less than 1% federal forage and 
17 ranches with at least 18% federal forage also yielded no signifi- 
cant differences in average variable costs per AU. However, varia- 
ble costs per AU did increase significantly with the percentage of 
total ranch income contributed by crop sales. 
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Causes and Economic Effects of Mortality in Livestock 
Guarding Dogs 
JAY R. LORENZ, RAYMOND P. COPPINCER, AND MICHAEL R. SUTHERLAND 

Abstract 

We assessed causes of pre-senile mortality among working 
guarding dogs, and its effects on their manrgement and cost. A 
population of 449 livestock guarding dogs in 31 states showed no 
differences in mortality due to breed or sex, but dogs working on 
open rangelands died more frequently (p<.OOl) than those work- 
ing on farms or fenced ranches. Half of the farm dogs died before 
they reached 38 months of age, by which time nearly three-quarters 
of the open rangelands dogs had succumbed. Accidents accounted 
for over half the deaths, culling for inappropriate behavior 
accounted for one-third, and diseases for 9%. High accident and 
culling rates in young dogs substantially increased the cost of this 
predator control technique. However, we found 2 main areas 
where corrective measures can be applied: (1) increasing the 
awareness among producers that accidents are a main cause of 
deaths especially during the dogs’ first 30 months of age; and (2) 
reducing the number of culls by improving the genetics of the dogs 
and by training producers to manage them. 

Eurasian livestock guarding dogs (Canis familiaris) can reduce 
or eliminate predation on sheep (Ovis aries) and goats (Capra 
hireus) on farms and ranches in the United States (Coppinger et al. 
1983a,b; Green and Woodruff 1983a). Such reduction depends on 
dogs being attentive and trustworthy. Dogs deficient in either of 
those attributes are unsuccessful. 

Methods of predator control must be economical to be useful. 
Although guarding dogs are proving to be of reasonable cost, 
producers need to be aware of factors that can rapidly change the 
economic picture. Green et al. (1984) estimated dollar costs of 
guarding dogs and suggested that ability to deter predators and 
longevity are additional factors that influence costs relative to 
benefit. 

We examined the effect of ability and longevity on working 
guarding dogs. Specifically, we looked at: (1) the duration of 
guarding behavior, which is partially dependent upon the life span 
of the dog, and (2) the percentage of dogs that show appropriate 
guarding behavior. The longer a dog lives, the more cost-effective it 
will become, because the costs of purchase and training can be 
amortized over a longer period. Moreover, a longer life span makes 
the generally ineffective juvenile months a smaller percentage of 
the total. 

We assessed causes of pre-senile mortality among working 
guarding dogs, and its effects on their management and cost. In 
addition, we developed actuarial statistics that will assist produc- 
ers, researchers, veterinarians, and breeders in keeping track of the 
age structure of a population of working guardians, and in plan- 
ning for replacement animals. 

Authors are extension specialist, Oregon State University, Corvallis 97331; profes- 
sor of biology, Hampshire College, Amherst MA 01002; and associate professor of 
statistics, University of Massachusetts, Amherst 01003. Reprint requests should be 
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Materials and Methods 

We observed mortality of a population of 449 dogs (80 litters). 
Our sample represented the total population of livestock guarding 
dogs placed during 1978-1983 on cooperating farms and ranches 
under the auspices of Hampshire College’s Livestock Dog Project. 
They were offspring of imported working dogs from Europe and 
Asia Minor: 120 Turkish Anatolian Shepherd Dogs, 74 Yugosla- 
vian Shar Planinetz, 56 Italian Maremmas, I2 Portuguese Castro 
Laboreiros, and I83 crosses between the above breeds. Four Tibe- 
tan Mastiffs donated by breeders were also included. Pups were 
born between April 1978 and December 1983. Their ages ranged 
from 7 to 72 months. 

Pups were born and raised with sheep at Hampshire College, at 
Coppinger’s farm, or in several cases on cooperating farms, 
remaining there for 6 to I2 weeks until they were placed with sheep 
producers. Two hundred and sixty producers in 3 I states partici- 
pated. All cooperators were volunteers; all had commercial flocks. 
They raised sheep under 3 different systems of management: (1) 
ranch (open range with flocks usually greater than 750ewes with or 
without continuous shepherding); (2) farm (fenced pastures with 
more than 15 ewes); and (3) farm/ ranch (large fenced pastures of a 
section or more or a combination of fenced pasture and open 
range, supporting usually over 500 sheep). Producers were given 
written and verbal instructions on care and training of their dogs. 
We encouraged them to telephone us to discuss any problems. 

We defined mortality as the end of a dog’s activity as a livestock 
guardian, for any reason. Pre-weaning mortality was not included 
in the mortality count. Causes of death were categorized as: 

a) accident: unintentional loss of a healthy dog, usually trau- 
matic, but including dogs missing for unknown reasons; 

b) cull: a dog removed due to lack of attentiveness or 
trustworthiness; 

c) disease: a fatal health problem (pathogenic, parasitic or 
congenital), whether it was preventable or not. 

Composite life tables and survivorship curves were calculated on 
age-specific data using the Life Tables and Survivor Functions 
program (BMDPIL; Dixon and Brown 1979). Typically, life tables 
and survivorship curves are calculated using the total number of 
individuals living to each age interval. We used 6-month age inter- 
vals; the mortality in each interval was computed as the ratio of the 
number of dogs that died in the interval divided by the number 
alive at the beginning of the interval. Survivorship was expressed in 
terms of a cohort of 1,000 dogs. 

Results and Discussion 

Mortality 
During the 6 years of this study, 216 of 449 dogs were lost. 

Accidents and culling were the predominant causes of mortality. 
Although livestock management influenced mortality @<.OOl; 
Table I), breed and sex did not. 

Survivorship curves (Fig. 1) for working guarding dogs resembled 
those of wild animal populations with high mortality in the early 
years. The semi-annual mortality rate was 13% before 30 months of 
age and about 5% thereafter. Age of death in this study was 
overwhelmingly a product of accidents and culling, with disease 
(especially age- or breed-related diseases) having virtually no effect 
on population structure. Most studies on longevity in dogs have 
been done on kennel dogs where accidents and culling were rare 
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Table 1. Causes of mortality of 449 livestock guarding dogs born 1978-1982, by type of management system. 

Management system Sample size Accident 

Farm 224 48 
Farm/ Ranch 122 33 
Ranch 83 43 

Total 449 124 

Cull Disease Total dead 

41 11 100 
18 4 55 
13 5 61* 

72 20 216 

Percent of 
total dead 

.41 

.45 

.73* 

Al 

(Comfort 1956, 1960), or have been specifically concerned with 
susceptibility of breeds to disease. Therefore it is not known if the 
dogs in our particular sample are generally representative of 
domestic dogs. Bronson’s (1982) study of necropsy data on 56 
breeds and crossbreeds showed a variation in mean age of death 
from 3.0 to 9.9 years. Comfort (1960) reported that mastiffs and 
wolfhounds lived considerably shorter (means of 6 and 7 years, 
respectively) than spaniels and Pekinese (11 and 12 years). The 
survivorship curve for guarding dogs on farms and farm/ ranches 
fell in between the curves for kennel dogs given by Comfort (1960) 
and for a population of stray dogs in Baltimore (Beck 1973). 

Management 
Mortality on ranches exceeded mortality on farms and farm/ - 

ranches (Breslow Test, p<.OOl; Fig. 1). Because mortality rates 
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Fig. 1. Survivorship of livestock guarding dogs. 

Of the 72 dogs that were culled, 44 (57%) had injured or killed 
livestock, 8 (11%) were inattentive to livestock, 5 (7%) bit people, 
and 5 (7%) were culled for a combination of reasons. Culling 
accounted for one-third of all deaths. Ninety percent of culling 
occurred before. age 30 months. On farms and farm/ ranches, cul- 
ling reduced the age at which half the dogs were dead (from 52 
months to 38 months). However, ranchers tended to cull more 
heavily than did farmers; 37% of culled dogs were on ranches, 22% 
on farms and farm ranches. Inspection of the data indicated no 
differences due to breed or sex. 

were virtually identical on farms and farm/ranches, these data 
were combined for comparison with ranches. The semi-annual 
mortality rate for the first 30 months was twice as high on ranches 
(22%) as on farms and farm/ ranches (11%). However, after 30 
months of age, dog mortality was similar in all systems of 
management. 

Noxious behaviors appeared to have both genetic and environ- 
mental components. Seven litters out of the 80 accounted for 
one-third of the culls. Several notable cases involved similarities in 
unacceptable behavior among littermates that had been placed 
during infancy in geographically separate areas. Also, the offspring 
of one sire bred to four dams (producing 5 litters) had a cull rate of 
2.5 times greater than the average. 

On ranches, 5% of the dogs were dead by 18 months of age, Further study of management techniques and early guardian 
compared with 38 months on farms and farm/ranches. Survivor- behavior, with a goal of increasing both trustworthy and attentive 
ship on ranches slightly exceeded that of stray dogs in an urban behavior, should help to identify breeding and training methods 
environment (Beck 1973). In fact, barely half of the dogs reached that will lead to reductions in culling. For example, untrustworthy 
working age (about 12 months). The lack of human support in dogs often exhibited a high frequency of play behavior, and were 
remote areas may have contributed to early deaths, but we sus- often noted to be overfed and overweight. This disposition for 
pected a correlation between the high rate of accidents between 6 “extra”play may be reflective of a diet too high in calories (Muller- 
and 30 months and the occurrence of behavioral problems such as Schwarze et al. 1982). Also, the work of several investigators 

294 

hyperactivity, untrustworthiness and inattentiveness (Coppinger 
and Coppinger 1980, Coppinger et al. 1983b). High frequencies of 
investigatory and play behavior associated with development of 
puppies and with migratory range flocks may have resulted in 
higher accidental losses. These losses were particularly severe 
among inattentive dogs. On farms, producers tended to cull 
untrustworthy dogs, but not inattentive ones. On the range, inat- 
tentive dogs were more likely to become lost or killed. 

In all management systems the semi-annual death rate decreased 
to about 5% after 30 months, indicating that survivors had learned 
to avoid dangers, or ontogenetic changes had occurred that 
reduced the likelihood of accidents, or behavioral misfits had been 
eliminated. 

Accidents 
We noted several causes of accidental deaths: 40 dogs (32%) 

disappeared; 38 (31%) were hit by vehicles; 17 (14%) were mali- 
ciously shot; 11 (9%) were poisoned; and 18 (1590) were lost to 
other causes. Half of the deaths of dogs placed on ranches were 
accidental, compared with 27% on farm/ranches and 19% on 
farms. We suspected that dogs that disappeared or were poisoned 
were often victims of other forms of predator control (trapping, 
gunning, or poisoning). Dogs were sometimes shot because friends 
or neighbors were not aware that the dog was supposed to be with 
the sheep. Guarding dogs tended not to chase cars; most of the 
vehicle deaths occurred in young dogs in the farmyard. Dogs hit by 
vehicles or lost were often displaying inattentive behavior and 
might otherwise have been culled later. Eighty-six percent of accid- 
ental deaths occurred before age 30 months. 

CUlBIlg 
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suggests that the ability to form cross-species social attachments is 
an inherent ability of all dogs (Cairns 1966, Tomlinson and Price 
1980, Black 198 1). The species to which a dog forms an attachment 
and the strength of that attachment is partly dependent on social 
contacts during critical developmental stages (Scott and Fuller 
1965). 
DiWMt? 

Disease had minor influence on survivorship. Only 20 dogs died 
of disease. Two were known victims of heartworm while 4 others 
died of complications due to intestinal parasites. Two young dogs 
died of parvovirus and 2 l-year-old dogs died of heat stroke. One 
dog had a persistent urinary infection and was destroyed; one was 
diagnosed as having San Joaquin Valley Fever; one had a rare 
blood bacteria; the rest were undiagnosed. 

Disease problems likely will increase as the population reaches 
senescence, but at the present mortality rate, few dogs will reach 
old age. Whether senescence and the end of working life are coinci- 
dent is yet unknown. It seems reasonable to expect a lo-year 
working life. 

Economic Effect of Early Mortality 
Early death reduced the effectiveness of these dogs and raised 

their cost substantially. The cost of a dog includes purchase price, 
transportation, feeding, veterinary care and all other expenses 
incurred during its life. The benefit of the dog is in the number of 
livestock saved during its lifetime. Black (1981) suggested that the 
use of mongrel dogs would reduce acquisition costs. However, Fig. 
2 illustrates that such costs are minor relative to costs of yearly 
maintenance. Presently, purchase price of a Eurasian guarding 
dogs equals cost of 1 or 2 years of maintenance. Purchase price 
substantially influences net cost of the dog only if it dies prema- 
turely. Not only does an early mortality exaggerate the purchase 
price but it sharply decreases the benefit of the dog. 

The cost per working year of a dog was computed with the 
formula: 

P+AC 

A-l 
where P q  purchase price plus any additional first year costs 

such as transportation, health certificates, 
immunizations; 

A q  age of dog (A-l accounts for the essentially in- 
effective puppy year); 

C q  average annual cost. 
L 1 
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Fig. 2. Cost of livestock guording dogs over time. 

The cost per year decreases the longer a dog lives (Fig. 2), mainly 
because the purchase price is amortized over a longer period. 
Values for P of $300 and for C of $260 were based on McGrew and 
Andelt’s (1985) study of 19 commercially-obtained dogs working 
in Kansas. For example, the cost of an 1 l-year-old dog (10 effective 
years) is $3,160; the average cost of those 10 working years is 
$3 16/year. However, if a farm dog lives only 3 years, then the cost 
per working year rises to $540. Ranch dogs living to only 18 
months raise the cost per working year to $1,380. Although the 
rancher hasn’t actually paid out that many dollars, he would 
require 2 dogs to get 1 whole year’s service. Thus, a producer who 
guards against accidents and spends time to train the dog achieves 
substantial savings. 

Very few lambs have to be saved by a dog in order to justify a 
$300 yearly cost. Perhaps 10 lambs or less per year would suffice, 
depending on the value of lambs. Many dogs have actually saved 
many more than this (Coppinger et al. 1983a, Green et al. 1984). 

If Figure 1 represents a “normal” survivorship for livestock 
guarding dogs, a producer can use it to calculate the probability of 
his dog dying at any age. We emphasize that whenever a producer 
depends on dogs for protecting livestock, he or she needs a con- 
stant source of replacement animals. We also stress the importance 
of producers caring for their dogs. If all dogs lived to their 1 lth 
birthday, then in every cohort of 1,000 dogs, the sheep industry 
would get 10,000 dog-years of service (subtracting the juvenile first 
year). Although ranchers on open range got only 2,300 dogs-years 
(23% of the potential), farmers were getting 3,800 dog-years (38% 
of the potential). Good breeding stock, properly raised and pro- 
tected from accidents, could increase these percentages. 
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Foaling Rate and Survival of Feral Horses in Western 
Nevada 
DONALD B. SINIFF, JOHN R. TESTER AND GREGORY L. MCMAHON 

Abstract 

Foaling and mortality rates of known-age feral horses equipped 
with radio transmitters were obtained in 1981 and 1982 for 2 areas 
in Nevada. These data showed considerable annual variation. In 
one area, 45% of the mares produced foals in both years while only 
10% produced foals in the other area. Foal mortality ranged from 
2% to 33%. Both the highest mortality (33% in 1981) and the lowest 
(2% in 1982) occurred in the same area. The cause for this apparent 
inconsistency was unknown. The highest age-specific reproductive 
rates occurred in 5 to 10 year-old mares. 

Few data on feral horse survival and foaling rates are available in 
the literature. Foaling rates have varied considerably from one 
area to the next and among age classes. For mares 4 years and older 
the rate varies from 42% to 78% (Tyler 1972, Welsh 1975, Feist and 
McCullough 1975, Keiper 1979, Nelson 1979, and Boyd 1980). 
Foal survival was reported by Feist and McCullough (1975) from 
birth in the spring until 1 November at 89%, with Boyd (1980) 
estimating foal survival at 82% for the first year of life. 

This paper reports foaling and mortality rates of known-age 
marked mares in 2 feral horse populations. The study was con- 
ducted during 1981 and 1982 in western Nevada. 

Study Areas and Methods 

The Pah Rah Mustang Area of 74,460 ha, northeast of Sparks, 
Nevada, had a feral horse population estimated by mark-recapture 
techniques using known transmittered animals as the marked sam- 
ple, at 800- 1,000 individuals during this study. The area has rugged 
topography with a maximum elevation of 2,590 m, 1,067 m above 
the valley floor. It is dissected by numerous canyons. Most of the 
area is dominated by sagebrush (Artemisiu spp.) and rabbitbrush 
(Chrysothamnus spp.) with smaller areas dominated by cheatgrass 
(Bromus tectorum) and various annual forbs. 

The 130,364-ha Pine Nut Mountain Range east of Carson City, 
Nevada, is also rugged topographically with a maximum elevation 
of over 2,900 m. The feral horse population was estimated, again 
by mark-recapture techniques using known transmittered animals 
as the marked sample, at 7OC-1,000 individuals. Vegetation there 
was predominantly pinyon-juniper (Pinus monophylla-Juniperus 
osteosperma), with smaller areas dominated by rabbitbrush and 
sagebrush. 

Numbered collars with and without radio transmitters were 
placed on 48 horses in 1980-81 and 41 more in 1982 for the Pah 
Rah area, and 51 in 1980-81 and 29 more in 1982 for the Pine Nut 
area. All collars were constructed of lo-cm-wide, 3-ply white food 
conveyor belting. The white belting was tapered to 3.8 cm wide in 
the area under the neck to minimize wear and irritation. All collars 
were numbered with 5.0 X 7.6-cm orange or yellow cattle tags. 
Radio transmitters placed on horses during 1980 and 1981 had an 
estimated battery life of 2 years while the 1982 transmitters had an 
expected life of 4 years. 

Horses collared in 1980-8 1 were captured using conventional 
Bureau of Land Management gathering techniques with helicop- 
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ters. Horses collared in 1982 were immobolized from helicopters 
with a Rompun-M99 combination (Seal et al. 1985). All were aged 
by standard tooth wear criterion by veterinarians or persons 
knowledgeable about horses during the handling process. There 
was probably some error associated with these readings but 
designed tests of precision were not possible. However, such errors 
would be small in the calculation of rates. 

Most foal and mortality observations were made during census 
flights on the study areas. The typical procedure involved a heli- 
copter flight of the area during which all collared horses that were 
encountered during the flight were noted and their foaling status 
was observed. We found it more cost effective to conduct follow-up 
flights using a Piper Supercub to locate radio-collared horses 
missed during the helicopter flight. This was meant to maximize 
sample size and detect any mortality or tag loss that might have 
occurred. On a few occasions, only the Supercub was used to make 
observations. Flights were conducted on 5 May, 3 July, and 7 
September in 1981, and 6-7 May, 2 July, 27 July, and 19 Sep- 
tember in 1982 for the Pah Rah areas, and 7-8 May, 2-3 July, and 
21 July in 1981, and 20-22 May, 2-3 July, 28 July, and 18 Sep- 
tember in 1982 for the Pine Nut Mountains. 

Ground observations were made during both 1981 and 1982 to 
confirm aerial observations and to increase the sample size of 
observed horses. These observations were made from horseback, 
vehicles, and on foot. 

It should be emphasized that foaling and foal mortality rates 
represent minimum estimates. Given the frequency of observa- 
tions, it is possible that a mare could have foaled and the foal died 
in the time period between observations. If this occurred, the mare 
would have been recorded as having never foaled and the foal 
mortality would have been missed. 

Results and Discussion 

Foaling rates were comparable for both years on the Pah Rah 
Mustang Area (Table 1). On the Pine Nut Mountains, foaling 
appeared lower in 1982 than in 1981 but was not significantly so at 
the .05 level (Chi-square criterion). Since there were no statistical 
differences between years within areas, the data were pooled across 
years for each area and tested for differences between areas. Foal- 
ing rates were significantly greater on the Pah Rah than the Pine 
Nut area (Chi-square criterion, p<.Ol). On the Pah Rah area 45% 
of the observed mares foaled both years while only 10% foaled both 

Table 1. Foaling summary for Pine Nut Mountain and Pnb Rab Mustang 
areas in western Nevada for 1981 and 1982. 

Females 
Foals 
Foaling Rate 
Foal Mortalities 
Foal Mortality Rate 

Females Foaling Both Years 
Females Foaling 1 of 2 Years 
Females Not Foaling 

Either Year 

Pine Nut Pah Rah 

1981 1982 1981 1982 

38 66 39 70 
20 20 25 48 

.53 .30 .64 .69 
3 2 8 1 

.15 .10 .33 .02 

3 (10%) 13 (45%) 
18 (62%) 10 (34%) 

8 (28%) 6 (21%) 
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Fig. 1. Age-specificfoaling ratesfor 1981 and 1982. combined, on the Pah Rah Mustang and Pine Nut Mountain areas in western Nevada. Numbersabove 
bars indicate sample sizes. 

years on the Pine Nut Mountains. Foal mortality rates, however, 
ranged from 2 to 33% over the 2 years on the Pah Rah area but 
from only 10 to 15% on the Pine Nut area (Table 1). 

Age-specific foaling data combined for 1981 and 1982 (Fig. 1) 
reveal that the highest reproductive rates occurred in 5-to IO-year- 
old mares on both areas. Data for both years are pooled in Figure 1 
because our sample sizes would have been too small to consider 
annual age-specific reproductive rates during each year individu- 
ally. The fact that one 2-year-old mare had a foal indicates that this 
age class can reproduce. It is also important to note that mares 12 
years and older had reproductive rates of 64 and 43% on the Pah 
Rah and Pine Nut areas, respectively. 

One radio-marked adult mare was found dead on each area 
during each of the years. On the Pine Nut Mountains both individ- 
uals were over 12 years in age while on the Pah Rah Mustang Area 
mares aged 8 and 9 years were found dead. Scavengers and decom- 
position made it impossible to determine the cause of mortality. 

Adult female mortality rates can be estimated from the number 
of radio-collared females observed. For the Pah Rah Mustang 
Area, during 1981, 1 mortality was observed for 25 radio-collared 
females (4%) while only 1 mortality was observed for 56 radio- 
collared females (2%) during 1982. On the Pine Nut Mountains, 
during 198 1,l mortality was observed for 22 radio collared females 
(4%) and during 1982 only 1 mortality was observed for 50 females 
(2%). Observations were from the entire year of 198 1 but only the 
first 9 months of 1982. 

Differences in foaling rates between the Pah Rah Mustang Area 
and Pine Nut Mountains may be related to differences in ecological 
range conditions between these areas. Bureau of Land Manage- 
ment studies (Dept. of Interior 1982, Reno grazing environmental 
impact statement. Draft. BLM Carson City District, Nevada) indi- 
cate that the ecological range condition in the Pine Nut Mountains 
is mostly classified as poor. Eighty-three percent of the area was in 
the poor classification while 13% was listed as fair and 4% as good. 
On the Pah Rah Mustang Area, only 37% of the area was listed as 
poor while 44% was fair and 19% was good. While we have no 
evidence that these figures relate to range quality for horses, we feel 
some relationships may exist, and thus further study may be 
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indicated. 
Eberhardt et al. (1982) indicated annual population growth rates 

of 20% from the Beaty’s Butte and Jackie’s Butte herds in south- 
eastern Oregon. The population statistics for foaling rates and 
survival on the Pah Rah area are similar to the findings of Eber- 
hardt et al. (1982); however, the rate of increase on the Pine Nut 
area is much lower than they reported for their study areas in 
Oregon. 

It is important to note the wide range of spatial and temporal 
variability in the data from our 2 study areas, which are approxi- 
mately 30 miles apart. With the extreme values of 69% of mares 
foaling and 2% foal mortality, population increase could be dra- 
matic. Conversely, a foaling rate of 30% with 10% foal mortality 
results in a much slower increase. While the explanation for this 
variability is unknown, it may be related to food resources. Such 
high variability over a small temporal and spatial scale indicates 
that caution must be exercised in extrapolating demographic data 
on feral horse herds to large geographic areas or over long time 
spans. 
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Efficacy of Zinc Phosphide and Strychnine for Black-tailed 
Prairie Dog Control 
DANIEL W. URESK, RUDY M. KING, ANTHONY D. APA, AND RAYMOND L. LINDER 

Abstract 

Three rodenticide treatments, zinc phosphide (prebrited) and 
strychnine (both with and without prebrit), were evaluated 
immediately following treatment for efficacy of controlling birck- 
tailed prairie dogs in western South Dakota. Active prairie dog 
burrows were reduced 95% with zinc phosphide, 83% with 
strychnine (prebaited), and 45% with strychnine without prebait. 
Zinc phosphide was the most effective in reducing active burrows 
of prairie dogs. 

The black-tailed prairie dog (Cynomys ludovicianus) inhabits 
prairie regions of the western United States from Canada to Mex- 
ico, east of the Rocky Mountains and west of the tall grass prairie 
(Hal1 198 1). Prairie dog towns often encompass vast areas. Because 
prairie dog feeding and burrowing activities conflict directly with 
interests of ranchers and range managers, widespread control pro- 
grams using rodenticides were begun in the late 1800’s on the Great 
Plains (Merriam 1902). Prairie dogs are still considered a problem 
when they compete with cattle for forage plants (Hansen and Gold 
1977). Most recent prairie dog control programs on federal, state, 
and private lands consist of poisoning prairie dogs with zinc phos- 
phide on rolled oats after prebaiting with rolled oats (Schenbeck 
1982). 

Zinc phosphide has been widely used as a rodenticide since 
1942-43 when strychnine supplies became limited during World 
War II (Timm 1983). More recently, zinc phosphide formulation 
and application rates have been developed for use in prairie dog 
control (Tietjen 1976). Strychnine has been used for prairie dog 
control since the late 1800’s (Merriam 1902). These two rodenti- 
tides are widely used for prairie dog control throughout the west- 
ern United States. However, comparative information of these two 
rodenticides for effective control of black-tailed prairie dogs has 
not been reported. This investigation was undertaken to compare 
the efficacy of rodenticides zinc phosphide (pre-baited) and 
strychnine with and without prebaiting for controlling black-tailed 
prairie dogs in western South Dakota. 

Study Area 
The study area was approximately 13 km south of Wall on the 

Buffalo Gap National Grasslands and Badlands National Park in 
west-central South Dakota. Climate was semiarid-continental and 
characterized by cold winters and hot summers. The average 
annual precipitation, based on climatological information over a 
12-year period (1972-1983) from the weather station at Cedar Pass 
Visitor Center, Badlands National Park, was 40 cm. Most precipi- 
tation fell during the growing season as high-intensity thunder- 
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showers, which produced a wide range of amounts and intensities 
of rain for any given location. The mean annual temperature was 
loo C, ranging from -5’ C in January to 26O C in July. 

Dominant grasses on the study area were blue grama (Boureloua 
gracilis), buffalograss (Buchloe dactyloides), needleleaf sedge 
(Carex eleocharis), and western wheatgrass (Agropyron smithii). 
Scarlet globemallow (Sphaeralcea coccinea), prostrate bigbract 
verbena (Verbena bracteata), Patagonia Indianwheat (Plantago 
patagonica), and prairie dogweed (Dyssodiapapposa) were major 
forbs. 

Bison (Bison bison), pronghorn (Antilocapra americana), and 
mule deer (Odocoileus hemionus) were large herbivores which 
grazed in the Badlands National Park throughout the year. Cattle 
on the National Grasslands grazed the area from mid-May to the 
last of October each year. Stocking levels varied depending upon 
moisture and available forage, Mule deer and pronghorn grazed 
the National Grassland throughout the year. 

Methods 

Eighteen study sites were established on 15 prairie dog colonies 
that ranged in area from approximately 12 ha to 283 ha. Nine sites 
were untreated and 9 sites were treated with the rodenticides zinc 
phosphide (prebaited) and strychnine, with and without prebait- 
ing; thus, each rodenticide treatment had 3 control and 3 treated 
sites. The 3 rodenticide treatments were clustered into 3 separate 
groups, approximately 13 and 16 km apart. Zinc phosphide treat- 
ments were applied to sites in the Badlands National Park because 
of administration constraints against the use of strychnine in such 
areas. The other 2 treatment groups, strychnine with and without 
prebaiting with steam-rolled oats, were assigned randomly to the 2 
remaining clusters on the National Grasslands. 

Steam-rolled oats from the U.S. Fish and Wildlife Service’s 
Pocatello Supply Depot were used for both prebait an carrier. A 
2.0944 by weight active zinc phosphideand 1.5% Alcolec Sr adhesive 
were applied to the oats. Strychnine alkaloid was applied to the 
oats as 0.5% by weight. Nontreated oats were applied as prebait for 
zinc phosphide and for 1 of the strychnine treatments during 
September 20-21, 1983. Active rodenticides on steam-rolled oats 
were applied during September 22-24, 1983. 

Pretreatment counts for active prairie dog burrows were taken 
on a11 sites 1 week before application of rodenticides. Posttreat- 
ment sampling on all sites began on the fourth day after rodenti- 
tides were applied. 

Black-tailed prairie dog burrows within IOO- X 100-m grids on 
al1 sites, including controls, were plugged with soil beforeand after 
treatment with rodenticides. The total number reopened in 48 
hours was recorded (Tietjen and Matschke 1982). Data were ana- 
lyzed as mean number of active prairie dog burrows per site. 

Statistical Evaiurtion 
Analysis of covariance was used to compare each treated group 

(cluster) of sites with its respective control group. Pretreatment 
observations were used as covariates. Effect of treatment was 
estimated as the covariance-adjusted difference between treated 
and control sites for each rodenticide. After rejecting the hypothe- 

‘The use of Alcolec S (American Lecithin Co.. Inc.) name is for the benefit of the 
reader; such use does not constitute an official endorsement orapproval of any service 
or product by the US. Department of Agriculture to the exclusion of others that may 
be suitable. 
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sis of no treatment effect, and determining that variance among 
clusters was heterogenous, each treatment effect contrast was eval- 
uated for significance based on a variance estimated only from the 
sites in each cluster. Comparisons among rodenticides were pro- 
duced by forming pairwise contrasts of individual rodenticide 
treatment contrasts. Randomization procedures (Edgington 1980, 
Romesburg 1981) based on 10,000 random permutations of the 
data pairs among treatment groups were used to estimate statistical 
significance of the various contrasts. 

Because omission of any effect due to poisoning was considered 
more serious than the potential incorrect declaration of a signifi- 
cant treatment effect, Type II error protection was produced by 
testing each contrast individually. However, some Type I error 
protection was afforded by testing individual contrasts only after 
first observing a significant (P=O. 10) overall test of treatment dif- 
ferences using analysis of covariance (Carmer and Swanson 1973). 
Individual contrasts were considered biologically significant at 
pO.20. Although admittedly unconventional, for the number of 
sites available for study, this significance criterion produces a 
power (probability of detecting a true difference) of approximately 
0.80 for a contrast twice as large as its standard error. This was 
considered a reasonable combination of Type 1 and Type II error 
protection for this study (Carmer 1976). 

Results and Discussion 
Adjusted means for the zinc phosphide treatment showed a 95% 

reduction in active burrows (P=O.O17) of the black-tailed prairie 
dog when compared to the control (Table 1). The application of 

Table 1. Active burrows of black-tailed prairie dogs(mcen/ha f standard 
error) for pre- end posttreatment with rodenticides on treated and con- 
trol sites. Pretreatment was used as coveriete to obtain adjusted post- 
treatment means. 

Treatment 
Prc- 

treatment 

Significance 
Post- Adjusted level (control 

treatment effect vs. treated) 

Zinc phosphide (with prebait) 
Treated 55 f 16 
Control 59f 9 

Strychnine 
Treated 42f 6 
Control 25f 6 

Strychnine (with prebait) 
Treated 55f I 
Control 54 f 21 

2f I 
49 f IO -45.5 f 8.8 0.017 

15 f IO 
24f I -14.5 f 8.3 0.164 

7f 3 
30 f 13 -23.5 f 6.5 0.035 

strychnine without prebaiting reduced active burrows 45% (P-0.164). 
Adjusted means for strychnine (prebaited) showed a reduction in 
active burrows of 839Ic (m.035). 

Comparisons among rodenticides showed zinc phosphide was 
more effective in reducing active prairie dog burrows than was 
strychnine without prebaiting (fiO.034) and strychnine with pre- 
baiting (PXl.075). However, there was no difference in reduction of 
active burrows between strychnine with and without prebaiting 
(p20.391). 

Among the 3 rodenticide treatments tested, application of zinc 
phosphide bait with prebaiting was the most effective in reducing 
active burrows of black-tailed prairie dogs. Tietjen and Matschke 

(1982) reported a 96% reduction in prairie dog activity with the use 
of zinc phosphide on the Pine Ridge Indian Reservation in 
southwestern South Dakota. Prebaiting was more effective than 
without prebaiting when zinc phosphide was used as a control 
agent for black-tailed prairie dogs (Tietjen 1976). Strychnine with- 
out prebaiting was the least effective of the 3 rodenticide treat- 
ments in our study, and was more variable in reducing active 
burrows of prairie dogs. Furthermore, zinc phosphide has been 
considered the least damaging to nontarget animals (Bell and 
Dimmick 1975, Schitoskey 1975, Tretjen 1976), when compared to 
strychnine (Rudd and Genelly 1956, Schitoskey 1975, Hegdalet al. 
1981, Wood 1965, Hegdal and Gatz 1977). Thus, the rodenticide 
zinc phosphide should be highly considered for black-tailed prairie 
dog control on western rangelands because of its efficacy and lesser 
impacts on nontarget animals. 
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Cold-temperature Germination of Elytrigia repens X Pseu- 
doroegneria spicata Hybrids 
JAMES A. YOUNG, RAYMOND A. EVANS, DOUGLAS A. JOHNSON, AND KAY H. ASAY 

Abstract 

The successful establishment of perennial grass seedlings on 
Artemisiu rangehmds may depend on gecrmination in the early 
spring at cold seedbed conditions. To ascertain the feasibility of 
selecting for germination at low temperatures in a hybrid popula- 
tion, seeds for 30 RS hybrid [pseudoroegncriu q&x& (Pursh) 
Love X Elvirigu repens Nevski] lines were germinated under a 
wide range of constant or alternating temperatures. The hybrid 
populations were characterized in 11 different, but related germi- 
nation responses to incubation temperatures based on discriminate 
analysis of seedbed temperatures. Germination at very cold incu- 
bation temperatures was markedly reduced in all populations 
compared to germination at more moderate temperatures. A range 
of 0 to 16% germination existed among the hybrids at very cold 
temperatures after 4 weeks incubation. At the very cold tempera- 
ture regime, crested wheatgrass [Agropryon &sertonun (Fisch.) 
Schult.] had 1% germination and intermediate wheatgrass [T&o- 
pyrwn intermedium (Host) Barkworth and D.R. Dewey] had 3% 
germination. At cold temperatures, germination of one hybrid line 
exceeded that of the wheatgrasses. At cold fluctuating tempera- 
tures, 13 and 22 hybrid lines had higher germination than interme- 
diate and crested wheatgrass, respectively. Results of this study 
indicate a high potential of selection among these hybrid lines for 
germhWion in rangehmd seedbeds under cold temperature regimes. 

The establishment of seedlings of perennial forage grasses on 
Arfemisiu rangelands of the western United States is usually diffi- 
cult because available soil moisture and seedbed temperatures that 
are conducive to germination are largely out of phase with each 
other (Hull and Stewart 1948, McGinnies 1959, Evans et al. 1970). 
When moisture is available in the early spring, temperatures are 
either too low or the diurnal temperature fluctuation is too great to 
permit germination. When germination does occur, the perennial 
grass seedling must develop rapidly before soil moisture is 
exhausted with the onset of the summer drought. It is logical that 
germination and seedling development in the early spring under 
cold seedbed conditions would be of adaptive advantage in surviv- 
ing summer drought. 

Our purposes were (1) to evaluate the germination responses of 
30 RS hybrid lines at a wide range of constant and alternate 
temperatures; and (2) to compare the germination responses of 
these hybrids at temperature regimes characteristic of early spring 
or late fall with that of 2 widely used revegetation grasses, ‘Nordan’ 
crested wheatgrass and ‘Oahe’ intermediate wheatgrass. 

Methods 
Polycross seedlots from 30 RS hybrid lines were obtained from 

crossing blocks located at Logan, Utah. Seeds were stored in paper 
envelopes at laboratory temperatures before testing. Four replica- 
tions of 25 seeds each were incubated in dark germinators at 55 
constant or alternating temperature regimes for 4 weeks. The seeds 
were placed on germination paper in petri dishes and kept wet with 
tap water. The experimental design was a randomized block. Con- 
stant temperatures were 0, 2, 5, 10, IS, 20, 25, 30, 35, and 40“ C. 
Alternating temperature regimes consisted of 16 hr at each lower 

Authors are range scientists, USDA/ ARS, 920 Valley Road, Rem, NV 89512 and 
plant physiologist and plant geneticist, USDA/ARS, Crops Research Laboratory, 
Utah State University, UMC 63, Logan 84322. 
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constant temperature (cold period) and 8 hr at each possible higher 
temperature (warm period). For example, 0’ C was alternated with 
2,5,10, 15,20,25,30,35, and 40’ C whereas 35O C was alternated 
with 40° C only. Seeds were considered germinated when the 
radicle emerged 0.5 cm. Germination counts were made at 1,2, and 
4 weeks. 

A quadratic response surface was developed for each line using 
multiple-regression techniques (Evans et al. 1982). Estimated ger- 
mination values and their confidence limits (p1.01) were derived 
from the quadratic response surface of each series for cold period 
temperatures through the series of warm period temperatures. 

A number of germination parameters were calculated from the 
germination profiles (Young and Evans 1982). These included 
optimum germination defined as those means not statistically 
lower than the maximum observed at the 0.01 level of probability. 

The germination response of seeds of the 30 hybrid lines in 
relation to the 55 constant or alternating temperature regimes were 
compared using the following breakdown of seedbed temperatures: 

a) Very cold, O/O (continuous 0’ C), O/2 (O” C for 16 hr and 
2°C for 8 hr in each 24 hr), O/5,2/ 2, and 2/5O C. 
b) Cold, O/ 10, O/ 15,2/10,2/ 15,515, and 5/ IO0 C. 
c) Cold fluctuating, O/20 through O/40’ C and 2120 through 
2140” c. 
d) Fluctuating, 5/30 through 15/40° C, 10/35, 10/40° Cand 
151400 c. 
e) Moderate, 5/ 15 through 5/ 25” C, IO/ 10 through IO/ 30’ C, 
15115 through 15/35O C, 20120 through 20135“ C, and 25125 
and 25/ 30” C. 
f) Warm, 20/40,25/ 35, and 25/40,30/30 through 30/40° C, 
35/35,35/40, and 40/40’ C. 

This breakdown of temperature is based on extensive microenvi- 
ronmental monitoring of seedbed temperature in Artemisiu com- 
munities during the spring germination period in the Great Basin 
(Evans and Young 1970, 1972). 

To evaluate how the mean seed germination of the crosses 
related to each other by categories of seedbed temperature, means 
were ranked by germination percentage in each category. Rank- 
ings were converted to single digit numbers by the scale: 1 through 
5 = 5; 6 through 10 = 4; 1 I through 20 = 3; 21 through 25 = 2; and 26 
through 30 = 1. The results were then classified into a series of 
characteristic germination patterns based on the composite rank- 
ing in each seedbed category. This system was designed to charac- 
terize germination and to determine how seed germination of a 
given line related to that of the other lines with respect to seedbed 
temperature categories. This procedure allows the determination 
of which, if any, relationships are inherent in the physiological 
systems that control germination at specific temperature regimes. 
For example, if seeds have high germination at low temperatures, 
will they have high germination at all other temperature regimes, 
or is the potential to germinate at high temperatures sacrificed in 
order to germinate at low temperatures? If all the hybrid lines react 
the same versus the identification of high and low temperature 
germintors, high only, low only, etc., the procedure provides 
insight into the nature of the inherently controlled biochemical 
pathways governing germination in relation to incubation tempera- 
ture. 

Germination of the RS hybrid lines was compared with that of 3 
‘Nordan’ crested wheatgrass sources and 3 ‘Oahe’ intermediate 
wheatgrass sources (Young and Evans 1982). Seeds of the 6 wheat- 
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Table 1. Mean germination of seed of 30 RS hybrid lines incubated at 55 Table 2. Average germination percentage of seeds of 30 RS hybrid lines at 
const8nt or 8lternatlng temperatores for 4 weeks.’ various seedbed temperature categories. 

Cold period 
l&hhrC Warm period 8 hr - C 

0 2 5 10 15 20 25 30 35 40 -- - - - - - - - - 

% 
0 0 0 8 23 31 50 52 38 53 41 
2 0 10 37 63 61 52 68 67 65 
5 69 76 78 80 80 77 79 74 

10 80 82 so 81 78 78 74 - 
15 83 81 81 76 75 75 - 
20 so ii 79 78 76 - 
25 80 76 75 74 

30 70 70 66 
35 65 61 
40 45 

‘Underlined means not significantly different from maximum observation defined as 
optimum germination at 0.01 level of probability. 

Seedbed temperatures 

Very cold 
Cold 
Cold fluctuating 
Fluctuating 
Moderate 
Warm 

% Germination 

Mean Range 

4 O-16 
50 24-7 1 
50 24-8 1 
76 59-82 
79 66-90 
66 40-83 

and warm temperature regimes, respectively. The greatest range in 
germination response occurred under cold-fluctuating tempera- 
ture regimes. The latter temperature regimes consisted of very cold 
alternating with warm temperatures. 

grass sources were germinated in relation to temperature in the 
same manner described for the 30 hybrids. 

Statistical comparisons among hybrids and wheatgrasses were 
made with analysis of variance and Duncan’s multiple range test at 
the 0.01 level of probability. Arc sin transformation was computed 
on germination percentages before analysis. 

Results and Discussions 

Considering the range of incubation temperatures tested, the 
categories of seeded temperatures used to stratify the germination 
response, and what is known about the germination temperature 
relations for grass species, 1 or 2 of several types of germination 
responses were possible from the seeds of these lines. Twelve 
different types of germination responses, many more than expected, 
were observed (Table 3). 

Average Germination Response 
The overall mean germination profile for seeds of the 30 hybrid 

lines had optimum germination at temperatures ranging from 5 
through 25” C cold-period alternating with 10 through 35’ C 
maximum warm-period temperatures (Table 1). The maximum 
observed germination was 83%. 

The first 3 germination responses categoried involved depres- 
sion of germination by cold incubation temperatures (Table 4). 
More than one third of the hybrid lines were included in these 3 
categories. Categories 4 and 5 are reciprocals of 1, 2, and 3 and 
resulted in a depression of germination at high temperatures and 
high fluctuating temperatures. In category 6, germination was 
lower at extreme fluctuating temperatures compared to lower 
amplitude fluctuations or constant temperatures. 

Most of the temperature regimes that supported optimum ger- 
mination fell into the range of seedbed temperatures that we 
defined as fluctuating and moderate (Table 2). The seeds of hybrids 

. 

The largest percentage of the hybrid lines was found in category 
7 where germination was depressed at both the cold and warm 
extremes of the incubation temperatures. Germination responses 
to temperature were quite well demarked for these hybrid lines 
with depression in germination at both extremes. 

germinated well over a wide range of temperatures. Germination of 
cold seedbed temperatures was greater than 60% of that observed 
at moderate seedbed temperatures (Table 2). Only at very cold 
temperatures was overall mean germination greatly suppressed. 

Variation among Progenies in Germination Response 
Considerable variability in germination existed among the 

hybrid lines at the various seedbed temperatures (Table 2). At the 
extremes there was a range of 16 and 43% germination at very cold 

The lower germination observed at extreme fluctuating temper- 
atures (category 6) compared to lower amplitude fluctuating or 
constant temperature is not common for seeds of most grass spe- 
cies (Young and Evans 1982). Apparently, category 6 was related 
to category 5 where both extremes depressed germination. Fluc- 
tuating temperatures with high or low extremes or a combination 
of both extremes suppressed germination more than constant 
extremes. The most restricted germination range was category 8 
with depression in germination at all temperatures regimes except 

Table 3. Types of germination response in relation to temperatures that were observed for seeds of the 30 RS hybrid lines and mean germination at all 
temperatures and at cold and warm temperatures for each germlnatton category.’ 

Mean germination 

Percentage of all All Very cold and cold Warm 
Types of germination response lines tested temperatures temperatures temperatures 

I. Depressed at very cold temperature only 17 66 ab 28 b-d 71 ab 
2. Depressed at very cold and cold temperature 7 70 ab 33 bc 78 a 
3. Depressed at very cold, cold, and cold fluctuat- 14 63 a-c 22 c-f 67 bc 

ing temperatures 
4. Depressed at warm temperatures only 7 56 bd 33 b 45 e 
5. Depressed at warm and fluctuating 10 71 a 48 a 67 bc 

temperatures 
6. Depressed at cold fluctuating and fluctuating 10 61 a-c l9df 78 a 

temperatures 
7. Depressed at very cold and warm temperatures 20 61 a-c 32 bc 6Ocd 
8. Depressed at all extra moderate temperatures 3 48 d 16f 49 de 
9. Enhanced at fluctuating temperatures 3 52 cd 26 b-f 47 de 

10. Enhanced at cold fluctuating temperatures 3 50 d 17ef 53 de 
Il. Enhanced at very cold temperatures 3 56 bd 28 b-d 56 d 
12. Temperature greater than that range tested 3 63 ab 27 b-e 68a-c 

‘Means within columns followed by the same letter are not significantly different at the 0.01 level of probability as determined by Duncan’s multiple range test. 

JOURNAL OF RANGE MANAGEMENT 39(4), July 1996 301 



Tabk 4. Correktion coeffkknta (r) for rektion between components of 
germbution profile. 

Temperature Very Cold FlUCt- 
Regimes Cold Cold Fluctuating uating Warm 

Moderate 0.42 0.61 0.60 0x7** 0.80+ 
Very cold 0.93** 0.865 0.48 0.10 
Cold 0.80 0.52 0.10 
Cold fluctuating 0.54 0.14 
Fluctuating 0.73. 

l *, and * indicate significance at 0.01 and 0.05 level of probability, respectively. 

those of moderate temperatures. 
Categories 9 and 10 are related in that germination at fluctuating 

temperature regimes was greater than at constant temperatures. 
Stimulation of grass seed germination by alternating temperatures 
is rather common and in some cases such temperatures are obliga- 
tory for germination to occur (Young and Evans 1982). 

The enhancement of germination by very low incubation 
temperatures (category 11) is symptomatic of cool-moist stratifica- 
tion requirements. As in categories 9 and 10 where enhancement in 
germination occurred at fluctuating temperatures, the average 
germination of these lines was markedly lower than that observed 
for the bulk of the population. These 3 categories apparently reflect 
the occurrence of dormancy systems where requirements for ger- 
mination barely are reached by the amplitude and duration of seed 
incubation treatments. 

The last category is very unusual for grass seeds in that it reflects 
the reciprocal of category 7 where the limits of temperature for 
germination were clearly defined. The potential germination of 
seeds of hybrid lines in this category are greater than the tempera- 
ture range used in this study. 

Although the mean germination of the categories of germination 
differed by more than 20%, in total they represent nearly continu- 
ous variation for the characteristics described. In the case of very 
cold and cold temperatures the range in mean germination was 
even greater. 

Interrelation of Germination at Categories of seedbed Temperatures 
Germination at moderate temperature was positively correlated 

(FZO.01) with germination at fluctuating and warmer tempera- 
tures (Table 4). However, high germination at moderate tempera- 
tures was not a good indicator of high germination at cold temper- 
atures and decidedly not at very cold temperatures. 

Germination at very cold temperatures was positively correlated 
to germination at cold (m.01) and cold fluctuating (60.05) 
temperatures (Table 4). There was virtually no relation between 
germination at very cold and warmer temperatures. Germination 
at fluctuating temperatures was correlated (B.05) with germina- 
tion at warmer temperatures. There was little relation between 
germination at cold fluctuating and fluctuating temperatures. 
Apparently germination at cold temperatures is an additive bio- 
chemical pathway. Selection for germination under cold seedbed 
conditions improves the chances for germination under very cold 
seedbed conditions. Selection for germination at warm seedbed 
conditions has virtually no chance of improving germination at 
cold or very cold seedbed temperatures. 

Germination at cold fluctuating and fluctuating temperatures is 
very complex because the incubation regimes combine such diur- 
nally contrasting temperatures. The correlation between germina- 
tion at very cold and cold fluctuating temperatures suggests that 
the very cold portion of the cold fluctuating temperature regimes (0 
to 2“ C) is the dominant factor governing germination at these 
temperatures. Likewise, the positive correlation between germina- 
tion at moderate and fluctuating temperatures and the lack of 
correlation between fluctuating or warmer or cold temperature 
regimes suggest that germination occurs during the moderate por- 
tion of the fluctuating temperature regimes. 

Table 5. Mean germination of crested and intermedhte whutgraseand of 
the RS hybrids. RS hybrid lines mean percent germbution were eignifi- 
cantly higher (0.05) then crested or intermedkte wheatgrass. 

Temperature RS Crested Intermediate 
Regimes hybrid wheatgrass wheatgrass 

--% Germination--- 
Very cold 16 1 3 
Cold 75 38 53 
Cold fluctuating 71 28 45 

Comparison of Germination of Hybrids to Revegetation Grasses 
Very cold, cold, and cold-fluctuating temperature regimes were 

selected as representative of spring and fall seedbed temperatures at 
various times on Intermountain rangelands (Evans et al. 1970; 
Evans and Young 1970,1972). At these regimes, germination of the 
RS hybrid lines was higher than that of crested and intermediate 
wheatgrass (Table 5). At very cold temperature regimes, germina- 
tion of 2 hybrid lines exceeded both the wheatgrass species. 

At cold temperatures, germination of 1 hybrid line was higher 
than crested and intermediate wheatgrass. At cold-fluctuating 
temperatures, germination of 13 and 22 hybrid lines exceeded that 
of intermediate and crested wheatgrass, respectively. 

Conclusions 

The variation in the RS hybrid lines for germination at different 
incubation temperatures, even at very cold incubation tempera- 
tures, offers promise for selection. Selection for high germination 
at moderate incubation temperatures will not necessarily result in 
enhanced germination at cold and very cold temperatures. Selec- 
tion for high germination at warmer than moderate temperature 
will most probably not enhance germination at low temperature, 
but would probably not result in reduced germination at low 
temperatures. 

The large number of different types of germination responses 
that were observed for different hybrid lines suggests: (a) that 
generalizations made from means of the lines may not apply to 
specific hybrid populations and (b) that the physiological processes 
governing germination in response to incubation temperature may 
be manipulated by hybridization and selection. 

Germination responses at low temperatures for the RS hybrid 
lines compared to response of grasses used widely in rangeland 
revegetation suggests that promise exists for selecting hybrids for 
early spring or late fall germination. This characteristic would be 
advantageous in the Intermountain area where soil moisture is 
often only available for germination and seedling growth under 
cold conditions. 

The next step in evaluation of the RS hybrid lines will be to field 
test the predicted best and worst lines from this study to confirm 
laboratory results with those from field trials. 
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Biomass Partitioning in ‘Caucasian’ and ‘WW-Spar’ Old 
World Bluestems 
P.I. COYNE AND J.A. BRADFORD 

Above- and belowground biomass dynamics of ‘WW-Spar’ 
(Bothrbchloa ischaanum) and ‘Caucasian’ (B. caucasica) Old 
World bluestems were monitored under field conditions during 
sprbq-summer and summer-fall growing cycles in 1983. Tbe objec- 
tive was to document biomass partitioning patterns to complement 
earlier studies of leaf physiology and aboveground growth bebav- 
ior in these 2 grasses. Tbe standing crop of forage reached 500 and 
694 g mm2 in WW-Spar and Caucasian, respectively, by the end of 
cycle 1 (11 July 1983). However, as in earlier studies, Caucasian 
was more sensitive to limited soil water so that its forage produc- 
tion and water-use efficiency showed a much greater decline in the 
second cycle than did these parameters in WW-Spar. At reproduc- 
tive maturity, both grasses partitioned about 0.4 of total biomass 
to aboveground compartments (leaves, stems, stem bases, inflores- 
cences) witb Caucasian allocating more of its aboveground bio- 
mass to leaves and stems and WW-Spar more to stem bases. 
Excluding stem bases from the aboveground compartment showed 
that WW-Spar bad tbe bigber leaf/stem ratio. Root biomass 
deelined significantly at tbe start of each growing cycle, but was 
similar in both grasses (peak root standing crop = 1,900 g me2 to a 
depth of 1.2 m). Caucasian tended to partition slightly more of its 
root biomass to upper soil layers, WW-Spar more to lower layers. 
Across growing cycles and species, 0.56 of total root biomass was 
in the 0 to 0.1 m layer, 0.73 between 0 and 0.2 m, and 0.84 between 0 
and 0.4 m. Regression analysis indicated that roots should be 
sampled to 0.4 m to account for 90?$ of the variation in roots to the 
1.2 m depth. Net root production was estbnated to be 495 and 753 g 
m“ in cycle 1 for WW-Spar and Caucasian, respectively, and 366 
and 388 gmm2 in cycle 2. Relative growth rates (RGR) of total plant 
biomass were similar in both grasses and increased linearly during 
each growing cycle to values between 0.01 and 0.02 g d-‘g- . 
Increases in RGR early and late in a growing cycle were supported 
by increases in efficiency of the photosynthetic apparatus (unit leaf 
rate). Mid-cycle increases in RGR were more dependent on expan- 
sion in tbe size of the photosynthetic apparatus (leaf area ratio) as 
unit leaf rate remained constant during this time. In addition to 
physiological differences found in earlier studies, this study sug- 
gested that variations In drought performance between these 2 
grass species may also be related to morphological differences, 
primarily the tendency of WW-Spar to partition more of its root 
biomass to lower depths in the soil profile than Caucasian and 
perhaps tbe much greater crown or basal area of WW-Spar com- 
pared to Caucasian. 

The Old World bluestems (OWB, Bothriochloa spp.) are being 
integrated into forage-based beef production systems of the South- 
ern Plains, particularly on farmed-out soils as a complement to 
native range, because of their stand persistence, drought perfor- 
mance, and relatively high production. Recent advances in seed 
harvesting and processing technology have facilitated the accep- 
tance of these grasses (Dewald and Biesel1983a,b). Forage produc- 
tion of OWB monocultures at Woodward, Okla., is typicallyfour- 
fold greater than native range when both are managed according to 
recommendations (Sims and Dewald 1982). 

Authors are plant physiologist, Southern Plains Range Research Station, USDA/- 
ARS, 2000-18th Street, Woodward, Okla. 73801. Current address of first author is 
Fort Hays Experiment Station, Kansas State University, Hays 67601. 

Manuscript accepted 14 November 1985. 
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Two cultivars, currently being used commercially, have been the 
subjects of earlier investigations dealing with aboveground growth 
characteristics and leaf photosynthesis and water relations (Coyne 
et al. 1982, Coyne and Bradford 1985). Results of these studies 
serve as background and initiative for this study. ‘Caucasian’blue- 
stem (B. caucusicu (Trin.) C.E. Hubb) was introduced into this 
country from Tiflis (Tbilisi), U.S.S.R. (Harlan 1952). ‘WW-Spar’ 
(B. ischuemum (L.) Keng. var. ischaemum) was introduced from 
Pakistan (Harlan 1963) and is one of 30 yellow bluestem compo- 
nents blended to make ‘Plains’ bluestem (Taliaferro et al. 1972). 
Because of its superior drought performance compared to the 
other components of Plains, WW-Spar was released as a single- 
component variety in 1982 (Dewald et al. 1985). 

An earlier study which dealt only with aboveground growth 
characteristics of 4 OWB’s, including Caucasian and WW-Spar, 
(Coyne and Bradford 1985) confirmed the differences in drought 
performance between these grasses. Partitioning of biomass to 
leaves and stems and the biochemical costs of new leaf tissue 
(biomass and nitrogen per unit leaf area) were similar in both 
grasses when compared as means of growth cycles, although sea- 
sonal trends in these parameters were frequently different. 

Because little was known about the belowground component of 
the Old World bluestems, this study was conducted to compare 
growth and partitioning in the entire plant (both above- and 
belowground) and to document cycles in the absolute pool sizes as 
well as concentrations of nitrogen and nonstructural carbohydrate 
reserves. The objective was to develop a more complete under- 
standing of the physiology and morphology of these grasses, par- 
ticularly the belowground component, to complement earlier find- 
ings on differences in leaf water-use efficiency and aboveground 
growth patterns. Growth, water-use efficiency and biomass parti- 
tioning data are reported here. Nitrogen and carbohydrate data 
will be the subject of a subsequent paper. 

Materials and Methods 

Plant Materials and Culture 
Above- and belowground biomass of ‘Caucasian’ (Accession 

WW-758) and ‘WW-Spar’ (WW-573) were sampled repetitively 
during the 1983 growing season. Both grasses are apomictic so the 
sampled population of each species was genetically uniform. These 
selections were 2 of 16 entries in a randomized complete block (8 
blocks) field nursery established from seedling transplants at 
Woodward, Okla. in 1978. The Hardeman soil (coarse-loamy, 
mixed thermic typic Ustocrept) was fertilized annually, beginning 
in 1978, with 67 kg N ha-’ as NHdNOs in a split (April, July) 
apphcatlon. ‘l‘he nursery was burned each year in March prior to 
growth initiation. Plots consisted of 5 rows of 20 plants (1 entry/ - 
plot). Spacing was 0.3 m (1 foot) between plants within a row and 
between rows. Average area occupied by each plant was 0.0929 m2 
(1 square foot). Aluminum access tubes were centrally located in 
each plot and used to measure water content on a regular basis by 
the neutron attenuation method at the mid-point of 0.2-m incre- 
ments to a depth of 2.6 m. 

Field Sampling Scheme 
Growth was monitored by periodic harvests of randomly chosen 

subsets of plants during a spring-summer and summer-fall growth 
cycle (hereafter cycle 1 and cycle 2, respectively) in 1983. The 2 
sequential growth cycles were representative of management situa- 

303 



tions in which the grass is harvested for hay. Blocks 1 through 4 
were used for cycle 1 and blocks 5 through 8 (which grew undis- 
turbed during cycle 1) for cycle 2 in order to have sufficient, 
undisturbed plant material for repetitive sampling. Following 
spring growth initiation (11 April 1983) plants were sampled 12 
times during cycle 1: 18 April; 2,9,16,23 May; 1,6,13,20,27 June; 
and 5, 11 July 1983. Cycle 1 was terminated when the plants had 
developed mature seed stalks and Cycle 2 was then initiated by 
mowing the plots in blocks 5 through 8 to a stubble height of about 
30 mm on 14 July 1983. Samples were taken 9 times during cycle 2: 
14 July; 1, l&22,30 August; 9, 19,29 September; and 10 October 
1983. A random sampling plan identified plants from the center 3 
rows of each plot (excluding border plants on either end) for each 
succeeding harvest date. Since coring the soil to sample root bio- 
mass (described below) might potentially affect adjacent plants, 
individuals to be sampled were restricted to only even numbered 
plants in the outside rows and odd numbered plants in the center 
row. A plant was used only once during the experiment. 

Two plants per plot (block) were sampled for each species and 
sample date. Aboveground biomass was severed at the top of the 
crown (about 20 to 30 mm above the soil surface) and separated 
into leaf blades (distal to the collar), leaf sheaths plus enclosed 
stems, and exerted stems plus infloresences if present. A subsample 
of leaf blades (40 total, 20 from each plant) was collected for 
determination of leaf blade area. The number of culms represented 
in the leaf area subsample varied with the leaves per culm, but the 
subsample always consisted of all leaves on each culm collected in 
an attempt to represent all leaf ages in proportion to their fre- 
quency in the canopy. 

Stem bases and roots were subsampled by coring in order to 
minimize the effect of destructive sampling on the nursery. 
Although the techniques of sampling grassland roots by coring 
vary widely, it is a common method for studying belowground 
biomass of grasses in soil free of rocks (see Bartos and Sims 1974; 
Sims et al. 1978). Three 2%mm diameter cores were taken per 
plant: 1 from the middle of the crown and 1 each immediately to the 
north and south of the crown circumference at the approximate 
midpoint between adjacent plants. The distance from the sampled 
plant to its nearest neighbor was the same in all cardinal directions 
so the choice of the north-south axis was arbitrary. Because this 
spaced nursery had been growing since 1978, it was assumed that 
the overlap of roots among adjacent plants was in steady-state and 
that the placement of the 3 cores plants-’ would adequately sample 
average belowground biomass on a unit area basis and still minim- 
ize damage to the nursery. Cores were taken to a depth of 1.2m and 
stratified into layers of0 toO.1,O.l to0.2,0.2 to0.4,0.4 to0.8, and 
0.8 to 1.2 m. The sampling depth was limited to 1.2 because this was 
the nominal depth at which it became impractical to drive the 
coring tool further into the soil. Soil from 2 plants X 3 cores was 
bulked by depth increment. The 0 to 0.1 increment included both 
roots and stem bases. 

Biomass from both plants within a plot was bulked by tissue 
fraction and stored on ice while awaiting transportation to the 
laboratory. 

Basal areas were determined from the mean of the north-south 
and east-west crown diameters and used to calculate total stem- 
base biomass (subsample weight X basal area/sampled area). 
Total root biomass was calculated by multiplying sampled biomass 
by the area occupied per plant and dividing_ by surface area 
sampled (0.0929 m* plant-‘/O.00147 m* sample -63.2). Core holes 
were refilled with topsoil taken adjacent to the plots. 

By 10 August, the soil was so dry core samplers could not be 
driven into the soil. In order to continue sampling, 79 mm of 
irrigation water were applied through sprinkler heads at a rate of 5 
mm h-l. This wet the soil to about 0.8 m. Based on soil moisture 
measurements immediately preceding and 2 days following the 
irrigation, we estimated that 0.6 of the applied water was stored in 
the soil. No corrections for the 0.4 discrepancy were made in our 
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Fig. 1. Cumulative precipitation (mm) and profile (0 to 2.6 m depth) soil 
moisture (mm) during 2 growing cycles. Numbers inset in Subfig. A are 
the digitized values for the beginning and end of each cycle. Numbers 
inset in Subfig. Brepresent means across blocksfor WW-Spar (bottom) 
and Caucasian (top) bluestems. l’hese numbers correspond to the means 
of those used to calculate water-use efficiency (Table 2). 

of water-use efficiency (WUE) because precipitation events could 
not be similarly corrected for runoff or evaporation prior to infil- 
tration and because our primary interest was in relative rather than 
absolute comparisons of WUE. 

Water-use efficiency was calculated by dividing forage produc- 
tion (leaf blades, stems, sheaths, inflorescences measured at the last 
harvest of each cycle) by evapotranspiration defined as precipita- 
tion plus net soil moisture storage (difference in soil profile water 
content between 0 and 2.6 m from the start of growth and the last 
harvest in each growing cycle) during the cycle (Koshi et al. 1982). 

Laboratory Analyses 
Total leaf blade area (one side) was determined on the bulked 

subsample by optical leaf-area meter followed by freeze drying and 
measurement of dry weight. Specific leaf weight (SLW) was calcu- 
lated as leaf blade dry weight divided by leaf blade area and was 
used to calculate total leaf blade area plant-’ (total leaf blade dry 
weight/ SLW). Remaining above- and belowground tissue frac- 
tions were kept frozen until processed. Root tissue was quantitively 
separated from soil by a hydropneumatic elutriation system 
(Smucker et al. 1982) and stem bases were severed from the roots 
(O-O. 1 m increment) at this time and kept separate during subse- 
quent handling (Sims et al. 1978). All tissue fractions were freeze 
dried and weighed to determine biomass. 

Data Analysis 
Measured and calculated parameter differences between Cauca- 

sian and WW-Spar bluestems were determined by analysis of 
variance with a split on date (Steel and Torrie 1960). Analysis of 
variance by date was used to highlight the differences between 
species for a given date that are marked in Figures 2, 3, and 4. 
Discriminant analyses were conducted using the DISCRIM pro- 
cedure available from the Statistical Analysis System (SAS) Insti- 
tute (1979). Growth parameters were derived using the methods of 
Hunt and Parsons (1974) as previously described (Coyne and 
Bradford 1985). 
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Fig. 2. Comparison of plant biomass (g plant-‘) in five compartments in 
WW-Spar and Caucasian bluestems during two growing cycles. Aste- 
risks denote signifcant dtfferences (PCO.05) between species within 
dates. Note that Subfigs. C and E are scaled. 

Results and Discussion 

Forage Production and Water-Use Effkiency 
During periods of adequate soil moisture, forage production in 

Caucasian has been found (Coyne et al. 1982) to exceed that of 
WW-Spar. However, under drought stress, the relative ranks of 
these 2 species for forage production reverse, illustrating the ability 
of WW-Spar to provide a more stable supply of forage during 
periods of intermittent drought. Similarly, photosynthetic rates on 
a unit leaf area basis under optimum conditions were generally 
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Fig. 3. Comparison of the biomass fraction (g g-‘)partitioned amongfive 
compartments in WW-Spar and Caucasian bluestems during 2 growing 
cycles. Asterisks denote signtficant dtfferences (IKO.05) between species 
within dates. Note that Subfig. D is scaled. 

higher in Caucasian than in WW-Spar. However, for any given 
stomata1 conductance, photosynthesis was higher in WW-Spar 
than in Caucasian, resulting in greater leaf WUE in WW-Spar 
(Coyne et al. 1982). This correlates with the ability of WW-Spar to 
maintain production further into a soil-drying cycle. 

Differences in forage production (leaf blades, sheaths, stems, 
inflorescences) and WUE between WW-Spar and Caucasian blue- 
stems (Table 1) were less pronounced than in previous studies, but 
the trend still conformed to earlier results (Coyne and Bradford 
1985) in that Caucasian tended to be more productive than WW- 



Spar in the first growing cycle while WW-Spar performed slightly compared to 164 and 0.66 for Caucasian which better illustrates the 
better in cycle 2. The standing crop of forage continued to increase general WUE advantage of WW-Spar over Caucasian when both 
throughout the growing cycles except for that of WW-Spar in cycle are grown under limited soil moisture conditions. 
2, which peaked on day 262. Had the peak forage standing crop for Reasons for iess separation between species and cycles in 1983 
WW-Spar been used instead of the terminal cycle value, forage than previously found in 1982 (Coyne and Bradford 1985) can be 
production and WUE would have been 294 and 1 .OS, respectively, explained on the basis of weather. Precipitation (which included 

Tabk 1. Comparison of water-use efficiency during two growth cyciea in WW-Spar and Caucasian blue&ems> 

Entry 

WW-Spar 
Caucasian 
P>F 

WW-Spar 
Caucasian 
P>F 

WW-Spar 
Caucasian 

Cycle 

1 

2 

2/i 

Precipitation 

;: 

1912 

0.96 

Net soil moist. 
storage 

mm 
21 
13 

104 
127 

4.95 
9.58 

Evapotrans- Forage Water-use 
pirationj production efficiency 

mm g me2 g m-2mm-1 
219 500 2.34 
211 694 3.51 

0.85 0.24 0.00 
295 262 0.90 
318 243 0.77 
0.56 0.74 0.32 
1.35 0.52 0.38 
1.51 0.35 0.22 

‘Net soil moisture storage is the difference in protile water content (0 to 2.6 m) between the start of growth and the last harvest in each growing cycle. Forage production includes 
leaf blades, stems! sheaths, and inflorescences measured at the last harvest of each cycle. To compare species within a cycle, P>F is the probability of a type I error. 
*Includes 79 mm Irrigation water applied on 16 Aug. 1983 (day=222). 
‘Sum of precipitation and net soil moisture storage. 

Table 2. Morpboiogic8i parameter means for two growing cycles and the final sampling date of cycle l(l1 July 1983) for WW-Spar and Caucasian 
bluestems. 

Parameter 
< -Cycle I (N=45)-> < -Cycle 2 (N=3 I)-> c- 11 July 1983 (N=4)-> 

WW-Spar Caucasian P>F WW-Spar Caucasian P>F WW-Spar Caucasian P>F 

Aboveground biomass (g plant-‘): 
Leaf blade (Wb) 12.72 
Stem + sheath (Wss) 6.04 
Stem + inflorescence 

(Wsi) 0.09 
Stem base (Wsb) 40.01 
Total aboveground 

(Wag) 58.85 

14.94 0.01 7.40 5.11 0.05 19.44 22.40 0.57 
10.97 0.01 8.24 4.06 0.05 26.16 41.50 0.29 

0.10 0.66 0.72 0.37 0.03 1.14 0.60 0.46 
25.12 0.02 37.34 21.02 0.02 44.56 26.56 0.14 

51.12 0.14 56.69 30.56 0.02 91.30 91.05 0.73 

Root biomass (g plant-‘): 
Wrl(O.0 to 0.1 m) 74.12 74.13 0.99 77.42 85.42 0.11 
Wr2 (0.1 to 0.2 m) 22.82 19.81 0.12 26.02 22.48 0.32 
Wr3 (0.2 to 0.4 m) 13.34 13.29 0.91 17.00 16.41 0.80 
Wr4 (0.4 to 0.8 m) 9.95 10.17 0.98 18.39 18.04 0.92 
Wr5 (0.8 to 1.2 m) 9.23 6.13 0.05 12.51 9.58 0.02 
Total root ( Wr) 

(0.0 to 1.2 m) 129.46 123.52 0.23 151.33 151.92 0.91 

Total plant (Wp) 188.29 174.60 0.22 204.99 182.45 0.03 

Biomass partitioning ratios (g g-l): 
Wag/ WP 0.31 0.28 0.08 0.26 0.17 0.02 
Wb/ Wag 0.20 0.28 0.02 0.14 0.16 0.22 
Wss/ Wag 0.08 0.15 0.00 0.14 0.11 0.06 
Wsi/ Wag 0.00 0.00 0.07 0.01 0.01 0.05 
Wsb/ Wag 0.72 0.56 0.01 0.71 0.72 0.66 
Wrl/ Wr 0.57 0.60 0.30 0.51 0.56 0.21 
Wr2/ Wr 0.18 0.16 0.38 0.17 0.15 0.31 
Wr3/ Wr 0.11 0.11 0.64 0.11 0.11 0.70 
Wr4/ Wr 0.08 0.08 0.91 0.12 0.12 0.96 
Wr5/ Wr 0.07 0.05 0.40 0.08 0.06 0.22 

Leaf blade area 
(m2,.plant-‘) 0.25 0.29 0.01 0.14 0.11 0.15 

Leaf blade area index 
(m2-n mm*) 2.68 3.10 0.01 I.51 1.16 0.15 

‘To compare species for a particular parameter within adjacent columns, P>F is the probability of a type I error. 

72.51 77.47 0.61 
30.26 20.75 0.01 
18.10 15.07 0.08 
14.18 12.65 0.36 
10.27 8.25 0.72 

145.32 134.19 0.05 

236.58 225.22 0.36 

0.38 0.40 0.71 
0.21 0.25 0.22 
0.29 0.46 0.11 
0.01 0.01 0.44 
0.49 0.28 0.14 
0.51 0.58 0.19 
0.21 0.15 0.00 
0.12 0.11 0.71 
0.10 0.09 0.57 
0.07 0.06 0.42 

0.35 0.38 0.75 

3.77 4.08 0.75 
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Fig. 4. Comparison of leaf blade area (ma plant-‘) and leaf area index (m’ 
leaf area me2 soil surface area) in WW-Spar and Caucasian bluesrems. 
Asterisks denote signt$cant dgferences (P<O.OS) between species within 
dates. 

irrigation in cycle 2) was more uniform and temperatures more 
moderate across cycles in 1983 than in 1982. Precipitation in 1982 
was 458 and 43 mm in cycles 1 and 2, respectively, compared to 198 
and 191 mm (Table 1, Fig. 1) in 1983. However, the ratio of cycle 
Z/cycle 1 for WUE (Table 1) is consistent with the earlier field and 
laboratory studies (Coyne et al. 1982, Coyne and Bradford 1985) 
showing the much greater sensitivity of Caucasian to limited soil 
water compared to WW-Spar. 

Biomaw Praduction 
The seasonal progression of biomass (Fig. 2) within growing 

cycles showed few within date differences between species except 
for stem bases (Fig. 2d). The greater production of stem bases in 
WW-Spar compared to Caucasian reflects differences in morphol- 
ogy in these grasses. Caucasian maintained smaller (KO.01) basal 
diameters (mean=144 f 25 mm) than WW-Spar (mean=187 f 26 
mm) even 5 years after establishment. The one reversal (day 143), 
for which stem-base biomass in Caucasian exceeded that of WW- 
Spar, was apparently an artifact of the randomized sampling 
scheme in which Caucasian plants at the high end of their basal 
diameter range and WW-Spar plants at the low end of their range 
happened to be sampled. 

Root biomass (Fig. 2e) decreased about 3oo/o during growth 
initiation in cycle 1 and did not begin to recover until the last third 
of the cycle when reproductive tillers (Fig. 2c) were being pro- 
duced. Similarly, root biomass declined early in cycle 2 concur- 
rently with the development of a canopy following severe defolia- 
tion. Apparent increases in root biomass that began on days 221 

and 262 were associated with periods of precipitation or irrigation 
that resulted in soil moisture recharge (Fig. 1). This suggests an 
ability of root growth in these. grasses to respond rapidly to tem- 
porary relief from drought. Peak standing crop of root biomass to 
a depth of 1.2 m was similar in both species in both growing cycles 
and averaged about 1,550 and 1,900 g me2 in cycles 1 and 2, 
respectively. 

Net root biomass production is commonly calculated by one of 4 
methods (Sims et al. 1978).*While none of these methods is free of 
limiting assumptions, Sims et al. concluded that the summation of 
statistically significant increases in total root biomass was the most 
reliable. The analysis of variance showed that the LSD (KO.05) 
for total root biomass was 27 and 28 g plant’ for cycles 1 and 2, 
respectively. Using these values to determine significant increases 
in total root biomass, we estimated that root production in cycle 1 
was 495 and 753 g mm2 for WW-Spar and Caucasian, respectively. 
Corresponding values for cycle 2 were 366and 388 g mr. The cycle I 
values were 2.2 to 3.4 times greater than the annual production 
values reported for ungrazed True Prairie grassland (Sims et al. 
1978) illustrating the propensity of the Old World bluestems to 
produce more biomass below- as well as aboveground than the 
warm-season, native, tallgrass species. 

Estimates of root production based on biomass data are gener- 
ally agreed to be low because maxima and minima in root biomass 
are missed by intermittent sampling schemes and because of 
unmeasured losses in biomass resulting from root exudation, 
sloughing, and root grazers (reviewed by Singh et al. 1984). How- 
ever, based on computer simulations of net root production and 
subsequent calculations of belowground net production, Singh et 
al. (1984) showed that variability in root biomass data can lead to 
overestimation of root production. Thus, the estimates provided 
above are for purposes of comparison between WW-Spar and 
Caucasian and should be used with caution in an absolute sense. 

Means across dates within cycles (Table 2) revealed that Cauca- 
sian had more leaf blade and stem plus sheath biomass than 
WW-Spar in cycle 1 while the reverse was true in cycle 2 when soil 
water was more limiting (Fig. 1). Total root biomass was similar in 
both species in both cycles. Across all compartments, WW-Spar 
had the greatest standing crop of biomass in both cycles compared 
to Caucasian and this difference was primarily associated with the 
stem-base component. Although stems plus inflorescences consti- 
tuted a relatively minor component of total aboveground biomass, 
infloresences began appearing about 20 days earlier in Caucasian 
than in WW-Spar during cycle 1. Timing of appearance of repro- 
ductive shoots was similar between species in cycle 2. 

Differences between species for root biomass within soil depth 
increments were significant only in the 0.8 to 1.2 m layer and were 

Table 3. Soil moisture muna by depth within a growing cycle for WW-Spar and Cauashn bhmte.ms.l 

<--Cycle 1 (N=72)-> <--Cycle 2 (N=48)-> 
Soil depth WW-Spar Caucasian P>F WW-Spar Caucasian P>F 

_---nun--- --nun_-- 
0.0 to 0.2 m 38 36 0.035 31 29 0.030 
0.2 to 0.4 m 39 40 0.515 31 32 0.592 
0.4 to 0.6 m 40 45 0.103 26 30 0.030 
0.6 to 0.8 m 43 47 0.028 26 31 0.057 
0.8 to l.Om 49 44 0.431 30 32 0.526 
1.0 to 1.2 m 47 45 0.705 34 37 0.669 
1.2 to 1.4 m 36 46 0.098 27 41 0.054 
1.4to 1.6m 41 46 0.150 37 45 0.047 
1.6to 1.8m 53 53 0.982 51 50 0.910 
1.8 to 2.0 m 55 55 0.849 52 52 0.956 
2.0 to 2.2 m 60 63 0.539 58 61 0.720 
2.2 to 2.4 m 67 67 0.988 67 68 0.906 
2.4 to 2.6 m 70 71 0.675 72 73 0.976 

0.0 to 2.6 m (total) 639 658 0.532 540 581 0.223 

‘To compare species within depths, P>F is the probability of a Type I error. 
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consistent during both cycles with WW-Spar having the greater 
root biomass (Table 2). This variation in rooting behavior may be 
biologically significant for explaining the better drought perfor- 
mance of WW-Spar compared to Caucasian in addition to its 
greater leaf WUE (Coyne et al. 1985) although water contents in 
the 0.8 to to 1.2 m layer were not different between species (Table 
3). WW-Spar did have lower soil water contents than Caucasian in 
some of the other soil layers, particularly between 1.2 and 1.6 m 
during the drier cycle 2 (Table 3). While it is tempting to hypothe- 
size that these differences in soil water contents resulted from 
greater water extraction by W W-Spar as a result of its greater root 
biomass at these depths, we could not practically sample roots 
below the 1.2 depth to make this comparison. 

Biomass Partitioning 
Seasonal progressions of partitioning ratios for each growing 

cycle are graphed in Figure 3. Cycle means and means for final 
sampling date of Cycle 1 (11 July) are included in Table 2. The 
prportion of total plant biomass partitioned to shoots (stem bases, 
stems, leaves, infloresences) ranged from 0.1 to 0.2 early in a 
growing cycle to peak values at the end of the cycle of about 0.4 
(Fig. 3a, see also peak values in Table 2). During cycle 1, the ratio 
of aboveground total biomass for the 2 species averaged about 0.3 
with WW-Spar being slightly higher than Caucasian. However, in 
the drier Cycle 2, WW-Spar continued to maintain an above- 
ground component equal to 0.26 of total biomass while the Cauca- 
sian ratio dropped to 0.17 (Table 2) confirming the better drought 
performance of WW-Spar. Separation of WW-Spar and Cauca- 
sian with respect to partitioning aboveground biomass among the 
various compartments was primarily limited to the better growing 
conditions of cycle 1 (Fig. 3b,c,d,e,; Table 2). The more stressful 
cycle 2 caused the partitioning differences between species to con- 
verge. In cycle 1, Caucasian allocated more of its aboveground 
biomass to leaf blades and stems plus sheaths and less to stem bases 
than did WW-Spar. However, the large differences in stem-base 
biomass distort the true picture of partitioning to leaf blades versus 
stems plus sheaths. The proportion of blades, sheaths, stems, and 
infloresences partitioned to blades and stems plus sheaths in cycle 1 
was 0.57 and 0.42, respectively, for Caucasian compared to 0.68 
and 0.32 for WW-Spar, which agrees with earlier results (Coyne 
and Bradford 1985). 

Across both growing cycles and species, root biomass in the top 
0.1 m averaged 0.56 of total root biomass (Table 2). Corresponding 
values of 0 to 0.2 m and 0 to 0.4 m were 0.73 and 0.84, respectively. 
These results are typical of grass root distribution with depth and 
are well within the range of values reviewed by Risser et al. (1981). 

Differences between species were subtle with Caucasian tending to 
have slightly more of its roots in the upper soil layers and WW- 
Spar tending to have more in the lower layers. The drier second 
cycle resulted in a slight redistribution of root biomass to lower 
levels in the soil profile. 

Regression equations were calculated to determine the sampling 
depth required to account for 90% (R2) of the variation in total root 
biomass to a depth of 1.2 m (Table 4). These results indicated 
sampling to roots to a depth of 0.4 m would suffice. These equa- 
tions are by no means to be considered universal and would have to 
be calibrated for each site and species. In this comparison, species 
had no significant effects on slope, but did greatly influence the 
intercepts of these regressions. 

Results of a discriminant analysis provide a good summary of 
the differences in biomass production and partitioning between 
WW-Spar and Caucasian. Two parameters (biomass of stem bases 
and roots between 0.8 and 1.2 m) were identified that particularly 
distinguished these 2 grasses. WW-Spar was highest in both 
parameters. 

Laaf Blade Area 
The seasonal progression of leaf blade area and leaf blade area 

index (LAI) was similar in both species during both growing cycles 
(Fig. 4, Table 2) although species were significant for a single date 
in cycle 2. These similarities in LA1 suggest comparable light 
interception for both species. Leaf area peaked about 2 (WW- 
Spar) to 3 (Caucasian) weeks in advance of the last harvest date in 
cycle 1 when highest biomass values were observed (Table 2). Peak 
LA1 values were about 5. The LA1 for nearly complete light 
interception (critical or optimum LAI) varies with species because 
of different growth forms (Younger 1972). Blaser et al. (1973) 
stated that there is not an optimum LA1 because maximum 
regrowth [growth] within species plateaus under wide ranges of 
LAI. 

Growth Characteristics 
Relative growth rate (RGR) of total plant biomass (Fig. 5a) is 

analogous to interest earned on an investment and increased line- 
arly during both cycles with no significant differences between 
species. The negative values early in each cycle reflect the loss in 
root biomass (Fig. 2e) as reserves were mobilized to support devel- 
opment of a shoot system. Maximum observed rates of return (or 
growth efficiencies) were between 0.01 and 0.02 coinciding with 
highest observed levels of biomass standing crop. 

RGR can be partitioned (Evans 1972) into leaf area ratio (LAR, 
a morphological index relating leaf area to total plant biomass) 
and unit leaf rate (ULR, a physioloical index relating leaf area to 

Table 4. Regression of total root biomass on root biomass in the surface layers of the soil in WW-Spar and Caucasian bluestems during two growing 
cycles.’ 

(4 W 
Depth of soil layer Cycle Species Intercept Slope R2 sy.x 

OtoO.1 m I WW-Spar 596 1.00 0.77 125 
Caucasian 523 1.01 0.67 137 

2 WW-Spar 505 1.35 0.55 167 
Caucasian 373 1.37 0.77 154 

0 to 0.2 m 1 WW-Spar 310 1.04 0.87 92 
Caucasian 167 1.15 0.87 86 

2 WWSpar 133 1.34 0.17 119 
Caucasian 186 1.25 0.87 117 

0 to 0.4 m I WW-Spar 128 1.07 0.93 69 
Caucasian 23 1.13 0.94 58 

2 WW-Spar 26 1.24 0.86 93 
Caucasian 152 1.11 0.93 85 

‘Regression equation form: Y= a + b*X where Y=total root biomass (0 to 1.2 m) in g III-*, X=root biomass in a specific soil surface layer in g me*. R* is the coefficient of 
determination a?d Sy.x is the standard error of estimate. N was 45 and 31 for growing cycles 1 and 2, repsectively. All intercept comparisons between species within a soil layer 
and cycle were stgnificantly different (KO.01). None of the corresponding slope differences were significant (IyO.05). 
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Fig. 5. Comparison of relative growth rate of totalplant biomass [(I! Wp) 
(d Wpldt). g day-‘g-l], leaf blade area ratio [Ab/ Wp. m2gg“], and unit leaf 
blade rate [(IlAb) (dWp/dt), g day-‘m-5 in WW-Spar and Caucasian 
bluestems during 2 growing cycles. Wp=total plant biomass, Ab=leaf 
blade area, and t= time. Relative growth rate is a product of leaf area 
ratio and unit leaf rate. 

the rate of total plant biomass production) to determine whether 
physical size or efficiency of the photosynthetic apparatus is the 
predominant factor controlling growth. Because RGR is the pro- 
duct of LAR (Fig. 5b) and ULR (Fig. SC), for it to increase linearly 
throughout both cycles, the plants had to be either increasing the 
size of the photosynthetic apparatus relative to total plant biomass 
(LAR) or increasing the photosynthetic efficiency of existing 
leaves (ULR) or both. The influence of ULR on RGR predomi- 
nated early and late in the 2 growing cycles, but was constant 
during mid-cycle when the plants were expanding the size of their 
photosynthetic apparatus. LAR increased up to the time of peak 
leaf area in cycle 1 (Fig. 4) indicating that during this period, the 
relative growth rate of leaf blade area [(l/Ah) (dAb/dt)] was 
greater than the relative growth rate of total plant biomass [( l/ Wp) 
(dWp/dt)] where Ab=leaf blade area, Wp=plant biomass, t=time, 
and dzdifferential. Beyond peak LAR, the efficiency of new leaf 
expansion relative to existing leaf area fell below the efficiency of 
new biomass production requiring an increase in photosynthetic 
efficiency per unit leaf area to maintain the constant rate of 
increase in RGR. 

These relationships among LAR and ULR have relevance to 
grazing management in that it may be possible to determine a level 
of defoliation below which compensatory increases in ULR would 
offset reductions in LAR and in so doing maintain or even increase 
the slope of RGR (stimulate growth) compared to its predefolia- 
tion value. 

The idea that under certain conditions, grazing can actually 

stimulate aboveground net primary production (NPP) has been 
termed the ‘grazing optimization hypothesis’(Hilbert et al. 1981). 
The authors reviewed numerous proposed and observed mechan- 
isms to account for the stimulation of NPP including increased 
photosynthetic rates of remaining tissue (which would cause ULR 
to increase) and increased proportion of photosynthate allocated 
to the production of new leaf area (which would cause LAR to 
increase). Hilbert et al. (1981) described a model based on the 
relative rates of aboveground biomass which predicted how a plant 
must respond to grazing if its production is to equal that of an 
ungrazed plant. The rationale for basing their predictions on rela- 
tive growth rates of aboveground biomass was its relative simplic- 
ity and property of integrating a large number of physiological 
responses to the environment, including defoliation. Although it is 
more difficult to acquire the data, it would seem that RGR, as 
defined in this study along with its components LAR and ULR, 
would integrate both above- and belowground physiological pro- 
cesses. This should lead to a better understanding of any compen- 
satory responses with respect to either size of efficiency of the 
photosynthetic apparatus and their resultant effect on the slope of 
RGR in grazed compared to ungrazed situations. 

Conclusions 

We have established from this and earlier (Coyne et al. 1982, 
Coyne and Bradford 1985) studies that WW-Spar bluestem is 
superior to Caucasian bluestem in stability of forage production 
across soil moisture regimes varying from near optimum to 
drought. Characteristics of these 2 grass species that might account 
for differences in ability to maintain forage production longer into 
a drying cycle may be predominantly physiological. Physiological 
differences include higher leaf water-use efficiency due to more 
optimal configuration of the resistances in the CO2 pathway and 
the ability to maintain turgor to lower relative water contents 
(Coyne et al. 1982). The present study indicated the principal 
morphological differences in these 2 species were the tendency for 
WW-Spar to partition more of its root biomass to lower depths in 
the soil profile compared to Caucasian and the much greater basal 
area and stem base compartment in WW-Spar relative to Cauca- 
sian. The former could confer a competitive advantage in its effect 
on potential exploitable soil volume and hence soil water extrac- 
tion and the latter should result in more meristems to re-establish a 
canopy following defoliation and the potential for larger pools of 
reserve substances. Other parameters, such as leaf area index and 
relative growth rates of leaf area and total plant biomass, were not 
particularly useful in explaining performance differences between 
these grasses. 
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Effects of Temperature and Presowing Treatments on Showy 
Menodora Seed Germination 
TIMOTHY E. FULBRIGHT AND KAY S. FLENNIKEN 

Low seed germination is a problem in establishment of showy 
menodora (Mcnodoru rondifora Gny). Objectives of this study 
were to determine the effects of temperature, light, and presowing 
treatments on showy menodora germination. Scarified and un- 
treated seeds were germinated at 5/15,10/20,15/25,20/30,25/35, 
and 30/40“ C (12 hour/l2 hour) with 12 hours of light at the 
warmer temperature or complete darkness. Seeds were subjected 
to: (1) chemical scarification with concentrated (18.0 mol liter-‘) 
HzSO4,2.9 mol liter’ HaOr, or 0.7 mol liter-’ NaOCI, (2) a hot (800 
C) water soak, and (3) nicking with a raxor blade. Percent germina- 
tion and germination rate were highest at 20/W C. The highest 
percentage of abnormal seedlings occurred for mechanically 
scarified seeds at 5/W C. Light did not affect germination at 
15/25,20/30, and 30/W C, but enhanced germination at 5115, 
10/20, and 251350 C. Scarification enhanced percent germination 
and germination rate at all temperatures. At 20/30” C, nicking 
seeds with a razor and a 3-minute soak in 0.7 mol liter-’ NaOCL 
resulted in 81 and 7896 germination, respectively, of l-year-old 
seeds, compared to 53% for untreated seeds. These results indicate 
that showy menodora seeds should be scarified by mechanical 
means or with 0.7 mol liter“ NaOCL and planted when average 
daily minimum/maximum soil temperatures are about 20/3V C 
for maximum germhtation. 

Palatable shrubs and forbs can be valuable additions to range 
seeding mixtures (Thomburg 1982, Whisenant and Ueckert 1982, 
Cook 1983, Kissock and Haferkamp 1983). Mixtures of grasses, 
forbs and shrubs may better meet the nutritional needs of grazing 
animals and may provide higher quality wildlife habitat than 
stands of perennial grasses alone. 

Showy menodora (Menodora longijlora Gray) is a native half 
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shrub of the Oleaceae (Vines 1960) currently under evaluation by 
the USDA Soil Conservation Service Plant Materials Center at 
Knox City, Texas, for use in range seeding (Richard Heizer, State 
Plant Materials Specialist, USDA-Soil Conservation Service, per- 
sonal communication). It is adapted to rocky slopes and ledges, 
and ranges from southern and western Texas to southeastern New 
Mexico and south to Coahuila, Mexico (Vines 1960). Showy men- 
odora is readily browsed by domestic livestock and deer (Odocoi- 
few sp.) and has disappeared from parts of its former range 
because of heavy use (Warnock 1970, Rechenthin 1972). 

Low seed germination has been a problem in establishment of 
showy menodora on sites where it has been planted (Richard 
Heizer, State Plant Materials Specialist, USDA-Soil Conservation 
Service, personal communication). Objectives of this study were to 
determine: (1) the effect of temperature on germination of showy 
menodora, (2) if light is required for germination, and (3) the 
efficacy of different methods of enhancing germination. 

Methods 

General Methods 
Seeds of accession 477968 showy menodora were obtained from 

the USDA Soil Conservation Service Plant Materials Center at 
Knox City, Texas. Seeds used in temperature and light experi- 
ments were 3 years old while those used in presowing treatment 
experiments were 1 year old. Seeds were stored in cloth bags at 15” 
C and 40% relative humidity during the study. 

Seeds in all experiments were germinated on blotter paper 
underlain by a layer of creped cellulose placed in plastic boxes 
measuring 13.0 by 13.5 by 3.5 cm with tightlyfittinglids (Fulbright 
et al. 1983). Each plastic box contained 100 seeds. The substrata 
were moistened with 100 ml of tap water (electrical conductivity 1.6 
dS m-l, pH 7.9). Seeds were treated with thiram [bis (dimethylthio- 
carbamoyl) disulfide] to minimize fungal growth. 

Showy menodora seeds were considered to have germinated 
when at least 1 cotyledon was exposed and radicles were 5 mm or 
greater in length (Kissock and Haferkamp 1983). Seedlings with- 
out at least 1 exposed cotyledon and with radicles less than 5 mm in 
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length were considered abnormal. Counts were made daily for a 
period of 28 days in the temperature experiments and 14 days in the 
presowing treatment experiments. Rate of germination was calcu- 
lated by the equation of Maguire (1962) for germination rate (GR): 

GR = number of seeds germinated +...+ number of seeds germinated 
days to first count days to final germination 

count 
where GR is the sum of the quotients of the number of seeds 
germinated divided by the number of days for germination. 

Influence of Temperature, Light, and Scarification on Germination 
Effects of temperature, light, and scarification on germination of 

showy menodora were examined by germinating scarified and 
untreated seeds under dark and light conditions in controlled 
environment chambers at alternating temperatures of 5/ 15,10/ 20, 
15/25,20/ 30,25/35, and 30/40° C (12 hour/ 12 hour). Seeds were 
scarified by carefully nicking the distal end with a razor blade. 
Dark conditions were maintained by wrapping plastic boxes with 3 
layers of aluminum foil. A green safety light was used during 
counting. The light treatments consisted of exposure to cool-white 
fluorescent lights for 12 hours daily at the higher temperature. 
Photosynthetic photon flux density averaged 26 pmol m”s-‘. 

Four plastic boxes arranged in a randomized complete-block 
design were used as experimental units for each treatment and the 
experiment was repeated twice. Response curve analysis was used 
to determine the relationship between temperature and germina- 
tion (Snedecor and Cochran 1967). Analysis of variance was used 
to determine if significant differences existed between light means 
and scarification treatment means within each temperature. An -- 
arcsine d 0.01 X % transformation was used on percent germina- 
tion data from the temperature, light, and scarification experiment 
and presowing treatment experiments for analyses. Untransformed 
data are reported in the text. 

hesowing Treatment Effects 
Showy menodora seeds were subjected to the following presow- 

ing treatments: (1) a 1, 2, 3, and 4-minute soak in concentrated 
(18.0 III01 liter-‘) sulfuric acid (H&04) following by a 5-minute 
rinse with large volumes of tap water (Young et al. 198 1); (2) a 2,6, 
8, and lo-minute soak in 2.9 mol liter-’ hydrogen peroxide (Hz02) 
followed by a 5-minute rinse with large volumes of tap water 
(Young et al. 1981); (3) a 2, 6, 8, and lo-minute soak in 0.7 mol 
liter-’ sodium hypochlorite (NaOCl) followed by a 5-minute rinse 
in large volumes of tap water (Stidham et al. 1980); (4) a 2,6,8, and 
IO-minute soak in hot (80” C) water (Kissock and Haferkamp 
1983, Haferkamp et al. 1984); and (5) cutting seeds with a razor 
blade (mechanical scarification) (Kissock and Haferkamp 1983, 
Haferkamp et al. 1984). Seeds were germinated at 20/30° C (12 
hours with light/ 12 hours with darkness daily). Four plastic boxes 
containing 100 seeds each were used as experimental units for each 
treatment. 

Response curve analysis was used to predict the optimum level 
of each presowing treatment. The optimum level of each treatment 
was then compared in a final experiment to determine the presow- 
ing treatment most effective in enhancing germination. 

In the final experiment, 4 plastic boxes arranged in a random- 
ized complete-block design were used as experimental units for 
each treatment and the experiment was repeated twice. Data were 
analyzed by analysis of variance (Snedecor and Cochran 1967). 
Tukey’s test was used at the 0.05 level of probability to identify 
significantly different means when significant Fvalues were found 
(Kleinbaum and Kupper 1978). Differences discussed in the follow- 
ing section were significant at the 0.05 level of probability unless 
otherwise indicated. 

Results 

Influence of Temperature, Light, and Scarification on Germination 
Percent germination and germination rate of showy menodora 

exhibited a quadratic response to temperature (Figs. 1 and 2). 

Fig. 1. Effects of remperature onpercent germination of showy menodora 
seeds. Equations for the relationship between percent germination and 
temperature were Y=-120.55+15.67x-0.30x~(R~=0.82)for scartfud seeds 
in ihe light, Y=-222.21+20.21x-0.37xr(RJ=O.92) for untreated seeds in 
the light. Y=-141.29+16.28x-0.3lxr(Rr=O.75) for scarifud seeds in the 
dark, and Y=-208.15+18.82x-0.34x~(R~=0.83)for untreated see& in the 
dark. l’he warmer temperature in each temperature combination was 
used as the value of x in the analysis. 

Highest germination of untreated and scarified seeds occurred at 
20/30° C in both light and dark treatments. Germination rate 
increased with temperature from 5/ I5 to 20/30” C and rapidly 
declined at temperatures warmer than 20/30° C. Both scarified 
and untreated seeds exhibited peak germination rates at 20/ 30” C 
in the light and in the dark. 

The percent of abnormal seedlings exhibited a quadratic response 
to temperature (Fig. 3). For scarified seeds, the percentage of 
abnormal seedlings decreased with increasing temperature from 
5/ 15 to 201 30° C and then increased at temperatures above 20/ 30” 
C. This probably resulted because seedling vigor was lower at 
temperatures above and below the optimum for germination. 
Cotyledons of seedlings extruded through the nicked portion of 
seeds at 5/ 15 and 30/40” C, but radicles failed to reach 5 mm in 
length. 

For untreated seeds, the percentage of abnormal seedlings 

Table 1. Effect of light (12 bows daily) on mean percent gwmination, germination rate, end percent abnormal seedlings of showy meaodom under 6 
alterneting (12 hour/l2 hour) temperature (” C) regimes. Values en evereps 8croas scnrification treatments. 

Percent germination Germination rate Percent abnormal seedlings 
Temperature Light Dark Light Dark Light Dark 

s/15 22 15** 1.0 0.7* 13 20’ 
10120 57 47*+ 5.0 3.9** 8 llNS 
15125 63 

;;:: 
6.3 5.7Ns 8 13** 

20130 73 11.3 10.4Ns 3 5 NS 

25135 39 29. 4.7 2.9* 9 30140 12 llNS 1.6 1 .qNs 5 14;s 6 

l ***NsMeans within a row for each trait significantly different at the 0.05 level, significantly different at the 0.01 level, or not significantly different (130.05). respectively. 
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Fig. 2. Effects of temperature on germination rate of showy menodora 
seeds. Equations for the relationship between germination rate and 
temperature were Y=-37.80+3.59x-0.06 (Rs=O.64)for scartfttdseeds in 
the light, Y=-20.07+1.77x-0.03xJ(R2=0.76) for untreated see& in the 
light, Y=-34.15+3.22x-0.06~s (RszO.62) for scartfiid seeds in the dark. 
and Y=-18.83+1.64x-0.03~2 (Rs=O.S2) for untreated seeds in the dark. 
The warmer temperature in each temperature combination was used as 
the value of x in the analysis. 
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Fig. 3. Effects of temperature on abnormal germination of showy meno- 
dora seeds. Equations for the relationship between abnormal seedlings 
and temperature were Y=78.93-5.07x+O.O8xs (Rs=O.64) for scartjiid 
seeds in the light, Y=-18.98+2.09x-0.04~2 (Rz=O.49) for untreated seecis 
in the light, Y=103.42-6.4Ox+O.llx~ (Rs=0.49)for scartfiid seeds in the 
dark, and Y=-31.48+3.34x-0.0 (Rs=O.55) for untreated seeds in the 
dark. The warmer temperature in each temperature combination was 
used as the value of x in the analysis. 

increased with temperature from 5115 to 15/2S0 C and declined 
with increasing temperatures above 15125” C (Fig. 3). Abnormal 
germination was lower at 20/30° C than at IO/20 and 1S/2S” C 

because seedlings were more vigorous at 201 30° C and were better 
able to completely emerge from the seed coat. Few abnormals 
developed at 5115 and 30/ 40” C because seedling vigor was too low 
for seedlings to emerge from the seed coat. 

Light affected germination only at temperatures above or below 
the optimum for germination (Table 1). Percent germination was 
higher in the light than in the dark at 5/ 15, 10/20, and 25/35O C. 
No significant difference (ZQO.05) in percent germination existed 
between light and dark conditions at 20130 and 15125’ C, the 2 
temperatures most favorable for germination, and at 30/40° C. 
Germination rate was also higher in the light than in the dark at 
5115, lO/ 20, and 25135’ C. No significant difference (m.05) in 
germination rate existed between light and dark at 15/25 and 
20/30° C. The percent of abnormal seedlings that developed 
tended to be higher in the dark than in the light. At 5115, 15/25, 
and 25/ 35’ C, more abnormal seedlings developed in the dark than 
in the light. 

Mechanical scarification increased percent germination and 
germination rate at all temperatures (Table 2). The effect of scarifi- 
cation on percent germination was more pronounced at tempera- 
tures that were above or below the optimum for germination. 
Mechanical scarification increased percent germination at 20/30° 
C by only 14% over that of untreated seeds. In contrast, mechancial 
scarification increased germination from 3 1% for untreated seeds 
to 74% at 10/20° C and from 25% for untreated seeds to 43% at 
25/35O C. More abnormal seedlings developed from untreated 
seeds than from scarified seeds at lo/20 and 15/25” C. This possi- 
bly resulted because seedlings with inherently lower vigor encoun- 
tered less resistance to embryo expansion in scarified seeds than in 
untreated seeds. Scarification resulted in the development of a 
greater number of abnormal seedlings than from untreated seeds at 
5/ 15, 25135, and 30/40° C. Differences in abnormal seedlings 
between scarified and untreated seeds were not evident at the 
optimum temperature for germination (20/30° C). 

Presowing Treatment Effects 
Showy menodora germination was inhibited by concentrated 

HaSO4 and hot water treatments in pilot experiments (data not 
shown). Percent germination was enhanced by soaking seeds in 2.9 
mol liter-’ Hz02 and 0.7 mol liter-’ NAOCl. A 0, 2, 6, 8, and 10 
minute soak in 2.9 mol liter-’ Hz02 resulted in 54, 61,65, 63, and 
57%germination(Y =53.9+4.0x-0.4x2, R*=0.37),respectively. Soak- 
ing seeds for 0, 2, 6, 8, and 10 minutes in 0.7 mol liter-’ NaOCl 
resulted in 5 1,67,66,46, and 62% germination (Y = 49.7 + 17.2x - 
41x2 + 0.2~3, R2 = 0.51), respectively. Predicted optimum duration 
of treatment was 5 minutes for 2.9 mol liter-’ He02 and 3 minutes 
for 0.7 mol liter-’ NaOCl. 

Germination of seeds subjected to 5-minute 2.9 mol liter-’ Ha02 
and 3-minute 0.7 mol liter NaOCl treatments was compared to 
that of untreated seeds and mechanically scarified seeds in a final 
experiment (Table 3). Percent germination and germination rate of 
mechanically scarified seeds and seeds scarified with 0.7 mol liter-’ 
NaOCl was higher than that of untreated seeds and seeds scarified 
with 2.9 mol liter-’ H202. Mechanical scarification and chemical 

Table 2. Effect of mechanical scarification on mean percent germination, germination rate, and percent abnormal seedlings of showy menodora under 6 
alternating (12 hour/l2 hour) temperature (“C) regimes. Values are averages across light treatments. 

Percent germination Germination rate Percent abnormal seedlings 

Temperature Scarified Intact Scarified Intact Scarified Intact 

s/15 36 0** 1.7 o.o** 31 2** 
IO/20 74 31** 7.4 1.6.’ 7 
15125 

12** 
74 47** 9.1 3.0** 8 

20130 
13** 

79 65** 14.9 6.8.; 4 4 NS 

25135 43 25** 5.5 2.1** 17 
30140 

6** 
22 1+* 0.1 3.0** 10 1** 

***N8Means within a row for each trait significantly different at the 0.01 level of probability and not significantly different (J70.05). respectively. 
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Table 3. Effects of 4 pnsowing treatments on mean percent germhmtion, 
germination rate, and percent abnormal seedlings of showy menodon at 
20/300 C (12 hours with darkness/l2 hours with light dnily). 

Control 
2.9 mol liter-’ Hz02 
0.7 mol liter-’ NaOCl 

Percent Germination abnormal 
germination rate seedlings 

53al 6.9a 4a 
67b 8.7b 4a 
78~ 13sc 2a 

Mechanical scarification 81c 14.9d 4a 

1Means within a column followed by the same letter were not significantly different at 
the 0.05 level of probability according to Tukey’s test. Federer, W.T. 1946. Variability of certain seed, seedling and young-plant 

characters of guayule. USDA Tech. Bull. 9 19. U.S. Government Printing 
Office, Washington, D.C. 

scarification with 0.7 mol liter-’ NaOCl increased germination 
from 53% for untreated seeds to 81 and 78%, respectively. No 
significant difference (PX.05) in percent germination existed 
between mechanically scarified seeds and seeds treated with 0.7 
mol liter-’ NaOCl. Germination rate of mechanically scarified 
seeds was higher than that of seeds treated with 0.7 mol liter-’ 
NaOCl. No significant difference (DO.05) in the number of 
abnormal seedlings existed between seeds subjected to presowing 
treatments and untreated seeds. 

Fulbright, T.E., E.F. Redente, and A.M. Wilson. 1983. Germination 
requirements of green needlegrass (Slipa viridulu Trin.). J. Range Man- 
age. 36390-394. 

Gould, F.W. 1975. Texas plants-a checklist and ecological summary. 
MP_585/Revised, Texas A&M Univ., Texas Agr. Exp. %a., College 
Station. 

Discussion 
Maximum percent germination and germination rate of showy 

menodora seeds apparently occur over a relatively narrow temper- 
ature range. Planting dates should be selected that coincide with 
periods of the year when temperature regimes optimal for germina- 
tion are most likely to occur. Over much of the range of showy 
menodora, 20/ 30” C temperature regimes occur in the spring and 
fall. One of the primary areas of Texas to which showy menodora is 
adapted is the Edward’s Plateau. Peak rainfall months in the 
Edward’s Plateau region are May, June, and September (Gould 
1975). Planting immediately prior to May or September rains 
would probably enhance chances of stand establishment. 

Haferkamp, M.R., D.C. Kissock, and R.D. Webster. 1984. Impact of 
presowing seed treatments, temperature, and seed coats on germination 
of velvet bundleflower. J. Range Manage. 37:185-188. 

Kissock, D.C., and M.R. Haferkamp. 1983. Presowing seed treatment 
effects on germination of Englemanniapinnat~@da and Indigofero mini- 
atu var. leprosepola. J. Range Manage. 36:94-97. 

Kleinbaum, D&and L.L. Kupper. 1978. Applied regression analysis and 
other multivariable methods. Duxbury Press, North Scituate, Mass. 

Maguire, J.D. 1962. Speed of germination-aid in selection and evaluation 
for seedling emergence and vigor. Crop Sci. 2:176-177. 

Rechenthm, C.A. 1972. Native flowers of Texas. USDA Soil Conservation 
Service, Temple, Texas. 

Snedecor, G.W.,and W.G. Cochren. 1967. Statistical methods, 6thedition. 
The Iowa State University Press, Ames, Iowa. 

Planting scarified showy menodora seeds when soil tempera- 
tures are low or when temperatures are above the optimum for 
germination may result in considerable abnormal germination. 
Planting under conditions that result in abnormal germination 
should be avoided because when conditions become favorable for 
germination the quantity of viable seed will have decreased. 

Stidbam, N.D., R.M. Ahriig, J. Powell, and P.L. Claypool. 1980. Chemi- 
cal scarification, moist prechilling, and thiourea effects on germination 
of 18 shrub species. J. Range Manage. 33:115-l 18. 

Thornburg, A.A. 1982. Plant materials for use on surface-mined lands in 
arid and semiarid regions. USDA-SCS, SCS-TP-157. U.S. Government 
Printing Office. Washington, D.C. 

Vines, R.A. 196O.‘Trees, shrubs, and woody vines of the southwest. Univer- 
sitv of Texas Press. Austin. Texas. _.., _~ .~~..~ ~~~~I , 

Wamock, B.H. 1970. Wildflowers of the Big Bend County, Texas. Sul Ross 
State University, Alpine, Texas. 

Light is apparently not required for germination of showy men- 
odora seeds. However, germination is enhanced by light at temper- 
atures above or below the optimum for germination. Further 
research on the light response of showy menodora seeds is needed. 

Germination of showy menodora seeds is apparently restricted 
by the seed coat. Additional research is needed to determine if the 
seed coat impedes germination through mechanical, water and/ or 
oxygen permeability restrictions. 

Whisenant, S.G., and D.N. Ueckert. 1982. Germination responses of 
Eysenhardtia rexanaand Leucoenarerusa. J. Range Manage. 35:748-750. 

Young, J.A., J.D. Budy, and R.A. Evans. 1984. Germination of seeds of 
wildland plants, p. 1-5. In: P.M. Murphy, compiler. The challenge of 
producing native plants for the Intermountain area; proceedings: lnter- 
mountain Nurseryman’s Association 1983 Conference; August 8-l 1, 
1983, L.as Vegas, Nev. Gen. Tech. Rep. INT-168. Ogden, Utah. USDA, 
Forest Serv. lnt. Forest and Range Exp. Sta. 

Young, J.A., R.A. Evans, B.L. Kay, R.E. Owen, and J. Budv. 1981. 
Collecting, processing, and germinating seeds of w&tern wildlani plants. 
USDA-SEA ARM-W-3. Scarification is required for maximum germination of showy 

menodora seeds; however, scarification in a mechanical seed scari- 
fier often results in damage to a portion of the treated seeds (Young 
et al. 1984). Scarification with 0.7 mol liter-’ NaOCL could be done 

relatively cheaply (0.7 mol liter-’ NaOCl costs ca. 30~ liter-‘) and 
would possibly damage fewer seeds than treatment in a mechanical 
scarifier. Scarification of seeds with NaOCl sometimes retards 
seedling emergence of guayule (Parhenium argentotum Gray) 
(Federer 1946). Effects of scarifying showy menodora seeds with 
NaOCl on seedling emergence were not determined in this study. 
Additional research is needed to determine the effects of scarifica- 
tion treatments on showy menodora establishment. 
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An N-Year Comparison of Control Methods for Wyoming 
Big Sagebrush in Southwestern Montana 
CARL L. WAMBOLT AND GENE F. PAYNE 

Four Wyoming big sagebrush (Artem& tri&nW ssp. wyoming- 
ends Beetle and Young) control treatments: burning, spraag with 
2,4-D, rotocutting, and plowing, along with no control (rest) were 
compared in southwestern Montana. Production date (excluding 
sagebrush) were collected 10 years and sagebrush canopy cover 
and understory basal cover were collected 8 years during the period 
1963-1981. Sagebrush canopy was most effectively reduced by 
burning while plowing with seeding was least effective. Rest alone 
resulted in a 29% reduction In sagebrush canopy during the study 
period. By 1981, burning provided the most production from the 
dominant forage species (bluebunch wheatgrass (Agropyron @ca- 
tum (Pursh) Scribn.) and important vegetal classes, although bum- 
ing and spraying were equally successful when production was 
totaled for all years sampled. Understory basal cover did not prove 
useful to evaluate treatment effectiveness. 

Big sagebrush (Artemisia tridentata Nutt.) mainfains an undeni- 
ably important role on rangelands in the Western United States. 
Big sagebrush occupies nearly 60 million hectares in this region 
(Beetle 1960). Relatively recent taxonomic advancements in the big 
sagebrush complex initiated by Beetle (1960) and Beetle and 
Young (1965) have encouraged research to expand our knowledge 
about the taxa in such diverse areas as further taxonomic refine- 
ment, ecological relationships, forage relationships, and manipula- 
tion of sagebrush ecosystems. Welch and McArthur (1979) empha- 
size the nature of big sagebrush by recognizing its aggressive, 
productive, and persistent habits which, along with its low prefer- 
ence for forage by cattle, are undoubtedly responsible for its having 
been the subject of many control projects. Blaisdell et al. (1982) 
emphasize that no one control technique will likely prove optimum 
under all conditions as big sagebrush control often is reported 
without consideration for inter-taxon variation. This complicates 
interpretation of many previous studies. In addition, few reports 
are available that follow vegetal reaction to big sagebrush control 
for more than a few years. This may partially explain apparent 
contradictions in the literature regarding effectiveness of various 
control and post-control techniques to suppress big sagebrush. 

The objective of this study was to compare the effectiveness of 4 
brush control treatments and no-control (rest) for Wyoming big 
sagebrush over the period 1963-1981. Effectiveness is evaluated 
through comparisons among treatments for forage production, 
sagebrush canopy cover, and basal cover of understory species. 

Study Area and Methods 

The study site is located in southwestern Montana approxi- 
mately 27 km west of Dillon and 3 km northeast of Bannack at an 
elevation of 1,890 m on the west flank of Badger Pass. The area is 
administered by the Bureau of Land Management (BLM) and has 
been grazed by domestic livestock since the mid-1800’s. The topo- 
graphy is moderately rolling, varying in slope from O-870. The site 
comprises a Wyoming big sagebrush-bluebunch wheatgrass habi- 
tat type and has been dominated by those species throughout the 
study period. Although basin big sagebrush (Artemisia tridentata 
Nutt. ssp. tridentata) is found nearby, it occupies more mesic soils 

Authors are associate professor and professor emeritus, Animal and Range Scien- 
ces Department, Montana Sate University, Bozeman, 59717. 

Theauthors wish to express their appreciation to the Butte, Mont., District, Bureau 
of Land Management for the use and protection of the study site. 
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resulting from drainage patterns and deeper soil development 
(Beetle and Young 1965, Barker and McKell 1983). Clay loams 
predominate in surface and subsurface soils with loams being less 
common. The solum extends 30 to 35 cm to a strongly calcareous C 
horizon. Erosion had thinned or completely removed the A 
horizon. The average annual precipitation is approximately 310 
mm with peak precipitation occurring in May and June. 

We utilized a randomized complete block design of 4 replicates 
in the experiment. Treatment plots were 27 m X 46 m in 2 replicates 
and 31 m X 46 m in the other 2 replicates. Most treatment plots 
were separated by roadways seeded to crested wheatgrass (Agro- 
pyron cristatum (L.) Gaertn.) Analysis of variance was used to 
evaluate relationships among measured factors. 

Livestock grazing was excluded from the study site by an exclo- 
sure fence after May, 1963. Chemical, plow, and rotocut treat- 
ments were applied on 18-19 June, 22 June, and 6 July 1963, 
respectively. The burn treatment was accomplished after 4 Sep- 
tember 1964 after being attempted in the autumn of 1963 when fuel 
conditions prohibited burning. Chemical treatment consisted of an 
application of 2,4-D ester in water at the rate of approximately 1.68 
kg/ha with a surfactant from a ground sprayer. Plowing was 
accomplished with a disc plow similar to the popular Brushland 
plow of the era (Larson 1982) which Blaisdell et al. (1982) consi- 
dered very effective. Plowed plots were broadcast seeded with 
approximately 9 kg/ ha of bluebunch wheatgrass seed from a local 
source, a practice considered necessary with this severe treatment 
(Blaisdell et al. 1982). The rotary cutter used was similar to the 
Bush Hog (Larson 1982). Burning was difficult due to a barely 
adequate fuel base (Beardall and Sylvester 1976) and some sage- 
brush plants had to be burned individually. 

wltnm each treatment rephcate, 6 permanent 15.24-m transect 
lines (Canfield 1941) were randomly established to determine 
Wyoming big sagebrush crown cover by line intercept. Data were 
taken in tenths of feet (approximately 3 cm units). Openings in the 
live canopy larger than 3 cm (0.1 ft.) were recorded as non- 
sagebrush intercepts. It should be emphasized that this method 
gives lower values than those obtained by line intercepts of sage- 
brush plant perimeters or by the Daubenmire (1959) method. 
Intercepts of such perimeters ignore open spaces and dead 
branches within the perimeter. This is important in comparing 
other research results with ours and when reading such publica- 
tions as Britton and Ralphs (1979) which set cover standards for 
sagebrush control operations. We believe our method accurately 
measures changes in live sagebrush cover, significant in consider- 
ing the ecological status of big sagebrush through time. It is unfor- 
tunate that most management publications set sagebrush cover 
standards without defining the measurement basis. Along each of 
the 15.24-m transects, 2 permanent 1.22-m transects were ran- 
domly selected to read basal cover of all plants. These data were 
recorded in hundredths of feet (approximately 3-mm units) of line 
intercept by species, litter, rock, and bare ground. 

Production data in each treatment replicate were obtained by 
clipping 5 circular plots of 0.5 m* randomly spaced on a diagonal 
line beginning and ending no closer than 6 meters from the treat- 
ment corners. During the randomization process, the centers of the 
0.5-mZ plots were located at least 2.13 m apart to avoid disturbance 
of plants when clipping adjacent plots. In each year when produc- 
tion data were collected, the diagonal sampled in the rectangular 
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treatment was alternated to minimize effects of previous sampling. 
Plant material was oven dried at 65O C for 1 week before weighing. 
All measurements were taken as close to the peak of standing crop 
production as practical. Thus, grass and shrub phenology were 
similar each year at the time data were taken. Canopy and basal 
cover were recorded 8 years and production 10 years during the 
18-year study. 

Results and Discussion 

Wyoming big sagebrush canopy cover provides a partial basis 
for evaluation of treatment effectiveness throughout the study 
period (Figures I and 2). The homogeneity of the sagebrush cover 
in the 1963 pretreatment data is evident by the lack of statistical 
significance among the treatment means. There was a significant 
reduction in sagebrush canopy cover the first year after application 
of the sagebrush control treatments (1965 for burn and 1964 for 
other treatments). The longevity of this reduction has varied con- 
siderably among the treatments. The 18 years of the study allowed 
ample opportunity for sagebrush reoccupation under a variety of 
weather conditions. 

Burning completely destroyed the stands of Wyoming big sage- 
brush. There was essentially no x-establishment of sagebrush 
through 1970, 6 years after burning, in spite of the availability of 
sagebrush seeds from rest (untreated) plots and plants growing 
outside the study exclosure. Up to 1967, only the spray technique 
had been as effective as burning in sustaining reductions of sage- 
brush canopy. From 1970 on, burned plots had significantly less 
sagebrush canopy than any other treatment. Although some reoc- 
cupation of sagebrush on the burned plots was evident by 198 I, its 
canopy cover was still less than 2% compared to 10.5-16% in the 
other treatments. 

The apparent success of burning in this study may agree with the 
observations and data of Harniss and Murray (1973), who 
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reported big sagebrush in southeast Idaho made little increase in 
production for 12 years following burning. However, they added 
that in the next 18 years mountain big sagebrush (Artemhia triden- 
tata ssp. vaseyana (Rydb.) Beetle) made substantial production 
increases while other vegetal components decreased. There was 
only 1 year of rest after burning before grazing with sheep, unlike 
our study which excluded grazing through its duration. The long 
periods between sampling make it difficult to be certain how the 
results of Harniss and Murray (1973) should be compared to our 
findings. 

Rotocut and spray treatments maintained similar sagebrush 
canopy cover throughout the duration of the study. Canopy cover 
in these sagebrush control treatments became similar to the rest 
treatments in 1978. Spraying was about as effective as burning in 
reducing sagebrush canopy during the first 4 years after treatment, 
but after 1967, increases of sagebrush canopy cover in the spray 
and rotocut treatments occurred much faster than in the bum 
treatment. Unpublished data indicate that some very small sage- 

brush plants were protected from the spray by other vegetationand 
formed the major basis for later canopy cover increases. Rotocut- 
ting at 2 to 3 inches above ground level also left very small plants 
intact. 

Plowing was the least effective method used in this study. A 
scattering of mature sagebrush plants remained on the plowed 
plots, providing a seed source for rapid reinvasion. The plowing 
probably reduced competition to provide a favorable seedbed for 
new sagebrush establishment. The removal of competition also 
provided a very favorable habitat for the remaining sagebrush 
plants to expand in size and to produce very large amounts of seed 
in the following years. By the second year after treatment, Wyo- 
ming big sagebrush canopy had increased in the plowed treatments 
to become significantly higher than any of the other treatments 
except rest. This relative ranking was maintained until 1976 when 
the sagebrush cover in the plowed treatment equalled that in the 
rest treatment. By 1978, sagebrush canopy cover in the plowed 
treatment was significantly greater than all other treatments, 
including rest. 

Table 1. Mean percent basal cover by year lor important species and vegetation classes having significant differences among Wyoming big sagebrush 
control treatments. 

Year 
Control Method 1963’ 1964 1965 1967 1970 1976 1978 

Bluebunch Wheatgrass 
Rest 0.7* 0.3. o.2c 1.c l.6bc 1.1s 0.6. 

(No Treatment) 
Burn 0.5. 0.2.’ o.2c 2.sk 2.8.b 2.1. 1.7. 
SPraY 0.6. 0.4’ 0.8. 5.0. 2.9.b 1.3*b 1.3. 
Plow 0.8. O.Ob 0.4” 3.8.b 0.7c 0.7b 1.9. 
Rotocut 0.8. 0.4. 0.7.s 3.7.. 3.3. 0.8b 0.5. 

Sandberg Bluegrass 
Rest 1.8. 0.9. 0.5.b 5.2. 1.5. 1.4b 1.9. 

(No Treatment) 
Burn 1.7. 0.8.’ 0.7. 4.3. 1.9. 2.5. 1.8. 
SPraY 1.2. 0.9. 0.7. . 

;;b 
I .4’ 1.3b 1.2. 

Plow 1.5. O.lb O.lb O.Ob O.lC 0.2s 
Rotocut 1.2. 0.7. 0.7. 414. 1.2. 0.6bc 1.6. 

Total Perennial Grasses 
Rest 2.5. 1.2. 0.7b 6.7.b 3.2. 2.6bc 3.0. 

(No Treatment) 
Burn 2.2. 1.1.’ 0.9’s 7.1.. 4.8. 4.7. 3.7. 
SPraY 1.8. 1.3. . 

;‘:b 

9.6. 4.3. 2.8b 2.8. 
Plow 2.4. O.lb 

1:4. 
4.3b 0.8b I.Od 2.4. 

Rotocut 2.0. 1.1’ 8.4. 4.6. 1 .4cd 2.4. 

Total Perennial Forbs 
Rest 6.0. 8.4. 4.2. 8.3. 6.0b 7.0b 10.2b 

(No Treatment) 
Bum 8.2. 9.3.’ 6.2. 11.5. 10.2. 9.8. 16.9. 
Spray 4.8. 3.6b 1.8b 1.8b 2.2” 3.0c 5.2’ 
Plow 6.2. l.Ob 0.6b 3.6b 1.5” 3.0c 5.1C 
Rotocut 5.3’ 7.6. 5.0. 10.3. 9.2.b 6.8b 11.9b 

‘Data are pre-brush control. 
‘Differences between mean values within years arc significant (KO.OS) when followed by a different letter according to Duncan’s multiple range test. 

1981 

2.9. 

1.8.” 
2.1.. 
1.4” 
0.8’ 

2.3. 

1.2b 
1.4. 
0.7b 
l.Ob 

5.2. 

3.ob” 
4.0.b 
2.5.. 
1.8’ 

11.5.b 

13.9. 
6.6c 
5.4c 
8.9” 

Table 2. Mean percent bare ground by year found within d&rent Wyoming big sagebrush control treatments. 

Year 

. Control Method 19631 1964 1965 1967 1970 1976 1978 

Rest 69* 52b 57b 28b 48. 53.h 50. 
(No Treatment) 

Burn 67a 57b’ 73. 46. 37b 53.b 46.b 

SPraY 54b 56b 46” 23b 28b 44c 38b 
Plow 62.b 78. 76. 32b 3ob 56. 49. 
Rotocut 61.b 38’ 4oc 13c 29b 46” 42.b 

‘Data are prc-brush control. 
*Differences between mean values within years are significant (IyO.05) when followed by a different letter according to Duncan’s multiple range test. 

1981 

55. 

45’ 
46. 
52. 
49. 
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Johnson and Payne (1968) also working in southwestern Mon- 
tana were unable to find statistically significant differences between 
sagebrush reinvasion on numerous range sites that were sprayed 
and sites plowed and seeded to grass. However, we found a signifi- 
cantly greater sagebrush canopy cover on plowed-seeded plots 
when compared to sprayed plots as early as 1965, the second year 
following treatment, and the relationship held for the duration of 
th study. Johnson and Payne (1968) found sagebrush reestablish- 
ment to be highly associated with the survival of mature shrubs left 
by an incomplete brush control treatment or the result of a scatter- 
ing of a new sagebrush seed crop when treatments such as plowing 
were carried out in the late autumn after seed maturity. All treat- 
ments in our study were accomplished prior to seed maturation. 
Survival of mature shrubs in the plowed treatments offers the best 
explanation for rapid reestablishment of sagebrush in that 
treatment. 

The rest plots might have served as a seed source, but Johnson 
and Payne (1968) indicated very little spread of seed from parent 

plants. The slowness of sagebrush canopy increase in the burn 
treatment supports their findings. 

In our study Wyoming big sagebrush canopy cover decreased 
29% on the rested sites, despite the taxon’s apparent adaptability to 
the environment. This decline was in evidence by 1970 and con- 
tinued until 1978 and 198 1 while the species canopy cover increased 
with other treatments. Others (Robertson 1971, Anderson and 
Holte 1981, Holechek and Stephenson 1983) have reported the 
opposite as big sagebrush taxa increased with grazing exclusion in 
their studies. 

Table 1 summarizes treatment means of plant understory basal 
cover by year for the species and vegetal classes most important on 
the study site. Bluebunch wheatgrass, Sandberg bluegrass (Pea 
sandbergii Vasey) and total perennial grasses had no significant 
composition differences among the study plots prior to sagebrush 
treatment in 1963. Their basal cover remained statistically the same 
as the rest treatment the year following sagebrush control with the 
exception of the plowed treatment where significantly less of these 

Table 3. Mean prodoction (Kg/ha) by year for important species and vegetation classes having significant differences among Wyoming big sagebrush 
control treatments. 

Control Method 1963’ 1964 1965 1966 1967 1970 1976 1977 1978 1981 

Rest 
(No Treatment) 

Bum 
SPmY 
Plow 
Rotocut 

Rest 
(No Treatment) 

Bum 
SPmY 
Plow 
Rotocut 

Rest 
(No Treatment) 

Burn 
SPmY 
Plow 
Rotocut 

Rest 
(No Treatment) 
Burn 

ZO? 

Rotocut 

Rest 
(No Treatment) 

Burn 
SPmY 
Plow 
Rotocut 

Rest 
(No Treatment) 

Burn 
SPmY 
Plow 
Rotocut 

84ti 

126’ 
100” 
89. 

100’ 

89ab 

iOOa 
77ab 
58b 
60b 

173b 

231” 
182-O 
162b 
163b 

192’ 

239’ 
196’ 
180’ 
173’ 

ill’ 

126’ 
374a 

54” 
272b 

72b 

bl 

2% 
lie 

il7b 

i83* 

214” 
617’ 

83d 
39sb 

_b 

lb 
_b 

4. 
_b 

ii’ 

37.l 
4. 

18” 
16’ 

198’ 

253’ 
623’ 
iiod 
438b 

100d 

247’ 
510. 
379b 
269” 

48. 

50’ 
71” 
60’ 
51. 

i47d 

323” 
618. 
490b 
34ac 

2ob 

3b 
b 

21: 
4b 

2n 
12” 
27n 

4. 

174c 

330k 
652’ 
779. 
40Sb 

2oc 

64k 
144. 
131mb 
7oabc 

8’ 

7. 
9’ 
6’ 

10. 

38” 

lt-@ 
214’ 
214’ 
iilb 

_. 

I” 
_. 
_. 
_. 

_. 

. 

_. 
1. 
la 

Bluebunch Wheatgrass 
i5ib i2id 

551. 441’ 
608” 322b 
536’ 160” 
532’ 269be 

Sandberg Bluegrass 
51* 32’ 

184. 37n 
124b 

9d 
41; 

99” 1% 

Total Perennial Grass 
205b 15Sd 

754a 484. 
745. 39iab 
606’ 223& 
636’ 3iobc 

Total Annual Forbs 
4b _b 

3b _b 
Zb 3b 

138’ 29’ 
3b _b 

Total Perennial Forbs 
8* 7n 

12’ 
15. f : 

24” 28” 
38” 8” 

97. 

153” 
107’ 
124’ 
103’ 

i5.b 

37’ 
37’ 

4b 
i3.b 

li6b 

2080b 
227” 
i73.b 
i18b 

lla 

1” 
13. 
11. 
15. 

4b 

13’b 
24’ 

3b 
4b 

83’ 

is2* 
94” 

i45a 
76n 

24”b 
36” 

3” 
7bc 

92’ 

211. 
176” 
177’ 
99. 

26’ 
14. 

;: 

Total Vegetation (Excluding Wyoming Big Sagebrush) 
38’ 236b 165’ 134c 1Oib 

i08b 788’ 502’ 263’b 242’ 
215’ 778” 398”b 283’ 
218’ 890’ 304b 215’bC ;$I 

133b 723’ 325b 172” i2lb 

270ab 

392’ 
248b 
203b 
i7ib 

42b 

82’b 
93” 
40b 
4ib 

312& 

515” 
44O.b 
353& 
236” 

92’ 

ilb 
26b 
79. 
49”b 

37b 
34b 

160” 
5Sb 

585’ 
531. 
668. 
412’ 

‘Data are pre-brush control. 
Differencs between mean values within years are significant (KO.05) when followed by a different letter according to Duncan’s multiple range test. 
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270b 

562’ 
259” 
127’ 
274b 

125” 
74” 
26’ 
72b 

708’ 
387b 
i99c 
362b 

16’ 

5’ 
18’ 
43. 
42’ 

385bc 

865’ 
529b 
264c 
464h 
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Table 4. Mean production totals (Kg/h) for importent species end vegetation clesses beving signifkant differences among Wyoming big sagebrush 
control treatments. Production WM sampled 10 times during the period 1963-1981. 

Control method 

Rest 
(No Treatment) 

Burn 
SPraY 
Plow 
Rotocut 

Bluebunch 
wheatgrass 

1304C’ 

2841’ 
2779’ 
1947b 
2136b 

Sandberg 
bluegrass 

452b 

728’ 
779. 
21V 
489b 

Total perennial 
grass 

1780C 

3751” 
4019. 
2679b 
2779b 

Total annual 
forbs 

130b 

22b 
56b 

490. 
72b 

Total perennial 
forbs 

94b 

141b 
129b 
314’ 
178b 

Total vegetal 
production 

2059d 

4175.b 
4441a 
3837” 
3369’ 

‘Differences between mean values within columns are significant (KO.05) when followed by a different letter according to Duncan’s multiple range test. 

species was found. 
Bluebunch wheatgrass increased in all big sagebrush treatments 

(removal and rest) by 1967. Some of the differences among treat- 
ments were not statistically significant. The differences were less 
obvious in 1970 and 1976. By 1978 there were no statistically 
significant differences among treatments, including rest. By 1981, 
the plowed and rotocut treatments had less basal cover of blue- 
bunch wheatgrass than any of the brush control treatments or rest. 
Sandberg bluegrass remained consistently lowest in the plowed 
areas through 1981. There were no clear patterns in other treat- 
ments until 1981 when the rest treatment contained a significantly 
higher basal cover of the species. There were no significant differ- 
ences in basal cover of all perennial grasses among the sagebrush 
treatments by 1978, but in 1981 the rested and sprayed areas had 
significantly greater basal coverage of perennial grasses than the 
othe treatments at 5.2% and 4.0% respectively. 

the rest plots had increased to the point that there were few signifi- 
cant differences between rest and sagebrush removal. 

Beginning in 1970, bluebunch wheatgrass yields were higher on 
the burn treatment than all other treatments. These higher values 
were not significant in 1976 and 1977 but in 1981 stood alone at 
more than double all other treatments. These results would appear 
to contradict the conclusions of Mueggler and Blaisdell(1958) and 
Wright et al. (1979) that subsequent bluebunch wheatgrass produc- 
tion can be expected to be reduced to some extent by fire. Our 
results would indicate that whether or not this is the case depends 
on the nature of the fire and probably other factors. The limited 
non-sagebrush fuel on our burned plots resulted in a comparatively 
cool burn except immediately under the sagebrush plants. 

Overall, basal cover of understory plants did not provide as 
much insight into plant community changes as did sagebrush 
canopy cover or forage production. We suspect this is due primar- 
ily to inadequate sampling. The fact that some rather wide differ- 
ences lacked statistical significance suggests this. However, basal 
cover sampling as done in this study is extremely time consuming. 

There were few significant differences in Sandberg bluegrass 
production among burning, spraying, rotocutting, and rest treat- 
ments until 1981 when production in the bum was significantly 
higher than the spray and rotocut treatments and higher, but not 
significantly greater than rest treatments. Sandberg bluegrass evi- 
dently never fully recovered from the disturbance created in the 
plowed plots, showing consistently low production in this treatment. 

Percentage of bare ground found within the treatments varied 
greatly through the study period regardless of treatment (Table 2). 
It is interesting that by 1981 no significant differences in percent 
bare ground were found among the sagebrush treatments. When 
the study was initiated, the plots receiving the spray treatment did 
contain significantly less bare ground than the rest or burned plots. 
The rotocut treatment had significantly less bare ground than 
other treatments through 1967 due to the plant material left lying 
on the ground by the rotocutting. This difference disappeared by 
1970. It should not be expected that there necessarily would be a 
close relationship between bare ground and the vegetation cover 
reported in Table 1. Annuals, mulch cover, and other factors affect 
the amount of bare ground. 

The production response of total perennial grasses and total 
vegetation followed the pattern of bluebunch wheatgrass, the 
major component of both categories. Perennial grasses did take the 
most immediate advantage of the release from sagebrush competi- 
tion as Mueggler and Blaisdell(1958) indicated they might. 

In 1981, the burn treatment seemed to show a clear superiority 
for production of perennial grasses while the plowed areas were 
producing significantly less perennial grass than any other treat- 
ment. The rest, spray, and rotocut treatments were producing 
perennial grasses at about the same rate in the final year of produc- 
tion checks. Herbaceous vegetation did not generally reach a max- 
imum production within a few years after treatment and subse- 
quently decline, as predicted by Blaisdell et al. (1982). 

The annual production of important understory species and 
vegetal classes having some statistically significant differences 
among treatment means are presented in Table 3. Means of blue- 
bunch wheatgrass and total vegetal production (excluding Wyom- 
ing big sagebrush) showed no significant differences among treat- 
ments prior to application of sagebrush control measures in 1963. 
However, in 1963 the plots to be burned did have a significantly 
higher production of Sandberg bluegrass than those plowed and 
rotocut and more total perennial grasses than the other treatment 
plots with the exception of those sprayed. 

Total vegetal production was similar among all of the control 
measures by 1967 when they were producing over 3 times as much 
plant aerial biomass (excluding sagebrush) as the rested areas. By 
1978, the rested range production had increased enough that there 
was no significant difference among the 5 treatments. This appar- 
ently was related to the reduction of sagebrush cover on the rest 
treatment. Closer examination of the 1965,1967, and 1978 produc- 
tion data shows that the plowed treatment came up to the level of 
the other treatments in total vegetal production. This was from 
major contributions by annual and perennial forbs. 

Bluebunch wheatgrass responded with greatly increased produc- 
tion the year following sagebrush control by spraying, burning, 
and rotocutting. Production ranged from 2.5 to over 3 times that of 
the rest plots. Production in the plowed plots was about half that in 
the rest plots the first year after treatment. 

With few exceptions all sagebrush removal treatments had sig- 
nificantly higher bluebunch wheatgrass yields than the rest treat- 
ment in the next 3 test years (1966, 1967, 1970). In the remaining 
test years (1976, 1977, 1978,1981), bluebunch wheatgrass yields in 

In 1981, the burn areas were producing significantly greater 
amounts of plant biomass (excluding Wyoming big sagebrush) 
than the other treatments and over 3 times as much as the plowed 
areas. Welch and McArthur (1979) point out, and Mueggler 
and Blaisdell(l958) and Harniss and Murray (1973) support with 
data, that big sagebrush is capable of yielding substantial amounts 
of foliage and that maximum vegetation yields occur when sage- 
brush is included in the vegetation complex on sagebrush grass 
habitat types. Thus, it was a shortcoming of this study to not 
measure production of Wyoming big sagebrush for a better overall 
understanding of production dynamics following sagebrush con- 
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trol. The relative rankings of total vegetal production among the 
treatments would likely shift from results presented in Table 3 if 
production of Wyoming big sagebrush were included. 

The plowed treatments in general seemed to have the greatest 
production of both annual and perennial forbs throughout the 
study period. The contribution of annual forbs in the plowed 
treatment was particularly great in 1965 and 1967. In 1978, peren- 
nial forb production in the plowed treatment was 3 to 5 times as 
great as in the other treatments. Although the production of 
annual and perennial forbs in the spray plots was less than in other 
sagebrush control treatments immediately following their applica- 
tion, the differences were not significant as might be expected 
(Mueggler and Blaisdell 1958). While half shrubs occurred rather 
frequently, they did not contribute great amounts to total produc- 
tion figures in any treatment. There were no significant differences 
observed among treatments for half shrub species throughout the 
study. Shrubs other than Wyoming big sagebrush were nearly 
non-existent until 1978. In 1981, burn and spray treatments con- 
tained 106.8 kg/ ha and 8 1.4 kg/ ha of rubber rabbitbrush (Chryso- 
thamnus nauseosus (Pall.) Britt.) respectively, contrasted to trace 
quantities in the other treatments. 

The production totals for important species and vegetal classes 
over the 10 sampling years are of value to compare treatment 
effectiveness over the duration of the study (Table 4). Since the 
cumulative effects on production of sagebrush control methods 
over time are indicative of economic return, they provide insight 
beyond a simple comparison at one point in time. Burning and 
spraying resulted in significantly greater production of bluebunch 
wheatgrass, Sandberg bluegrass, total perennial grasses and total 
vegetal production than the other treatments. Plowing produced 
more annual and perennial forbs and less Sandberg bluegrass than 
other treatments. Thus, over the length of the study burning and 
spraying with 2,4-D were equally successful in increasing produc- 
tion of forage. However, the advantage of spraying appears to have 
been rather short-lived while burning proved to be superior in 
increasing production during the latter years of the study. Further, 
burning would likely have an advantage over spraying in accumu- 
lative production if data were collected over additional growing 
seasons beyond 198 1, since treatment effects still are obvious. 

Johnson (1969), also working with Wyoming big sagebrush, 
concluded the longevity of chemical control was between 14and 17 
years on areas not grazed by livestock. Our study agrees with this 
conclusion. At 15 years after treatment, the chemical control, 
plow, and rotocut treatments no longer had significantly different 
sagebrush cover than the rest treatment. This comes from a 32% 
decrease in sagebrush cover by 1978 in the rest plots as well as 
major increases in the other treatments. 

We did not make statistical comparisons of basal cover and 
production data among years for forage species because of 
unknown variations in environment. The declines in forage pro- 
duction on our treatments appear to be closely related to reinva- 
sion of sagebrush, unlike the experience of Thilenius and Brown 
(1974). 

Conclusions 

In conclusion, certain points brought out by this study would 
seem relevant to land managers working in a similar habitat type. If 
control of Wyoming big sagebrush to increase understory produc- 
tion is the management objective, then spraying with 2,4-D and 
burning are more effective than rotocutting or plowing and seed- 

ing. On a long-term basis, (more than IO- 15 years) burning appar- 
ently can be more effective than spraying in suppressing Wyoming 
big sagebrush. But an effective burn in Wyoming big sagebrush 
habitat types may often be difficult to realize due to less than 
adequate fuel bases. Our results are interpreted to show an inherent 
danger in drawing conclusions on the effectiveness of sagebrush 
control techniques with only a few years of observations. Finally, if 
quick results are not necessary, grazing management alone may 
allow opportunity to improve production from Wyoming big 
sagebrush understory. Sagebrush cover was reduced from rest 
alone during our study period, and it seems likely that if sagebrush 
production was considered in this habitat type, total production 
without brush control would exceed that on treated areas several 
years after treatment under many circumstances. 
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Some Impacts of 2,4,5-T on a Mesquite Duneland Ecosystem 
in Southern New Mexico: A Synthesis 
R.P. GIBBENS, C.H. HERBEL, ILL. MORTON, W.C. LINDEMANN, J.A. RYDER-WHITE, D.B. RICHMAN, E.W. HUDDLESTON, W.H. 
CONLEY, C.A. DAVIS, J.A. REITZEL, D.M. ANDERSON, AND A. GUIAO 

Abstract 

Two aerial rpplications of 2,4,5-T [(2,4,5-trichiorophenoxy) 
acetic acid] were applied to 3,634 ha of mesquite (Prosopisglandu- 
losa Torr. var. gfandu~osa) duneiands in southern New Mexico. 
Herbicide residuals, herbaceous plant production; soil mlcroorgan- 
isms; insect, small mammal, and bird populations; cattle weights; 
travel; time budgets; and diets were studied on the treated area and 
an adjacent, untreated area. Stem kill of mesquite ranged from 17 
to 66%. Herbicide residuals in soils and plant tissue on the treated 
area dissipated within a single season. Herbrceous plant produc- 
tion was measured for 5 years on I small area sprayed in 3 consecu- 
tive years and on untreated rangeland. Production was greater on 
the sprayed than on the unsprayed area for the first 3 years and was 
about the same on both areas for the next 2 years. Microbial 
populations were not numerkally diierent between treatments but 
dehydrogennse activity and COZ evolution were greater in dunal 
than interdunnl soils. Numbers of tenebrionid beetles (Coleoptera: 
Tenebrionidae) did not differ between treatments. More mesquite 
leaf tiers (Tetrdopha euphemellla) were found on the sprayed area 
than on the untreated area. Population statistics for small mam- 
mals were similar on both treatments. More bird species were 
found on untreated than on sprayed areas. Cattle weights, travel, 
and time budgets did not differ between treatments and there were 
only minor differences between treatments in cattle diet quality. 
The sprayed area supported over twice as many AUM’s of grazing 
as the untreated area in the first 3 post-treatment years. In the 
second post-treatment year, cattle liveweight produced was 2.9 and 
1.5 kg/ha on the sprayed and untreated areas, respectively. Over- 
all, the 2,4,5-T treatment caused relatively minor perturbations in 
measured ecosystem components. 

Shrubs have increased in distribution and abundance on south- 
western rangelands during the past 100 years (Glendening 1952, 
Buffington and Herbel 1965, York and Dick-Peddie 1969). The 
increased woody cover has resulted in greatly reduced carrying 
capacities for domestic livestock (Paulsen and Ares 1962). Poor 
grazing management, primarily continuous, yearlong grazing with 
excessive numbers of animals, contributed to the spread of shrubs 
into former grasslands. However, the spread of shrubs cannot be 
reversed by grazing management alone. Brush control methods 
employed by ranchers and land management agencies have 
included hand and power grubbing, cutting, chopping, shredding, 
chaining, burning, rootplowing, and herbicide applications from 
the ground and air. Success has often been based on suppression of 
target species (percentage of shrubs killed or percent canopy reduc- 
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tion) or herbaceous forage production. While these are useful 
criteria in rating the effectiveness of brush control practices, they 
do not evaluate the full impact on the range ecosystem. With the 
increased emphasis on multiple use of rangeland, particularly non- 
consumptive uses, more information on the impact of brush con- 
trol measures on range ecosystems in toto is needed. 

Brush management practices can affect the structure and func- 
tion of ecosystems but there have been few holistic studies (Pimen- 
tal and Edwards 1982). The purpose of this study was to examine 
the effects of 2,4,5-T [(2,4,5-trichlorophenoxy)acetic acid] applica- 
tions in a mesquite [Prosopis glandulosa (Torr.) var. glandulosa] 
duneland ecosystem on mesquite, herbaceous plant production, 
soil microorganism populations, selected insect populations, small 
mammal and bird populations, and cattle weights, diets, and time 
budgets. Herbicide residuals were also measured. This paper is a 
synthesis of numerous studies conducted on the research area and 
includes previously unpublished data as well as published data. 
The Environmental Protection Agency has cancelled the registra- 
tion of 2,4,5-T and it is no longer manufactured in the United 
States. Thus, the specific effects of 2,4,5-T are of academic interest 
only. The impacts resulting from killing mesquite, which can be 
accomplished with other registered herbicides, are still of general 
interest. 

Study Area 
The studies were conducted on the Jomada Experimental Range 

37 km north of Las Cruces, N. Mex. The Experimental Range has 
an arid climate with 52% of the average annual rainfall (230 mm) 
occurring in July, August, and September. Summer precipitation 
usually occurs as intense, convective storms of short duration and 
covering small areas. Winter precipitation normally comes from 
low intensity frontal storms covering large areas. The average 
maximum temperature is highest in June (36’ C) and lowest in 
January (13” C). The frost-free period averages 200 days/ yr but the 
effective growing season, when both temperature and soil water 
contents are favorable, is often 90 days or less. 

Soils of the study area include coarse-loamy, mixed, thermic 
Typic Paleorthids (Harrisburg series), coarse-loamy, mixed, ther- 
mic Typic Haplargids (Onite series), coarse-loamy, mixed, thermic 
Typic Camborthids (Pajarito series), mixed, thermic Typic Torrip- 
saments (Pintura series), and coarse-loamy, mixed thermic Typic _ 
Calciorthids (Wink series). They occur as the Onite-Pintura and 
the Wink-Pintura complexes and the Onite-Pajarito and Wink- 
Harrisburg associations (Bullock and Neher 1980). Topography is 
undulating and a caliche layer is present at depths of a few cm to 
>Im. 

The vegetation is dominated by mesquite which, by trapping 
wind-blown sand, has caused the formation of dunes. The dunes 
are from 1 dm to 2 m in height. The dunes are mostly circular in 
outline with diameters of 3 to 8 m but some dunes are elongate with 
lengths to 27 m. Fourwing saltbush [Atriplex canescens (Pursh) 
Nutt.] frequently grows on the dunes. The principal subdominants 
are broom snakeweed [Xanfhocephalum sarothrae (Pursh) Shin- 
ners], mesa dropseed [Sporobolusflexuosus (Thurb.) Rydb.], and 
fluffgrass [Erioneuronpulchellum (H.B.K.) Tateoka]. Small num- 
bers of perennial forbs occur but annual forbs are very abundant in 
years of favorable rainfall. 
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Methods 
The mesquite control treatment consisted of 2 aerial applica- 

tions of 2,4,5-T (propylene glycol butylether ester), each at 0.56 kg 
acid equivalent/ ha applied in a 1:7 diesel oil to water emulsion at a 
total volume of 9.4 liters/ ha. Herbicide was applied with a Cessna 
Agwagon. Two applications were used because previous work on 
the Experimental Range had shown that greater than additive kills 
of mesquite were obtained when an initial spraying was followed 
by a second application in 1 to 3 years. Also, 2 applications are 
often necessary to obtain a 30% kill of mesquite needed to get an 
increase in grass production which may last for 10 to 15 years 
(Herbel et al. 1983). 

Herbicide was applied to 1,036 ha in early June 1975 and an 
additional 777 ha were treated in June 1976. Because sites selected 
to measure herbaceous production were very close to the edge of 
the 1975 treatment and likely to receive drift from the 1976 applica- 
tion, the 1976 application was deliberately overlapped on the 1975 
treatment (approximately 140 ha) so that herbaceous production 
sites would receive a uniform treatment. The entire 3,634 ha was 
sprayed in June 1977, making the second application on the areas 
sprayed in 1975 and 1976 and the third application on the overlap 
area. The second application on the 1,821 ha first sprayed in 1977 
was made in June 1978. While herbaceous and livestock studies 
began in 1976 and 1977, respectively, other studies did not start 
until 2 applications of herbicide had been made on the entire area 
(1979); also, budgetary constraints imposed by spraying costs pre- 
cluded starting some studies before 1979. 

Mesquite Kill 
Percentage of dead mesquite stems per dune was visually esti- 

mated in 1981 for 16, lOOdune groups. Starting points for the 
lOOdune groups were randomly chosen within each of 16,227-ha 
blocks on the sprayed area. A path perpendicular to the flight lines 
was followed until 100 dunes had been encountered. Mesquite stem 
kill was estimated on each cardinal quarter of each dune and the 4 
estimates averaged. Mesquite kill was also estimated for 100 dunes 
at each of the 3 sites where herbaceous production estimates were 
made. No estimates of stem mortality were made on the non- 
sprayed area. Means of the lOOdune groups were used to calculate 
means and standard deviations for the various combinations of 
treatment years. 

Herbicide Residuals 
Plant and soil samples were collected for analysis of herbicide 

residuals on an area not previously sprayed on the day prior to 
herbicide application, immediately following the spray application 
(3 June 1977), and at 7, 14, 21, 29, 35, 63, and 131 days after 
application. Samples of green mesa dropseed foliage, green twigs 
and bark of fourwing saltbush, and soil samples were collected 
along 3 randomly located 30-m transects. Soils from dunes and 
dune interspaces were sampled at 0 to 2.5-, 2.5 to 30-, and 30 to 
6O-cm depths. The samples from each transect were composite 
samples consisting of parts of 10 to 20 grass plants, 4 to 6 fourwing 
saltbush plants, and soil from 5 pits on both dunes and dune 
interspaces. Thus, 3 samples of each item were available for analy- 
sis. Plant samples were dried, ground, and a l-g subsample 
extracted with acidic acetone, methelated with diazomethane and 
separated from rinse water with hexane. Soil samples (10 g) were 
processed with the addition of 25 ml 0.5 N NaOH, acidified (pH 
0.2) with 6 N HCl and extracted with diethyl ether before methyla- 
tion (Bovey and Young 1980). Herbicide residues were determined 
on a Tracer Model 222 gas chromatograph equipped with a Model 
770 autosampler, Spectra-Physics minigrator, and electron cap- 
ture detector (N:63). Detection limits were about 10 parts per 
billion. 

Herbaceous Plant Production 
Time and budgetary constraints precluded sampling herbaceous 

production in a manner which would estimate production on the 

large sprayed and unsprayed areas as a whole. Consequently, 
measurements were confined to Wink-Pintura and Onite-Pentura 
soil complexes where soils were relatively deep, and to a single 
spray treatment (sprayed in 1975,1976 and 1977) where mesquite 
kill would be maximal. Production of herbaceous plants was esti- 
mated at 3 sites on both the treated and untreated areas from 1976 
to 1980. Exclosures (0.4 ha) were built at each site to exclude 
livestock during the sampling season and the exclosures were 
moved to a new, adjacent location each year. Recording rain- 
gauges were maintained at each exclosure. Dunes within the exclo- 
sures were marked with numbered stakes and at each sampling 
date 3 dunes in each exlosure were drawn at random for sampling. 
A dune-centered sampling system was used. The point of a wedge- 
shaped clipping frame was placed at the center of a dune and the 
angle subtended by the sides of the frame (18.4“) included a pro- 
portional sample of the center and periphery of the circular-shaped 
dunes. Herbaceous plants, broom snakeweed, and soap-tree yucca 
( Yucca eluta Engelm.) were harvested from the wedge-shaped area 
in each of the cardinal directions on each dune. At the base of the 
dune a 1 m-wide transect was clipped that extended across the 
interdune area halfway to the next dune, also in each of the 
cardinal directions. The area clipped varied but an average of 178 
m* were harvested at each sampling date on both sprayed and 
untreated areas. Harvested plants were segregated by species, 
separated into live and dead components, and ovendried (60’ C) 
before weighing. Recent dead from the current year were included 
in the live category. Yields per unit area were calculated separately 
for dune and interdune areas. Area covered by dunes at each study 
site was determined from dune intercept on 2 surveyed lines ca. 200 
m long. Yields for sprayed and nonsprayed treatments were calcu- 
lated using 28% dune area and 72% interdune area, the average for 
all sampling sites. Mean production at the 3 sampling sites in each 
treatment were used to calculate means and standard deviations 
for treatments. 

Utilization of the principal forage grass (mesa dropseed) by 
livestock was determined each fall at 15 sites in both sprayed and 
untreated areas. At each site 100 plants were examined and grazed 
heights recorded. Height-weight tables were used to determine 
percentage use by weight. 

Microbinl Activities 
Four sites were chosen on the area sprayed in 1977 and 1978 and 

on untreated rangeland, each 75 m from the boundary between 
treatments. Transects were established at each site and 2 dunes (1 
to 2 m in height) and their proximate interdune areas (1 m from toe 
of dune slope) were randomly chosen from dunes on the transects. 
All sampling was done on the north aspect of the dunes to minimize 
variability as a result of position on the dune. All interdunal areas 
were also sampled on the north side of the dunes. 

Carbon dioxide evolution and dehydrogenase enzyme activity 
were used as indices of microbial activity. Measurements were 
made at each of the 8 study sites at approximately 2-week intervals 
from April to October 1979 for a total of 15 measurement dates. 
Carbon dioxide evolution was measured in the field using alkali 
traps made from 25cm lengths of 15cm diameter polyvinyl chlo- 
ride pipe inserted in the soil I5 cm and projecting 10 cm above the 
soil surface. Open, screw-cap vials containing 20 ml of 0.5 N NaOH 
were placed on the soil surface inside each pipe. The pipes were 
covered with polyethylene film to prevent COZ escape and with 
aluminum foil to reflect solar radiation. To estimate the amount of 
ambient CO2 in the 10 cm of pipe above the soil surface, vials were 
placed in 4, lo-cm sections of pipe sealed on both ends with 
polyethylene film and aluminum foil. These 4 controls were ran- 
domly allocated among the 8 study sites. Vials were left in the field 
for 24 hours, sealed, transported to the laboratory, titrated with 
0.5N HCl, and the amount of CO2 calculated (Pramer and Schmidt 
1964). Soil samples for the determination of dehydrogenase 
enzyme activity and microbial numbers were taken from the 0 to 
15cm soil depth and thoroughly mixed before subsampling. De- 
hydrogenase enzyme activity (pg formazan/g soil/day) was deter- 
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mined by the method described by Skujins (1973), using 6 g of soil 
incubated at 30’ C for 24 hours. Microbial numbers (number/g 
soil) were determined 4 times, August and October 1979, February 
and June 1980. Martin’s medium (Martin 1950) was used to enu- 
merate fungal propagules and to identify (to genus) common soil 
fungi. Streptomyce were enumerated on a glucose-sodium nitrate 
medium (Kinknight and Muncie 1939). Difco nutrient agar and an 
ammonium-carbonate medium (Alexander 1965) were used for the 
enumeration of heterotrophic aerobic bacteria and ammonium 
oxidizers, respectively. Means were calcuated across sampling 
dates for the 4 sampling sites in each treatment and the 4 site means 
used to calculate treatment means and standard deviations. 

Insects 
Tenebrionid beetle (Coleoptera: Tenebrionidae) populations 

were sampled at 2 sites, 1 in the area sprayed in 1975 and 1977 and 1 
in the unsprayed area, which where chosen for similarity of soil and 
vegetation. Pitfall traps were made by burying 0.95-liter plastic 
cups so that the rim of the cups were flush with the soil surface. A 
1: 1 mixture of ethylene glycol and water was placed inside cups of 
the same size which were placed inside the buried cups for easy 
collection and replacement. A total of 20 traps, 15 m apart in 2 
rows 137 m long and 15 m apart, were placed at each site. Samples 
of tenebrionid beetles usually were collected at 2-week intervals, 
with some at l-week and some at l-month intervals from 
December 1978 to December 1979. Specimens were identified and 
counted and the number of beetles per trap-day calculated for each 
sampling date. Sampling dates were averaged to provide a mean 
value for each treatment. Mesquite leaf tiers (Tetralopha euphe- 
mella Hulet) were sampled at random sample points every 0.16 km 
for 3.2 km in each treatment along a road bisecting the sprayed 
(1977 and 1978) and undisturbed areas. On 17 Oct. 1979,25 mes- 
quite branches were sampled from each of the 5 dunes closest to 
each random point. The number of leaf tier nests were recorded 
and the mean and standard deviation of number of nests per dune 
were calculated for each treatment. 

Small Mammals 
For rodent trapping, maps of the sprayed and untreated areas 

were divided into 16.2-ha squares and randomly chosen coordinate 
intersections served as a starting point for the random placement of 
trap lines, subject to the restriction that no location be trapped 
twice during any 3-month period to allow population recovery 
from the trapping efforts. At each sampling date, 2 parallel lines 
100 m apart were established at 1 site in each treatment. Each line 
consisted of 20 stations 15 m apart. Two museum special and 1 
Victor rat trap (all are kill traps) were set at each station on 3 
consecutive nights every 2 weeks from 15 Feb. 1979 to 8 May 198 1. 
Traps were baited with a peanut butter and oatmeal mixture. Data 
from each 3-night trapping effort were pooled into 59 trap periods 
(a total of 42,280 trap nights) and analyzed to determine species 
richness (average number of species caught per trapping effort), 
concentration (Simpson 1949) diversity (Shannon and Weaver 
1949), and evenness (Pielou 1975). Concentration, diversity, and 
evenness are commonly used population statistics which portray in 
different mathematical terms the number of species and the relative 
proportions of their abundances. Because the same species were 
found on both treatments, one can hypothesize that a partial 
removal of shrub cover could affect species populations and, if 
populations changed, the changes would be reflected in the popula- 
tion statistics. 

Birds 
The sprayed and untreated areas were stratified into a flat mes- 

quite subtype (dunes < 30 cm) and a dune mesquite subtype (dunes 
> 30 cm) for estimating avian populations. Bird census transects 
patterned after Emlen’s (1971, 1977) variable strip, line transect 
method were used. Four, 5-km walking transects were established 
in each treatment, 3 in the dune subtype and 1 in the flat subtype. 
From June through August in 1979 and 1980, birds were counted 

along each transect (I transect per day) twice per month with 10 
days between counts for the same transect. Transect counts were 
alternated between treatments on a daily basis, beginning 30 min 
before sunrise and continuing for 3 hr. Only birds actually 
observed perched within 183 m were counted. Lateral distances 
from the transect center line were estimated visually and distances 
along the transect were determined by pacing from distance- 
marked flags placed every 152 m. Observations were recorded on 
gridded map sheets of each transect. Counts were conducted only 
on days with favorable weather conditions, i.e., no precipitation or 
strong winds. Data were analyzed to determine species richness 
(number observed in each treatment in each sampling period), 
diversity (Simpson 1949) and an activity index. The activity index 
is the sum of three factors; abundance, ranked as scarce (I), 
uncommon (2), common (3), and abundant (4); regularity, ranked 
as single (I), casual (2), occasional (3), irregular (4), and regular (5); 
and breeding status, ranked as transient (l), expected to breed (2), 
and breeding resident (2). The factor ranks for each species were 
summed to obtain a species activity level and the activity levels of 
all species were summed to obtain an activity level for treatments. 
Dominant bird species were defined by listing the species in declin- 
ing order of total number of observations and summing their 
number of observations until 90% of the total number of observa- 
tions were included. 

Livestock 
Livestock studies were initiated in 1977 to determine if cattle 

performance (average daily gain), cattle activities (distance tra- 
veled and time spent grazing), and cattle diet quality differed on 
sprayed and untreated areas. Similar proportions of Hereford (H), 
Santa Gertrudis (SG), and H X SG heifers were used to stock the 
sprayed and untreated areas in July 1977. Additional heifers were 
added to the herds in subsequent years and other animals were 
grazed on a put-and-take basis depending on forage availability. 
All cattle were weighed upon entering or leaving the study areas. 
Stocking density varied considerably between seasons and year but 
the sprayed area always had a stocking density of 1.3 to 4.7 times 
that of the unsprayed area. Average daily gain of heifers was 
calculated from liveweight data obtained approximately every 28 
days between July 1977 and November 1980. Most liveweights 
were obtained after an overnight period of drylot shrink. Cattle 
travel data were obtained by equipping 24 to 66 heifers in each 
pasture with digital pedometers attached to the metacarpal area of 
the left front leg. The pedometers were read bimonthly and cali- 
brated in km/day. Continuous travel data were obtained between 
July 1977 and July 1980. Cattle time budgets were monitored with 
TFW 2418 stop-and-go Vibracorders during the months of March, 
April, July, September, and December for the period September 
1978 to July 1980. The instruments were attached to a saddle worn 
around the animal’s neck. Vibracorder charts were changed each 
week. Time budget records were obtained from 1 to 3 animals at 
each sampling period in each treatment with the exception of 
March 1980 when no records were obtained due to instrument 
malfunction. Detailed study of Vibracorderequipped animals 
permitted identification of 4 major activities on the Vibracorder 
charts: resting with no head movement, resting with head move- 
ment, grazing or searching for forage, and fast walking or running. 
Least-squares means were used to calculate treatment means and 
standard deviations for cattle weights, travel, and time budgets. 

Diet samples were obtained from sprayed and untreated areas at 
approximately l-month intervals between July 1977 and Decem- 
ber 1978 to determine nutritional changes in cattle diets. A total of 
14esophageally fistulated cattle were used but most of the approx- 
imately 300 usable diet samples (not contaminated by regurgia- 
tion) were obtained from the same 6 fisulated steers. The fistulated 
cattle grazed pastures similar to the study areas between collec- 
tions. The night before collections were to be made the fistulated 
cattle were placed in a l-ha exclosure on the study area from which 
they were gathered at dawn the following morning. The day prior 
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to diet collections, location of the largest grazing herd was deter- 
mined for each treatment. The fistulated animals were walked to T8ble 1. Herbicide resldurls ia solls8nd plant tissue following 8ppllation 
the grazing site by horseback riders. Once at the site they were of 0.56 kg 8cld equlv8lenVbr of 2,4$-T on 8n untre8ted 8ra in June 
allowed to graze for approximately 30 min. Two randomly selected 1977. 
animals were followed closely by riders and the species of plant 
from which the animal took a bite was recorded at 2-min intervals 
to aid in identifying the botanical composition of the diets. The 

Residuals, ppm 
Parameter and time interval 

same fistulated cattle were used on each treatment with the 
(mean f SD) 

sequence of treatment grazing determined at random. Each anim- 
al’s diet sample was thoroughly mixed and 2 subsamples of each 
individual diet sample were bagged separately and frozen. One 
sample was lyophilized and ground to pass a 40-mesh (O&mm) 
screen. Diet samples collected from 4 animals during March, July, 
September, and December on both sprayed and untreated areas 
were analyzed using standard laboratory procedures (Harris 1970). 
The 32 samples were analyzed for crude protein (CP), in vitro dry 
matter digestibility (IVDMD), acid detergent fiber (ADF), acid 
detergent lignin (ADL), dry matter (DM), and ash. The results of 
the above analyses were used to calibrate a Neotec Model 6100 
monochrometer (instrument which measures reflected near-infra- 
red light) located at the USDA’s regional Pasture Research Labor- 
atory, Pennsylvania State University, State College, Pa. from 
which the composition of all samples were predicted. CP, ADF, 
and ADL were expressed on an ash-free basis and IVDMD on a 
dry matter basis. Treatment means and standard deviations for 
dietary components are based on unadjusted values. 

Average of dune and interdune soils 
0 to 2.5-em depth after 7 days 
0 to 2.km depth after 21 days 
0 to 2.5xm depth after 35 
2.5 to 3O-em depth after 35 days 
all depths after 63 days 

Green mesa dropseed tissue after 7 days 
Green mesa dropseed tissue after 21 days 
Green mesa dropseed tissue after 13 1 days 
Foutwing saltbush tissue after 7 days 
Founving saltbush tissue after 21 days 
Founving saltbush tissue after 131 days 

2.76 f 1.28 
0.5 1 f 0.26 
0.02 f 0.003 
0.01 f 0.01 

0 
4.37 f 3.50 
2.01 f 1.03 
0.64 f 0.45 
1.24 f 0.47 
5.03 f 1.20 

0 

Results and Discussion 
Mesquite Kill 

Mesquite stem kill on the area sprayed in 1975 and 1977 (6 
sampling sites) was 3 1 f 17%. On the area sprayed in 1976 and 1977 
(2 sampling sites), mesquite stem kill was 26 f 7%. The area 
sprayed in 1977 and 1978 (8 sampling sites) had a mesquite stem kill 
of 39 f 8%. On the area sprayed in 1975, 1976, and 1977 (3 
sampling sites) mesquite stem kill was 54 f 16%. While 3 consecu- 
tive years of spraying resulted in the highest average kill, some 
sampling sites on areas sprayed only twice had kills of 48 to 62%. 
Stem kill for the 19 sampling sites ranged from 17 to 66%. The high 
variability in stem kill is probably the result of many interacting 
factors, e.g., varying height of aircraft during application, spray 
drift, soil type, soil temperature, soil water content, and phenologi- 
cal stage of plants. Dahl et al. (197 1) found the efficacy of 2,4,5-T in 
killing mesquite was reduced if soil temperatures at 46 cm were 
below 27O C or if mature leaves and seed pods were not present. 

Herbicide Residuals 
Only 150 mm of rainfall occurred between the spray application 

and the final residual sample collection, yet 2,4,5-T was quickly 
dissipated to very low levels in both soils and plants. Rainfall is an 
important environmental factor influencing persistence of phen- 
oxy herbicides (Morton et al. 1967). Residuals of 2,4,5-T in the 0 to 
2.5cm depth were 3.7 ppm on interdune soils and 1.9 ppm on dune 
soils 7 days after treatment, reflecting the interception of 2,4,5-T by 
the mesquite canopy. The 2,4,5-T dissipated rapidly in both dune 
and interdune soils with little downward movement, and none was 
detected at any depth after 63 days (Table 1). Levels of 2,4,5-T in 
green mesa dropseed tissue declined rapidly and were only 0.6 ppm 
after 13 1 days (Table 1). Fourwing saltbush tissue contained max- 
imum amounts of 2,4,5-T at 21 days after spraying (5.0 ppm) but 
none was detected after 13 1 days. These results support findings of 
other studies (Baur et al. 1969, Bovey and Baur 1972, Scifres et al. 
1977) that 2,4,5-T dissipates rapidly from rangeland soils and 
vegetation. 

Herbaceous Plurt Production 
Production of herbaceous plants on the area sprayed in 1975, 

1976 and 1977 was higher than on the untreated area in 1976,1977, 
and 1978 (Table 2). In 1979, when precipitation was above average, 
production on the sprayed and untreated areas was greater than in 

other years and there was little difference in production between 
the sprayed and untreated areas (Table 2). The high precipitation 
in 1979 resulted in an abundance of annual forbs which made up 40 
and 54% of the total production on the sprayed and untreated 
areas, respectively. In 1980, a year of low rainfall, production was 
much lower than in 1979 and there was little difference in produc- 
tion between treatments (Table 2). The variability in precipitation 

T8ble 2. Herb8Ceous production (man f SD)8nd crop-yar preclplt8tlon 
(Oct. to Sept.)fOr8n 8re8 spr8ycd wlth 2,4$-T ln 3 consecutive yr (1915, 
1976,1977) 8nd 8n untrated 8re8 from 1976 to 1980. Production for 
both spr8yed 8nd non-spmyed meas has been calculated on the be& of 
28% dune 8m 8nd 72% interdune area. 

Herbaceous production Precipitation 
(kg/ ha)’ (mm)2 

Year Sprayed Untreated Sprayed Untreated 

1976 920 f 332 336 f 50 284 240 
1977 66Of 149 148f 12 180 187 
1978 554 f 207 220 f 96 211 247 
1979 945 f 125 1,108 f 436 333 382 
1980 508 f 99 327 f 126 162 178 

~Averagc of the 3 sites sampled in each treatment. 
*Average of the 3 raingauges for each treatment. A raingauge was located at each 
sampling site. 

led to differences in herbaceous plant production among years that 
were as large as the differences between sprayed and untreated 
areas. The increase in herbaceous production following spraying is 
in agreement with the findings of Scifres and Polk (1974) and Dahl 
et al. (1978). McDaniel et al. (1982) found that, depending upon 
rainfall, a significant grass response might occur within 120 days to 
3 years after spraying. This emphasizes the importance of amount 
and seasonal distribution of rainfall. Interviews with ranchers in 
Texas suggested that increased carrying capacity was greatest in 
the first 3 years following spraying with 2,4,5-T for mesquite 
control and then declined rapidly with no increase on bottomland 
sites after 10 years and upland sites after 12 years (Workman et al. 
1965). In more arid areas the effects of mesquite control appear to 
last longer. Grass production on a sprayed area in Arizona was still 
significantly higher than on a nonsprayed area after 10 years 
(Cable 1976). Areas sprayed on the Jornada Experimental Range 
still had higher grass production than untreated areas after 16 years 
(Herbel et al. 1983). 

Microbi81 Activities 
Microbial numbers were similar both in sprayed and untreated 

areas and in dunal and interdunal soils (Table 3). Acute short-term 
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Table 3. Mean (* SD) numbers of fungal propagules, Strrplomyces propagules, end beterotropic aerobic bacteria, and amount of CCh evolution and 
fonnaun production on sprayed and unsprayed dune1 soils and sprayed and unsprayed interdunal aoils. 

No. of Dunal Soil Interdunal Soil 

Parameters Units Sampling Dates Sprayed’ Unsprayed2 Sprayed’ Unsprayed’ 

Fungal propagules 1 X W/g soil/day 4 1.6 f 0.4 2.6 f 0.3 1.3 f 0.7 0.8 f 0.4 
Srrepromyces propagules 1 X W/g soil/day 4 18.4 f 6.0 20.0 f 7.3 30.8 f 18.1 19.5 f 7.5 
Heterotropic aerobic bacteria 1 X 10(/g soil/day 4 85.1 f 27.2 54.2 f 19.6 55.9 f 20.5 21.3 f 3.4 
CO2 evolution mg COs/ ms/day I5 1933 f 132 2276 f 150 1657 f 150 1761 f 138 
Formazan production c(g formazan/g soil/day I1 8.8 f 2.8 6.2 f 1.9 2.3 f 0.7 2.3 f 1.0 

‘Means calculated across sampling dates for 4 sites in each treatment and site means used to calculate treatment means and standard deviations. 

effects of spraying on the soil microflora may have been missed 
because measurements were not made until the year following 
herbicide application. However, normal application rates of 2,4,5- 
T generally have no effect on microbial numbers (Audus 1964). 

Both dehydrogenase activity (formazan production) and CO2 
evolution were greater in dunal than in interdunal soils (Table 3). 
Microbial activity as measured by dehydrogenase and CO2 are 
generally a direct function of substrate availability. Dunal soils 
were expected to have higher microbial activities because of the 
greater abundance of substrate in the form of plant roots, root 
exudates, and debris. Dehydrogenase activity was similar in 
sprayed and untreated areas (Table 3). CO2 evolution from sprayed 
and untreated interdunal soils was similar. However, CO2 evolu- 
tion from sprayed dunal soil was substantially lower than untreated 
dunal soil on 4 of the 15 sampling dates (12 June, 9 July, 25 July, 
and 15 August). For these dates, the mean CO2 evolution for the 
sprayed and untreated dunal soils was 2,289 f 165 and 3,243 f 205 
mg COz/mr/day, respectively. Herbicides can inhibit, enhance, or 
have no effect on microbial respiration (Grossbard 1971, Utter 
1972). Although about two-thirds of the CO2 leaving the soil is 
attributed to the microflora (Alexander 1977), plant roots, soil 
fauna, and abiological CO2 evolution may also contribute to the 
CO2 measured. The greater COzevolution on unsprayed dune soils 
was attributed to carbon availability for microbial metabolism and 
root respiration, rather than a direct effect on soil microbial activi- 
ties. The surface of sprayed dunes appeared to have less organic 
debris available for decomposition. Also, the mesquite on sprayed 
dunes were partially defoliated. Thus, less carbon would be trans- 
located to the roots for direct root respiration or microbial respira- 
tion of root exudates. 

Insects 
Nine species of tenebrionid beetles were trapped. Five Eleodes 

spp. were the most abundant tenebrionids. Total tenebrionids 
caught per trap day were similar on sprayed (0.41 f 0.35) and 
untreated areas (0.32 f 0.30). Activity patterns of the tenebrionid 
beetles were species specific with different species being active in 
spring, summer, and fall (Richman et al. 1982). Dunes sampled for 
mesquite leaf tiers in the first post-treatment season had 54.9 f 
25.5% dead branches in the sprayed area and 6.7 f 6.9% dead 
branches in the untreated area. Mesquite leaf tier nests were more 
abundant in the sprayed area than in the untreated area with 4.8 f 
4.4 and 2.1 f 1.7 nests per dune, respectively. In Texas, mesquite 
leaf tiers were found to pass through 6 instars in the larval feeding 
stage and were believed to pupate in litter on the soil surface. Also, 
22% of 5th and 6th instars were parasitized (DeLoach 1982). The 
greater abundance of leaf tiers on the sprayed than on the 
untreated area could arise from more favorable conditions for 
larvae or pupae or, conversely, from less favorable conditions for 
parasites and predators. 

An independent study of ant populations included, among oth- 
ers, 2 sites on the study area, a site sprayed in 1976-77 and an 
untreated mesquite dune site (Wisdom and Whitford 1981). Data 
collected during June, July, August, and September 1979 showed 
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that maximum ant nest densities were higher on the untreated dune 
site (2,533 nests/ ha) than on the sprayed site (1,600 nests/ ha). 
More ant species (14 vs. 10) with a greater variety of diets occurred 
on the 1976-77 spray site than on the unsprayed site where a few 
generalist feeders were dominant. Densities of fungus-growing ant 
[ Truchymyrmex smithi neomexicunus (Cole)] colonies were greater 
on the sprayed site. Synchronization of nuptial flights of the 
fungus-rearing ants and mesquite leaf fall resulting from the herbi- 
cide applications was advanced as a hypothesis accounting for the 
higher population of fungus-growing ants on the sprayed area 
(Wisdom and Whitford 1981). Food is a limiting factor in desert 
ant communities (Davidson 1977) and the increase in herbaceous 
plant production following spraying probably provided a food 
base which supported more ant species. 

Some soil-dwelling insects have decreased survival after expo- 
sure to 2,4,5-T in laboratory studies (Eijsackers 1975,1978). How- 
ever, some individuals of the carabid beetle Notiophilus biguttatus 
Fabr. were not affected by 2,4,5-T, which might lead to selection of 
individuals resistant to 2,4,5-T (Eijsackers 1978). It seems probable 
that mesquite control will cause shifts in the relative abundance of 
certain arthropods. New levels of equilibrium in balance with 
available habitat and food supplies occur. It seems unlikely that 
2,4,5-T applications will cause any long-term major changes in 
insect populations. 

Small Mammals 
Twelve rodent and 2 leporid species were recorded on the study 

area. Ord’s kangaroo rat (Dipodomys ordii Woodhouse) was most 
abundant (1,014 captures) and the northern grasshopper mouse 
[ Onychomys leucogaster (Weid-Neuweid)] was second in abun- 
dance (393 captures). The mean number of species caught per 
trapping effort (species richness) was 3.62 on the sprayed area and 
3.82 on the untreated area. Rodent species diversity (Shannon- 
Weaver H’) was 0.98 on both sprayed and untreated areas. Another 
measure of diversity (Simpson’s D) was 0.60 and 0.58 on sprayed 
and untreated areas, respectively. Simpson’s concentration statis- 
tic was 0.39 and 0.41 on sprayed and untreated areas, respectively. 
Species evenness (Pielou’s 5’) was 0.70 on the sprayed area and 0.68 
on the untreated area. These results agree with findings of Kirkland 
(1978) that no major shifts in rodent composition occurred after 
application of 2,4,5-T, although Kirkland found a slight increase in 
the cricetine to microtine ratio. Microtines do not occur on the 
Jornada. Savidge (1978) found an increase of some small mammals 
6 years after small (4.5 ha) plots were sprayed with 2,4,5-T in the 
Jeffry pine (pinusieffreri Grev. Jr Balf. in A. Murr.) type on the 
east slope of the Sierra Nevada. In Arizona, fewer lagomorphs and 
significantly fewer pellet numbers were observed on a mesquite- 
free range than in undisturbed mesquite or in mesquite with clear- 
ings (German0 et al. 1983). 

Rodents can have an appreciable impact on rangelands in this 
arid area. The 6 major rodent species populations consumed about 
23 kg/ ha of plant and insect foods per year (Wood 1969). Vegeta- 
tion made up 61% of the rodents’diets and the rodents on 2.6 km2 
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(640 acres) would be equivalent to 1 A.U. in terms of forage digestibility of diets was slightly greater on the untreated area (41.2 
consumption. In addition, kangaroo rats and wood rats (Neotoma f 8.5%) than on the sprayed area (37.9 f 8.3%). Like CP content, 
spp.) stored as much as 10 kg/ ha of plant materials in their dens IVDMD values were highest from July to October. 
(Wood 1969). Fencing to separate the 2 treatments was not completed until 

Birds 1977. In 1978, grazing use on the sprayed area (688 AUM’s) was 

Thirty-six species of birds, representing 10 families and 8 orders, 
over 2-fold greater than on the untreated area (305 AUM’s) 

were identified during the 2-year study period. The most abundant 
although cattle were removed from the sprayed area for 30 days 

species were the black-throated sparrow [Amphispiza bilineata 
following 2,4,5-T application. Stocking density was increased in 

(Cassin)], loggerhead shrike (Lunius ludovicianus L.), northern 
1979 and grazing use was 1,698 AUM’s on the sprayed area and 536 

mocking bird (h4imu.s polyglottos L.), scaled quail [Callipepla 
AUM’s on the untreated area. Although grazing use was over 

squamata (Vigors)], and cactus wren [Campylorhynchus brunnei- 
3-fold greater on the sprayed than on the untreated area, utilization 

capillus (Lafresnage)]. Only data obtained from the dune subtype, 
of mesa dropseed (% by weight) at the end of October 1979 was 8 f 

which covered 88 and 87% of the sprayed and untreated areas, 
5% on the sprayed area and 12 f 4% on the untreated area. Due to 

respectively, will be reported for treatment comparisons. A com- 
low rainfall in 1980, grazing use was reduced on the sprayed area to 

plete report is given by Reitzel(1982). 
506 AUM’s of use during the January to September period. Thus, 

More species (26) were found in the untreated dune type than in 
in slightly less than 3 years, the sprayed area supported 2,892 

the sprayed dune type (20) in 1979. In 1980,25 and 19 species were 
AUM’s of grazing vs. 1,348 AUM’s on the untreated rangeland. In 

found on untreated and sprayed areas, respectively. The number of 
1979 there was 1.5 kg/ha of cattle liveweight produced in the 

dominant bird species was slightly greater in the untreated area (10 
untreated area compared to 2.9 kg/ ha of liveweight produced in 

in both 1979 and 1980) than in the sprayed area (8 in 1979 and 9 in 
the sprayed area in a 308day period. 

1980). Bird species diversity, averaged for 1979 and 1980, was Management Implications 
similar on the untreated area (0.83) and sprayed area (0.80). Activ- The 2,4,5-T treatment did not cause drastic perturbations in the 
ity levels were higher on the untreated area than on the sprayed ecosystem attributes we evaluated. Avian elements appeared to be 
area in both 1979 (168 vs. 129) and 1980 (163 vs. 127). most affected and, as they are conspicuous elements of interest to 

The greater number of species and somewhat higher activity many people, should be considered in management planning. 
levels in the untreated area indicate that spraying had some effect There is little danger of destroying all habitat niches for any avian 
on bird populations. A study of the avifauna in a shrub-grassland species if chemicals are used which, like 2,4,5-T, result in only 
area in southeastern New Mexico showed that 32 of 46 species of partial kill of mesquite. The increased forage production and 
birds observed were adapted primarily or exclusively for living in greater livestock carrying capacity resulting from mesquite control 
habitats with woody vegetation (Daviset al. 1974). The preponder- are highly desirable benefits yielding direct economic returns. 
ence of nongame birds which depend on woody species has led to 
recommendations that shrub-control work be done in strips or 
patches, preserving some undisturbed vegetation (Davis et al. 
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Threshold Requirements for Burning Downed Honey Mesquite 
GUYR.MCPHERSONANDHENRY A. WRIGHT 

Forty-one headfires were burned on O.&ha test plots on 2 west 
Texas study sites in the spring of 1984. The purpose of these bums 
was to develop a prescription for predicting whether downed 
honey mesquite will be consumed by a prescribed fire. It ~8s 
found, using regression analysis and discriminant analysis tech- 
niques, that critical variables for predicting ignition and combus- 
tion of downed honey mesquite are: (1) windspeed, (2) stem mois- 
ture content, (3) stem diameter, and (4) proportion of green fuel in 
the fuel bed. Threshold values for ignition were 6 km/hr winds- 
peed, 6% stem surface moisture content, 5 cm stem diameter, and 
15% greenztotal fine fuel. Threshold values for sustained combus- 
tion were 15 km/hr windspeed, 6 cm stem diameter, and 6% stem 
moisture content at 1.25 cm below the stem surface. A prescription 
for burning downed honey mesquite was developed. 

Honey mesquite (Prosopis glandulosa var. glandulosa) is a 
serious management problem in west Texas. Mesquite reduces 
water availability, impairs livestock handling (Fisher et al. 1973), 
and decreases grass production (Dahl et al. 1978). Mechanical 
methods of control (root plowing, chaining, dozing, rollerchop- 
ping) have been used extensively to control mesquite. Annually, 
over 133,000 acres of mesquite-infested rangeland were treated 
with mechanical methods from 1973 to 1978 (Hoffman 1978). 
Mechanical control increases available water and improves visibil- 
ity, but residual woody debris hampers maneuverability and redu- 
ces the amount of pasture surface available to grow forage. Pres- 
cribed burning is a relatively inexpensive management tool which 
can be used to remove debris. Downed mesquite can be burned 
more easily than standing mesquite (Heirman and Wright 1973) 
but descriptive models for predicting mesquite consumption are 
lacking. This research was conducted to determine threshold pres- 
cription requirements for burning downed honey mesquite. 

Methods 
Forty-one, 0. l-ha plots were burned on 2 west Texas study sites 

in spring 1984. Fifteen plots were burned in a chained mesquite/ - 
tobosagrass community 10 km south of Gail, Borden County, on 
the Beale Brothers Ranch; 26 plots were burned in a tree-dozed 
mesquite/ mixed grass community 11 km north of Snyder, Scurry 
County, on the Fuller Brothers Past Ranch. All plots were burned 
as headfires on flat terrain. 

West Texas climate is characterized by dry winters, with most of 
the moisture falling between April and October as a result of 
thunderstorm activity. Annual rainfall averages 30 to 50 cm, but 
precipitation varies widely (Orton 1973, 1975). 

The Gail study site was chained about 1940. At the time of 
burning, the site was dominated by tobosograss (Hilaria mutica). 
A few species of annual grasses and forbs were present. Soils on 
this site are Stamford clays (fine, montmorillonitic, thermic Typic 
Chromusterts), Mangum cIays (fine, mixed, thermic Vertic Usto- 
chrepts), and Vernon clays (fine, mixed, thermic Typic Usto- 
chrepts) (Dixon 1975). 

The Snyder study site was tree-dozed in the late 1960’s. Predom- 
inant vegetation comprising the fuel bed included sideoats grama 
(Bouteloua curtipendulu), threeawn (Aristidu sp.), little bluestem 
(Schizachyrium scoparium). silver bluestem (Bothriochloa saccha- 
roides), vine mesquite (Panicum obtusum), buffalograss (Buchloe 
dactyloides), pink pappusgrass (Pappophorum bicolor). Canada 
wildrye (Elymus canadensis), Texas wintergrass (Stipa leucotri- 

Authors are research assistant and chairperson, Department of Range and Wildlife, 
Texas Tech University, Lubbock 79409. This study is a contribution of the College of 
Agricultural Sciences, Texas Tech University, No. T-9-3%. 
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cha), rescue grass (Bromus unioloides), and dropseeds (Sporobo- 
Zus spp.). Predominant soils on this site are Weymouth (fine- 
loamy, mixed, thermic Typic Ustochrepts) and Vernon clay loams 
and clays of the Vernon-Badland complex. Colorado (fine-loamy, 
mixed, thermic Fluventic Haplustolls) and Spur (fine-loamy, 
mixed calcareous, thermic Typic Ustifluvents) soils OCCUPY a 
minor portion of this site (Dixon et al. 1973). 

Wood borer activity in mesquite wood lowers ignition time 
(Burton et al. 1972) by increasing surface area-to-volume ratio and 
decreasing thermal conductivity of sapwood (Ueckert and Wright 
1974). Presumably, wood borers decrease specific gravity over 
time. Borer activity was quantified by calculating specific gravity 
of 27, S-cm stems for each site. Specific gravity of each stem was 
determined by weighing in mercury (Browning 1967): 

SG = 13.55 X ovendry weight/weight in mercury. 

Samples were arranged in a completely randomized design with 9 
samples in each of 3 replications. Tukey’s procedure was used to 
test for differences between treatment sites (Steel and Torrie 1980). 

Brown’s (1974) planar-intersect technique was used to inventory 
downed woody fuel on each plot. Depending on the amount of 
woody fuel in each plot, one to four 10-m permanent transects were 
randomly established through accumulations of chained mesquite. 
Height above ground and diameter of each downed mesquite stem 
which intercepted the transect were recorded. This inventory esti- 
mated the total woody fuel load and height of each stem. The 
equation for estimating woody fuel volume was derived from 
Brown (1974): 

V q  0.7369 X d*, where 
V = volume (ml/ha) and 
d = diameter of individual stems (cm). 
Immediately before burning, several measurements were taken 

to describe environmental conditions. Relative humidity and air 
temperature were measured with a sling psychrometer. Average 
windspeed 2 m above ground was recorded with a totalizing ane- 
mometer (Clark et al. 1981). Solar intensity was measured with a 
radiometer (LI-COR n.d.). 

Fine fuel load was estimated by clipping, to within 1 cm of soil 
surface, four 0.10-m* quadrats adjacent to woody fuel transects. 
Fine fuel from each quadrat was separated into green, standing 
dead, and mulch components in the laboratory. Herbaceous mate- 
rial was oven-dried to constant weight at 60” C and weighed to the 
nearest I g. Phenological stage of the grass stand was characterized 
by the proportion of green fuel in the fuel bed. Subsamples of each 
component were weighed in the field immediately after clipping, 
oven-dried at 60” C to constant weight, then reweighed to deter- 
mine fine fuel moisture content on a dry-weight basis. 

Moisture content of mesquite stems was measured with a Mini 
Protimeter hand-held moisture meter (Clark and Roberts 1982). 
Moisture content of a 15-cm diameter stem was measured at the 
surface, at 1.25 cm, and at 2.5 cm below the surface. A hammer 
probe with insulated prongs was used for below-surface measure- 
ments. Measurements at these locations were recorded for the top, 
bottom, and both sides of the stem. 

Within 2 weeks of burning, inventory of woody fuel along the 
permanent transect lines was repeated. Ignition and sustained 
combustion of each stem was noted, as well as diameter of partially 
burned stems. Ignition was defined by presence of charcoal on a 
stem. Combustion was sustained if stem diameter was reduced at 
least 1 cm where the sampling plane intercepted the stem. Percent 
consumption along transects was calculated by: 
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C = ((l-(V’/V)) X 100%, where 
C q  consumption (%), 
V q  initial (pre-bum) volume (m’/ ha), and 
V’ = final (post-burn) volume (m’/ha). 
A predictive model for ignition of individual stems was gener- 

ated by the Biomedical Computer Programs (BMDP) stepwise 
disciminant analysis program (Jennrich and Sampson 1981). Igni- 
tion (dependent variable) was compared to independent variables 
listed in Table 1. For stems which ignited, discriminant analysis 
was used to relate sustained combustion to independent variables. 

Table 1. Independent varhblcs considered in analyzing ignition, sustained 
combustion, and percent consumption of downed honey mesquite in 
west Texas. 

Variable MinimumMaximum 

Air temperature (“C) 12.7 29.4 
Relative humidity (%) 15.0 60.0 
Average windspeed 2 m above soil surface (km/ hr) 0.0 29.7 
Solar intensity (W/m*) 0.5 899.0 
Fine fuel load, standing dead material (kg/ ha) 100.0 15,282.O 
Fine fuel load, mulch (kg/ ha) 683.0 8,845.0 
Fine fuel load, green material (kg/ ha) 0.0 2,000.0 
Fine fuel load, total (kg/ ha) 1424.0 23,390.O 
Proportion green materiahtotal tine fuel load (%) 0.0 28.7 
Moisture content, standing dead material (%) 2.0 14.0 
Moisture content, mulch (%) 2.0 31.0 
Moisture content, green material (%) 144.0 291.0 
Stem moisture content, surface (%) 4.0 8.0 
Stem moisture content, 1.25 cm depth (%) 4.0 8.0 
Stem moisture content, 2.5 cm depth (%) 9.5 20.0 
Stem diameter (cm) 0.3 25.4 
Stem height (cm) 0.0 92.0 

Stems were categorized into 2 groups-ignition vs. nonignition 
and continued combustion vs. nonsustained combustion-for the 
2 analyses. When a large number of independent variables are used 
in stepwise discriminant analysis, 3 to 5 independent variables 
should be selected to minimize noise (Lachenbruch 1975). There- 
fore an attempt was made to predict ignition and combustion of 
individual stems based on the most reliable 3 to 5 variables. Dual 
discriminant functions were combined into single equations to 
simplify interpretation of results (Morrison 1976). The jackknifed 
classification method, which generates functions on all data except 
the stem being classified, was used because it provides a more 
realistic estimate of the ability of predictive variables to discrimi- 
nate between groups (Tabachnick and Fidel1 1983). 

The Statistical Analysis System (SAS) stepwise multiple regres- 
sion program (Ray 1982) was used to analyze consumption along 
transects. Percent consumption (dependent variable) was regressed 
against independent variables (Table 1). 

Results and Discussion 
Specific gravity for both sites averaged 0.635. No significant 

(x0.05) differences were found between sites. Specific gravity was 
less than that reported by Clark (198 1) for sound mesquite wood 
(0.70), indicating that borer activity decreases specific gravity of 
mesquite over time. There was no difference between sites treated 
20 and 40 years ago. Assuming population size and activity level of 
borers were the same for the 2 sites, it appears that the effect of 
wood borers on specific gravity stabilizes prior to 20 years 
post-treatment. 

Individual Stem Analysis 
A four-variable function correctly classified 77% of the 1,260 

stems analyzed. The function predicts a stem will ignite if: 

0.0293WS + 0.1666D - 0.8795AS - 2.5028R + 2.608 > 0, 

Where: 
ws = windspeed at 2 m height (km/ hr), 

D = diameter of stem (cm), 
AS = surface moisture content of stem (%), and 

R = proportion green fuel:total fuel load (fraction). 

Figure 1 illustrates conditions conducive to stem ignition. 
Increasing windspeed and decreasing stem moisture content 

increased ignition. Stem moisture content had a threshold value at 
6%. Only 54% of stems with greater than 6% moisture content 
ignited; stems with 6% or less moisture content ignited 90% of the 
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Fig. 1. Conditions required to ignite downed mesquite stems in west Texas. 
Ignition occurs at points to the left of stem diameter lines. Lines assume 
5% green fuel in a continuous fwl bed. 

time. Large stems ignited more readily than small stems due to 
their rough and broken bark and increased wind eddying on the lee 
side. Small stems had smooth surfaces which were difficult to 
ignite. Clark (1981) found that small mesquite stems had lower 
specific gravity than large stems, which may have affected combus- 
tion. Ninety-three percent of stems 5 cm or larger ignited, whereas 
63% of the stems smaller than 5 cm ignited. Increasing the propor- 
tion of green fuel decreased ignition, implying that early spring 
burns will ignite more stems than burns conducted after green-up. 

Of 1,107 stems which ignited, 610 were completely consumed. A 
three-variable function correctly classified 63% of the stems. The 
model predicted that a stem would be completely consumed if: 

0.048667WS + 0.04515D - 0.298M + 0.947 > 0, 

where: 
WS = windspeed at 2 m height (km/ hr), 

D = diameter of stem (cm), and 
M = moisture content of stem, 1.25 cm depth (%). 

Figure 2 illustrates conditions required for sustained combustion 
of stems. 
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Fig. 2. Conditions requiredforsustained combustion of downed mesquite 
stems in west Texas. Combustion issustainedatpoints to the left of stem 
diameter lines. Lines assume prior ignition of stem. 

328 JOURNAL OF RANGE MANAGEMENT 39(4), July 1966 



When stem moisture content decreased, combustion increased. 
This implied that a drying period prior to burning would increase 
consumption. The length of the drying period depends on tempera- 
ture, relative humidity, windspeed, solar intensity, and the initial 
moisture content of the stem. In this study, moisture content at 
1.25 cm dropped from 8% to 6% in a dry 5day period, and from 6% 
to 4% in the next 5day period. Beyond some low moisture content 
increased drying will probably not result in increased combustion. 
However, that value was not achieved in this study. 

This analysis assumes stem ignition; therefore, fine fuel charac- 
teristics were not important in determining if combustion will be 
sustained for this analysis. It should be noted that high winds were 
required for sustained combustion of a stem when moisture con- 
tent at 1.25 cm exceeded 10% (Fig. 2). Small stems were difficult to 
consume, probably due to minimal re-radiation with the soil sur- 
face and other burning woody material. 

Threshold values for sustained combustion were apparent for 
windspeed, stem diameter, and stem moisture content. Windspeed 
greater than 15 km/ hr sustained combustion in 87% of the stems. 
Only 35% continued burning when windspeed fell below 15 km/ hr. 
Stems greater than 6 cm in diameter sustained combustion 81% of 
the time. By contrast, 42% of the stems less than 6 cm burned 
continuously. Stems with moisture content less than 6% sustained 
combustion 72% of the time; 27% of the stems continued to burn 
when moisture content exceeded 6%. 

Consumption 
Consumption varied from 0% to 100% on the 87 transects ana- 

lyzed. Windspeed was the most important variable for predicting 
percent consumption, accounting for 57% of the variability. The 
relationship between consumption and windspeed appeared to be 
exponential (Fig. 3). Therefore the SAS nonlinear least-squares 
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Fig. 3. Relationship between average windspeed andpercent consumption 
of dowmd honey mesquite. based on 41 headfires in west Texas. 

procedure (Ray 1982) was used to fit a curve to the data. Wind- 
speed and fine fuel moisture content (standing dead component) 
were the only significant (PCO.05) variables for predicting consump- 
tion: 

C = 3.0 + 118.81 (I - e*.1z4w~ - 2.789MS, where 
C = consumption of woody debris (%), 

WS = average windspeed 2 m above soil surface (km/ ha), and 
MS = fine fuel moisture content, standing dead (%). 

The model was significant (P<O.Ol) and had an R2 of 0.59. 
Inclusion of all variables into the model produced an R2 of 0.67. 

Most of the literature concerning combustion of wildland fuels 
indicates stem moisture content is the most important variable 
affecting sustained combustion (e.g., Byram 1959, Pompe and 
Vines 1966, Van Wagner 1967). Although stem moisture content 

was important in predicting whether an individual stem would 
sustain combustion, it was not significant (KO.05) in predicting 
percent consumption. Stem moisture content was probably not 
high enough to become a limiting factor in this study; highest 
moisture content measured was 20%. Vines (1981) indicated that 
moisture in fuels has only a small effect on combustion unless 
present in such large quantities that the fire is cooled as it proceeds. 
Mesquite apparently releases enough heat to evaporate water and 
sustain combustion, at least up to 20% moisture content. 

To assure consumption of woody debris with a standard head- 
fire prescription (air temperature 21-27O C, relative humidity 
25-40%), windspeed should exceed 13 km/ hr and fine fuel mois- 
ture should be less than 10%. Since fine fuel moisture is strongly 
positively related to relative humidity (Britton et al. 1973) burning 
late in the day when relative humidity is low will produce the best 
results. The National Fire Danger Rating System (Deeming et al. 
1977) can be used to predict fuel moisture from environmental 
parameters. Total fine fuel load was weakly correlated with con- 
sumption, suggesting that although fine fuel load should be con- 
tinuous enough to support fire spread, additional increases in tine 
fuel do not necessarily increase consumption. In this study, 100% 
consumption was obtained on a burn with only 223 kg/ ha of 
standing dead grass. The stand was continuous and was burned 
with safe headfire conditions (air temperature 24O C, relative 
humidity 24%, windspeed 22 km/ hr). 

Recommendations 
Downed mesquite can be burned with less fine fuel and lower air 

temperature than standing mesquite. Before burning on a manage- 
ment-unit basis, several preliminary measurements should be 
taken to insure a successful burn. Moisture content of mesquite 
stems should be measured at the surface and at 1.25 cm below the 
stem surface. Stems rarely ignite if surface moisture content 
exceeds 9% and usually do not continue burning when 1.25-cm 
moisture content is greater than 10%. If direct measurement is not 
feasible, a small test plot should be burned to assure that sustained 
combustion will occur. 

Pastures to be burned should be deferred from grazing for at 
least 1 growing season, to assure continuous fine fuel. Stands with 
less than 1,000 kg/ ha fine fuel rarely support fire spread with safe 
burning conditions (Clark 1983). Increased fine fuel loads allow 
greater flexibility in prescribed burning and usually assure better 
fuel continuity. 

Finally, windspeed should be measured before burning. Wind- 
speed is the most critical variable for predicting consumption of 
downed mesquite. For best results, windspeed should be at least 13 
km/ hr. Windspeeds greater than 32 km/ hr are conducive to erratic 
fire behavior and should be avoided (Wright and Bailey 1980). 

Stem diameter is important as a predictive variable, but cannot 
be controlled by the land manager. Under marginal burning condi- 
tions large stems will be consumed while small stems (<5 cm) may 
not ignite. Burning before green-up with windspeed greater than 18 
km/ hr and stem moisture content less than 6% will assure ignition 
and consumption of all sizes of stems. 
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Range professorsand students, privateand public range managers, soil conservationists, wildlife managers,and others will find 
the book a valuable contribution to their libraries. Available from the Society for Range Management 27do W. Fifth Ave., Denver, 

CO 80204. 

JOURNAL OF RANGE MANAGEMENT 39(4), July 1986 



Velvet Mesquite Seedling Development in Three South- 
western Soils 
JOHN H. BROCK 

Seedlings of velvet mesquite (Prosopisgsrurduroso var. vhtina) 
were grown in sandy loam, clay loam, and clay soils to 30 and 60 
days of age. Top and root growth parameters were measured at 
those time intervals and top growth was measured at U-day inter- 
vals over the study period. A significantly (PO.005) higher root 
growth rate and root penetration was found for seedlings in sandy 
loam and clay loam soils over the initial 3Odry growth period. At 
approximately this time, top growth became favored over root 
growth. As a result, the rate of root growth in sandy and clay loam 
soils was reduced by nearly 60% during the second 3O-day period. 
Seedlings grown in clay soils tended to have shorter root systems 
but the roots were more fibrous compared to seedlings in the other 
soils. 

Velvet mesquite (Prosopis glandulosa var. velutina) has a 
taproot and long lateral roots which occupy a large volume of soil 
(Simpson 1977). Successful establishment of honey mesquite (Pro- 
sopis grclndulosa var. glandulosa), and presumably velvet mes- 
quite, may be limited by local soil and ecological factors (Scifres 
and Brock 1969, 1971). The successful colonization of a site by 
honey mesquite has been further hypothesized to be dependent on 
the seedling’s depth of root system development and successional 
status of the stand being invaded (Scifres and Brock 1972, Scifres et 
al. 1971). Successful invasion of arid sites by velvet mesquite, 
including riparian areas, may depend on an extensive root system. 
The objective of this study was to investigate root development of 
velvet mesquite seedlings as influenced by different soils common 
to the Sonoran Desert in central Arizona. 

Methods 

Three soils from central Arizona were collected and used as 
rooting media. Soils selected were a sandy loam, a clay loam, and a 
clay soil of Coolidge, Cantine, and Cashion series, respectively. 
The Coolidge soil was collected 4.8 km west and 6.4 north of 
Buckeye, Arizona Vegetation was mixed desert shrub with velvet 
mesquite, ironwood (Olneya tesota), and green paloverde (Cerci- 
dium microphyllum). The Cashion soil was collected 3.2 km east 
and 1.6 km south of Buckeye, Arizona. The area previously sup- 
ported mesquite bosques as a part of the flood plain vegetation 
near the Gila River. The Cantine soil was collected approximately 
8 km south and 3.2 km east of Tempe, Arizona. The original 
vegetation of this area was desert shrub. The common woody trees 
were velvet mesquite and green paloverde. 

All soils were collected from 0 to 25 cm depths. Approximately 
200 liters of soil was taken from each site. Soil was passed through 
a l-cm mesh sieve before filling the containers used to grow the 
seedlings. The soil was lightly tamped when filling containers to 
approximate soil consistency under field conditions. Soil textures 
from duplicate samples were measured by the hydrometer method 
(Day 1965). Soil bulk density was estimated using paraffin coated 
peds (Blake 1965). 

Two of the soil series selected as rooting media were in the order 
Aridsols (Coolidge and Cantine) while the Cashion soil is an 
Entisols. The classification of the Coolidge soils is a coarse-loamy, 
mixed hyperthermic Typic Calciorthids. Cantine soils are fine, 
mixed hyperthermic Typic Haplargids, while Cashion soils are 
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clayey cover loamy, mixed, hyperthermic Typic Torrifluvents 
(Hartman 1977). Sand content for these soils ranged from approx- 
imately 15 to 56% (Table 1). Conversely, clay content was approx- 
imately 18 to 540/,. Bulk density of the sandy loam and clay soil 
were similar while the clay loam soil had lower bulk density mani- 
fested by its structure. The clay loam had structure that was mod- 
erately subangular blocky while the sandy loam and clay soils 
tended to have massive structure. 

The soil containers were plastic cylinders 15 cm in diameter and 
100 cm in height with a volume of 17.7 liters. The cylinders were slit 
along one side and banded with wire before filling with soil. This 
configuration was used to facilitate root sampling. 

The experiment was a completely randomized design and was 
conducted in a greenhouse. Eight cylinders of each of the three soils 
represented the experimental units. Four replicates were sampled 
at 30 days of seedling age with the remaining 4 examined at 60 days. 
Velvet mesquite seed coats were nicked with a scalpel to assure 
imbibition, and 4 seeds were planted per replicate. Seedlings were 
thinned to 2 plants per container after 2 days. After the first leaf of 
the seedling had expanded, approximately 1 week after planting, 1 
seedling was removed leaving 1 seedling per container. Remaining 
seedlings provided uniformity in size and vigor. 

The cylinders were watered prior to planting to bring the soils to 
field capacity. During the course of the experiment, the cylinders 
were hand watered daily to maintain moisture conditions for 
optimal seedling growth. No artificial light was provided, and 
greenhouse temperature was maintained at approximately 27 f 2O 
C with evaporative air conditioners. These conditions provided an 
environment good for seedling growth and are similar to those 
used in studies with honey mesquite (Scifres and Brock 1969 and 
Meyer et al. 1973). 

The experiment was repeated two times. The first portion 
covered 60 days and was conducted from 1 April through 1 June 
1979. A second, identical test was performed from 10 September 
through 9 November 1979. Ten days after emergence and at 10 day 
intervals, plant height and the number of expanded leaves per 
seedling were recorded. Plant height was divided by plant age at 
each measurement interval to give an estimate of rate of growth in 
mm/ day. At 30 days, four randomly selected replicates of each soil 
were sampled for root system development. The soil and root 
systems were exposed and roots washed free of soil using a fine mist 
water spray. The followina measurements were collected: 

1. 
2. 

Maximum root length (mm). 
The number of secondary roots originating from the primary 
root. 

3. 
4. 

5. 
6. 

Depth from soil surface to first lateral root (mm), 
Root and shoot weights per seedling following oven drying at 
800 C for 48 hours. 
Rate of tap root growth (mm/day). 
Shoot/root ratio by weight. . . . 

The procedure was repeated at 60 days with the 4 remammg plants 
in each soil. 

There were no significant differences between the spring and fall 
experiments. Therefore, the data were pooled yielding 8 replicates 
per soil, seedling age combination. Pooled data were analyzed 
using one-way analysis of variance procedures developed for a 
microcomputer (G.L. Wysong, Arizona State University, Tempe). 
All statistical inferences were made at (I! = 0.05 unless otherwise 
stated. Appropriate mean separation was made using Student- 
Newman-Kuels’ test (Steel and Torrie 1960). 
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Table 1. Some physlcsl characteristics of three soils from Central Arizona used in seedling velvet mesquite root studies. 

Series Textural class Sand 
Mean Particle Size Distribution 

SE’ Silt SE Clay SE Bulk density SE 
-__--_-c-_- _---__I-- g/cc 

Coolidge Sandy loam 56.5 2.12 25.8 2.83 17.7 0.71 1.70 0.028 
Cantine Clay loam 36.5 0.98 25.2 0.45 38.2 1.41 1.34 0.007 
Cashion Clay 15.0 0.56 30.8 2.54 54.2 1.98 1.64 0.085 

1 = SE is the standard error of the mean. 

Results and Discussion 

Top Growth 
Velvet mesquite seedling heights in clay loam soil were consist- 

ently greater at 30 and 60 days than seedling heights measured in 
clay and sandy loam soils (Fig. 1). After 60 days of growth, seedling 
heights in clay soils were smallest X = 275 mm and those in clay 
loam soils the tallest (2 q  675 mm). Shoot growth rates at 30 days of 
age were 8,4, and 3 mm/day for plants in clay loam, sandy loam, 
and clay soils, respectively. Shoot growth rates at 60 days averaged 
10, 7, and 4.5 mm/day for seedlings in the clay loam, sandy loam 
and clay soils. 
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Fig. 1. Heights of seedling velvet mesquite plants observed in duplicate 
experiments and in 3 southwest desert soil types. Means with the same 
letter are not significantly different at P=O.O5. 

No significant (P = 0.10) differences in the number of leaves per 
plant were found for seedling velvet mesquite except for the 60day 
sampling period (Fig. 2). Shortly before this date, seedlings in the 
clay loam soil initiated secondary branching which accounted for 
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Fig. 2. Number of mature (expanded) leaves of seedling velvet mesquite 
plants in varying desert soil types. The mean with the asterisk p) is 
significantly different at PzO.05. 

the observed rapid increase in the number of leaves per plant. 
Seedling shoot weight at 30 days of age was similar among the 

soils (Fig. 3). Seedlings in clay soil had the lowest shoot weights at 
both 30- and 60- day harvests. Seedlings grown in clay loam soil 
had significantly greater shoot weights (325%) than those grown in 
sandy loam soils and 427vegreater weight than those in clay soil at 
60 days. 

Root Growth 
Root weights of velvet mesquite seedlings at 30 days of age were 

greatest in the sandy loam soil, although not statistically significant 
(Fig. 3). The coefficient of variation (CV) for root weights for the 

Table 2. Mean mexlmum root length and root growth &es for velvet mesquite seedlings at 30 and 60 days of age grown in soils of three textural claws. 

Textural Class 30 days 

Velvet Mesquite Seedling Age 
60 days 

Length (mm)- Growth rate (mm/day)-- -_ 
Clay 250.0 b’ 8.3 b 

Length (mm)-----Growth TTa(mm/day) 
445.0 a 

Clay loam 736.3 a 21.2 a 937.5 a 1516 a 
Sandy loam 728.5 a 24.3 a 732.5 a 12.2 a 

’ = Means in columns with the same letter are not significantly different at P = 0.05. 
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Fig. 3. Shoot and root weights (ovendry)for seedling velvet mes- 
quiteplantsat 30 and60 days ofplant agegrown in 3 southwestern 
soils. Meansfor shoot or root weightsfollowed by the same letter 
are not signl$cantly different at P=O.O5. 

first 30 days was 50%. While mean root weights of velvet mesquite 
seedlings were very similar at 60 days, there was more variation 
among the replicates with a CV of 64% being found. 

Shoot-ratios indicate the growth differences observed in this 
study among the soils. Velvet mesquite seedlings in clay loam soil 
had the greatest shoot-root ratio at both 30 and 60 days (5.99 and 
6.02 respectively) indicating the greater seedling height and the 
number of expanded leaves as reported earlier. Shoot-root ratios 
of seedlings were 2.74 and 2.43 at 30 days in clay and sandy loam 
soils and were significantly different (P=<O.OOS) compared to the 
clay loam seedlings. At 60 days of age, shoot-root ratios were 2.26 
and 2.49 for clay and sandy loam soil seedlings and were signifi- 
cantly lower (P=<.O25) from seedlings in clay loam soil. 

Mean maximum root length was similar at 30 days for velvet 
mesquite seedlings in clay loam and sandy loam and least (250 mm) 
in clay soil (Table 2). At 60 days the mean seedling root length in 
clay loam soil was 2 times greater than root lengths for plants in 
clay. Variation was great among seedling roots in clay soils. The 
variation resulted from 2 cylinders containing clay soil where roots 
contacted the cylinder sides and apparently grew, with less resist- 
ance, along the pot-soil interface than roots in the matrix of the 
clay soil. 

Early seedling root growth of velvet mesquite was observed in a 
laboratory study utilizing glass fronted root boxes (Brock and 
Hellerud, 1979 unpublished data). Three root boxes were filled 
with clay, clay loam, and silt loam soils and each box had 4 
seedlings. The rate of primary root growth was observed daily for 
seedlings growing in moist soil. The average root growth rate for 
the first 10 days following germination was 14.1 mm/day. There 
were no statistically significant differences (eO.26) in root growth 
rates at this early seedling age. 

Root growth rate of velvet mesquite seedlings over the first 30 
days was 24.3 mm/day for plants growing in the sandy loam soil 
which was similar to clay loam soil and significantly greater than 
clay soils (Table 2). After 60 days, seedlings in clay loam soils 
tended to have the greatest root growth rate but differences were 
not significant (fiO.05) from seedlings growing in clay or sandy 
soils. Root extension slowed with increasing seedling age. At 
approximately 30 days of plant age, top growth (Fig. 1 and 2) 

increased, apparently at the expense of root extension. By this 
time, roots had penetrated to approximately 70 cm in the coarse 
sandy soil and the well-structured clay loam soil. Apparently 
growth activity in the seedling was being transferred from root to 
shoot. An adaptative advantage to seedlings in arid regions would 
be to initially accentuate root growth to increase the probability of 
maintaining contact with soil moisture before expending energy to 
produce shoot material. 

Development of seedling velvet mesquite root systems was more 
extensive in the loam soils than in clay. While there was a statisti- 
cally similar number of seedling velvet mesquite secondary roots 
observed at 30 days to be growing from the primary root, there 
were substantially more secondary roots in the coarser textured 
loam soils (2~66) compared to clay soils (Z-=34). At 60 days of age 
there were significantly more (e<O.O25) secondary roots in the 
loam soils (%112) compared to the clay soil (?=55). 

The depth to the first lateral root was statistically similar among 
soils after 30 days. The shallowest depth at 30 days (X= 14 mm) was 
observed in clay loam soil. Depth of the first lateral root in the clay 
soil was 21 mm and 39 mm in sandy loam soil. At 60 days of age, 
seedlings in clay soils had the shallowest root system (J;-=6 mm 
depth) while the sandy loam seedlings first lateral root was signifi- 
cantly deeper at a 16 mm (P=<O.O25). The depth to the first lateral 
root of seedlings in clay loam soils after 60 days was intermediate 
(%l 1 mm) to the other treatments. 

Overall, the clay soil provided a rooting media that normally 
would be considered the least conducive to successful seedling root 
development. Seedlings growing in this soil had the shortest root 
system length, the slowest root growth rate, the fewest number of 
secondary roots junctioning from the primary root, but had root 
weights similar to other seedling root weights. From observations 
during sampling of seedling velvet mesquite root systems and by 
examination of data presented, the seedlings growing in the clay 
soil were found to have a more fibrous root system compared to 
those in the other soils. To demonstrate this observation, the 
number of secondary roots per unit of primary root was calculated. 
At 30 days the seedlings in the clay soil had 94% and 32% more 
secondary roots/unit primary root, compared to those in sandy 
loam and clay loam soils, respectively. Statistically these data were 
not significant (eO.39). At 60 days of age, the number of second- 
ary roots/unit primary root for all seedlings was within approxi- 
mately 20%, with the sandy loam soil having the larger value. The 
strategy of a more fibrous root system observed for seedlings of 
velvet mesquite in clay soils during initial seedling establishment, 
however, has perhaps, ecological significance. 

Conclusions 

It was hypothesized that successful velvet mesquite seedling 
establishment was contingent on development of a deep root sys- 
tem. The ability for velvet mesquite seedlings to develop relatively 
deep root systems was found to be true for seedlings in soil which 
had less resistance to root penetration (sandy and well structured 
soils). In the clay soil, root elongation was apparently slowed by 
resistance imparted by the finer texture. To compensate for lack of 
rooting depth, the seedlings growing in clay soil may be displaying 
an adaptative strategy by producing a more fibrous root system 
that would encompass an equal or perhaps larger volume of soil 
upon which to draw moisture and nutrients. The root system of 
velvet mesquite seedlings develops initially (first 30 days) at the 
expense of top growth, which insures an increased probability of 
reaching water and nutrients for later growth processes. 

The difference observed in velvet mesquite seedling root growth 
as influenced by soil textural classes may help explain the success 
of invading velvet mesquite on semiarid and arid rangelands. The 
ability of velvet mesquite seedlings to develop an extensive root 
system enhances its success as a competitor in desert ecosystems 
especially in riparian zones. The results of this study may also help 
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explain current distributions of velvet mesquite on various range 
sites. 
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Tolerances of Sagebrush, Rabbitbrush, and Greasewood to 
Elevated Water Tables 
DAVID C. GANSKOPP 

Abstrret 

Knowledge of the effects of saturated soils and flooding on 
Wyoming big sagebrush (Artem& tridkntata wyomingensis), 
green rabbitbrusb fChry~&~~~~us viscid#for~~), and black gmse- 
wood (Sarcobatus vem&ulat~@ an enhance our understanding 
of their distribution. Tbe responses of these 3 species to elevated 
water tables were studied on 4 contours bordering an expanding 
lake in southeast Oregon during the 1983 and 1984 growing sea- 
sons. When plants were initially selected for study, contours were 
0, 10,20, and 40 cm above the iake surface. Continued expansion 
of the lake flooded the lower contours and elevated the water tables 
under the upper contours. Wyoming big sagebrush rapidly suc- 
cumbed to surface flooding and elevated water tables within 10 cm 
of the surface. Green rabbitbrush behaved similarly, but responses 
lagged about 1 week behind sagebrush. Biack greasewood toier- 
ated surface flooding for 40 days before effects were apparent. 
Water tables within 25 to 30 cm of the surface had no effect on 
greasewood. Given adequate topography and water supplies, 
water spreading techniques could be used to control Wyoming big 
sagebrush and green rabbitbrush. 

Wyoming big sagebrush (Artemisia tridentata Nutt. subsp. 
wyomingensis Beetle and Young) and black greasewood (Sarcoba- 
tus vermiculatus (Hook.) Torr.) are dominant or codominanb 
shrubs on large expanses of western rangelands (Tisdale and’ 
Hironaka 1981, Franklin and Dyrness 1973, Romo 1985). Green 
rabbitbrush (Chrysothamnus viscidiforus (Hook.) Nutt.), typi- 
cally a minor shrub component in climax communities, may also 
dominate areas where fire, overgrazing, or other disturbances have 
reduced the competitive ability of the accompanying vegetation 
(Young and Evans 1974). These 3 species, either singularly or 
collectively, shape the character and competitively control large 
areas within the Great Basin. 

Due to the importance of these shrubs in the region, land man- 
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agers must consider the biotic and abiotic factors affecting their 
establishment, health, or distribution. Water relations play a par- 
ticularly prominent role in influencing the distribution of plants in 
this arid region, and abundances of water are typically not a 
concern. Several workers have noted, however, that excessive soil 
moisture is detrimental to big sagebrush (Artemisia tridentata) 
(U.S. Dept. Agr., Forest Serv. 1937, Branson 1956, Vallentine 
1971) and speculated that anaerobic conditions in some soils pre- 
vent successful colonization of big sagebrush (Fosberg and Hiron- 
aka 1964). Lunt et al. (1973) found root growth of big sagebrush 
hindered by oxygen concentrations of 5% or less and observed low 
rates of recovery of big sagebrush after weakened plants were 
returned to ambient oxygen concentrations. These same workers 
speculated big sagebrush was excluded from fine textured and 
poorly drained soils by its high oxygen requirements. 

Greasewood has been classified as a phreatophyte (Robinson 
1958), and Romo (1985) found water tables ranging from 3.5 to 15 
m below greasewood dominated communities in Oregon. No 
information was found, however, regarding tolerances of grease- 
wood or green rabbitbrush to saturated soils or low oxygen con- 
centrations in the rooting zone. Given this lack of information, the 
objective of this study was to evaluate the relative tolerances of 
Wyoming big sagebrush, greasewood, and green rabbitbrush to 
elevated water tables and surface flooding. 

Study Area and Methods 
Studies were conducted on 6 locations bordering Malheur Lake 

in Harney County, Oregon. Elevations were approximately 1,245 
meters. Harney Basin is internally drained and annually receives 
between 20 and 30 cm of precipitation. The historic meander of 
Malheur Lake encompasses approximately 25,000 ha; however, 
above-normal precipitation between 1978 and 1984 expanded the 
lake to 68,000 ha, inundating large areas of shrub-steppe vegeta- 
tion in the process. Three study sites, approximately 2 km apart, 
were evaluated during the 1983 growing season. Rapid expansion 
of the lake in 1984 blocked access to the original study areas and 3 
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new sites were selected for replication of the experiment in 1984. 
Each site supported a mixed overstory of Wyoming big sage- 

brush, black greasewood, and green rabbitbrush. Understories 
were dominated by cheatgrass (Bromus tecfonrm L.) with traces of 
Thurber’s needlegrass (St&u thurberiuna Piper) and needleand- 
threadgrass (Stipu comatu Trin. & Rupr.). At each location, shrub 
vigor was evaluated along 4 contours. Contours were, respectively, 
0, 10, 20, and 40 cm above the lake surface when studies were 
initiated in late May of each year. Twenty individuals of each 
species were permanently marked with numbered aluminum tags 
along each of the 4 contours. Shrubs along the first contour were 
selected by walking the water’s edge and tagging those individuals 
whose stems were just being touched by surface water. Elevations 
of shrubs above the water line on the remaining 3 contours were 
established by standing at the base of each stem and backsighting 
through a level to a marked stadia rod held at the water’s edge. 
Decadent, diseased, or damaged plants were excluded from these 
evaluations. 

Water tables were monitored by augering holes on each contour 
and inserting perforated pipe to a 60 cm depth. Subsurface fluctua- 
tions in water tables were then measured with a dipstick to the 
nearest 0.5 cm. Vigor of shrubs and water table levels were moni- 
tored on a weekly basis as the water continued to rise, and on a 
biweekly basis when water levels stabilized or began to recede. 

Four classes of plant vigor were recognized and each given a 
numerical score. These were: 3 = plant apparently healthy and 
foliage of normal color, 2 = foliage chlorotic or yellow, 1 = foliage 
chlorotic and wilted, and 0 = all foliage dried and brittle. Plants 
were assumed to be dead when assigned a score of 0. At each 
location vigor scores for each species on each contour were totaled 
by observation date and the total viewed as a single observation for 
data analysis. With 20 units contained in each sum, the value of an 
observation ranged between 0 and 60. Mean values were employed 
for simplification of data presentation. 

Statistical design was a strip plot using a factorial combination 
of 4 contours, 3 species, and 12 (1983) or 13 (1984) evaluation dates 
in 3 replications. In 1984, highway construction efforts interrupted 
the flow of water to 1 study area. Data from that area were not 
included in the analysis. 

Stepwise multiple linear regression was used to examine the 
relationship between the vigor indices of each species (dependent 
variable) and 6 independent variables which were: water levels, 
number of days of exposure to water, an interaction term of water 
levels X number of days of exposure; and due to the curvilinear 
nature of the response variable, the square of the 3 previous vari- 
ables. The 1983 and 1984 regression lines for each species were 
compared following procedures of Neter and Wasserman (1974). 

Statistical significance was accepted at x0.05. 

Results and Discussion 
During both years of study, water tables continued to rise after 

research sites were established (Fig. 1). Water tables were more 
elevated and remained above initial levels for a longer period of 
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Fig. 1. Proximity of water tables to soil surface on 4 contours initially 
established at 0 (-), 10 (-----), 20 +**). and 40 cm c -. -. -.)above 
risingfloodwaters in 1983 and 1984. 

Table 1. Strip plot l ~lyds of vuiu~cc of &rob vigor wing l fectorhl combinetion of 4 contoore, 3 epecies, mod 12 (1983) or 13 (1984) evelution htea. 
Error I= repliation X speciea + repliation X contour + replkation X contour X species Error 2 = Repliation X tite. Error 3 = difference. 

Source of variation 
Degrees of 
freedom 

1983 study 

Mean 
souare 

F 
value 

Degrees of 
freedom 

1984 study 
Mean 
sauare 

F 
value 

Total 431 689 
Replications 2 660 
Contour 3 20932 
Species 2 34824 
Species X contour 6 1625 
Error 1 22 565 
Date 11 7467 
Error 2 22 37 
Date X species 22 872 
Date X contour 33 432 
Date X contour X species 66 211 
Error 3 242 43 

1.17 
37.04** 
61.63*+ 

2.88* 

201.38** 

19.99** 
9.90** 
4.84 

311 533 
1 883 
3 21925 
2 15715 
6 2631 

11 96 
12 1911 
12 10 
24 226 
36 384 
72 89 

129 16 

9.18* 
163.30** 
227.82.. 

27.34** 

182.92.. 

i4.33*+ 
24.32** 

5.63.. 

l significant at PCO.09, l *significant at KO.01. 
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time in 1983 than in 1984. The first or lowermost contours were 
inundated for 75 days in 1983 and only 60 days in 1984. The second 
contours experienced surface flooding in 1983 for approximately 
63 days and only elevated water tables within 9 cm of the surface in 
1984. The third contours experienced elevated water tables but no 
surface flooding during both years of study. Water moved into the 
monitored profile of the highest contours during 1983, but was not 
detected within these levels in 1984. 

All interactions and main effects were judged sign&ant (PCO.05) 
in the analysis of variance for both years of study (Table 1). Main 
effects of date, contour, and species made the greatest contribution 
to the sums of squares for both years. Differences between years in 
the extent and duration of flooding of the contours altered the 
responses obtained within the structure of the experiment, but the 
relative rankings and sensitivity of the 3 species were identical 
between years. 

Wyoming big sagebrush was most affected by surface flooding 
or elevated water tables (Fig. 2). Declines in vigor were immediate, 
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Fig. 2. Vigor indices of Wyoming big sagebrush (-), green rabbitbrush 
(---), andgreasewood +‘..... ), on 4 contours exposed to elevated water 
tables in 1983 and 1984. Vigor indices are: 3 q  healthy, 2 q  leaves 
chlorotic, 1 q  leaves wilted, and 0 = leaves and twigs dried and brittle. 

and surface flooding resulted in nearly complete mortality of sage- 
brush within 21 to 28 days of inundation. Water tables within 6 to 
10 cm of the soil surface killed many big sagebrush plants and 
reduced those remaining to a wilted condition. These plants failed 
to recover, as they did not initiate growth in the subsequent spring. 
Where water tables rose within 20 to 30 cm of the surface, sage- 
brush foliage became chlorotic, and leaves on some branches 
wilted slightly. These plants did recover, however, and were able to 
initiate new growth the following spring. 

Vigor of inundated green rabbitbrush paralleled that of Wyo- 
ming big sagebrush with the primary difference between the 2 
species being a l-week lag in the response of rabbitbrush. Twenty- 
eight to 35 days of surface flooding caused complete mortality of 
rabbitbrush. Water tables within 6 to 10 cm of the surface caused 
wilting and some mortality during the growing season. Again, the 
remaining plants failed to recover and were classified as dead the 
following spring. Where water tables peaked at 20 to 30 cm below 
the surface, vigor of rabbitbrush was reduced to a chlorotic condi- 
tion. These plants were not permanently harmed by this exposure. 

Black greasewood was the most tolerant of elevated water tables 
of the 3 species examined. Greasewood endured 40 to 42 days of 
surface flooding before any significant (KO.05) visible effects 
were apparent. Within this period, portions of the crowns of many 
plants were submerged. Inundated foliage perished immediately, 
but foliage above the water’s surface maintained a normal appear- 
ance. Not all inundated plants died within the monitored growing 
season, but all were classified as dead the following spring. 

The subsurface water tables of contour 3 were endured by 
greasewood for 90 days before a significant (KO.05) decline in 
vigor occurred in 1983. Water peaked within 6 cm of the soil 
surface in early July and slowly receded as the growing season 
progressed. These plants were all dead in the following spring. In 
1984 the water table of contour 2 was within 9 cm of the surface. 
Greasewood became slightly chlorotic in early July. The water 
table had begun to recede by this time, however, and greasewood 
appeared to fully recover. Water tables within 25 to 30 cm of the 
surface had no visible effect on the vigor of black greasewood in 
either year. 

For all 3 species, stepwise multiple linear regression illustrated 
that plant vigor was most strongly correlated to an interaction of 
duration and degree of flooding (Table 2). The interaction term of 
days X water level was the first variable to enter the models in 5 out 
of 6 regressions. Black greasewood, in 1983, was the only excep- 
tion, and in this case the days X water level squared and the days X 
water level terms were the only variables to contribute significantly 
(KO.05) to the model. No other independent variable showed a 
consistent order of entry into the models. 

Coefficients of determination were consistently greater for 1983 
models than for 1984 regressions. The lower Rz’s of the 1984 data 
were probably due to the greater fluctuations or extreme rise and 
fall of the water tables on the various contours (Fig. 1). Within 
species, comparisons between 1983 and 1984 models were signifi- 

Table 2. Coefficients of determination (R*) and regression coefficients of models relating plant vigor to water table levels, duration of exposure, and an 
interaction term of days X water level. 

Regression coefficients 
Days X (Days X 

Species Year I72 Days Water level water level Days.2 Water level2 water level)2 Intercept 

Wyoming big sagebrush 1983 0.99 0.204s’ -0.0721 0.194E-04s 54.54 
Wyoming big sagebrush 1984 0.55 -0.163s AI.0381 55.64 

Green rabbitbrush 1983 0.91 1.2003 -0.0251 0.062s 58.19 
Green rabbitbrush 1984 0.55 -0.4071 -0.OOla 58.81 

Black greasewood 1983 0.96 0.593E-022 -0.131E-041 59.92 
Black greasewood 1984 0.65 0.2054 -0.0261 -0.239E-022 0.0173 58.38 

‘Subscripts denote order of variable entry into the model in stepwise multiple linear regression. All coeffkients are statistically significant (KO.05). 
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cantly different (KO.05) in all cases. More definitive models 
expressing responses of these species to elevated water tables or 
saturated soils could be derived if this experiment was conducted 
under controlled conditions. Rates of transpiration or photsynthe- 
sis would also provide more accurate indices of plant health or 
vigor than strictly visible indications of plant stress. 

Although the exact cause of plant stress or mortality was not 
determined in this project, the general assumption is that oxygen 
requirements of intolerant plants are not met in saturated soils 
(Fosberg and Hironaka 1964, Lunt et al. 1973). Other researchers 
have noted that crop species exposed to excessive irrigation and 
accompanying anaerobic conditions have accelerated flows of po- 
tassium from their roots (Vlamis and Davis 1944, Rosen and 
Carlson 1984), increased exudation of easily decomposed substan- 
ces, and build ups of mucilage and microbial populations on root 
surfaces (Grineva 1961, Trolldenier and von Rheinbaben 1981, 
Trolldenier and Hecht-Buchholz 1984). Most likely, interacting 
combinations of several factors are responsible for reduced plant 
vigor in saturated soils. 

Conclusions 
Wyoming big sagebrush and green rabbitbrush were more sus- 

ceptible to elevated water tables then black greasewood. The vigor 
of big sagebrush showed immediate and drastic reductions in 
response to surface flooding. Reductions in vigor of green rabbit- 
brush paralleled, but lagged approximately 1 week behind Wyo- 
ming big sagebrush. Greasewood tolerated surface flooding for 
approximately 40 days before exhibiting visible effects, and 
appeared to be unharmed by water tables within 25 to 30 cm of the 
soil surface. These different tolerances may explain some of the 
spatial separation exhibited between greasewood and the more 
commonly associated green rabbitbrush and Wyoming big sage- 
brush. 

Where topography and precipitation patterns or water supplies 
are adequate, water spreading techniques may be used to control 
Wyoming big sagebrush and green rabbitbrush. Two weeks of 
surface flooding during the growing season would probably suffice 
for complete control, as both species were unable to regain their 
health after they reached a wilted condition. Control of black 
greasewood by water spreading is probably not feasible, as approx- 
imately 60 days of surface flooding were required to reduce its 
vigor to a wilted condition. Short-term flooding or briefly elevated 
water tables have little if any effect on black greasewood. 
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Estimating Leaf Area of Big Sagebrush from Measurement 
of Sapwood 
DAVID GANSKOPP AND RICHARD MILLER 

Abstract 

Wyoming big sagebrush (Artemisia tridentata subsp. wyomin- 
gem&) plants were destructively sampled in May 1984 in southeast 
Oregon to examine the applicability of the pipe model theory to an 
arid land shrub. This theory proposes that total leaf area or leaf 
biomass of a plant is limited by the amount of conducting tissue 
available to service the leaves. Basal sapwood areas were measured 
for 20 Wyoming big sagebrush plants and correlated with the 
biomass and leaf area of the supported foliage. Additional samples 
of leaves were collected over a 1Zmonth period to evaluate fluctua- 
tions in leaf weight to leaf area relationships. Basal sapwood area 
of sagebrush stems was a reliable indicator of foliage biomass or 
leaf area (r2=0.95). Leaf area to weight relationships fluctuated 
signfficantly throughout the year with the most substantial changes 
occurring during the growing season. Although this species is an 
evergreen, the dynamic nature of foliage production and morphol- 
ogy demands intensive seasonal sampling to accurately predict leaf 
areas. 

Many aspects of range management and research require esti- 
mates of foliage biomass or leaf area. Estimates of biomass are 
critical to managers charged with allocating forage resources, and 
researchers investigating the rates of photosynthesis or transpira- 
tion must have indices of total leaf area to expand their data to 
landscape levels. Direct acquisition of such data requires time- 
consuming sampling procedures and can be difticult to attain when 
plants support high densities of small leaves. 

Several workers have correlated canopy dimensions or expres- 
sions of canopy volume of arid land shrubs with the biomass of the 
supported leaves and twigs (Lyon 1968, Bentley et al. 1970, Ritten- 
house and Sneva 1977). Rittenhouse and Sneva (1977) focused on 
Wyoming big sagebrush and correlated photosynthetic biomass 
with 2 measures of canopy width and a measure of maximum plant 
height. Best fit was obtained with log transformations of both 
dependent and independent variables and models employing com- 
binations of all 3 independent variables. Coefficients of determina- 
tion (rr) ranged between 0.73 and 0.97. 

Foresters have needed similar information (Gholz et al. 1979), 
and within recent years have detected strong linear relationships 
between stem sapwood area and leaf area or leaf biomass of several 
species of trees from the Abies, Acer, Castanopsis. Juniperus, 
Picea, Pinus, Platanus. Pseudotsuga, Sequoia, and Tsuga genera 
(Dixon 1971, Grier and Waring 1974, Waring et al. 1977, White- 
head 1978, Rogers and Hinckley 1979, Kaufmann and Troendle 
1981, Waring et al. 1982, Marchand 1984). Similar relationships 
have been detected in shrubs of the Acer and Rhododendron 
genera (Waring et al. 1977). The premise behind this relationship is 
that total leaf area or leaf biomass is limited by the amount of 
conducting tissue available to service the plant. Shinozaki et al. 
(1964a and 1964b) refer to this as the pipe model theory. The 
objective of this research was to examine the applicability of this 
relationship to Wyoming big sagebrush (Artemisia tridentata 
subsp. wyomingensis), a medium stature, broadleaf arid land 
shrub dominating several habitat types within the Great Basin 
(Hironaka et al. 1983). 
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Fig. 1. Stem outline and sapwood of a Wyoming big sagebrush plant. 
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Materials and Methods 

Sapwood to leaf area relationships were based on destructive 
sampling of 20 shrubs growing on a Wyoming big sagebrush- 
Thurber’s needlegrass (Stipa thurberiana) habitat type on the 
Squaw Butte Experiment Station in southeast Oregon. Phenology 
at the time of sampling was just prior to stem elongation and early 
leaf initiation. On 16 May 1984, crown dimensions of shrubs were 
recorded before harvest. Measurements to the nearest centimeter 
included the greatest diameter of the crown when viewed from 
above, a second maximum diameter perpendicular to the first, and 
the distance from the ground to the tallest actively growing tissue. 
Canopy openings were not subtracted from any dimension. 

A sample of leaves was collected from each plant, sealed in a 
plastic bag, and preserved by freezing for later evaluations of leaf 
area to leaf weight relationships. Samples ranged from 0.1 to 3.5 g 
(oven dry) in weight. No attempt was made to sample a constant 
number of leaves or relate sample size to the dimensions of the 
plants. After each shrub was cut near ground level, a 2 to 5 cm thick 
cross section was removed from the lowermost portion of the stem, 
the basal surface marked, and each cross section sealed in a plastic 
bag to prevent desiccation. Cut plants were placed in large, open 
plastic bags and allowed to air dry for approximately 1 month. 
Leaves were removed from woody portions with the aid of a 
soft-bristled paint brush, oven dried at 60° C for 48 hours, and 
weighed to the nearest gram. In each of the following 11 months 20 
shrubs were randomly selected and additional samples of leaves 
gathered. These samples were used to evaluate seasonal fluctua- 
tions of the leaf area to leaf weight relationships. Frozen samples 
were thawed in the lab, the leaves stripped from the stems and 
sandwiched between 2 sheets of acetate, and leaf areas measured 
with a Li-Cor 3 100 leaf area meter to the nearest 0.1 mmr. Samples 
were oven dried for 48-hours and weighed to the nearest milligram 
on an analytical balance. 

The lighter colored sapwood of the stem cross sections remained 
clearly discernible as long as sections remained moist. If a section 

- - - - - - STEM OUTLINE 

-- SAPWOOD 
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dehydrated, a brief soaking in water returned the sample to its 
original colors. The outline of all sapwood was traced on acetate 
film with a fine-tipped drawing pen and the enclosed areas dark- 
ened with additional drawing ink (Fig. 1). Tracings of sapwood 
areas were measured with a leaf area meter to the nearest 0.1 mm*. 

Linear regression was used to evaluate the relationship between 
leaf weight (x) and leaf area (y) for each of the 12 months in which 
leaves were sampled. An F test for comparison of 2 regression lines 
was conducted with all possible comparisons (66 combinations) of 
the monthly regression lines (Neter and Wasserman 1974). When 
statistical differences were detected between lines, differences 
between respective slopes and intercepts were also tested (Neter 
and Wasserman 1974). 

Dry weight values of leaves removed from shrubs in May 1984 
were converted to leaf area with the May model, and linear regres- 
sion used to establish the relationship between sapwood area (x) 
and total leaf area (y) of each shrub. Appropriateness of the linear 
model was evaluated by examining plots of the standardized resid- 
uals and application of the Durbin-Watson test after data were 
ordered in accordance with the dependent variable. Following log 
transformations of x and y variables, stepwise regression methods 
were used to correlate canopy measurements of the shrubs with leaf 
area to compare the effectiveness of the models presented by 
Rittenhouse and Sneva (1977) with the sapwood derivations of the 
study. All statistical tests were judged significant at X0.05 unless 
otherwise stated. 

Results and Discussion 
Leaf area (cm2) per cm2 of sapwood averaged 3,200 and ranged 

between 1,350 and 5,220. Basal sapwood area proved to be a 
reliable predictor of the supported leaf area, with a linear model 
producing a coefficient of determination (rr) of 0.95 and a standard 
error of the estimate (S,..) of 1,247 cm2 (Fig. 2). In this instance, 
however, we should point out that the 2 uppermost data points 
(Fig. 2) are very influential in estimating the slope and rr of the 
regression line. Omission of these 2 points lowered the r2 to 0.85 
and reduced the slope to 3,177. 

Models deriving leaf area from leaf weight showed significant 
seasonal variation throughout the year (Fig. 3 and Table 1). Of the 
66 possible comparisons between monthly models, 55 comparisons 
proved to be significantly different. Significant variations among 
slopes were responsible for 53 of the 55 differences. Intercept 
variation was responsible for a significant difference between mod- 
els in only 1 instance, i.e., models 6 and 9. Models 1 and 4 also 
proved to be significantly different, but individual tests of slope 
and intercept differences could not reject either null hypothesis. 

Seasonal leaf area to leaf weight relationships may vary in 
response to changes in leaf morphology and development or altera- 
tions in starch and sugar accumulations. In this instance we suspect 
the greatest proportion of seasonal variation in leaf weight to leaf 
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Fig. 2. Rehtionship of stem sapwood area to kaf area of Wyoming big 
sagebrush on 16 May 1981. 
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Fig. 3. Monthly relationship of leaf weight to leaf area of Wyoming big 
sagebrush from 1984 May (I) through 1985 April (12). 

Table 1. Rcgremion modelereleting leafweight (x) to leaf area (y)from May 1984(modell) tbrougb April 1985 (model 12). Pmmmeters in columns elmring 
a common letter are not slgnifhntly different (p>o.OS) 

Model number Intercept 

la 7.0 abc 
2 4.8 abc 
3a -4.9 b 
4 0.5 abc 
5b 0.1 abc 
6bd 4.1 c 
7 1.1 ac 
8 1.2 ac 
9c -0.3 ab 

1Ocd 3.9 ac 
11 bc 0.4 a 
12a 0.2 abc 

Slope r2 

74.8 ad 0.93 
102.7 0.88 
84.1 a 0.99 
65.8 d 0.99 
54.0 b 0.98 
49.7 bc 0.98 
58.9 0.99 
46.1 e 0.99 
50.0 cf 0.99 
46.5 ce 0.98 
51.4 f 0.99 
82.2 a 0.99 

Sampling date S J= 

16 May 1984 16.4 
22 June 1984 19.7 
26 July 1984 6.1 
24 Aug. 1984 6.4 
28 Sep. 1984 6.1 
29 Oct. 1984 4.3 
21 Nov. 1984 4.2 
24 Dec. 1984 2.0 
29 Jan. 1985 3.5 
28 Feb. 1985 5.7 
29 Mar. 1985 2.0 
29 Apr. 1984 8.6 
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area relationships was due to the development and subsequent 
shedding of ephemeral leaves during the growing season. Although 
the various subspecies of big sagebrush are evergreen in nature, 
plants produce 2 types of leaves and turnover more than 50% of 
their leaf weight each year (Miller et al. in press). Persistent leaves 
are produced each spring, overwinter, and shed during the subse- 
quent growing season. Ephemeral leaves, which are usually larger 
than persistent leaves, develop each spring and are shed late in the 
growing season when available soil moisture is greatly reduced 
(Daubenmire 1975, Tisdale and Hironaka 1981). In this study 
greatest leaf area per unit of weight was obtained from the late June 
sampling period when ephemeral leaves were present. Lowest leaf 
area per unit of weight was detected with the late December sam- 
pling when only persistent leaves were present. The data demon- 
strate a need to acquire frequent estimates of leaf area to leaf 
weight relationships throughout the year. This would be especially 
true during the growing season when relationships changed most 
rapidly. 

The 20 shrubs destructively sampled range between 24 and 115 
cm high, and from 16 to 153 cm across the greatest diameter of the 
canopy. Sampled shrubs included both decadent and vigorously 
growing specimens, having either single or multiple stemmed 
trunks and a common canopy. Models employing the log trans- 
formations of canopy measurements as independent variables 
produced lower coefficients of determination than the sapwood 
relationship (Table 2 and Fig. 2). Independent variables of log 

Table 2. Regression and correlation statistics relating leaf area of Wyom- 
ing big sagebrush to various crown dimensions. 

Independent variable Intercept bl S,.. r= 

Log width 1 - .I1 1.90 .I83 .87 
Log width 2 - .26 2.22 .I84 .87 
Log height - .57 2.24 .306 .64 
Log [(width 1 + width 2)/2] -1.96 2.06 .I78 .88 

width 1 and log width 2 provided models of equivalent effective- 
ness, and additional combinations of the 2 variables provided only 
a slight improvement. Further combination of the independent 
variables provided no significant improvement in the models. Rit- 
tenhouse and Sneva (1977) obtained p’s of 0.97 with combina- 
tions of 2 or 3 independent variables. In their work, however, 
openings in the canopy greater than 30 cm were discounted from 
their measurements, a procedure not employed in this study. 

Due to the procedural differences a mathematical comparison 
between the 2 methods is not appropriate. We believe, however, the 
leaf area:sapwood relationship provides accurate estimates of leaf 
area from shrubs with decadent growth forms as well as vigorously 
growing specimens with closed crowns. Acquisition of canopy 
dimensions, when sampling sparsely occupied, disjointed crowns, 
could be difficult and inaccurate if numerous interspaces must be 
accounted for. Such considerations are unnecessary with sapwood 
measurements. We also hypothesize stem sapwood area would 
better account for changes in leaf area during the growing season 
than crown measurements. 

Readers should be aware of 2 problems encountered in our 
procedures. The first difficulty was maintaining the integrity of 
stem cross sections composed of entwined stems. Wrapping these 
stems with electrician’s tape or rubber bands before cutting solved 
this problem. The second difficulty was contamination of the air- 
dried samples of leaves with small twigs and shredded bark. These 
samples could not be cleaned by screening or the use of air columns 
and laborious hand sorting was necessary. Most of this contamina- 
tion was due to placement of large shrubs in a single large plastic 

bag. Extricating a dried and compacted shrub from these contain- 
ers was very damaging to brittle twigs and bark. Breaking the green 
shrubs into smaller components, removing all materials not actu- 
ally supporting foliage, and gentle handling of dried materials will 
greatly reduce contamination. 

In summary, sapwood area can be used to make a reliable 
estimate of the foliage biomass or leaf area of Wyoming big sage- 
brush at the time of sampling. Seasonal differences in the develop- 
ment and shedding of persistent and ephemeral leaves of big sage- 
brush produces significant fluctuations in leaf weight to leaf area 
relationships throughout the year. The dynamic nature of these 
fluctuations demands that measures of leaf area of Wyoming big 
sagebrush be made on a seasonal basis with the most intensive 
sampling occurring during the growing season. Future work needs 
to address the suspected changes in the sapwood:leaf area relation- 
ships throughout the growing season. 
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Toxic Nitro Compounds in 
in Argentina 
M. COBURN WILLIAMS AND EDITH GbMEZ-SOSA 

AbStrrCt 

Thiiy species of Astragahs from Argentina were analyzed for 
toxic aliphatic nitro compounds. Twenty-seven species, including 
7 species known to poison livestock, synthesized nitro compounds 
that hydrolyxed to highly toxic b-nitro-1-propanol (3-NPOH). 
Nitro compounds in Astragduspahae (Phil.) Reiche hydrolyzed 
to both 3-NPOH and fnitropropionic acid (INPA). Astragahu 
pahae is the only species of Astragalus so far examined that 
synthesized both compounds. Analyses of leaves of the 30 species 
for cyanogenic glycosides were negative. Species of Astragalus 
from Argentina that synthesize nitro compounds should not be 
introduced into the United States hecause of their potential hazard 
to livestock. 

The genus Astragalus consists of over 2,000 species world-wide. 
Although most species occur in the temperate regions of the 
Northern Hemisphere, 105 species are indigenous to western and 
southern South America from Ecuador to Argentina. Sixty-four 
species are native to Argentina. 

Several species of Astragalus are known to poison livestock and 
have caused losses on rangelands and pastures in Argentina. 
Gomez-Sosa (1979) reported that Astragalus bergii Hieron., A. 
chamissonis (Vog.) Reiche, A. distinens Macloskie, A. pehuenches 
Niederl. and A. vesiculosus Clos. caused livestock losses in Pata- 
gonia (the five southern provinces of Argentina). Monticelli (1938) 
reported a large loss of animals to Astragalus bergiiin 193 1 in San 
Luis Province in central Argentina. Gomez-Sosa was told by 
farmers in Tucumln Province in northwestern Argentina that 
Astragalus cryptobotrys Johnst. caused both addiction and death 
in their livestock. Elsewhere in Argentina, A. garbancillo Cav. has 
caused livestock losses (Burkart 1952). Astragalus arequipensis 
Vog. was reported toxic to livestock in Bolivia (Burkart 1952). 

Evidence existed that species of Astragalus indigenous to Argen- 
tina synthesized highly toxic nitro compounds. Nitro compounds 
are particularly toxic to ruminants because microflora in the 
rumen hydrolyze them to 3-nitro-l-propanol (fNPOH) or 3- 
nitropropionic acid (3-NPA) (Williams et al. 1970, Williams 1982). 
While both compounds are toxic, animals are poisoned orally at 
lower concentrations of 3-NPOH because it is more rapidly 
absorbed into the circulatory system. 

Of the species reported poisonous in Patagonia by Gbmez-Sosa 
(1979), Astragalus bergii, A. distinens, and A. vesiculosus were 
known to synthesize nitro compounds (Williams 1981) and the 
latter 2 species synthesized 3-NPOH (Williams 1982). The toxic 
principle in the other 2 species, A. pehuenches and A. chamissonis. 
was unknown. Four other nitro-bearing species of Astragalus also 
occur in Patagonia: A. domeykoanus (Phil.) Reiche, A. cruck- 
shanksii(Hook. &Am.) Griseb., A.palenae(Phil.) Reiche, and A. 
patagonicus (Phil). Speg. (Gomez-Sosa 1984). These data sug- 
gested that nitro compounds might be the toxic principle in other 
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Species of Astragalus (Fabaceae) 

poisonous species of Astragalus in Argentina. 
Cooperative research between personnel at the Instituto de 

Botanica Darwinion, San Isidro, Argentina, and the Poisonous 
Plant Research Laboratory, Logan, Utah, was initiated to: deter- 
mine the presence or absence of aliphatic nitro compounds in 
species of Astragalus in Argentina; identify the type of nitro com- 
pound present; recommend methods to reduce livestock losses 
from nitro-bearing species; and prevent the exportation of poison- 
ous species of Astragalus which, if introduced or released on 
grazing lands, might cause livestock losses in other countries. 

Methods 

Thirteen species of Astragalus were collected in Argentina in the 
field during 1984 from the provinces of San Juan and Tucuman 
and from Mendoza in 1985. San Juan and Mendoza Provinces 
border Chile in west central Argentina. Plants were in flower to 
pod stage of growth. Leaves of the remaining species of Astragalus 
were sampled from herbaria at the Instituto de Botanica Darwin- 
ion, San Isidro, Argentina (SI), the National University of La 
Plata, Argentina (LP), Royal Botanic Gardens, Kew, England (K), 
The New York Botanical Garden, Bronx, New York, USA (NY), 
and from specimens at the Biological Control of Weeds Research 
Laboratory, U.S. Dept. of Agriculture, ARS, Buenos Aires, 
Argentina. The latter source has been designated as Herbarium 
Cordo. All species were personally identified by Edith Gomez- 
Sosa except Astragalus domeykoanus and A. micranthellus 
Wedd. Leaves of these species were sampled at K and NY and the 
presence of nitro compounds in them was reported previously 
(Williams 1981, Williams 1982). Samples of the other 34species of 
Argentine Astragalus were not available for study. All samples 
were sent to the Poisonous Plant Research Laboratory, Logan, 
Utah, for analysis. 

Samples were analyzed qualitatively for the presence of nitro 
compounds (Williams and Barneby 1977), type of nitro compound 
(Williams 1982), and for cyanogenic glycosides (AOAC 1980). 
Cyanogenic glycosides were reported in Astragalus in Argentina 
(Giusti 1938). 

Leaves from 3 accessions of Lotus tent& Waldst. & Kit. ex 
Willd. and 1 of L. wrightii(A. Gray) Greenecollected between 1970 
and 1980 were sampled from the Intermountain Herbarium at 
Utah State University, Logan, Utah, and tested for HCN. These 
species were known to synthesize cyanogenic glycosides (M.C. 
Williams, unpubl. data). The Lotus leaves were analyzed for HCN 
to determine if this compound could be detected in dried leaves 
that were 5 to 15 years old and might therefore be detected in dried 
leaves of Astragalus if present. 

Results and Discussion 

Twenty-seven species and I variety of Astragalus tested positive 
for nitro compounds (Table 1). Only 3 species, A. ruiz-lealii 
Johnst., A. monticola Phil., and A. joergensenii Johnst., tested 
negative. The nitro compounds in all other species yielded 3- 
NPOH upon hydrolysis. The nitro compounds in A. palenae 
yielded both 3-NPOH and 3-NPA. Heretofore, nitro-bearing spe- 
cies of Astragalus examined have synthesized either 3-NPOH or 
3-NPA but not mixtures of the two. Astragaluspalenae is the first 
species of Astragalus found to contain both compounds. The 
origin of the specimen of A. domeykoanus sampled at Kew is 
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obscure. However, the species is found throughout Patagonia from 
the provinces of Neuquen to Santa Cruz. 

Qualitative analysis of A. bergii and A. distinens yielded a nitro 
content of approximately 9 mg NOa/g of leaf. Quantitative analy- 
sis of leaves of 1 sample of A. vesiculosus yielded 9.2 mg NOs/g. 
The concentration of 3-NPOH in these species was equal to that 
found in A. emoryanusvar. emoryanus(Rydb.) Cory which caused 
devastating losses in cattle and sheep in New Mexico in 1975 
(Williams et al. 1979). A. palenae contained the same amount of 

NOs, but as a mixture of 3-NPOH and 3-NPA. 
All Lotus species tested positive for HCN. Analyses for HCN in 

the Argentine species of Astragalus tested in this study were all 
negative. Cyanogenic glycosides have not previously been impli- 
cated as toxic compounds in the genus Astragalus. 

Cyanogenic glycosides, saponins, and selenium have been sug- 
gested as the toxic principle in Argentine species of Astragalus. 
Giusti (1938) found cyanogenic glycosides in Astragalus bergii. 
Awschalom (1928) extracted saponins from Asfragalus garban- 

Table 1. Presence and type of nitro compound in species of Astmgahs in Argentina. 

Astragalw species 
Qualitative Nitro Voucher 

analysist compound number Herbarium Province 
Year 

collected 

A. arequipensis Vog. 

A. arnottianur (Gill.) Reiche 

3-NPOH 

3-NPOH 

A. bergii Hieron. 
A. bustillossii Clos. 

3-NPOH 
3-NPOH 

A. carinatus (Hook. & Am.) 
Reiche 

A. chamissonis (Vog.) Reiche 
A. cruckshanksii (Hook. & Am.) 

Griseb. 
A. crypticus Johnst. 

1 

1 
I 

Trace 

1 

3-NPOH 

3-NPOH 
3-NPOH 

3-NPOH 

A. cryptobotrys Johnst. 

A. cuyanus Gomez-Sosa 

A. distinens Macloskie 

3-NPOH 

1 3-NPOH 

2 3-NPOH 

A. domeykoanus (Phil.) Reiche 1 3-NPOH 
A. famatinae Johnst. 1 3-NPOH 

A.flavocreatus Johnst. 

A. garbancillo Cav. 
A. hypsogenus Johnst. 

1 3-NPOH 

Trace 3-NPOH 
I 3-NPOH 

A. joergensenii Johnst. 0 None 
A. micranthellus Wedd. 1 3-NPOH 

A. monticola Phil. None 

A. palenae (Phil.) Reiche 

0 

2 

A. palenae var. grandtjlora Speg. 1 
A. parodii Johnst. Trace 
A. patagonicus (Phil.) Speg. Trace 

ENPOH & 
3-NPA 

3-NPOH 
3-NPOH 
3-NPOH 

A. pauranthus Johnst. 1 3-NPOH 

A. pehuenches Niederl. 1 3-NPOH 

A. peruvianus Vog. Trace 3-NPOH 

A. rut%lealii Johnst. 0 None 
A. sanctae-crucis Speg. Trace 3-NPOH 
A. tarijensis Wedd. 1 3-NPOH 

A. uniflorus DC. Trace 3-NPOH 

A. vesiculosus Clos. 2 3-NPOH 

Gomez-Sosa & SI, UTC 
Mulgura 142 

J. Hunziker SI, UTC 
et al. 1 I189 

Cord0 77-D-28 Herb. CordoZ 
G6mez-Sosa & SI, UTC 

Mulgura 168 
Cord0 & Ferrer Herb. Cord0 

77-D-12 
Gerling 259 SI 
Marques & SI 

Gbmez-Sosa 54 
Gomez-Sosa & SI, UTC 

Mulgura 232 
Gomez-Sosa & SI, UTC 

Mulgura 161 
Cord0 & Deloach Herb. Cord0 

-_ 
Troncoso & SI 

Bacigalupo 3059 
None K 
Cordo & Runny- Herb. Cord0 

cles 77-D-39 
G6mez-Sosa & SI, UTC 

M6lgura 193 
Kiesling 4428 SI 
Cabrera et al. SI 

27426 
Fabris 63 12 LP 
Ledingham & NY 

Cabezas 
Cabrera et al. SI 

31166 
Cabrera et al. SI 

33089 
Ruiz-Lea123914 SI 
Burkart 10307 SI 
Roig, TBPA SI 

2474 
Cord0 & Run- Herb. Cord0 

nacles 77-D-54 
Marques & SI, UTC 

Gdmez-Sosa 58 
G6mez-Sosa & SI, UTC 

Mdlgura 166 
covas 2140 SI 
Nicora 8411 SI 
Gomez-Sosa & SI 

Mtilgura 227 
G6mez-Sosa & SI, UTC 

Mlilgura 212 
J. Hunziker SI, UTC 

et al. I1304 

Tucumln 

Mendoza 

Cordoba 
Tucuman 

Mendoza 

Mendoza 
Mendoza 

Tucuman 

Tucuman 

1984 

1985 

1977 
1984 

1977 

1907 
1985 

1984 

1984 

Mendoza 1978 

Entre RI& 1981 

South America3 
Jujuy 

Tucunxan 

1927 
1978 

1984 

San Juan 
Jujuy 

Jujuy 
Jujuy 

San Juan 

1984 
1976 

1966 
1966 

Chubut 

Neuquen 
Cordoba 
Santa Cruz 

1979 

1981 

1965 
1977 
1977 

Catamarca 1977 

Mendoza 1985 

Tucuman 1984 

Mendoza 1943 
Chubut 1982 
Tucunran 1984 

Tucuman 1984 

Mendoza 1985 

lQualitative analysis: Trace equals 2 to 3 tag NOs/g of leaf 
I equals 4 to 8 mg N&/g of leaf 
2 equals 9 to 13 mg NOz/ g of leaf 

‘Herbarium at the Biological Control of We& Research Laboratory, U.S. Dept. Agr., ARS, Buenos Aires, Argentina. 
)Astragalus domeykoanus is indigenous in the four southern provinces of Argentina: Neuqukn, Rio Negro, Chubut, and Santa CNZ. 
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cillo (sub A. un~~ultus L.Heritier) that were toxic by intravenous, 
intracardiac, and intraperitoneal injection to laboratory animals. 
Neither compound had previously been reported in toxic levels in 
Astragalus. Saponins have been isolated in Astragalus glycyphyl- 
10s L. and A. ammodytes Pall. (Gibbs 1974) but neither is known to 
be poisonous. Analyses for selenium, an element found in toxic 
concentrations in more than 20 species of North American Astra- 
galus, have proved negative in Argentina (Burkhart 1952). 

Several cases of poisoning by A.pehuenches in Chubut Province 
in central Patagonia were ascribed to selenium accumulation by 
the plant (unpubl. medical reports of the Minister of Economy, 
Services and Public Works, Chubut Province, Argentina). The 
diagnosis of selenium poisoning was derived by comparing the 
toxic signs observed or described by local farmers with those 
described in the literature. No analyses of the plants were made to 
determine if selenium was in fact present, nor plants analyzed 
determine the presence or concentration of 3-NPOH, which is 
known to be present in A. pehuenches. 

The syndromes of selenium and nitro poisoning are similar and 
both are characterized by loss of motor control, depression, grat- 
ing of teeth, salivation, foaming at the nostrils, rapid and labored 
respiration, frequent urination, and impaired vision which causes 
the animal to stumble over small objects or to run into objects in its 
path (Rosenfeld and Beath 1964). 

Giusti (1934) fed A. bergii as part of the diet to horses, pigs, 
sheep, and goats. Horses and pigs showed no toxic signs in 5 
months of feeding, but 9 of 14 sheep died within 25 days and 6 of 8 
goats died within 24 hours. A. bergii contains 3-NPOH at levels 
that would produce these results, and this compound is much more 
toxic to ruminants than nonruminants. 

Gallo (1979) reported toxic signs observed in livestock poisoned 
by A. pehuenches (sub A. bergii) were: nervousness, rigidity in 
walk, loss of sense of direction, lack of gregariousness, muscular 
incoordination, weight loss, general weakness, animals leaned 
against objects to keep from falling, and once the animal collapsed, 
it could not arise. Kidneys and liver were discolored but of normal 
consistency, and there was a decrease in percent hemoglobin. 

The above toxic signs are similar to those described for poison- 
ing by nitro-bearing species of Astragalus in North America 
(James et al. 1980) and an increase in methemoglobin is a constant 
finding. 

Nitro compounds are very stable and the presence and type of 
compound can be determined with as little as 10 mg of leaf from 
herbarium specimens up to 150 years old (Williams 1981). Nitro 
compounds occur primarily in the leaflets of Astragalus. The con- 
centration of these compounds is usually highest when the plant is 
in bloom to early pod stage of growth, then drops as the plant 
approaches senescence (Williams and Norris 1969). Once the 
leaves turn brown and die, nitro concentration falls to nontoxic 
levels. Therefore, nitro levels for some species listed in Table I 
might have been higher had the plants been collected under opti- 
mum conditions. 

Approximately 90% of the Argentine species examined synthe- 
sized nitro compounds. By contrast, only about 12% of the Old 
World and 52% of the North American species of Astragafus 
examined are known to be nitro-bearing (Williams I98 1, Williams 
and Barneby 1977). 

Livestock should be prevented from grazing nitro-bearing 
Astragalus. Medical treatment is largely ineffective. NO2 com- 
plexes with ferrous hemoglobin and prevents its reoxygenation. 
The methemoglobin concentration in the blood of fatally poisoned 
animals may exceed 30%. Prompt administration of methylene 
blue alleviates methemoglobinemia, but this treatment does not 
counteract the effects of 3-NPOH or 3-NPA which affect the 
portion of the brain that controls motor and automatic responses 
(Williams et al. 1969). 

The LDao of 3-NPOH, given orally in a single dose, is approxi- 
mately 50 mg NOn/ kg of body weight for sheep and 25 mg NOa/ kg 

for cattle (Williams and James 1975, Williams et al. 1969). Suble- 
thal doses of nitro compounds affect the brain, lungs, spinal cord, 
heart, kidneys, and liver. Many of these changes are irreversible 
and once toxic signs have become pronounced, animals will never 
recover normal health even if they are removed to wholesome 
forage. Therefore, plants should be avoided until they have dried 
up, or they should be controlled chemically or mechanically. Her- 
bicides that cause the plants to desiccate hasten their detoxication 
(Williams 1970). 

Argentina lies between latitudes 22” South and 55’ South, 
approximately the same distance in north latitude between Cuba 
and Hudson Bay. This area includes mountains, subtropic and 
temperate zones, and cold deserts similar to those found in the 
United States. Many species of Astragalus from Argentina, if 
introduced into the United States, might be adapted to similar 
ecological sites, particularly on the cold deserts, foothills, and 
mountains of the West. Because of the high incidence of species 
that synthesize nitro compounds that hydrolyze to 3-NPOH, all 
species of Astragalus from Argentina should be carefully evaluated 
for toxicological properties before any research and development 
leading to their introduction and release is contemplated. Species 
that synthesize 3-NPOH should be excluded from introduction for 
any purpose because of their potential hazard to livestock. 

Summary and Conclusions 
The data indicate that aliphatic nitro compounds that hydrolyze 

to 3-NPOH are present in 27 species and I variety of Astragalus in 
Argentina. HCN was not detected in any species. We therefore 
conclude that 3-NPOH is the principal if not the sole toxic com- 
pound in poisonous species since (1) all species known to cause 
livestock losses synthesize toxic levels of 3-NPOH; (2) the toxico- 
logical and pathological signs described are similar to those des- 
cribed for nitro-bearing species of Astragalus in western North 
America; and (3) Astragalus bergii, A. distinens, and A. vesiculo- 
sus, species often associated with livestock losses in Argentina, 
synthesized 3-NPOH at the same concentration as A. emoryanus, a 
species that is known to cause extensive livestock losses in the 
United States. 
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Utilization of White Locoweed (Oxytropis sericea Nutt.) by 
Range Cattle 
M.H. RALPHS, L.F. JAMES, AND J.A. PFISTER 

Abstract 

Utilization studies conducted on a high mountain range deter- 
mined the quantity and timing of white locoweed (Oxytropis seri- 
ceu Nutt.) consumption by cattle. Paired plots (one caged and one 
grazed) were clipped at the end of the grazing season to determine 
seasonal utilization. Biweekly visual appraisals were used to esti- 
mate percentage leaf grazed and number of reproductive stalks 
grazed and thus determine utilization patterns as the season pro- 
gressed. Loco comprised 26% of the standing crop. Thirty-four 
percent of the available loco was utilized during the grazing season. 
Loco flower and pods (heads) were preferred to leaves. Utilization 
of loco heads increased linearly as the season progressed. LOCO 
leaves were not consumed until the last 3 weeks of the grazing 
season. Loco heads also contained the highest concentration of the 
toxic alkaloid, swainsonhre. 

Locoweed poisoning of livestock has been the most widespread 
poisonous plant problem in the western United States (James et al. 
1981). Marsh (1909) reviewed reports of locoweed poisoning dat- 
ing back to 1873 and conducted feeding trials that showed conclu- 
sively that white locoweed (Astragalus lambertiinow considered to 
be Oxytropis sericea Nutt.) and wooly loco (A. mollissimus Torr.) 
caused locoism in cattle, sheep, and horses. Mathews (1932) con- 
ducted further studies to determine quantities of Earle loco (A. 
mollissimus var earlei Green ex Rydb.) and Garbancillo (A. woo- 
toni Sheld.) required to produce clinical signs of toxicity in domes- 
tic livestock. The toxin in locoweeds has been identified as the 
indolizidine alkaloid swainsonine (Molyneux and James 1982). 

Desert and semidesert locoweed species (A. lentiginosus Dougl., 
A. pubentissimus Torr. and Gray, A. mollissimus Torr.) character- 
istically germinate and become established during a warm, wet fall, 
remain green over winter, and accelerate growth in early spring. 
Most livestock losses occur during the winter and early spring 
when other forage is scarce, or the existing forage is dry and the 
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locoweed is green (James et al. 1968, James et al. 1969). Due to the 
habituating properties of loco, livestock that begin eating it will 
continue to consume it even when good quality green feed is 
available (Peters and Sturdevent 1908, Marsh 1909, James et al. 
1969). 

White locoweed differs somewhat from other locoweed species. 
It occurs on the western plains and foothills of the Rocky moun- 
tains and up to 3,353 m on some Intermountain ranges (Barneby 
1952). It is palatable and livestock graze it throughout the growing 
season (Marsh 1909). Its population cycles on high mountain 
ranges apparently are not influenced as much by weather condi- 
tions as other locoweed species (James personal observation). 
Payne (1957) classified it as an increaser species. Recently it has 
been identified as a predisposing factor in high mountain brisket 
disease, or congestive right-sided heart failure, in cattle (James et 
al. 1983). Economic loss occurs annually from the interaction of 
these two diseases (Barnard 1984). 

Little is known about why livestock graze locoweeds. Marsh 
(1909) made some astute observations of livestock grazing white 
locoweed and made some broad general recommendations to 
reduce losses (Marsh 1913). However, until we know when cattle 
eat white locoweed, how much is required to produce intoxication, 
and what environmental or management factors influence con- 
sumption, little can be done to reduce losses other than keeping 
livestock off infested ranges. The purpose of this study was to 
describe utilization patterns of white locoweed by cattle on a high 
mountain range and identify factors that may influence consump- 
tion. Once we understand the conditions under which cattle con- 
sume white locoweed, management strategies can be developed to 
reduce losses. 

Study Area 

The study was conducted during 1979-1983 on a high mountain 
grassland in northwestern Utah. The site was a flat mountain top 
ranging in elevation from 2,900 to 3,050 m. The range site was a 
high mountain loam and supported a fairly homogeneous grass/ - 
forb vegetation community. Dominant grass and sedge species 
included Idaho fescue (Festuca idahoensis Elmer), muttongrass 
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(Pea fendlariana (Stend.) Vasey), Kentucky bluegrass (Pea pra- 
tensis L.) and elk sedge (Carex geyeri Boott). Dominant forbs 
included white locoweed (Oxytropissericea Nutt., hereafter referred 
to as loco), yarrow (Achilles lunulosa Nutt.), and sneezeweed 
(Helen&m hoopesii Gray). Some subalpine big sagebrush (Artemisia 
tridentata spp vaseyana form spiciformis Ostech.) occurred on the 
unsprayed pastures. 

The grazing system on the allotment for the first 2 years was a 
Hormay four-pasture, one-herd rest rotation system in which 465 
cow/ calf pairs grazed one pasture for about 30 days and were then 
rotated through 2 other pastures leaving one totally rested each 
year. The system was changed in 1981 to a four-pasture, three-herd 
rotation system in which one third of the herd was grazed in each of 
3 pastures for the entire season and 1 pasture was rested (Ralphs et 
al. 1984). Two similar pastures, A and B, were used to compare 
livestock performance. Pasture A (172 ha) was sprayed with 2,4-D 
in 1969 to control loco and sagebrush. Both loco and sagebrush 
had reestablished to pretreatment levels by 1978. Pasture B (210 
ha) was aerial sprayed in 1981 to control loco. All of the loco and 
sagebrush on the deeper soils were killed. Some loco remained on 
the shallow soils around the perimeter of the pasture. The 2 pas- 
tures provided a good comparison between a loco-infested and 
loco-free pasture. 

Methods 

Two methods were employed to measure utilization. Paired 
caged plots were used to determine loco utilization in 1979 in 
pastures B and C and in 1981 in pastures A and C. From 10 to 26 
pairs of plots were randomly located throughout each pasture. One 
plot was caged and an adjacent open plot was selected at the 
beginning of the grazing season. Loco was clipped from both plots 
at the end of the season and dried at 60° C for 48 hours to 
determine dry weight (kg/ ha). Differences in loco standing crop 
between the paired plots were analyzed with paired-sample t-tests. 

The second method estimated loco utilization at biweekly inter- 
vals during the grazing seasons from 1981-1983. Visual estimates 
of loco utilization in Pasture A were made in conjunction with 
reading permanent frequency transects established in 198 1. Ten 
transects were located at 161-m intervals and alternately extended 
at right angles from a line running down the middle of the pasture. 
Ten plots per transect were read by placing a .09-mz hoop at the 
point of the toe at five-step intervals along the transect. In addition, 
2 transects of 50 plots each were located in dense concentrations of 
loco at the west end of the pasture. Percent loco leaf utilized was 
estimated. Total number of reproductive heads and number of 
heads grazed were counted. In 1983, an ocular estimate was also 
made of the percent utilization of the important grass species. 
Frequency values (percentage of plots in which the species 
occurred) show the relative abundance of the important species. 

Standing crop (total above-ground plant biomass at a given 
time) was sampled at biweekly intervals in 1983. Four uniform 
l-m2 plots were located in a cluster at the beginning of the grazing 
season. Twelve clusters were randomly located in pasture A and 11 
clusters in pasture B. One plot per cluster was clipped at 2-week 

intervals and the vegetation was separated into grasses, forbs, loco 
leaf, loco heads, and sagebrush. The samples were bagged and 
weighed on the site, then dried for 48-72 hours at 60’ C in a forced 
air oven. The difference between fresh weight and oven-dry weight 
(percentage water) was used as a measure of succulence. The 
samples were then analyzed for crude protein (CP) (AOAC 1970) 
and neutral detergent fiber (NDF) (Goering and Van Soest 1970) 
on an organic matter basis. 

The toxic alkaloid swainsonine is found in minute quantities in 
locoweeds (Molyneux and James 1983). There is no good analyti- 
cal technique to measure concentrations of swainsonine. Therefore 
the relative difference in concentration between loco parts and 
growth stages was estimated by the intensity of dots in thin layer 
chromatography (R.J. Molyneux, personal communication) and 
expressed on a relative scale (low, moderate, high). 

To determine differences in average daily gains, 40 calves from 
each of pastures A and B were randomly selected by a gate cut, and 
were tagged and weighed at the beginning of the grazing season in 
1983. A gate was opened accidently in pasture A 1 week before the 
end of the grazing season and two-thirds of the tagged calves left 
the allotment without being weighed. Eleven tagged calves that 
remained in pasture A were paired with calves of similar beginning 
weights in pasture B and a t-test was used to compare average daily 
gains (ADG). 

Botanical composition of plant fragments in cattle feces in both 
pastures was determined by microhistological analysis (Sparks and 
Malechek 1968) of fecal samples collected weekly. A tablespoon of 
fecal material was taken from about 50 fresh fecal pats. Half of 
each sample was preserved in salt for microhistological analysis. 
The other half was frozen for fecal nitrogen determination. Sam- 
ples preserved in salt were air dried and ground in a mill over a 
l-mm mesh. Prior to mounting on microscope slides, samples were 
rinsed in household bleach for 1 minute to remove pigments. Five 
slides were prepared from each composite sample and 20 fields per 
slide were read. A field consisted of the identifiable fragments 
visible in a field of view at lOO-power magnification. Relative 
frequencies of loco, forbs, and grasses were converted to relative 
density. 

Fecal nitrogen (N) was determined from the frozen fecal sample 
to estimate differences in relative diet quality (Holechek et al. 1982) 
between the 2 pastures. Fecal N does not accurately estimate diet N 
when diets are comprised of mixed forage classes (Carter 1985) or 
when feeds are high in tannins (Mould and Robbins 198 1). On this 
uniform grassland with diets dominated by grasses, however, fecal 
N should provide a reasonable index of diet N. The minute amount 
of alkaloid in loco (<.07% of the dry weight, and one N in a single 
ring configuration, Molyneux and James 1983) would not be 
expected to significantly affect the N concentration in the feces or 
in the diet. 

Results and Discussion 

Utilization 
Mean grass standing crop of pasture A was about 75% that of 

pasture B (Table 1). Standing crop of forbs (excluding loco) in 

Table 1. Mean standing crop (kg/ha) and standard error (in parentheses) of forage classes through the grazing season 1983. 

Pasture Forage class 25 July 

A Grass 541 (34) 
(loco-infested) Forb 826 (64) 

Loco leaf 416 (34) 
Loco head 69 ( 7) 
Sagebrush 129 (41) 
Total 1981 

B 
(loco-free) 

Grass 
Forb 
Total 

707 (102) 
262 ( 33) 
969 

8 Aug. 

423 (60) 
760 (29) 
358 (43) 

71 (20) 
124 (40) 

1736 

625 (66) 
315 (41) 
940 

22 Aug. 14 Sept. 

358 (43) 
540 (78) 
377 (48) 

58 (19) 
180 (53) 

1513 

487 (84) 
202 (32) 
689 

278 (32) 400 
503 (66) 657 
288 (49) 360 

78 (18) 69 
105 (28) 134 

1252 1620 

359 (88) 545 
157 (28) 234 
516 779 

Mean for season 
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Table 2. Loco utilization from paired plots in 1979 and 1981. 

Pasture Year n 

A 1981 22 
A’ 1981 8 
B 1979 10 
C 1979 18 
C 1981 26 

Standing Crop (kg/ ha) 
Caged Grazed 

413 (39.99)2 347 (66.87) 
461 (44.94) 156 (32.16) 
705 (107.64) 419 (32.16) 
173 (65.07) 21 ( 7.87) 
524 (49.20) 363 (30.98) 

% Utilization P’ 

16 NS 
66 <.Ool 
41 c.01 
88 <.Ol 
31 <.05 

‘Probability of Type I error. 
*Standard error in parentheses. 
‘From plots in the heavily used west one-third of pasture. 

pasture A was 2.8 times greater than in pasture B, reflecting the 
effect of herbicide treatment of pasture B in 198 1. Standing crop of 
both grasses and forbs declined as the grazing season progressed in 
both pastures. Since western yarrow was the dominant forb spe- 
cies, the decline in forbs was probably due mostly to senescence 
rather than grazing. The decline in grasses reflected their progres- 
sive utilization by cattle. 

Loco was a major proportion of the standing crop in pasture A 
(27%). There was little change in loco leaf standing crop except 
during the last sampling period. The lack of change in loco head 
standing crop could have been due to the increasing weight of the 
seed pods as they matured and thus offsetting utilization, or to 
sampling error from the small number of clusters and the difficulty 
of selecting homogeneous plots in a cluster. 

Utilization of loco varied greatly between years, pastures, and 
parts of pastures (Table 2). Mean utilization was 36% over years 
and pastures. Loco standing crop in the paired caged and grazed 
plots was significantly different (K.05) in all pastures and years, 
except for the whole of pasture A in 198 1. Stock water was avail- 
able only in the west end of pasture A so cattle congregated in the 
west one-third of the pasture. Cattle utilized significantly more 
loco in this part of the pasture. 

Utilization of loco reproductive heads increased as the season 
progressed. Percent of heads grazed was 26% after the first 2 weeks 
and increased steadily to 69% at the end of the 7-week grazing 
season (Table 3). 

There was little consumption of the loco leaf at the beginning of 
the season, but utilization increased during the last 3 weeks (Table 
3). Increased grazing pressure on grass may have caused the cattle 
to shift to the abundant loco leaf. Cattle may have also acquired a 
taste for the plant by grazing the heads, and utilized loco leaves as 
the supply of heads diminished. Marsh (1909) and James et al. 
(1969) reported the habituating effect of locoweeds. 

Alkaloid and Nutrient Content of Loco 
Loco heads contained higher quantities of the toxic alkaloid 

swainsonine than the leaves (Table 4). The concentration of swain- 
sonine in loco leaf appears to have remained constant throughout 
the grazing season. The blooms contained substantially more 
swainsonine than the leaves. The immature pods initially con- 

tained less swainsonine than the blooms, but their swainsonine 
content increased with maturity as the seeds contributed an 
increasing proportion to the total weight of the pod. 

Loco parts contained more water and crude protein (CP) and 
less NDF than did grass (Table 4). The higher water content of loco 
parts indicates that loco was more succulent than grass. The higher 
water and CP content and lower fiber content of loco leaf as 
compared to grass may have also influenced cattle selection of loco 
leaf in the latter part of the grazing season. 

CP concentration of loco heads did not decline as the season 
progressed. The mean CP concentration of loco heads was 17.1%, 
which was 5% higher than the loco leaves and 10% higher than the 
grass. Of the parameters measured only CP could explain the 
difference in selection of the loco head in preference to the loco 
leaf. Other studies have shown livestock prefer plants or varieties 
containing less alkaloids (Arnold and Hill 1972, Simons and 
Marten 1971, Williams et al. 197 1, Becker et al. 1935) indicating an 
inverse relationship between alkaloids and palatability. Perhaps 
the high CP content of the loco heads in this study, may have offset 
the negative influence of the high alkaloid concentration. 

Livestock Response 
Loco in cattle feces ranged from 8-l 1% for the first 4 weeks of 

the grazing season. Percentage loco in the feces increased to 18% by 
22 August and then dropped to 14% on 14 September. The gates 
were opened after 7 September and two-thirds of the cattle moved 
out, thus reducing the grazing pressure on the available grasses. 
The percentage of loco in the feces agrees fairly well with the 
estimates of loco leaf utilization (Table 3). However, the loco 
flowers and succulent pods would not be expected to show up in 
the fecal analysis (Anthony and Smith 1974); therefore the fecal 
analysis does not reflect the heavy utilization of the loco heads seen 
in Table 3. 

There was no significant difference in fecal N from cattle in 
pastures A and B, indicating that there was probably little or no 
difference in diet quality between the 2 pastures. However, average 
daily gains (ADG) of calves in pastures A were significantly lower 
than those of calves in pasture B (.41 vs .74 kg/day, K.05). Weight 
loss or lack of gain is one of the first symptoms of locoweed 
poisoning (Marsh 1909, Mathews 1932, James et al. 1981). In 

Table 3. Percentage frequency, utilization and standard error (in parentheses) of loco puts, grasses and forbs in pasture A in 1983. 

Utilization 70 by week 
Species Frequency 8 Aug. 22 Aug. 

Loco 1eaeaF 58 1 (0.22) 2 (0.90) 
Loco head 29 26 (3.51) 44 (5.2) 
Idaho fescue 33 12 (2.17) 13 (1.98) 
Muttongrass 54 5 (1.24) 5 (0.90) 
Kentucky bluegrass 29 4 (1.08) 7 (3.30) 
Western wheatgrass 52 3 (0.83) 4 (0.89) 
King fescue 15 2 (0.91) 4 (1.47) 
Sedge 27 9 (3.69) 10 (2.97) 

‘Percentage utilization of loco leaf and head is the mean of 3 years (1981-1983). Utilization of grasses is for 1983 only. 

14 Sept. 

8 ( 2.42) 
69 (11.03) 
29 ( 4.54) 
30 ( 4.69) 
26( 5.19) 

6 ( 2.72) 
8 ( 3.18) 

24 ( 4.28) 
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Table 4. Relative concentration of alkeloidr, percentage of water, crude protein (CP) and neutral detergent fiber (NDF) end standard errors (in 
parentbesea) of locoweed pute and grace M tile 1983 gr8zillg eeMoIl progreeeed. 

Pasture Nutrient Species/ part 25 July’ 8 Aug. 22 Aug. 14 Sept. Mean 

A Alkaloids loco head high moderate moderate high 
loco leaf low low low low 

Water loco head 65 (1.83) 60 (3.16) 57 (2.53) 43 (2.34) 58 
loco leaf 69 (0.78) 65 (1.08) 65 (1.12) 51 (1.90) 63 
grass 51 (0.77) 49 (2.40) 49 (1.68) 31 (1.59) 46 

CP loco head 17.3(0.38) 17.3(0.24) 17.4(0.30) 16.qO.77) 17.1 
loco leaf 12.9(0.48) 12.HO.49) I 1.8(0.24) 1 l.l(O.27) 12.1 
grass 8.3(0.26) 7.6(0.24) 6.8(0.19) 6.2(0.25) 7.2 

NDF loco head 26 (0.59) 38 (3.68) 41 (0.57) 40 (0.47) 34 
loco leaf 32 (0.85) 36 (0.89) 36 (0.64) 36 (0.82) 35 
grass 51 (0.54) 54 (0.79) 51 (0.87) 51 (0.83) 52 

B Water grass 6.2(0.88) 63 (0.74) 49 (1.23) 53 
CP 

36 (1.25) 
grass 1 I .0(0.46) 9.1(0.23) 8.5(0.36) 

NDF 
7.3(0.25) 8.9 

grass 49 (0.55) 55 (0.76) 50 (1.83) 49 (2.12) 51 

1Phenological development of locoweed: 25 July = bloom, 8 and 22 Aug. = immature pod, 14 Sept. = mature pod. 

addition, 1 cow and 8 calves in pasture A developed clinical signs of 
congestive right-sided heart failure and were removed prior to the 

Jam=, L.F., W.J. Hartley, and K.R. VM Kampen. 1981. Syndromes of 
Asrmgulus poisoning in livestock. J. Amer. Vet. Med. Ass. 178:146-150. 

end of the 1983 grazing season. No clinical signs of the disease were James, L.F., W.J. Hartley, K.R. Van Kampen, D.B. Nielsen. 1983. Rela- 
observed in cattle in pasture B. tionship between ingestion of locoweed (Oxytropis sericeu) and conges- 

These data suggest that cattle prefer the reproductive loco heads. tive right-sided heart failure in cattle. Amer. J. Vet. Res. 44:254-259. 

Little loco leaf was consumed until the last 3 weeks of the grazing Jamee, L.F., K.L. Bennett, K.C. Parker, R.F. Keeler, W. Binwe, end B. 

season. Grazing pressure, relative nutrient quality, and the habi- Lindsey. 1968. Loco plant poisoning in sheep. J. Range Manage. 

tuating effect from the higher alkaloid concentration in the repro- 
21:360-365. 

ductive heads may have influenced the changes in selection patt- 
James, L.F., K.R. Van Kampen, and G.R. Staker. 1969. Locoweed (Am- 

erns. Further research is necessary to elucidate these factors in 
galus lentiginosus) poisoning in cattle and horses. J. Amer. Med. Ass. 
155:525-530. 

order to develop management strategies to reduce cattle loss to 
white locoweed. 

Marsh, C.D. 1909. The locoweed disease of the plains. USDA Bull. 112. 
Mar&, C.D. 1913. Stocking poisoning due to scarcity of food. USDA 
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Seasonal Variation in Above-ground Annual and Perennial 
Phytomass of an Arid Rangeland in Libya 
G. GINTZBURGER 

Abstract 

An Aristida pungens-Retama r&m rangeland in the rrid Jef- 
hra plain in Libya produced 2,000 and 950 kg (dry matter) ha-’ of 
net above-ground phytomass with 200 mm and 171 mm of rainfall 
during the 1977178 and 78179 growing seasons, reavly. 
Annual plants contributed 460 and 300 kg (dry matter ha ) in the 2 
seasons, respectively. Perennial shrubs lost their 1978 winter- 
spring aerial production during the long 1978 summer and dry 
winter when graxable forage was most needed. In contrast, spring 
production of annual plants remained available and graxable until 
late summer. Settlement of shepherds’ families on site is not 
advised as the dead standing phytomass (270 kg dry wood ha-‘) 
may be rapidly exhausted for fuel consumption, leading to wind 
erosion problems on presently fixed sand dunes. 

Libya has embarked on a large rangeland development pro- 
gramme involving 2 million ha (Gintzburger and Bayoumi 1977) of 
its estimated 12.5 M ha of nonagricultural lands located above the 
50 mm isohyet (Le Houerou 1965). Most rangeland development 
projects are located between the 100 and 200 mm year-’ isohyets on 
what is considered as marginal, yet sometimes valuable, cropping 
land by local farmers. In the northwestern zones of Libya, approx- 
imately 500,000 ha were surveyed to provide Libyan authorities 
with vegetation maps as well as estimates of rangeland carrying 
capacities (GEFLI 1974) based upon research work in a similar 
environment in Tunisia (Le Houerou 1969, Floret et al. 1983). 

To provide their rural population with modern facilities, includ- 
ing schooling, medical care, and technical assistance in agriculture, 
the Libyan authorities have planned to allocate one set piece of 
rangeland to each shepherd’s family. It was anticipated that each 
shepherd should derive an adequate minimum and sustained 
income from proper management of his land and flock of sheep 
and goats. 

Conflicting estimates of long-term carrying capacity (1.5 to 3 ha 
sheep-‘) reported by different advisory teams rendered rangeland 
management and planning difficult. Problems were compounded 
by desertification hazards in this region. Suggested long-term car- 
rying capacities resulted largely from guesses or one-time mea- 
surement, usually at the supposed peak standing phytomass in a 
similar environment. The relationship between average annual 
rainfall and net consumable rangeland production proposed by Le 
Houerou and Hoste (1977) for the Mediterranean Basin, though 
useful, appeared to be optimistic and needing refinement. None of 
these estimates took into account the yearly distribution of the 
rangeland production or considered the contribution and availability 
of ephemerals (annuals and ephemeroids). 

This situation prompted the author to measure the seasonal 
variation of above-ground phytomass of a rangeland type represent- 
ative of some lOO,OOO-200,000 ha of the Libyan Jeffara Plain. The 
information gathered was aimed at providing range managers with 
an improved knowledge of above-ground phytomass dynamics 
and forage availability throughout seasons, hence to assist in plan- 

At the time of the research, the author was working as an FAO range ecologist with 
the Agricultural Research Centrc (Tripoli, Libya). The research was financed through 
a Libyan funded FAO project (TF/LIBO6). Present address of the author: Instltut 
National de la Recherche Agronomique (LECSA), Place Viala, 34060 Montpellier, 
France. 
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Grazing Projects are acknowledged as well as constructive criticism from M. D’An- 
tuono, B. Wroth, A. Payne, and C. Trotman (Western Australian Department of 
Agriculture), and G. Long, C. Floret, and E. Le Floch (CEPE/CNRS, France). 

Manuscript accepted 21 October 19X5. 
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ning rational long-term utilization of Libyan rangelands by 
livestock. 

Site Description 

The site, known as the “the BGII workshop”, was located 60 km 
southwest of Tripoli in the Jeffara Plain, midway between the 
towns of Azizia and Bir-El-Ghanem, and in the centre of one of the 
major Libyan rangeland development schemes. The area consists 
of undulating sandy plains with fixed dunes generally orientated in 
a northeast/ southwest direction. Dune height varies from 1 to 15 m 
above the interdunal flats. 

Climatic conditions are inferred from those recorded at Azizia 
and Bir-El-Ghanem as no major mountains or escarpments occur 
between the 2 towns. Both towns fall within the Mediterranean 
Lower Arid Bioclimate with mild winters (Le Houerou 1969). The 
average annual rainfall ranges between 100 and 200 mm year-land 
the average minimum temperature of the coldest month fluctuates 
between 5 and 7O C. Frost is rare. The average maximum temperature 
of the coldest month (January) reaches 17-18O C, thus allowing for 
growth of most plants. 

Rain falls exclusively during the winter months with high intra- 
and inter-annual variability. The rainy season can start by early 
October but is highly unreliable. Rainfall is often randomly dis- 
tributed on patches or strips of land described as “thunderstorm 
cells of 3-8 km diameter (Noy-Meir 1973). 

Strong winds inducing sand blasting of the vegetation are com- 
mon on the Jeffara Plain (Gintzburger and Huxley 1979). Espe- 
cially devastating is the hot desert wind known as “Gibbli” occur- 
ring in spring, raising air temperature to 40-45’C in a few hours, 
drying off annual plants in a day as was the case in early April 1978, 
and often burning cereal crops just after flowering. 

The soil is a deep (more than 150 cm) uniform eolian sand, with 
little textural or structural differentiation down the profile. Colour 
is brownish-red and reaction is alkaline (pH q  7.5-7.7). Soil surface 
is stable and there are no signs of wind or water erosion on site. 
Water infiltration is total when rain falls. Soil organic matter is 
negligible (1% and less). Phosphorus and nitrogen content are 
extremely low and limit plant growth in wet years (Floret et al. 
1982). 

As surface wells are rare in the BGII zone, the area was a 
traditional winter-spring grazing zone complementary to the 
summer grazing on perennial vegetation in the Jebel Neffusa area, 
in a similar pattern to the one described by Telahigue (1981) in 
southern Tunisia. Nowadays, drilling of private deep wells has 
boosted uncontrolled irrigation practices on small farms produc- 
ing vegetables. These compete with the grazing project for avail- 
able land and water resources. 

Vegetation consists of a treeless scrub physiognomically domi- 
nated by a perennial grass (Aristidupungens)and a tall Legumino- 
sae shrub (Retama return) which covers most of the fixed sand 
dune country of the Jeffara Plain (Fig. 1). 

Nomenclature of common vascular plants found in the region 
refers to Quezel and Santa (1962) and Keith (1965). 

Phyto-sociologically, the vegetation type may belong to the soil 
Under-Association with Retama retam of the Rhantherium sua- 
veolens Desf.-Artemisiu campestris L. Plant Association (Le 
Houerou 1969), with a Retama return density of 209 (SE=12, n=55) 
shrubs ha-‘. However, the site is in a drier and warmer climatic 
variant of Le Houerou’s Association and also a slightly different 
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Under-Association due to deep sandy soils. This is confirmed by 
the noticeable occurrence of a tall Leguminosae shrub, Genisto 
saharae Goss. et Dur. (83 (SE=9, n-55) shrubs ha’), and sometimes 
of a small Cyperaceae, Cyperus conglomerarus(Rottb.). Both spe- 
cies disappear when sand depth decreases. 

Material and Methods 

While primary productivity is the rate at which organic material 
is photosynthesized in a plant community, the net primary produc- 
tivity is that part of primary production stored in above- and 
below-ground plant organs in excess of the organic compounds 
used by the plants for their own metabolic needs. Above-ground 
net primary productivity or Crop Growth Rate (CGR) is expressed 
in dry matter weight produced per unit of land area and per unit of 
time (kg ha-’ time-‘). The net Above-Ground Primary Productivity 
is estimated by the measurement of the seasonal variation of the 
above-ground phytomass(AGP)dueto bothannuals(AAGP)and 
perennials (PAGP) or to the whole rangeland vegetation (RAGP) 
of an exclosure, considering losses due to consumer organisms as 
negligible. Other losses, mainly due to shedding of plant parts such 
as flowers, fruits, leaves and branches, usually OCCUI at the end of 
or after the main growing season. 

The measurement of Above-Ground Phytomass (AGP) and its 
seasonal variation is simple in principle, but is complicated in the 
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arid rone,as thevegetationtype hasalowplantdensityand patchy 
ground distribution. At the BGllexperimental site, the mixture of 
tall shrubs (Nano-phanerophytes) such as Retama refczm and 
Genisra saharae, dwarf shrubs (Chamaephytes) such as Arfemisia 
campesrris and Rhontherium suaveolem, and annuals, combined 
with micro-relief of small sand dunes (“Nebkhas”) make sampling 
of vegetation difficult. 

In December 1977,81 plots of 40 mz each were pegged out on a 
fenced area of I ha, I km north of the BGII workshop. 

The experimental site and surrounding area were under grazing 
prohibition 3 years before the start of biomass measurements. 
However, strict enforcement of prohibition was not possible and 
encroaching flocks lightly grazed the area. 

In February 1978, the linear intercepts of foliar cover of peren- 
nial plants including tall and dwarf shrubs, annuals including 
ephemeroids, and dead standing wood were measured on nine 
15-m transects using the Canfield method (Canfield 1941). Tran- 
sects were laid down on a systematic design. Each transect radiates 
and starts IO m away from the central point of the experimental 
site, 

The AGP was sampled from 9 plots randomly selected from the 
pre-pegged area. Plot dimensions were 4 X IO m for perennial 
plants and 1 X 2 m for annual plants. Each plot was harvested only 
once and regrowth after clipping was not measured. 

Perennial plants present on the 40 rnz plot were clipped at 
ground level, then separated per species and tied up in separate 

349 



bundles, the fresh weight of each being recorded. The bundles were 
then sun dried for a minimum of a week and their dry weight 
recorded, except for the September samplings of perennial plants 
which were lost after the fresh weight was recorded. In this case, the 
dry weight of the perennials was estimated from the September 
1978 fresh weight measured at clipping time corrected by the 
specific percentage of dry matter recorded on species sampled at 
the end of May 1978. It was assumed that this percentage remained 
stable throughout summer. The estimated data are presented in 
brackets in Table 2. 

Annual plants were harvested in 2 mr plots randomly located 
inside the 40 m* plot. Sorted plants were ovendried at 7%80° C for 
3 days, and their dry weight recorded. 

The dead standing plant biomass was harvested, sun dried and 
weighed but the ground litter was not measured. Plant biomass or 
phytomass is expressed in kilogram (kg) or metric ton (t) of dry 
matter (DM). 

Four biomass harvests were performed in the first season and 3 
in the second. Between the 2 seasons, a flock of 110 sheep and 15 
goats was allowed to graze the enclosure for 2 half-days, on 4 and 5 
October 1978, to remove all dead standing biomass from annual 
plants and to incorporate seeds in the soil before opening rainfall. 

Attempts to analyse the contribution of perennials and annuals, 

Table 1. Percent mean intercept of major speck on the BGII site as 
determbwd from nine 15 m tmnaects on 22 Feb. 1978. 

Genus and species 

% Mean Plant 
Intercept height 

f SE (cm) 
Vernacular 

Names 

Perennials 
Aristida pungens Desf. 
Genista saharae Coss et. 
Dur. 

Artemisia campestris L. 
Retama retam Webb. 

Il.4 f 3.5 
8.9 f 4.0 

5.6 f 2.3 
3.7 f 1.3 

Helianthemum lippii var. 3.5 f 1.9 
sessihflorum (Desf.) blurb. 

Salvia verbeka (L.) Briq. 0.5 f 0.2 
Nolktk chrysocomoides 0.3 f 0.3 
(Desf.) 

Rhantherium suaveokns 0.2 f 0.2 
Desf. 

Other perennial plants(See text) 

Annual plants and ephemeroids (*) 
Erucario uncata (Boiss.) 11.3 f 3.3 
Asch. et Schw. 

Matthiokz longtpetah ssp. 2.6 f 1.8 
Kralickii (Pomel) M. 

Anthemispedunculata Desf. 2.4 f 0.6 
Cutandio dichotoma 
(Forsk.) Trab. 

& 
Schismus barbatus 
ssp. calycinus (L.) M. et. 

/ 

W. 1.6 f 0.3 
L 

Koeleria pubescens 
ssp. Salzmannii (B. et R.) / 
Trab. 

Picris coronopifolto Desf. 1.0 f 0.1 
Plantago albicans L. (*) 

& 
) 

1.0 f 0.2 
Plantago psyllium L. (*) 
Lotus pusillus Medik 0.4 f 0.1 
Hippocrepis btcontorta Lois. 0.4 f 0.1 
Centaurea dimozpha Viv. (*) 0.4 f 0.1 
Erodium triangukzre (Forsk.) 0.3 f 0.2 

Musch. 
Senecio gallicus 0.3 f 0.1 

ssp. coronoptfolius (Desf.) M. 
Other annual plants (see text) 

20-50 
100-250 

30-60 
50-200 
lo-30 

IO-30 
20-50 

20-50 

20-50 

10-30 

5-10 

5-10 

5-10 

5-10 

<5 
<5 
5-10 
5-10 

5-15 

“Sbot” 
“Aleg” 

“Chahal” 
“R’tem” 
“R’giga” 

"sag Ennaga” 

“Arfedg” 

“Rebbiana” 

“Sboul-el-far” 

“Inhem” 

“Nefel” 
“Blala” 

“Ghleghetel- 
Ghoul” 
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species by species, have failed to show significant differences 
between 2 harvests. The low frequency or the absence of some 
species on the sampled plots induced a high coefficient of variation 
of phytomass harvested. Therefore, all data were pooled and exam- 
ined using an analysis of variance. Least Significant Differences 
(LSD) of means were determined. 

Results and Discussion 

Liiear Interception by Vegetation and Bare Soil 
Species contribution to line intercepts are presented in Table 1. 
The perennials, annuals and dead standing wood contributed 

34.1% (SE=3.7), 21.8% (SE=4.9), 8.9% (SE=2.0), respectively, to 
the line intercept. About 43% of the intercept was covered by 
perennials and dead standing wood which effectively protected the 
soil from wind erosion. Bare ground occupied about 35%. 

Although not included in Table 1, several other perennial and 
annual plants contributed individually for less than 0.2% to line 
intercept. These perennials are: Argyrolobium unifrorum (Desc.) 
Jaub. et Spach., Rumex tingitanus L., Ononis natrix L., Linaria 
aegyptiaca (L.) Dum. Cots., Echiochilon fruticosum Desf., Stipa 
lagascae R. et S., Malcolmia aegyptiaca Spr., Teucriumpolium L. 
Annual plants are Filago germanica L., Astragalus cruciatus 
Link., Vicia L., Neurada procumbens L., Ifoga spicata (Forsk.) 
Sch. Bip., Daucussahariensis Murb., Paronychiaargentea(Pourr.) 
Lamk., Silene colorata Poiret, Scabiosa arenaria Forsk., Diplo- 
taxis harra (Forsk.) Boiss., Lotus creticus L., Medicago littoralis 
Rhode, Medicago striata Bast., and Reseda arabica Boiss. 

In spite of their low contribution to the vegetation cover, these 
species help in characterising the vegetation type and, as it is the 
case with the annual plants, may contribute significantly to sheep 
and goats’ diet. 

Table 2. Seasonal variation of the Rangeland Above-Ground Phytomasr 
(RAGP) 8nd Growth Rate (GR) 

Difference Rangeland 
Harvest Mean between Growth 
Date RAGP SE clipping Rate (GR) 

(kg (DM) ha-‘) (kg(DM) ha-’ day-‘) 
7-15 Feb. 78 1958 145 
l-4 Apr. 78 3109 427 +1151 +21.7 

28-29 May 78 2045 235 -1064 -18.7 
17-18 Sep. 78 (2506)* (380)* (+ 461)* 
Grazing** 
28 Dec. 78 to 1087 202 (-1419). 
2 Jan. 79 

11 Apr. 79 2042 407 + 955 + 9.2 
25-26 June 79 2294 202 + 252 0 

l (data) = estimates of Dry Matter, see text. 
** Flock of sheep and goats grazing in enclosure, 4-5 Oct. 1978. __- .~ 

LSD (X0.05) = 786 
LSD (X0.01) = 1050 
LSD (KO.001) = 13473 

On the BGII site, another 12% (SEz1.6) intercept is due to 
annual plants growing under perennial shrubs, mainly Retama 
retam. Annual plants find a favourable environment under these 
shrubs where better physical and chemical soil characteristics may 
have developed compared with conditions existing on flat, open 
range (Mott and McComb 1974). 

Range condition was assessed as good. As a comparison, Sha- 
wesh and Fisser (1978) measured covers of only 7-8% of all live 
vegetation in an Artemisia campestrk-Thymelaea microphylla 
Coss et. Dur. range type near Assa in the Jeffara Plain, 200 km west 
of the BGII site. In southern Tunisia, rangeland with a total 
vegetation cover of 40-50% is rare and, when found, is considered 
to be in good condition (FAO 1979). 
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Dead Standing Phytomaw (DSP) 
Between February 1978 and April 1979, the DSP did not vary 

significantly, averaging 277 (SE=24) kg ha-‘, and consisted mainly 
of Rhantherium suaveokns, Ononis natrix, and sometimes of dead 
branches of Retama retam. 

This finding has a clear bearing on future land use of the BGII 
site, especially if settlement plans are carried out. Assuming a 
minimum daily fuel consumption of 10 kg of dry dead wood per 
family of 5-8 persons (Thalen 1979), approximately 1 ha of range- 
land per month (or a minimum of IO- 12 ha year-‘) would be cleared 
of its DSP per settled family. Considering that the settlement plan 
allocates 150 ha per family at BGII, wind erosion damage and sand 
dune movement can be expected within 5 to 8 years of initial 
settlement, especially around houses and permanent stock shelters. 

Seasonal variation of Rangeland (RAGP), Peremdal (PAGP) and 
Annual (AAGP) Above-Ground Phytomass 

In early spring 1978, from February until early April, the RAGP 
shows an increase from 1.9 to 3.1 t ha-‘. This spring flush of 
production is due to a significant (KO.05) increase of the PAGP 
(+0.93 t ha-‘) mostly from Retama retam (Fig. 2) and also from a 

‘A” 

0 zb: GENISTA SAHARAE 

l-l OTHER PERENNIALS 

RHANTHERIUM SUAVEOLENS 

I 2 x STANDARD ERROR 

1978 1979 

Fig. 2. Contribution ofperennialplants to seasonalphytomass. 

significant (KO.05) increase of the AAGP (+ 0.22 t ha-‘). During 
this flush period, perennial and annual plants are flowering and 
fruiting. 

From April until the end of May 1978, there is a significant 
(KO.01) RAGP decrease to 2 t ha-‘. During this period, the 
AAGP did not vary significantly, so that the loss of standing 
phytomass must be assigned to the perennial component of the 
vegetation. Four species, namely Aristidapungens, Genista saha- 
rae, Retama retam and Artemisia campestris, contributed up to 
92% (SE=l) of the PAGP throughout 1978 and 1979. Only Retama 
retam shows a significant (JKO.01) phytomass variation between 
February and April (+ 1.1 t ha-‘) and between April and end of May 
1978 (-1.2 t ha-‘). Thus, Retama retam is mostly responsible for the 
drop of RAGP between April and end of May 1978. This was 

confirmed by field observations in 1978 showing that Retama 
retam shed a large amount of flowers and pods. In contrast to 
annual plants which dry up and stand as hay (“Guech”) (Fig. 3), the 
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Fig. 3. Seasonal variation of annual andperennial above-groundphyto- 
mass and rainfall distribution. 

perennial shrubs shed their leaves as a drought evading mechanism 
(Orshan and Zand 1962, Fahn 1964). The shedding of spring leaves 
and even small stems was rapid after the “Gibbli” period, early 
April 1978. This phenomenon has been overlooked by range man- 
agers of the Arid Mediterranean North African zones who 
assumed until recently (Floret et al. 1983) that spring and late 
spring production of perennial shrubs remains available, so overes- 
timating the grazable phytomass of native shrubs at the end of 
summer. 

No significant change affects the RAGP from end of May until 
mid-September, in spite of an apparent PAGP increase (+ 0.46 t 
ha-‘). This PAGP increase, though not significant, could be 
accounted for by late regrowth of some of the perennial shrubs 
when winter leaves are partly replaced by summer leaves (Orshan 
1954). 

During the same period, the AAGP remained stable throughout 
the summer and available as “Guech”. This was observed in the 
Semi-Arid region of Israel as well (Tadmor et al. 1974). At BGII, 
the dense and tall shrubs certainly contributed to protecting the 
“Guech”from being sand blasted by the “Gibbli”. Early weathering 
of the “Guech” is more frequent in the Chamaephytic Steppe of 
Southern Tunisia (Floret et al. 1983) and seems related to the very 
poor vegetation cover of perennial shrubs. 

A sharp and significant (p<O.OOl) fall in RAGP was observed 
between mid-September and late December 1978 (Table 2). This 
was associated with the temporary introduction, on 4-5 October, 
of a sheep and goat flock in the exclosure and to the extremely dry 
1978/ 79 winter. The site received 28 mm in 16 rainy days, from end 
of September until 14 November 1978, after which no rainfall was 
recorded until 18 February 1979 (Fig. 3). 

Indeed, the heavy loss of total phytomass (-1.4 t ha-‘) cannot be 
entirely due to flock grazing on the l-ha experimental site. During 
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the grazing period, the animals fed on the dry annuals (“Guech”) 
and on pods spread around Retama retam bushes but total con- 
sumption could not have exceeded 305 kg of dry matter (122 sheep 
equivalent at 2.5 kg of dry matter day-’ sheep”). After the grazing 
period, no standing “Guech” was left on the site. Therefore the 
perennial vegetation must have continued to shed a considerable 
amount of leaves and stems late in the 1978/79 dry winter as 
described by Orshan (1972). In contrast, over the same time period, 
the annual vegetation produced 62 kg ha’ (SE=9) despite the 
opening rains which were poor in quantity and intensity (Fig. 3). 
This emphasizes the ability of annual plants to benefit even from 
small winter precipitations on sandy arid rangeland. 

From the end of December 1978 to mid-April 1979, the RAGP 
increased (X0.05) again to 2 t ha-‘. The regrowth of perennials 
started after the site received 50 mm of rain in the last week of 
February 1979, and vegetation growth was supported by 38 mm in 
March and 55 mm early in April 1979. This was the last rainfall of 
the season, after which the growing season ended. 

From mid-April 1979 until the end of June 1979 clipping, no 
significant change of the RAGP occurred and it remained around 2 
t ha-‘. In contrast to the 1978 spring, the 1979 spring was not 
affected by any “Gibbli”. Also, although not measured, the 1979 
pod production of Retama retam and Genista saharae was negligi- 
ble and many of these shrubs did not flower at all. The poor 
performance of the perennial shrubs is certainly linked with the late 
opening rains as observed on Retama retam in the Neguev Desert 
by Fahn and Sarnat (1963). 

Net Rangeland Above-Ground Primary Production (NRAGPP) 
Because of the extended drought into the early winter 1978/ 79, 

during which perennial shrubs kept shedding their leaves and 
possibly their 1978 stem and phyllod production, the 1978 
December RAGP is taken as reference to estimate the Net Range- 
land Above-Ground Primary Production of the 1977-78 and 1978- 
79 seasons. Therefore, the 1977/ 78 NRAGPP was calculated to be 
2 t ha-’ while the 1978/79 NRAGPP levelled to 0.95 t ha-‘, the 
annual plants contributing respectively 0.46 (SEzO.12) and 0.30 
(SE=0.03) t ha-‘. 

The relative yearly primary production level of the BGII range- 
land, 0.65 for the 1977178 season and 0.52 for 1978179 season 
respectively, compare well with the relative yearly primary produc- 
tion level of 0.4-0.8 in the Subtropical steppe and Subtropical 
deserts (Evenari et al. 1976) and slightly higher than those mea- 
sured in the Presaharan Tunisia (Floret et al. 1983). 

Rangelnnd Growth Rate 
During the 1978 growing season, the total rangeland growth rate 

was 21.7 kg ha-’ day-’ (Table 2) with a contribution of 17.6 kg ha-’ 
day-’ and 4.1 kg ha-‘day-’ for perennial and annual plants, respec- 
tively. Considering that in spring, perennial shrubs do not contri- 
bute to sheep diet, rangeland growth rate due to the annual plants 
is able to sustain one Sheep Unit per 1.5 ha (with a 50% use factor 
of the annual plants growth rate). 

This level of production was not reached during the poorer 
1978/79 growing season when the growth rate of the total range- 
land, theperennial and the annual plants were 9.2,6.9, and 2.2 kg 
ha-’ day , respectively. The late opening rain and the overall poor 
1978/ 79 season was certainly responsible for this drop in perfor- 
mance from one year to another. 

ing the “Guech” period, the animals need watering every day. 
Nomads of the Sirte region, and settled populations of the Jebel 
Akhdar and Jebel Neffusa have long known how to profit from the 
high growth rate and moisture content of annuals and ephemerals 
available in winter-spring in the inland desert. This efficient graz- 
ing pattern was disrupted in recent years, resulting in overuse of 
Libyan coastal rangelands. 

Rangeland Relative Growth Rate 
While Rangeland Growth rate quantifies the rate of phytomass 

growth and therefore the net primary productivity of the range- 
land, the relative growth rate allows a comparison of the efficiency 
of various plants, crops, or vegetation types to produce dry matter 
per unit of phytomass per unit of time (Hunt 1978). 

On the BGII site, the relative growth rate of qerennials and 
annuals reached 0.057 and 0.085 kg kg-’ week , respectively, 
between February and April 1978 and 0.036 and 0.104 kg kg“ 
week-‘, respectively, between December 1978 and April 1979. In 
comparison, a highly fertilized native pasture of the Northern 
Neguev displayed a relative growth rate ranging from 0.75 kg kg-’ 
week-’ early December to 0.04 kg kg-’ week- at the end of the 
growing season late March when the ungrazed primary production 
reached 6.5 t ha-’ with 259 mm rainfall well distributed throughout 
the winter (Benjamin et al. 1978). 

When comparing the performance of the annual and perennial 
components of the BGII vegetation, the annual plants are more 
efficient producers of dry matter per kg of phytomass and per unit 
of time than are the perennials. During the same period of produc- 
tion, in 1978, the annual plants had a relative growth rate 50% 
higher than the perennials and 190% higher in 1979. 

In Southern Tunisia, Floret and Le Floc’h (pers. corn.) observed 
that the peak growth of perennials usually occurs in early summer, 
after the growth of annual plants. However, compared to annual 
plants in general, woody species (perennial) have a lower relative 
growth rate and are ill-adapted either for quick replacement of 
foliage by regrowth or for rapid seedling establishment on bare 
ground resulting from disturbance (Grime and Hunt 1975). In 
Semi-Arid and Arid Mediterranean environment where heavy 
grazing, severe soil disturbance and short growing seasons are 
normal, annual plants may have a greater survival ability than 
perennials. The role of perennial plant and shrubs is not questioned 
as they are a determinant factor of landscape stability and nutrient 
cycling (Mott and McComb 1974, Wilcox 1979). One wonders, 
however, if the present policy of rangeland management and 
regeneration of Semi-Arid and especially Arid Mediterranean 
zones based almost solely on perennial plants (use of native peren- 
nials and fodder shrub plantation), is technically sound and viable. 
Rangeland improvement programmes should make better use of 
annual plants in Mediterranean Semi-Arid and Arid zones, by 
selection and re-introduction of annual species with high relative 
growth rates and producing large seed quantity and weight (Noy- 
Meir 1978). The use of annual Medicago spp. abundantly distrib- 
uted throughout North Africa and the Middle-East would be a 
valuable option (Gintzburger and Blesing 1979, Francis 1981, Cha- 
terton and Chaterton 1981). Other annual legumes such as Hippo- 
crepis spp., Hedysarum spp., Vicia spp., etc. warrant further 
investigations. 

Conclusions 
These figures are comparable with those obtained from similar 

arid zones in Tunisia and Israel (Floret et al. 1983, Tadmor et al. 
In the Jeffara Plain, at the BGII site, the net Above-Ground 

1974, Gutman 1978). 
Primary Production of an Aristidapungens-Retama retam range- 

During the flush of the spring growing season, the moisture 
land type reached 2.0 and 0.95 t ha-’ with 200 mm of well- 

content of the annual plants is about 64% (SE=I.5). It allows sheep 
distributed rainfall during the 1977/78 growing season and 171 

and goats to live without being watered throughout the “Acheb” 
mm of rainfall with a poor and late start for the 1978/ 79 season 

period. At the same time, the average moisture content of the 
respectively. In spite of the large contribution of the perennial 

perennials is about 38% (SE=l.5). When the “Acheb”dries up into 
shrubs to the total above-ground primary production, very little is 

“Guech”, its moisture content decreases to 7% (SE=0.8) by late 
actually grazable or available when it is needed, i.e., by the end of 

May while the perennials still retain 27% (SEzl.8) moisture. Dur- 
the summer. Most of these perennial shrubs shed leaves and/or 
branches. Phytomass losses of the perennials were particularly 
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acute after the “Gibbli” period in April 1978 and during the long 
dry summer and autumn which followed. 

In contrast, the phytomass of annual plants remained stable 
(0.40 t ha-’ in 1978) and available for grazing throughout summer 
due to the wind break effect of shrubs. Perennial shrubs should be 
spared as they play a major role in soil stabilization and nutrient 
recycling on the BGII fixed sand dunes. In this regard, settlement 
of families in the BGII area is not recommended as wood harvest- 
ing for fuel consumption, if not strictly controlled, will lead to wind 
erosion problems, and subsequent loss of production. 

In terms of improvement of rangeland production, annual 
plants should be preferred to perennial shrubs. Native annuals are 
more efficient dry matter producers than perennials and displayed 
a 50% and 190% higher relative growth rate than perennials during 
the 1978 and 1979 spring growing season. Without minimizing the 
role played by perennial shrubs as standing fodder reserves during 
drought, rangeland improvement programmes dealing with the 
Semi-Arid and Arid Mediterranean zones should turn more of 
their effort towards the selection and use of native annual species 
(such as annual Medicago spp.) with high seed yielding characteris- 
tics, in carefully planned rangeland reseeding operations. 
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Weather Factors Affecting 22 Years of Tallgrass Prairie 
Hay Production and Quality 
J. POWELL, S.J. STADLER, AND P.L. CLAYPOOL 

Abstract 

Tallgrass prairie annual hay production and chemical composi- 
tion (N, P, K, CA) data from n 23-year study conducted by H.J. 
Harper, Oklahoma State University, from 1929 through 1951 were 
correlated with corresponding monthly and seasonal temperature 
(mean, maximum and minimum, and absolute maximum and 
minimum), precipitation, wind, spring and fall growing season 
freeze dates, current and previous year’s harvest dates, and pre- 
vious year’s yield. Multiple regression analyses were used to deter- 
mine the weather variables and multiple regression equations 
which nccounted for the greatest percentage of variation in PMUri 
hay production and nutrient concentrations. Equations with 4 
independent weather variables for all months prior to the date of 
hay harvest produced high Rz values for production (82%), and N 
(SO%), P (81%), K (81%) and CA (91%) concentrations. In general 
temperature values, especially in the fall of the previous year and 
Jmuary and mid-summer of the current year, recounted for more 
of the variation in all response variables than did any other kind of 
weather variable, such as precipitation, wind, or freeze dnte. Equa- 
tions with 4 independent weather variables for those months prior 
to June produced only a moderate Rz value (48%) for production, 
but produced high R2 values for N (76%), P (74%), K (74%) and Ca 
(7%) concentrations. Relationships deserving additional research 
are suggested. 

Temporally and spatially, Oklahoma exhibits a unique variety 
of weather due to the location of the state on the North American 
continent. Oklahoma’s climate is controlled by various air masses 
(i.e., warm and humid maritime Tropical from the Gulf of Mexico, 
continental Tropical from the arid southwest, continental Polar 
from northern Canada, and continental Arctic from the north 
polar regions) vying for positions over the state. 

The weather characteristics of a given area depend upon the 
frequency and timing of occurrence of these air masses. The fre- 
quencies of air mass dominance vary significantly from year to year 
with the result Oklahomans can usually predict with confidence 
only that next year’s weather will be different from this year’s 
weather. In any given year, the state can experience temperatures 
and precipitation characteristics of the more humid climate to the 
east or the more arid characteristics to the west. 

Ranchers and other rangeland managers are acutely aware 
weather conditions cause rangeland forage production to vary 
widely from year to year. The annual variations in growing condi- 
tions make it difficult to predict or interpret vegetational responses 
to grazing and range improvement practices. 

Oklahoma also offers a significant east-west gradient in eleva- 
tion, precipitation, and soil types and a north-south temperature 
gradient influencing the relative abundance of subtropical and 
temperate-origin flora. This makes it difficult to extrapolate research 
results from one area to another within the state. Consequently, the 
accuracy of interpretations of Oklahoma’s weather-vegetation 
relationships and dependability of resulting management recom- 
mendations are greatly influenced by the length of a data collection 
period and the particular mix of weather types within that period. 
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Thus, Oklahoma experiences a mix of weather types unlike those 
which have been studied using similar methods. 

We used the variability within Oklahoma’s climate to determine 
the relationships between selected weather factors and tallgrass 
prairie hay data assembled over 23 years. Harper (1957) collected 
the database on hay production and nitrogen, phosphorus, potas- 
sium and calcium concentrations from 1929 through 195 1. This is 
the longest rangeland time series available in Oklahoma. 

Methods 

The original study was conducted on a Norge loam soil (fine- 
loamy, mixed, thermic Vertic Haplustalfs), prairie range site near 
Stillwater, Okla. (36O 09’N, 97’ OYW) at an elevation of 300 m 
above MSL. Norge loam soils are characteristically over 1 m deep, 
with reddish brown or brown loam A horizons 20 to 40 cm thick, B 
horizons of reddish brown silty clay loam over yellowish red light 
clay, and parent material of reddish yellow loam, clay loam, and 
alkaline old alluvium. The soils are located on gently sloping old 
terraces often associated with the higher drainage divides of the 
area (Gray and Galloway 1959). Soil chemical composition in the 
0- to 8cm surface layer at the test site included 3.9% OM, 0.16% 
total N, 12.8 meq/ 100 gm total exchangeable bases, 9.3 meq/ 100 
gm exchangeable calcium, and 100 ppm soluble P. The pH was 6.2 
(Harper 1957). 

Harper (1957) described the vegetation as an undisturbed 
prairie, but did not present species composition data. Near Still- 
water, good to excellent condition range sites on Norge soils 
include the dominant grass species: Andropogon gerardii. Sorgh- 
astrum nutans, Schizachyrium scoparium, and Panicum virgatum. 
Although many species of forbs are common on excellent condi- 
tion, grazed, loamy prairie range sites, mowing at low stubble 
heights or mowing after mid-July tends to reduce the relative 
abundance of climax prairie forbs. In Harper’s study, mowing 
dates varied from 10 July to 10 November and averaged 20 August. 
The stubble height was not described. Because the currently 
recommended prairie hay harvest date in Oklahoma is about 1 
July, the analyses of Harper’s data will be more useful for interpret- 
ing the effects of weather factors on ungrazed or unmowed prairie 
plants than for interpreting the effects of weather factors on prairie 
hay cut at the recommended time of year. 

The study was established in 1929 using 10 untreated plots and 
duplicate plots for each of 10 fertilizer treatments. Fertilization 
was terminated in 1945, so for the purpose of comparability over 
the longest time series possible, analyses for this study were limited 
to the untreated plots. The loss of yield data in 1948 and lack of 
chemical analyses of hay cut in 195 1 resulted in 22 years of produc- 
tion and chemical composition data. Samples of hay were taken 
from each plot and analyzed for nitrogen, phosphorus, potassium, 
and calcium concentrations ($). Hay yields were obtained by 
mowing and recorded as airdry hay. 

A number of variables were chosen to represent the weather data 
at Stillwater during the period 1929 to 1951. Data were accumu- 
lated into plant years which were defined as the period from 1 
November of the previous year to the mowing date of the present 
year. Temperatures were characterized on a monthly basis using 
the highest temperature recorded in the month (absolute maxi- 
mum), the lowest temperature recorded in the month (absolute 
minimum), mean maximum, mean minimum and the mean 
monthly. The beginning and ending of the growing season were 
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Table 1. Weather variables used in multiple regression equdons. 

Code 

AMNTFEB 

Variable’ 

AMNTJAN 
AMNTJLC 

Absolute minimum February temperature 
Absolute minimum January temperature 
Absolute minimum temp. between I July and cut- 

ting date 
AMNTMAR Absolute minimum March temperature 
AMNTNOV Absolute minimum November temperature 
AMXTAPR Absolute maximum April temperature 
AMXTFEB Absolute maximum February temperature 
AMXTJAN Absolute maximum January temperature 
AMXTJUN Absolute maximum June temperature 
AMXTMAY Absolute maximum May temperature 
AMXTNOV Absolute maximum November temperature 
CYCDAY Current year cutting date (1 Nov. = 000; 

31 Oct. q  365) 
MNTDEC 
MNTNOV 
MTCN 

Mean minimum December temperature 
Mean minimum November temperature 
Mean temp. between cutting date and 1 Nov. of 

previous year 
MTJUL 
MTMAY 
MTNOV 
MXTJAN 
MXTJUN 
MXTNOV 
PLTYRPPT 

Mean July temperature 
Mean May temperature 
Mean November temperature. 
Mean maximum January temperature 
Mean maximum June temperature 
Mean maximum November temperature 
Total ppt. between previous and current year’s 

cutting dates 
PPTJFM 
PPTJLC 
SNOW 
SPRFRZ 
SPRPPT 
SPRWD 
WDCN 

Total ppt. for January, February and March 
Total ppt. between 1 July and cutting date 
Total snowfall in plant year 
Last day of 0” C temperature in spring 
Total ppt. in April and May 
Total wind movement in April and May 
Mean monthly wind movement from previous 

WDJUL 
cutting date to November 

Wind movement in July 

‘All variable unit magnitude computed from NOAA data. Variables and units are as 
f$lw~y;emperatures (C); preclpltation (mm); snowfall (cm); wind movement 

m 

determined through the latest freeze data in the spring and the 
earliest freeze data in the fall for both 0 and -2O C. Monthly 
precipitation was the cumulative total precipitation for each 
calendar month. Other variables included total wind movement 
(km) per month, hay cutting date and winter snowfall total. The 
total set of variables used in the equations chosen for presentation 
are shown in Table 1. 

Scatter diagrams were used to determine the curvilinearity 
between response and independent variables. Simple linear corre- 
lation coefficients were also determined (Helwig and Council 
1979). Stepwise multiple regression was used to determine the 
combination of independent variables which accounted for the 
greatest percentage of variation in the various response variables. 
After multiple equations were derived for each response variable, 
partial correlation coefficients between the response variable and 
each independent variable were determined. All regression equa- 
tions, regression coefficients, and correlation coefficients were sig- 
nificant at the 0.01 level of probabilty unless otherwise specified. 

The major objective in developing regression equations was to 
learn which weather factors acting simultaneoulsy accounted for 
the greatest variation in each response variable. Cause-andeffect 
relationships are, at best, only implied. We wanted to generate 
equations which explained the variation in response variables and 
pointed out those relationships which appeared to warrant addi- 
tional research. 

Although 22 years is an exceptionnlly long study period in range 
research, multiple regression equations using years as observations 
present realistic limits as to the number of independent variables to 
be included. The higher the ratio of observations to independent 
variables, the greater the probablity of the relationships observed 
being true. Therefore, we arbitrarily limited the number of inde- 
pendent variables in each equation to 4. This produced a ratio of 
5.5 observations per variable in each multiple regression model. 

The use of 4 independent variables seemed to be empirically 
justifiable. As seen in the results presented, equations with 4 inde- 
pendent variables produced high R2 values. After examining many 
equations other than those presented in this paper, it was apparent 
the addition of the 5th independent variable rarely improved the 
explanatory power of an equation. 

We culled numerous weather variables. Only those used in the 

s a 
R 

Fig. 1. Annualhay harvest dates andproduction (kg/ha. air-dry, X 1P)on a tallgrassprairie in North Central Oklahoma. Hay production dota were lost 
for 1948. 

JOURNAL OF RANGE MANAGEMENT 39(4). July 1986 355 



N 

103 

29 30 31 32 33 34 35 36 37 36 39 40 41 42 43 44 45 46 47 46 49 50 51 

YEARS 

Fig. 2. Annual nilrogen (N) concentration (%) in tallgrassprairie hay in North Central Oklahoma. 

final, 4-variable equations are presented. Because so many combi- 
nations of variables were possible, we derived the 4-variable equa- 
tions using a combination of the stepwise regression procedure and 
a modified, all-possible-regressions procedure. 

variable to produce the set of 4-variable equations. From these we 
selected the 4-variable equation which accounted for the greatest 
variation in each response variable. 

From all possible 2-variable regressions, we chose the 10 “best” 
(i.e., maximum variation explained) 2-variable regressions for 
each response variable. Building onto these, 2-variable combina- 
tions, we produced the next “best” set of 3-variable equations. 
Using these 3-variable equations we added the 4th independent 

Results and Discussion 

Production and Chemical Composition Annual Variation 
Hay production averaged 3,680 kg/ ha on an air-dry basis with a 

standard deviation (SD) of 1,260 kg/ ha (Fig. 1). The least hay yield 
was 1,300 kg/ ha in 193 1 and the greatest hay yield was 5,800 kg/ ha 
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Fig. 3. Annualphosphom (P) concentmtion (%) in tallgrassprairie hay in North Central Oklahoma. 
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in 1950. Production was relatively low during the first half of the 
study period because the severe drought years of the 1930’s were 
included in the first half of the study period. 

Nitrogen concentrations varied from 0.33% in 1938 to 1.36% in 
1949 with an average of 0.78% (SD = 0.22%) (Fig. 2). Other than in 
1937-39 and 1949, N concentrations were relatively uniform 
throughout the study period. 

Phosphorus concentrations were erratic throughout the study 
period. They varied form 0.04% in 1938 to 0.14% in 1932,1933 and 
1937 with an average of 0.08% (SD = 0.035%) (Fig. 3). During the 
drier period of 1929-37, P concentrations were generally much 
higher than during the period of 1938-50. 

Potassium concentrations varied from 0.42% in 1939 to over 
1.45% in 1935-37 with an average of 1.15% (SD = 0.31%) (Fig. 4). 
There were no apparent patterns between K concentrations and the 
first and second halves of the study period as there were for P 
concentrations. 

Calcium concentrations varied from 0.19% in 1938 to 0.61% in 
1931 with an average of 0.41% (SD = 0.10%) (Fig. 5). The year-to- 
year variation in Ca concentrations was much greater during the 
drier period of 1929-39 than during the period of 1940-50. 

In general, N, P, K, and Ca concentrations were lowest in 1938 
when hay was cut on 1 November. Although chemical concentra- 
tions normally decline with delayed cutting, other weather or 
management factors may obscure the chronological date-of- 
cutting effect. The concentrations of chemical constituents from 
the hay cut on 10 November 1934 were greater than those from hay 
cut on 1 November 1938. Date-of-cutting was more highly corre- 
lated with K (i.e., a mobile nutrient) concentrations (r* = -0.69) 
than with N (r2 = -0.19), P (r2 = -0.13) or Ca (rr = -025) concentra- 
tions. 
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Prediction Models - Prior to Harvest Date 
Production 

Hay production was most highly correlated (rr = -0.73) with 
mean maximum July temperatures (Table 2). Mean maximum 
July temperature accounted for 50% of the variation in hay pro- 
duction. Other summer temperature variables, such as absolute 
maximum and mean monthly temperatures, were also negatively 
correlated with hay yields. July, with mean daily maximum 
temperatures of 34” C and extremes of up to 45” C, is the hottest 
month in Stillwater. It is logical to assume plant growth was 
significantly limited in years with much hotter than average July 
temperatures (e.g., 1936). 

July precipitation was directly related to hay production rr q  
+0.44). The correlation coefficient between mean maximum July 
temperature and July precipitation was -0.61. Weather patterns 
are controlled by ridge patterns in the upper troposphere, so Still- 
water’s hottest summers also tended to be dry. All simple correla- 
tions between hay production and variables other than summer 
temperatures were less than 0.40. 

The higher correlation coefficient for hay yields and July 
temperature than for hay yields and any of several combinations of 
monthly precipitation amounts used in our analyses does not imply 
that the influence of seasonal or annual precipitation on tallgrass 
prairie production is insignificant. Of the independent variables 
used to predict hay production under the conditions of Harper’s 
study, July temperature was simply more closely related mathe- 
matically to annual hay production than was precipitation. 

In a 3-year study near Stillwater, soil water content in a tallgrass 
prairie decreased rapidly and consistently each year from a maxi- 
mum in May to a minimum in early August regardless of the 
amount of precipitation during any season (Powell et al. 1983). The 
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Fk 4. Ann~lpotassium (K) concentration PO) in tallgrass prairie hay in North Central Oklahoma. 
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Fig. 5. Annual calcium (CA) concentration ($) in tallgrass prairie hay in North Central Oklahoma. 

amount and date of peak vegetation production varied each year 
and coincided with the onset of hot, dry weather. A detrimental 
effect of high air temperatures on soil water use efficiency by 
tallgrass prairie plants was implied. 

Although the literature concerning the effect of additional water 
on native plant production reports highly variable results (Perry 
1976), Shiflet and Dietz (1974) found relatively strong positive 
correlations between seasonal precipitation and excellent condi- 
tion tallgrass prairie production in October on southeastern Kan- 
sas loamy upland range sites similar to the site used in Harper’s 
study. Shiflet and Dietz (1974) used data collected from several 
areas over an &year period to produce 25 data sets, whereas we 
used data from a single site and a 22-year period to produce 22 data 
sets. 

The 4-variable equation suggests hay production decreased with 
higher mean July and higher absolute minimum March tempera- 
tures and increased with higher minimum November and higher 
spring wind speeds (Table 2). Although precipitation affects pro- 
duction, the effect of high summer temperature on transpiration 
and soil water use may producean overriding effect to prematurely 
decrease the net assimilation rate. The importance of minimum 
November temperature in this equation deserves additional con- 
sideration because of the possible effect of late fall conditions on 
development of roots and basal buds as the the foundation for the 
following year’s growth. 

The relative variation accounted for by different variables as 
new variables were added was consistent and reflects the low level 
of collinearity between the independent variables. Partial correla- 

Table 2. Regression equations and weather variables (data to date of cutting ln current year). 

bo bl Xl bs x2 ba X3 br x4 R2 SE? 

HAY PRODUCTION (kg/ ha): 
+11250 -571 MTJUL’ 
Partial SS 154XlW 
ryz4 -0.73 

NITROGEN CONCENTRATION (%): 
-1.24 +0.066 MTNOV 
Partial SS 377x10-7 
ryr +0.51 

PHOSPHORUS CONCENTRATION (%): 
-0.061 
Partial SS 

+0.102 WDJtiL- 
52x10+ 

br +0.66 

POTASSIUM CONCENTRATION (%): 
-0.63 +0.029 AMNTJLC 
Partial SS 46X10* 
r,, +0.77 

CALCIUM CONCENTRATION (%): 
+0.32 -0.02 SPRWD 
Partial SS 31x10-7 
rY.= -0.68 

+283 MNTNOV 
54x105 
+0.40 

+0.057 WDJUL 
127X10-’ 
+0.44 

+0.0032 AMNTJLC 
55x10* 
+0.18 

+0.061 SPRWD 
31x10” 
+0.17 

4.076 MXTJUN 
47x10-7 
+0.67 

+214 SPRWD 
39x105 
+0.30 

-0.00045 PLTYRPPT +0.044 MTCN 80 0.026 
127X10-’ 239X10’ 
-0.26 +0.44 

+0.00018 

-0.001 PPTJLC 
15x10% 
-0.65 

-0.00015 CYCD+Y 

z:“- 

-85 AMNTMAR 822 146 
20x105 
-0.25 

-0.0031 AMXTNOV 81 0.0035 
12x10” 
-0.19 

-0.022 AMXTJAN 81 0.036 
11x10” 
-0.12 

-0.033 AMXTJUN 91 0.009 
13x10-7 
+0.56 

‘See Table 1 for explanation of variable names 
2K0.01 for all equations 
)Type IV SS, General linear Models, SAS79 
4Simple linear correlation coeffkent 
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Table 3. Regresston equations and weatber vmhblea (data pdor to 1 June of current year). 

ho bt Xl X2 bs XS br x4 R2 Sb 

HAY PRODUCTION (kg/ha): 
+SS!%J +42g MNTNOV’ -98 AMNTJAN -175 AMNTNOV -189 AMXTAPR 482 246 
Partial SS’ 76X10’ 65X10’ PCO.07 39XlP P<O.12 27Xlw 
ryl +0.40 -0.37 -0.01 -0.22 

NITROGEN CONCENTRATION (%): 
a.39 +0.059 MXTNOV 
Partial SS 44x10” 
br +0.53 

PHOSPHORUS CONCENTRATION (%): 
0.26 
Partial SS 

-0.00026 SPRP!T 

ba %O‘ 
POTASSIUM CONCENTRATION (%): 

+0.061 -0.145 AMXTMAY 
Partial SS 111x10” 
rr.2 -0.48 

+0.058 MTMAY 
17x10” 
+0.44 

+0.0091 MNTDEC 
54X18* 
+0.34 

-0.0044 PPTJFM 
102x10a 
-0.22 

CALCIUM CONCENTRATION (%): 
+1.39 -0.495 SPRWD 
Partial SS 15x10-’ 
h -0.68 

+0.022 AMXTFEB 
50x10-’ 
+0.21 

a.021 MXTJAN 
12x10* 
-0.50 

-0.00014 SPRFRZ 
43x10” 
-0.04 

+0.032 MXTNOV 
17x10” 
+0.07 

-0.01 AMNTFEB 
27X1O-7 
+0.17 

-0.03 AMXTNOV 76 0.029 
8X10” 
+0.01 

+o.ooo79 WDCN 74 0.004 
16X10” 
+0.34 

-0.00086 SPRPPT 74 
12x10* 
+0.16 

0.043 

-0.00015 SNOW 79 0.013 
15x10-7 
-0.23 

‘See Table 1 for explanation of variables names 
zR* =, IyO.05; R>70, PCO.01 
Type IV SS, General Linear Models, SAS79 
‘Simple linear correlation coefficient 

tion coefficients between any 2 of the 4 independent variables in the 
4-variable equations were less than 0.06 except for a value of -0.25 
between spring wind and absolute minimum March temperature. 

Nitrogen 
Nitrogen concentration was most highly correlated (r* = +O.Sl) 

with mean November temperature (Table 2), which accounted for 
26% of the variation in N concentration. Adding mean May 
temperature as the 2nd variable increased the R2 value to 51%. 
Adding plant year precipitation as the 3rd variable increased the R2 
value to 70%. When mean temperature from the previous cutting 
date to November was added as the 4th variable, mean May 
temperature was replaced by July wind movement and the R2 value 
increased to 80%. Collinearity between the independent variables 
was low and each accounted for a significant portion of the total 
variation in N concentrations. 

The 4-variable equation used to explain N concentrations (Table 
2) suggests increased precipitation has a negative effect on N 
concentration, whereas greater July wind movement and higher 
temperatures during the period of late summer and fall bud forma- 
tion increases N concentration. Possibly, N concentration is 
related more to the number of tillers and root absorption than to 
the larger leaf and stem size usually associated with precipitation. 

Phosphorus 
July wind movement was directly related to P concentration and 

accounted for 44% of the variation (Table 2). Adding absolute 
minimum July-to-cutting-date temperature increased the R? value 
to 55%. Adding current year July-to-cutting-date precipitation as 
the 3rd variable increased the R2 value to 75%. Adding absolute 
maximum November temperature of the previous year as the 4th 
variable increased the R? value to 81% 

P concentrations were greater during years with greater amounts 
of late summer wind, temperature, and precipitation. These late 
season variables accounted for 75% of the variation in P concentra- 
tion 

Potassium 
Absolute minimum July-tocuttingdate temperature was directly 

related to K concentrations and accounted for 59% of the total 
variation (Table 2). Adding spring wind movement as the 2nd 

variable increased the R2 value to 70%. Adding the 3rd independ- 
ent variable, July-tocuttingdate precipitation, increased the R2 
value to 76%. The addition of absolute maximum January temper- 
ature as the 4th variable increased the R2 value to 8 1%. 

The direct relationship between July temperature and K concen- 
tration was similar to that for July temperature and P concentra- 
tion although K and P concentrations were not highly correlated 
(r2 +O. 18). July-to-cutting-date precipitation was directly related to 
P concentration but inversely related to K concentration. Potas- 
sium is highly mobile and easily leached. Phosphorus is less mobile 
and may be increased by greater summer precipitation and 
temperature. 

Calcium 
Spring wind movement was inversely related to Ca concentra- 

tion and accounted for 47% of the total variation (Table 2). Mean 
maximum June temperature greatly increased the Rz value to 74% 
in the 2-variable equation and accounted for about the same 
amount of variation as did spring wind movement. Adding current 
year cutting date as the 3rd variable increased the R2 value to 84%. 
When absolute maximum June temperature was added as the 4th 
variable, the R2 value increased to 92%, the importance of the 
current year cutting date variable increased, and the importance of 
mean maximum June temperature decreased because of collinearity. 

The 4-variable equation for Ca concentrations suggests high 
spring wind movement and late cutting dates (or some unidentified 
factors associated with these variables) decreased Ca concentra- 
tion. Although higher mean maximum June temperatures appear 
to increase Ca, the negative regression coefficient for absolute 
maximum June temperatures suggests there may be an upper limit 
to the positive effect of higher June temperatures on Ca concentra- 
tions. The partial correlation coefficient between mean and abso- 
lute maximum June temperatures was +0.90; however, the regres- 
sion coefficients in the equation for both of these variables were 
highly significant. Accounting for over 90% of the total variation in 
Ca concentration was unexnected because Ca concentrations are 
usually unpredictable 
analyses. 

and-highly variable in forage chemical 
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Prediction Models-Prior to 1 June 
The equations in Table 2 included summer weather variables up 

to the cutting date for each year. Those variables are of little value 
in predicting hay production and quality early in the growing 
season when management decisions need to be made. Conse- 
quently, we attempted to formulate multiple regression models for 
the same response variables using only weather data obtainable by 
1 June. 

Production 
Only 48% of the variation in hay production could be predicted 

by 1 June (Table 3). The most important variables in descending 
order of importance were mean minimum November temperature, 
absolute minimum January temperature, absolute minimum No- 
vember temperature, and absolute maximum April temperature. 
Regression coefficients for the first 2 independent variables were 
significant at less than 0.05 level, whereas significance levels for the 
last 2 variables were 0.07 and 0.12, respectively. The negative 
regression coefficient for absolute minimum November tempera- 
ture in combination with the positive regression coefficient for 
mean minimum November temperature suggests an upper limit to 
any favorable effect of higher November temperatures on hay 
yields the following year. 

Nitrogen 
About 76% of the variation in N concentration could be pre- 

dicted using weather variable prior to 1 June (Table 3). The 4 most 
important variables, in descending order of amount of variation 
explained, were mean maximum November temperature, mean 
May temperature, mean maximum March temperature, and abso- 
lute maximum November temperature. All regression coefficients 
were significant at the 0.01 level. Collinearity was minimal among 
the independent variables except between mean maximum and 
absolute maximum November temperatures. The negative regres- 
sion coefficent for absolute maximum November temperature in 
combination with the positive regression coefficient for maximum 
November temperature suggests an upper limit to any favorable 
effect of higher November temperatures on N concentrations in 
hay the following year. 

Phosphorus 
About 74% of the variation in P concentration could be pre- 

dicted using 4 weather variables prior to 1 June (Table 3). These 
variables were spring precipitation, mean minimum December 
temperature, date of last 0” C temperature in the spring, and mean 
monthly wind from previous cutting date to November. Although 
the wind parameter accounted for only a small portion of the total 
variation in P concentration, its addition to the equation was 
significant at the 0.05 level. 

Potassium 
About 74% of the variation in K concentration was explained 

using 4 weather variables prior to 1 June (Table 3), although 61% 
of the total variation was explained with only 2 variables. In the 
4-variable equation, absolute maximum May temperature and 
January-March precipitation accounted for 46% and 42% of the 
regression SS, respectively, and the combination of mean maxi- 
mum November temperature and spring precipitation explained 
the remaining 12% of the regression SS. Collinearity was minimal 
among this set of independent variables. 

Calcium 
Spring wind movement was the variable most highly correlated 

with CA concentration, accounting for 50% of the total variation 
and 63% of the regression SS (Table 3). The 3 other independent 
variables, absolute maximum February temperature, absolute 
minimum February temperatures, and total winter snowfall, ac- 
counted for 29% of the variation in Ca concentration. Although 
the simple linear correlation coefficient between Ca concentration 
and absolute maximum February temperature was similar in mag- 
nitude and sign to that for Ca concentration and absolute min- 

imum February temperature, the regression coefficients for these 
variables were opposite in sign. Absolute maximum and absolute 
minimum February temperatures were only weakly correlated (r* = 
+0.54). The opposite signs for regression coefficients for absolute 
maximum and absolute minimum temperatures in the same equa- 
tion suggest factors affecting plant functions or soil fertility in the 
winter may affect Ca concentration only above or below a particu- 
lar temperature range. 

Conclusions 

Long-term range research studies have great value and may be 
the only feasible way of determining the net effects of many highly 
variable factors, such as weather factors, acting simultaneously on 
plant growth. Mid-summer maximum temperatures had the most 
significant influence on the variation in long-term prairie hay 
production and the concentration of potassium, a mobile nutrient. 
Except in years of gross deficiency, precipitation was of less impor- 
tance than might be expected. 

This apparent contradiction to accepted theory is partially 
explained by later research in the Stillwater area which showed a 
maximum soil water content in early spring, followed by a rapid 
decrease in soil water content with the onset on rapid tallgrass 
prairie growth. Regardless of the summer precipitation, significant 
recharge did not occur until after plant production peaked and 
transpiration was apparently significantly decreased. If much of 
the summer precipitation from convectional thunderstorms is lost 
as runoff or plant and litter interception, factors, such as high 
temperatures and movement of large amounts of dry wind from the 
southwest, which increase evapotranspiration could be expected to 
have a greater net effect on plant growth than did precipitation. 

Higher minimum temperature in November of the previous year 
was directly related to greater hay yields and higher N concentra- 
tions in the following year. The implication of this is range man- 
agers should pay close attention to the amount of grazing residue 
left on the plants and the amount of litter on the ground in the fall. 
Beneficial effects of fall fertilization to increase basal bud and root 
development for maximum number of tillers is also implied. 

The multiple regression equations using data available prior to 1 
June more closely predicted forage quality than forage quantity. 
This could be the result of the influence of fall conditions on tiller 
potential and general degree of leafiness. Increased forage produc- 
tion may be largely low quality stem materials. Stem elongation 
may be more limited by hot, dry summer weather than is leaf 
enlargement on tallgrass species. Peak production in tallgrass 
prairie vegetation can occur any time between early June and late 
fall. Hot droughts hasten maturity and relatively cool, wet 
summers prolong growth. 

Extremes in weather variables, especially temperatures, have 
significant influence over forage quantity and quality. Weather 
conditions in Oklahoma are highly variable with extremes in 
temperature, precipitation, and wind. The statistical analyses sug- 
gest means and extremes function quasi-independently. These 
extremes, though short-lived, seemed to have a greater influence 
on variations in growing conditions than the “expected” average 
weather conditions. 

Although the models presented in this study are not intended to 
show cause-and-effect relationships, they do point out relation- 
ships which deserve additional study. In addition Rz values 
obtained from this long-term study suggest the possible value of 
obtaining similar data from ranchers with long-term records on 
hay production and livestock performance. These data could be 
used with the methods outlined in this study to gain an insight into 
the weather, vegetation, and livestock performance relationships 
on other rangelands. 
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Cubed Alfalfa Hay or Cottonseed Meal-Barley as Supple- 
ments for Beef Cows Grazing Fall-Winter Range 
R.C.COCHRAN,D.C.ADAMS,P.O.CURRIE,ANDB.W.KNAPP 

A a-year study evaluated the efficacy of supplements for beef 
cows grazing mixed grass prairie during the fall and winter. Cows 
were allotted to 3 treatments: (1) range forage only, (2) range 
forage plus 1.2-1.3 kg alfalfa cubes l hd-’ l d-l, and (3) range 
forage plus .9 kg cottonseed meal-barley cake l hd-’ l d-l. Sup- 
plements were fed daily to provide approximately 50% of crude 
protein requirements. Treatment effects did not depend (X0.10) 
on year for independent variables evaluated. Although weather 
conditions differed among years, observed changes in weight and 
condition score were similar (PCO.10) for both years. Supple- 
mented cows gained weight; but supplement type did not influence 
weight gains. In contrast, unsupplemented cows displayed signiti- 
cant weight loss. Supplemented cows either maintained or slightly 
increased in body condition during the fall-winter period. How- 
ever, body condition of unsupplemented cows decreased (K.05) 
compared with condition of supplemented cows. Supplementation 
with alfalfa cubes resulted in similar performance compared with 
supplementation with cottonseed meal-barley cake. Supplement- 
ing diets of wintering range cows with feeds high in protein 
improved performance compared with no supplementation. 

Supplementing beef cattle grazing on native winter rangeland in 
the Northern Great Plains is common but costly. Reducing these 
costs requires supplementation practices that meet nutritional 
requirements while enhancing forage utilization. Energy supple- 
mentation of animals consuming poor quality forage often results 
in depressed cellulose and hemicellulose digestibility (Henning et 
al. 1980, Kartchner 1981), reduced protein digestibility (Cook and 
Harris 1968), and decreased intake of forage (Crabtree and Willi- 
ams 1971a,b; Lamb and Eadie 1979). In contrast, supplementing 
poor quality forage with a nitrogen or protein source frequently 
yielded increased forage intake (Amos and Evans 1976, Kartchner 
1981), improved crude protein digestibility (Coleman and Wyatt 
1982) and elevated crude fiber digestibility (Lyons et al. 1970). 
Alfalfa is a protein-rich feedstuff that generally costs less than 
traditional “protein” supplements. Alfalfa has been successfully 
used to complement the diets of sheep fed low quality tall fescue 
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(Hunt et al. 1985). However, published evaluations of alfalfa fed at 
low levels to wintering range cattle are limited (Clanton et al. 1980). 
In addition published comparisons of performance results from 
cattle fed cubed alfalfa hay and traditional supplements are not 
available. Therefore, we tested the hypothesis that supplementing 
cows grazing fall-winter range with low levels of alfalfa cubes will 
result in similar performance (as defined by changes in body weight 
and condition) relative to supplementing with an equivalent quan- 
tity of nitrogen in the form of cottonseed meal-barley cake. 
Moreover, we tested whether supplementation with feeds high in 
protein improves performance compared with no supplementation. 

Materials and Methods 

Trials were conducted at the Fort Keogh Livestock and Range 
Research Laboratory, Miles City, Mont., during the fall and win- 
ter of 1982/83 and 1983184. The study was conducted in 6 pad- 
docks contained within a 342-ha mixed grass prairie pasture. Pre- 
dominant forage species were blue grama (Bouteloua gracilis), 
western wheatgrass (Pasocopyrum smithii), needle-and-thread 
(Stipa comata), and buffalograss (Buchloe dactyloides). Browse 
species available included greasewood (Sarcobatus vermiculatus), 
shadscale (Atriplex confertifolia), Gardner’s salt brush (Atriplex 
gardneri), winter-fat (Creatoides lanata), big sagebrush (Artemesia 
tridentata wyomingensis). and silver sagebrush (Artemesia cana) 
(Kartchner 1981). 

Mature, pregnant crossbred cows (n=87 for 1982183 and n=64 
for 1983/ 84) were randomly assigned to the 6 paddocks. Stocking 
rates were maintained at levels which insured forage availability 
was not limiting in either year. Stocking rates used were considered 
moderate to light based on previous work with the pasture used in 
this study (Holscher and Woolfolk 1953). Two paddocks were 
randomly assigned to each of 3 supplement treatments: (1) range 
forage only, (2) range forage plus alfalfa cubes, and (3) range 
forage plus 30% cottonseed meal-70% barley cake. Alfalfa was fed 
to supply 50% of the crude protein requirement (NRC 1976) of a 
dry, pre nant, mature cow in the middle third of gestation (1.3 
kg l hd-g* d-’ for 1982/83 and 1.2 kg l hd-’ l d-’ for 1983/84). 
Cottonseed meal-barley cake was fed to supply similar levels of 
energy and protein as the alfalfa cubes (.9 kg l hd-’ l d-’ during 
both years). Supplements were offered on a daily basis. During 
trials, alfalfa hay cost S65.00/ ton; cubing costs varied between 
$10.00 and $20.OO/ton. The cottonseed meal-barley cake we used 
was valued at %23O.OO/ton. Other commonly used range cake 
(barley cake adjusted to 20% crude protein) by ranchers in eastern 
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Montana cost $165.OO/ton during our study. We began trials on 3 
November 1982 and 4 October 1983 and continued them until 
forage availability warranted providing additional energy as hay. 
Termination dates were 25 January 1983 and 10 January 1984. 

Animals were weighed to the nearest 0.5 kg at 14-day intervals 
throughout the course of each trial. Before weighing, cows were 
allowed to graze but were held off water for approximately 18 
hours. Body condition scores were recorded for each cow at the 
beginning and end of each trial based on a palpated determination 
of fleshing over the ribs and thoracic vertebrae as described by 
Bellows et al. (1971). Scores were independently estimated by 2 
individuals. Possible range for numerical scores was from 1 (thin- 
nest) to 10 (fattest). The average of the 2 individuals’ scores was 
used as the estimate of condition. 

Four esophageally fistulated steers were used to collect diet 
samples from each of 2 paddocks during each collection period. 
Diet samples were collected to evaluate forage quality during the 
study. Collections were made during December and January of 
1982/83 and October, November, December and January of 
1983/ 84. Samples were collected during the morning following an 
overnight fast. Masticates were subsampled, composited, and 
dried for a minimum of 48 hours at 50“ C. Fistula forage samples 
and supplements were ground with a Wiley mill to pass a l-mm 
screen and then analyzed for various chemical constituents (Table 
1). Crude protein was determined by AOAC (1980) procedures. 

Table 1. Chemical composition’ and digestibility of range forage end 
supplements. 

Item 

Chemical component (%)z 

OM CP ADF NDF ADL IVOMD 

Year I - 1982/83 
Range forage 

December 
January 

Alfalfa cubes 

Cottonseed meal-barley 

Year 2 - 1983/84 
Range forage 

October 
November 
December 
January 

Alfalfa cubes 

Cottonseed meal-barley 

91.9 3.2 51.5 77.8 5.8 50.4 
91.7 3.0 51.4 77.8 4.9 57.1 

89.2 15.9 34.7 43.6 6.3 63.8 

95.0 22.1 9.6 20.9 2.4 82.6 

91.2 6.5 48.7 73.2 4.2 65.5 
90.8 5.7 49.3 72.4 4.0 67.9 
91.3 5.1 50.4 74.2 4.4 63.9 
89.4 4.8 49.4 72.5 4.9 61.9 

88.6 17.6 32.8 42.7 5.4 69.3 

95.0 22.1 9.6 20.9 2.4 82.6 

‘OM=organic matter. 
CP=crude protein. 
ADF=acid detergent fiber. 
NDF=neutral detergent fiber. 
ADL=acid detergent lignin. 
IVOMD=in vitro organic matter digestibility 

2Dry matter basis. 

Acid detergent fiber, neutral detergent fiber, and acid detergent 
lignin were determined as described by Goering and Van Soest 
(1970). A modification (White et al. 1981) of the Tilley and Terry 
(1963) procedure was used for determining in vitro organic matter 
digestibility. 

Weight and condition score data were evaluated by analysis of 
variance. Terms included in the model and their corresponding 
degrees of freedom were year (l), treatment (2), year X treatment 
(2), paddock within year X treatment (6), animal within paddock 
within year X treatment (139). Terrain differed among paddocks; 
consequently, 1 degree of freedom from the paddock within year X 
treatment interaction was used to account for this known source of 
variation among paddocks. The random variation among pad- 
docks (5 degrees of freedom) was used as the testing term for year, 
treatment and year X treatment interaction. Orthogonal contrasts 
were used to partition treatment sums of squares. Contrasts were 

(1) alfalfa cube versus cottonseed meal/ barley and (2) supplemen- 
tation versus no supplementation. 

Results and Discussion 
Treatment effects did not depend (p>o. 10) on year for any of the 

responses evaluated. Although temperatures were warmer and less 
snow fell (Fig. 1) during year 1 (1982/83) compared with year 2 

-10 
/ 

-20 1 

I 

-3oL EARLY 
OCTOBER NOVEMBER DECEMBER JANUARY 

Fig. 1. Fourteen day averages of daily minimum temperature and snow 
cover. 

(1983/84), we observed no difference (m.10) among years in 
total weight or condition score change. Supplemented cows gained 
weight (Table 2); supplement type did not influence (m.25) 
weight gains. Similarly, we observed no difference (EYJ.50) 
among cows receiving either supplement for change in body condi- 
tion score (Table 3). Supplemented cows maintained or slightly 
increased in body condition during the fall-winter period. 

Unsupplemented cows lost more (x0.025) weight during fall 
and winter than supplemented cows. Body condition scores of 
unsupplemented cows also decreased during fall-winter. We 
observed lower (KO.05) condition scores in unsupplemented cows 
compared with supplemented ones. Condition score and reproduc- 
tive characteristics have been observed to be more highly corre- 
lated than body weight and reproductive characteristics (Staig- 
miller et al. 1979). Dzuik and Bellows (1983) indicated that the dam 
should have a minimum score of 5 at calving to ensure adequate 
postpartum reproduction. We observed condition scores in unsup- 
plemented cows below this level and surmise that this could poten- 
tially depress their reproductive performance during the postpar- 
tum period. 

500’ I I I 1 1 I 
11/3 11/23 12/6 12/21 v* l/l8 l/25 

DATE 

Fig. 2. Weight profie of beef cows during fall-winter 198243. 

Weight profiles of supplemented cows paralleled those of 
unsupplemented one during year 1 (Fig. 2), but diverged during 
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Table 2. Least squares means1 for initial weight, final weight and weight cbang of pregnant beef cows at tbe initiation and terminaUon of supplemeota- 
tion periods. 

Item 

Animals, (no.) 
Initial weight (kg) 
Final weight (kg) 
Weight chance fka\ 

Range forage 
only (RFO) 

53 
516 
505 
-11 

Treatments 
Alfalfa Cottonseed meal- 

cubes (AC) barley (CSM/ B) 

49 49 
517 518 
541 532 

24 14 

SE3 

3 
6 
9 

Orthogonal contrasts 
AC + CSM/B 

AC vs CSM/ B 2 vs RF0 

P7.50 D.50 
D.40 l-K.025 
D.25 X.025 

‘Pooled across years. 
ZEnd-beginning weight. 
‘SE = standard error. 

Table 3. Least squares means1 for initial, fioal and cbenge in condition scor6 of pregnant beef cows 8t tbe ioitiation sod termination of supplemeotetion 
periods. 

Item 

Animals, (no.) 
Initial condition score 
Final condition score 
Condition score change 

Range forage 
only (RFO) 

53 
5.1 
4.6 
-. 5 

Treatments 
Alfalfa Cottonseed meal- 

cubes (AC) barley (CSM/ B) 

49 49 
5.2 5.2 
5.4 5.2 

.2 0 

SE’ 

.l 

Orthogonal contrasts 
AC + CSM/ B 

AC vs CSM/ B 2 vs RF0 

m.50 lQ.30 
D.50 K.025 
D.50 K.05 

‘Pooled across years. 
*End-beginning score; 1 q  thinnest, 10 = fattest. 
‘SE = standard error. 

year 2 (Fig. 3). All groups lost weight rapidly during mid- 
December. This pattern of weight gain and loss coincided with the 
beginning of severe weather during both years. Generally, periods 
of substantial snow cover accompanied colder temperatures (Fig. 
l), thus limiting forage availability. Severe winter conditions 
would increase the maintenance energy requirement of cows (NRC 
1981). In addition, time spent grazing decreases at extremely low 
environmental temperatures (Adams and Reynolds 1983). There- 
fore, the rapid weight losses we observed may reflect actual 
decreases in empty body weight as well as decreases in gut fill. The 
small increases in live weight at the end of both trials correspond 

4 I 
490 t 

1 
‘\ . . . . ~ /.,.... /‘~ 

t 
qgOIL_l__-1-I 

10/4 10/18 10/31 11/15 11/29 12/13 12/28 l/10 
DATE 

Fig. 3 Weight profile of beef cows during fall-winter 1983-84. 

with decreased snow cover and increased temperature. Increased 
grazing activity, and thus gut fill may explain this rapid recovery of 
body weight. 

Evaluation of supplement prices and quantity fed indicated that 
similar winter performance could be realized for ap_proximately 
half the costs when using alfalfa cubes (I 1 cents l hd l d“) com- 
pared with cottonseed meal-barley cake (23 cents l hd-’ l d-l). If 
barley cake adjusted to 20%crude protein ($165.00/ ton) was fed at 
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the same level as the cottonseed meal-barley cake and produced 
similar performance response, there would continue to be a 5 
cents l hd-’ l d-‘advantage for supplementation with alfalfa cubes. 
A price differential of 5 to 12 cents l hd-’ l d-’ would be a signifi- 
cant savings for ranchers who routinely choose to supplement their 
cows during the fall and winter. However, the competitive advan- 
tage from supplementing with alfalfa cubes is highly dependent on 
the prices of alfalfa hay and other supplemental feeds. Therefore, 
final choice of supplement type may be modified by feed prices 
within a given year. Determination of the usefulness of winter 
supplementation is complex due to modifying influences of cow 
body condition, physiological state, forage quality, weather, pre- 
and postpartum nutritional treatments, varying management 
schemes, and cattle prices. However, several long-term supplemen- 
tation studies (Black et al. 1938, Bellido et al. 1981, Heitschmidt et 
al. 1982) indicate that benefits from supplementation may be sub- 
stantial during significant stress periods (e.g., severe winters, 
drought, extreme weed infestation, and heavy stocking rates). 
Under more favorable conditions, the usefulness of supplementa- 
tion programs has been questioned (Bellows and Thomas 1976, 
Bellido et al. 1981). Further work identifying levels of supplemen- 
tation appropriate for various stressors and development of sup- 
plementation strategies which are related to stressor presence and 
severity would be useful in reducing costs associated with unneces- 
sary supplementation. 

In conclusion, changes in live weight and condition score 
observed in this study support the hypothesis that similar or 
improved performance can be realized using an alfalfa cube sup- 
plement compared with providing an equivalent quantity of nitro- 
gen as cottonseed meal-barley cake. This finding concurs with 
results reported by Clanton et al. (1980) for grazing cows supple- 
mented with alfalfa hay or soybean meal during the winter period. 
Supplementing the diets of wintering range cows with feeds high in 
proteinimproved performance compared with no supplementation. 
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November-October 5 
January-December 1 

Publications will normally be mailed by the 1 lth of the month 
of publication. Allow at least 2 weeks for delivery in the US. 
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Short Duration Grazing in Central New Mexico: Effects on 
Infiltration Rates 
MARK WELTZ AND M. KARL WOOD 

Abstract 

The objectives of this study were to determine the infiucnce of 
short duration grazing, continuous grazing, and grazing exclusion 
on infiltration rates on 2 range sites in southcentral and eastcentral 
New Mexico. 

Short duration grazing had no beneficial effect on the hydrology 
of 2 different range sites. The terminal infiltration rates of both 
short duration grazing systems, after the cattle had grazed the area, 
were about one-half the terminal infiltration rate of the same area 
before the cattle grazed the area. Cattle distribution within the 
different grazing treatments had no effect on infiltration rates at 
0.4,0.8, and 1.2 km away from water for a moderate continuous, 
heavy continuous, and a short duration grazing system. Moderate 
continuous grazing was superior to heavy continuous grazing and 
short duration grazing, based on the hydrologic variables evaluated. 

Grazing systems impact range watersheds by altering vegetation 
and soil variables. The objectives of most grazing systems are to 
increase forage production while, at the same time, increasing 
livestock and wildlife production. In the past several years, 
researchers have studied several different grazing systems and their 
effect on surface water runoff and sediment production. However, 
little is known about the effect of short duration grazing on range- 
land watersheds. A short duration grazing system is defined here as 
having a stocking density index greater than 2 (Kothmann 1974), 
but is distinguished from a high intensity, low frequency grazing 
system by grazing periods of less than 2 weeks. 

Aldon and Garcia (1973) studied the effects of changing from 
heavy continuous to moderate continuous grazing with summer 
deferment on a 190-ha watershed. They reported sediment yields 
decreased 71% over a 4-year period. Smith (1980), working at the 
Ft. Stanton Experimental Ranch in southcentral New Mexico, 
noted moderate continuous grazing was superior to either heavy 
continuous grazing or a Cpasture l-herd rotation grazing system. 
Smith (1980) concluded that reduced vegetal cover on the heavy 
continuous and 4-pasture l-herd systems was the predominate 
reason for decreased infiltration rates and increased sediment 
production. 

Wood and Blackburn (198 I), in the Rolling Plains of Texas, 
reported a 4-pasture 3-herd grazing system (Merrill system) 
approached the optimum infiltration rate of a 20-year old exclo- 
sure. On the basis of analyzing infiltration rates, Wood and Black- 
burn concluded the deferred-rotation system was superior to mod- 
erate continuous; high intensity, low frequency (HILF); or heavy 
continuous grazing. McGinty et al. (1979), working in Sonora, 
Texas, reported infiltration rates of midgrass interspace areas were 
highest in a livestock exclosure and a deferred-rotation pasture. 
The heavy continuous grazing treatment significantly reduced 
terminal infiltration rates. 

McCalla et al. (1984) initiated another study at the Sonora 
Research Station to evaluate the influence of mixed livestock 
grazing on the hydrologic variables in moderate continuous; heavy 
continuous; and a high-intensity, low frequency grazing system 
stocked at a moderate level. The pastures were 5 ha each and were 
grazed at a ratio of approximately 50:25:25% for cattle, goats, and 
sheep, respectively. In general, he concluded there was no signifi- 
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cant difference in infiltration rates between the HILF and the 
moderate continuous grazed pastures. Infiltration rates on the 
heavy continuous grazed pastures were significantly lower than the 
other 2 treatments in all but 1 month. M&alla et al. (1984) noted 
accumulated sediment production, standing grass crop, and sur- 
face roughness to be significantly lower on the heavy continuous 
pasture. There were no major differences in the mulch content, 
surface soil aggregate stability, or organic matter content in any of 
the treatments at the conclusion of the 17-month experiment. 

This study determined the influence of short duration grazing, 
continuous grazing, and exclusion from grazing on infiltration 
rates on 2 range sites in southcentral and eastcentral New Mexico. 

Study Area 

Two similar studies were conducted on the impacts of short 
duration grazing systems on hydrologic variables in New Mexico. 
One study area was at the Ft. Stanton Experimental Ranch in 
southcentral New Mexico, 10 km east of Capitan, New Mexico. 
The study was conducted on a mesa top. Soils across all treatments 
were members of the Dioxice series. The Dioxice series is classified 
as a mixed, mesic, loamy-skeletal, Aridic Calciustoll. Slopes on the 
study area ranged from O-3%. In general, the mesa tops were 
dominated by blue grama (Boufelouu grucilis [H.B.K.] Steud.) 
grasslands, with the slopes and rocky ridges dominated by pinyon- 
juniper and oak associations. Other important grasses included 
wolftail (Lycurusphleoides H.B.K.), sand dropseed (Sporobolus 
cryptundrus [Torr.] Gray), mat muhly (Muhlenbergiu richardsonis 
[Trin.] Rydb.), and ring muhly (M. torreyi [Kunth] Hitchc. & 
Chase). Common forbs include carruth sagewort (Artemesiu cur- 
ruthii Wood) and scarlet globemallow (Sphuerulceu coccineu 
[Pursh] Rydb.). Important woody species included pinyon pine 
(Pinus edulis Engelm.), single-seeded juniper (Juniperus mono- 
sperma [Engelm.] Sarg.), walkingstick cholla (Qountia imbricutu 
Haw.), and wavy-leaf oak (Quercus undulutu Torr.) (Tober 1978). 

The second study area was 25 km southwest of Ft. Sumner, New 
Mexico in the Canadian-Pecos plains area. Soils across all sites 
were in the Berwolf series and classified as a fine-loamy, mixed, 
thermic, Ustollic Haplargid. Slope in the area ranged from O-3%. 
Vegetation was characterized by blue grama, hairy grama (B. 
hirsutu Lag.), red three-awn grass (Aristidu iongisetu Steud.), 
tumble lovegrass (Schedonnurduspuniculutus [Nutt.] Trel.), and 
sand dropseed. Important forbs and woody species included sand 
sagebrush (Artemesiafilifoliu Torr.), broom snakeweed (Gutierre- 
zia surothrue [Pursh] Skinners), and yucca (Yucca gluucu Nutt.). 

Treatments studied at Ft. Stanton during June 1982 represented: 
(a) a heavily stocked, continuously grazed pasture (337 ha) (13.5 
ha/ A.U.); (b) a moderately stocked, continuously grazed pasture 
(168 ha) (18.0 ha/A.U.); (c) one paddock of a short duration 
grazing system before grazing took place (95 ha) (14.0 ha/A.U.); 
(d) the same short duration paddock after the cell had been grazed 
for 4 days; (3) and a livestock exclosure (7.5 ha) protected from 
grazing since 1952. The 2 continuously grazed treatments were 
initiated in 1964. Before initiation of the short duration grazing 
system in 1980 the area was used seasonally at a moderate rate. A 
paddock was chosen in the short duration grazing system that was 
similar to the soil series and vegetation communities of the other 
grazing systems. The other paddocks in the short duration grazing 
system were not sampled due to differences in soil properties. 
Within each grazing treatment, infiltration rates were determined 
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at 0.4, 0.8, and 1.2 km distances (zone 1, zone 2, and zone 3, 
respectively) away from water. These distances were selected to 
determine if the different grazing systems affected the way cattle 
distributed themselves throughout a grazing system, thus affecting 
infiltration rates. Within each zone, 6 plots were randomly located 
for a total of 18 plots per treatment. 

Treatments evaluated at Ft. Sumner during July 1982 repre- 
sented: (a) a moderately stocked, continuously grazed pasture (260 
ha) (26.6 ha/A.U.); (b) 1 paddock of a short duration grazing 
system (65 ha) (13.3 ha/ A.U.) before the cattle had grazed thearea; 
(c) the same short duration paddock 1 day after the cattle had 
grazed the cell for a 3day period; (d) and a livestock exclosure (4 
ha) which had been protected from grazing since the turn of the 
century. The short duration grazing system was initiated in 1979. 
Before 1979, the area was grazed as part of the moderate continu- 
ous treatment. Within each grazing treatment or exclusion from 
grazing, 6 randomly located plots were evaluated. 

Methods 

A modified Purdue infiltrometer (Bertrand and Parr 1961) was 
used to determine infiltration rates on 1 X l-meter plots. Eighty- 
five percent of the raindrops were from 0.15 and 3.33 mm diameter 
with the largest percentage between 1.65 and 2.36 mm. Nozzle 
pressure was 62.1 X 103 PA, which assured velocities similar or 
equal to natural rainfall. Water used for rainfall was obtained from 
a well and was filtered to remove suspended solids. The runoff 
plots were prewet with the infiltrometer to remove antecedent 
soil-water content differences. Plots were prewet with 7.62 cm of 
water and allowed to drain for 24 hr. The simulated rainfall rate of 
7.62 cm/ hr (one standard deviation of 0.36 cm/ hr) for one hour 
was chosen to ensure runoff from all treatments. The amount of 
runoff was determined at 5-minute intervals. Time to ponding was 
not recorded. Terminal infiltration rate refers to the rate at the end 
of 60 minutes. 

Foliar cover of grasses, forbs, and percentage of ground cover by 
litter and rock (>I cm diam.) were determined by using a 20-point 
point frame. Five lines were read horizonally across the plot for a 
total of 100 points. Foliar cover was determined by the number of 
hits out of 100 possible points. Plant biomass (standing dead and 
live, and litter) was determined on each plot by clipping vegetation 
to ground height, raking-up all litter, oven drying the material at 
60” C for 1 week and weighing. 

Soil moisture by the gravimetric method (Gardner 1965) was 
determined for areas adjacent to each runoff plot at O-5 cm before 
each simulated rainfall event. Soil was collected to a 4 cm depth 
within each plot after the final simulated rainfall event. Particle 
size distribution of the soil was measured by the hydrometer 
method (Bouyoucos 1962), and organic carbon content by the 
Walkley-Black method (Allison 1965). Microrelief within each 
plot was measured after the final run along 5 different lines with a 
relief meter consisting of 20 pins spaced 4.5 cm apart (Kincaid and 
Williams 1966). Soil moisture and texture data were collected to 
assure similarity between treatment so that differences in infiltra- 
tion rates could be attributed to management changes. 

A completely randomized design with the treatments arranged 
in a factorial arrangement was used to analyze the experimental 
data at Ft. Stanton. Data were tested for normality and no trans- 
formations were needed. Analysis of variance was performed on all 
variables. The type four sum of squares was used to determine if a 
significant difference existed between the different grazing systems 
at the 0.10 level. Within treatment variation (variation among 
subplots) was allocated to the residual for testing differences 
among treatments (Kothmann et al. 1982). A Protected Fisher’s 
Least Significant Difference (L.S.D.) Test was used to separate 
means which were significantly different. At Ft. Sumner, experi- 
mental data were analyzed similar to the Ft. Stanton data. An 
analysis of variance across treatments was used in place of factorial 
arrangement. 
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Results and Discussion 

Because the 2 study areas represented different soils and vegeta- 
tive communities, the comparisons among treatments are res- 
tricted to those within study sites. 

Ft. Stanton 
The exclosure terminal infiltration rates were significantly 

greater than any of the grazing treatments (Table 1). These rates 
nearly equaled the application rate. Mean terminal infiltration rate 
of the moderate continuously grazed pasture was higher than the 

Table 1. Mesa values for treatment vegetation characteristics and hydro- 
logic variabka, Ft. Stanton, New Mexico. 

Treatments” 
Variable (units) EX MC HC SR SG 

Terminal Infiltration 
Rate (cm/ hr) 7.4a 4.9b 2.6d 3.9c 2.3d 

Grass standing crop 
(kg/ ha) 175a 168a 1% 127ab 91b 

Forb standing crop 
(kg/ ha) 61a 46ab 22c 31bc 36bc 

Litter accumulation 
(kg/ha) 143a 74bc 4& 96b 6Sbc 

Total above ground 
biomass (kg/ ha) 380a 288b 218bc 254bc 192~ 

Bare ground (%) 46a 34b 49a 47a 53a 
Organic carbon (%) 4.oc 4.6b 4.9b 5.5a 4.8b 

1Ex = Exclosure, MC = moderate continuous, HC = heavy continuous, SR = rested 
short duration, SG = grazed short duration. 
ZMcans in the same row followed by the same letter are not significantly different 
(P5.10) according to Fisher’s least significant difference (L.S.D.) Test. 

rested and grazed short duration and the heavy continuously 
grazed pastures. The rested short duration treatment infiltration 
rates were significantly higher than the heavy continuous and the 
grazed short duration treatment. There was no statistical differ- 
ence between the heavy continuous and grazed short duration 
pasture’s terminal infiltration rates. 

The exclosure’s mean infiltration rate remained nearly constant 
for the duration of the simulated rainfall event (Fig. 1). The mod- 

EXCLOSURE 
1________________1___________________ 

l -•... MODERATE CONTINUOUS 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

l **e... RESTED SHORT DURATION 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

8 I I , , 

10 20 30 40 50 60 

TIME (MINI 

Fig. 1. Mean infiltration rates for the various grazing treatments at Fort 
Stanton, New Mexico. 
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erate continuous treatment reached mean terminal infiltration at 
28 min, and the heavy continuous and short duration treatments 
reached mean terminal infiltration at 30 min. 

Distance away from water (zone) was not statistically important 
in any of the grazing treatments at Ft. Stanton for any given plant 
community. If treatment-by-zone interactions are compared, the 
only difference is at zone 2 of any treatment. The heavy continuous 
treatment had a blue grama community and a mat muhly commun- 
ity in zone 2 and the terminal infiltration rate at zone 2 was twice 
the terminal infiltration rate of either zone 1 or zone 3. Thomas and 
Young (1954) found tobosa grass sites had higher infiltration rates 
than did either buffalograss or curly mesquite sites. Wood and 
Blackburn (1981) determined areas dominated by bunchgrasses 
have higher infiltration rates than sodgrass areas. It was concluded 
that the large differences in terminal infiltration rates in zone 2 in 
the heavy continuously grazed pasture were a result of the change 
in vegetation communities, and not related to grazing. 

The livestock exclosure, moderate continuously grazed, heavy 
continuously grazed, and rested short duration pastures had statis- 
tically similar amounts of standing grass crop. The grazed short 
duration pasture had the least amount of grass of any of the grazing 
treatments, although it was statistically similar to the rested short 
duration treatment (Table 1). The exclosure had the highest 
amounts of above-ground biomass of any of the treatments. Total 
above-ground biomass in the moderate continuously grazed, 
heavy continuously grazed, and rested short duration pastures 
were statistically similar, although the rested short duration was 
the lowest. The grazed short duration treatment had less above- 
ground biomass than the exclosure, moderate continuously grazed, 
and heavy continuously grazed pastures, and was statistically sim- 
ilar to the rested short duration treatment. Percentage of bare 
ground was highest in the grazed short duration pasture but was 
statistically similar to the livestock exclosure, rested short dura- 
tion, and the heavy continuously grazed pastures. The moderate 
continuously grazed pasture had the lowest percentage of bare 
ground of any of the treatments. 

The livestock exclosures and moderate continuously grazed pas- 
ture had similar amounts of forbs. Likewise, forbs in the heavy 
continuously grazed, rested, and grazed short duration pastures 
were significantly less than the livestock exclosure. The heavy 
continuously grazed pasture had less forb standing crop than the 
moderate continuous. Litter accumulation (kg/ ha) in the exclo- 
sure was significantly higher than any of the other treatments. The 
moderate continuously grazed, rested and grazed short duration 
pastures produced intermediate litter accumulation. The heavy 
continuously grazed pasture had the least litter accumulation, 
although it was statistically similar to the moderate continuously 
grazed and heavy continuously grazed pastures. Organic carbon 
was significantly lowest in the exclosure and highest in the rested 
short duration treatments. This agrees with findings in other sim- 
ilar studies by Wood and Blackburn (1981) and Pluhar (1984). 

Total above-ground biomass had the highest correlation (~0.77) 
with terminal infiltration rates followed by grass standing crop 
(0.67) and litter accumulation (0.66). All other variables had r- 
values less than 0.40. 

Ft. Sumner 
Mean terminal infiltration rates were higher in the rested short 

duration pasture than in the other grazing treatments, although 
not statistically different from the livestock exclosure (Table 2). 
The exclosure and moderate continuous grazing treatment had 
statistically similar terminal infiltration rates. The grazed short 
duration treatment had a significantly lower terminal infiltration 
rate than any of the other grazing treatments. 

The rested short duration and the exclosure treatments reached 
mean terminal infiltration at 30 min (Fig. 2). The grazed short 
duration treatment reached mean terminal infiltration rate at 35 
min, and the moderate continuous treatment reached mean termi- 
nal infiltration at 40 min. 
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Table 2. Mean values for treatment vegetation chanctedstks and hydro- 
logic variables, Ft. Sumner, New Mexico. 

Variable (units) Ex MC SR SG 

Terminal Infiltration Rate 
(cm/hr) 6.3ab 5.5b 7.Oa 3.8~ 

Grass standing crop (kg/ha) 128a 113a 146a 116a 
Forb standing crop (kg/ ha) 34a 22a 40a 2va 
Litter accumulation (kg/ ha) 466a 206b 137b 108b 
Total above ground biomass 

(kg/ ha) 628a 341b 323b 244c 
Bare ground (%) 47b 5Ob 59a 64a 
Organic carbon (%) 2.15ab 1.23b 2.19ab 3.OOa 

1Ex = Exclosure, MC = moderate continuous, SR = rested short duration, SG = grazed 
short duration. 
2Means in the same row followed by the same letter are not significantly different 
(I5 10) according to Fisher’s least significant difference (LAD.) Test. 

Grass standing crop and forb standing crop (kg/ ha) were statis- 
tically similar for all grazing treatments. Litter accumulation in the 
livestock exclosure was significantly greater and ranged from 2 to 4 
times higher than in the other grazing treatments. Total above- 
ground biomass (kg/ ha) in the exclosure was about 2 times more 
than any of the other treatments. The moderate continuous and 
rested short duration treatments produced statistically similar 
amounts of biomass, and both were significantly higher than the 
grazed short duration treatment. The exclosure and moderate 
continuous treatments had significantly less bare ground than 
either of the short duration treatments. 

Total ground cover had the highest correlation (r q  0.74) with 
infiltration rates followed by grass standing crop (0.63) and forb 
standing crop (0.48). All other variables had r-values less than 0.36. 

I I I I , I 
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Fig. 2. Mean infhation rates for various grazing treatments near Fort 
Sumner, New Mexico. 

Conclusions 

Results from this research indicated short duration grazing at 
both sites had no beneficial impact on the hydrologic condition of 
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the range over continuous grazing at similar or different stocking 
rates after 2 and 3 years. It is not known how long it will take to 
increase infiltration rates after implementation of a short duration 
system or if they will increase at all. 

The reduction in grass standing crop and litter load, and the 
correlated increase in the percentage of bare ground on the short 
duration system after grazing, was the reason attributed to the 
significantly reduced infiltration rates of both grazed short dura- 
tion systems. Rauzi (1960), Dunford (1954), and Johnston (1962) 
reported that, as litter is removed and the percentage of bare 
ground is increased, a corresponding increase in surface runoff can 
be expected. Results of this research at Ft. Stanton indicated 
moderate continuous grazing had higher infiltration rates com- 
pared to short duration grazing, and heavy continuous grazing and 
short duration grazing respond similarly. Exclusion from grazing 
resulted in higher infiltration rates than any of the grazing treat- 
ments even though the rest period at Ft. Sumner was adequate to 
restore infiltration rates similar to that of the livestock exclosure. 
Stocking rate seems to be a more important influence on infiltra- 
tion rates than the type of grazing system. The low infiltration rates 
after the short duration grazing period are alarming. At Ft. 
Sumner, the rest period was adequate for the site to recover and 
have high infiltration rates. The dangerous time period is imme- 
diately following a grazing period. One of the pastures is in the 
vulnerable state at any given time. 
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Changes in Bacterial Populations in Wyoming Mountain 
Streams After 10 Years 
MICHAEL R. HUSSEY, QUENTIN D. SKINNER, AND JOHN C. ADAMS 

Abstract 

Streams of mountain watersheds in Wyoming were monitored 
to compare water quality data collected during 1971-72 with data 
collected during 1982. After 10 years there was little change in: (1) 
total coliformq (2) fecal coliforms, (3) fecal streptococci, (4) plate 
counts at 35” C, (5) total heterotrophic aerobic bacteria, (6) denit- 
rifying bacteria, and (7) those organisms capable of reducing sul- 
fate. Grazing management, recreation activities, and wildlife use of 
the watershed studied seem to be contributing a constant bacterial 
load to streams sampled by year and month during summer. 

Users of watersheds may cause changes in water quality. For 
example, cattle grazing has been shown to increase fecal indicator 
organism densities in nearby waters (Buckhouse and Gifford 1976, 
Jahn et al. 1978, Stephenson and Street 1978, Doran and Linn 
1979, Jawson et al. 1982, Stephenson and Rychert 1982). Recrea- 
tional activities have been reported to decrease indicator organism 
densities in some streams, perhaps by causing wildlife to leave their 
habitat (Stuart et al. 1971; Skinner et al. 1974a, 1974b; Varness et al. 
1978). Gary (1982) found that recreational use of a campground 
equipped with modern sanitation facilities did not significantly 
affect the densities of indicator bacteria in surface waters, whereas 
Skinner and Adams (1977) were able to show an increase in 
numbers below a ski area during &nter months. These higher 
numbers, however, decreased to base levels during spring snow- 
melt. Other investigators have shown increased stream flow from 
snowmelt or precipitation events raised the numbers of organisms 
in water in various drainage basins (Walter and Bottman 1967, 
Stuart et al. 1971, Stuart et al. 1976, Varness et al. 1978, Stephen- 
son and Street 1978, Kay and McDonald 1980, McDonald and 
Kay 1981, Erickson et al. 1982, Gannon et al. 1983). 

Seasonal fluctuations of indicator organism densities indicate 
that higher numbers may be found during the summer months 
(VanDonsel et al. 1967, Skinner et al. 1974b, Hendry and Leggatt 
1982) in both streams and lakes. These fluctuations in bacterial 
numbers may be due to settling of indicator organisms from sur- 
face waters to bottom sediments (Kay and McDonald 1980, Gan- 
non et al. 1983, Skinner et al. 1984). Examples of indicator organ- 
isms more numerous in sediments than in overlying waters have 
been documented by Hendricks (1971), Van Donsel and Geldreich 
(1971), Matson et al. (1978) and Skinner et al. (1984). Organisms in 
sediments may be resuspended by various precipitation events 
causing flushing flows, recreational activities, and hoof action 
from wildlife and livestock (Stephenson and Street 1982). Indica- 
tor bacteria in surface water and sediment have been reported to 
survive and grow (Hendricks and Morrison 1967). Research doc- 
umenting change in bacterial populations found in stream water 
originating from mountain watersheds subjected to multiple user 
pressure with intervals of years between sampling is lacking. This 
study was undertaken to document changes in 7 bacterial popula- 
tions in mountain streams after IO years while management practi- 
ces and user activities remained generally unchanged. 
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Materials and Methods 
Evaluation of bacterial water quality trends after IO years were 

accomplished by collecting grab samples from the same streams 
and sites located within the Nash Fork Hydrologic Observatory. 
The observatory is located approximately 53 km west of Laramie, 
Wyoming and is described by Skinner et al. 1974a and 1974b. 

Total coliforms (TC), fecal coliforms (FC), fecal streptococci 
(FS), and standard plant counts (PCA) at 3S” C were enumerated 
following methods described by Skinner et al. (1974b). Total viable 
bacterial counts (HEN), sulfate-reducing bacteria (SULFR), and 
denitrifying bacteria (DEN), were enumerated as previously des- 
cribed by Skinner et al. (1974a). 

One-way analysis of variance (ANOVA) was used to compare 
means from each site for each month by year for each bacterial 
population enumerated, water temperature, and flow rate. Signifi- 
cant means were separated using Duncan’s new multiple range test 
at the 95% confidence level (Steel and Torrie 1960). 

Data from 1971, 1972, and 1982 were combined and one-way 
ANOVA was performed to determine significant contrasts between 
(I) months for each test at each site, and (2) differences between 
sites for each test during each month. 

Results and Discussion 

Presented in Table 1 are the results of comparing 3 years of data 
for the month of July. July was chosen as being representative of 
the 4 months that were studied. Statistically significant differences 
did occur at different sites during different years; however, no 
distinct trends were observed. For example, the total coliforms 
were significantly more numerous in 1972 than in 1971 or 1982 at 
sample site 5 and the fecal coliforms were less numerous in 1971 at 
site 4 than they were in 1972 or 1982. Thus, it appeared that the 
numbers of the bacterial indicators of health hazards in these 
waters could most likely be explained by unidentified pollution 
events regardless of the year. The denitrifying bacteria, the sulfate 
reducing bacteria, and the total bacterial count as determined on 
modified Henrici’s agar were not statistically more numerous at 
any site in 1982 when compared to 1971 or 1972. This information 
suggests that the natural flora of these waters has not changed over 
the years. 

Summary and Conclusions 

Bacteriological water quality in the streams of the Nash Fork 
Hydrologic Observatory has not changed much after 10 years. 
Grazing management, recreation activities, and wildlife use of this 
drainage basin seem to be contributing a constant bacterial load to 
streams sampled as no evident increases in fecal indicator organ- 
isms were noted after 10 years. 
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Table 1. Comparison of bactcrfal colmts between years for July. Nash Fork Hydrologic Observatory. 

h3 1% loi3 IOi3 loI3 loi3 h3 FC/ FS Stream Water 
TC* PCA HEN FC DEN FS SULFR Ratio -- .__ - ---- Sample flow Temp 

Site Year 100 ml 100 ml 100 ml 100 ml 100 ml 100 ml IOOml 100 ml Size second OC 

2 1971 0.56 3.45ab 6.17 0.30 3.45 0.22 3.07 0.825 3 10754a 6.83 
1972 1.44 3.66b 6.32 0.58 2.63 1.20 2.22 0.358 5 309.6b 10.40 
1982 0.62 2.38a 6.21 0.33 2.10 0.72 2.63 0.43 I 4 789.Oc 6.75 

3 1971 0.73 3.83a 6.09 0.22a 2.70 0.56 2.87 0.187 3 820.7 8.17 
1972 1.24 3.6Ob 6.50 0.35ab 1.52 1.23 2.39 0.093 5 366.8a 10.30 
1982 0.88 2.loc 5.98 0.66b 2.94 0.48 1.78 2.5OOa 4 788.2 7.75 

4 1971 1.03 3.33 5.85a 0.31a 2.93 0.37 2.37 0.884 3 271.7 4.50 
1972 0.76 3.24 5.43 0.44 2.35 0.83 1.90 0.054 5 56.6a 7.10 
1982 0.54 2.21 5.51 0.40 2.35 0.62 2.18 0.119 4 204.3 4.88 

5 1971 1.05 3.60 6.05 0.62 3.15 0.73 2.64 0.885 3 2603.6 8.00 
1972 2.11a 3.69 6.35 1.50 2.76 1.29a 2.50 1.944 5 714.9 9.70 
1982 1.09 2.64a 6.20 0.78 1.80 0.71 1.94 1.088 4 2177.1 7.33 

6 1971 1.39 3.52ab 6.07ab 0.62 3.18a 0.70ab 2.73 0.827 3 2603.6 9.80ab 
1972 2.51 3.75b 6.3Ob 1.54 1.03 1.24b 2.13 1.635 3 714.9 8.5Oa 
1982 I .03 2.42a 5.78a 0.83 2.76 0.48a 2.57 2.584a 4 2177. I 10.80b 

*TC = Total coliforms, PCA = Plate count agar (standard plate count), HEN = Total heterotrophic aerobic bacteria, FC = Fecal coliforms, DEN = Denitrifying bacteria, FS = 
Fecal streptococci, SULFR = Sulfate-reducing bacteria. 
Numbers within sites with same letter or no letters indicate no significant differences between years at Q = 0.05. 
Data for 1971,and 1972 used from Skinner et al. (1974a and 1974b) with permission from National Research Council of Canada (Canadian Journal of Microbiology) and 
Amencan Society of Agronomy (Journal of Environmental Quality). 
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Comparative Infiltration Rates and Sediment Production 
on Fertilized and Grazed Blue Grama Rangeland 
M. KARL WOOD, GARY B. DONART, AND MARK WELTZ 

This study determined the impacts of fertilization and livestock 
grazing on infiltration rates and sediment production. Infiltration 
rates and sediment production varied across years, depending on 
precipitation conditions, but were not different between fertilized 
and unfertilized rangeland within a year. Livestock production and 
stocking rates were 2 times greater on fertilized than on nonfertil- 
ized rangehmd. 

Soil bulk density was only greater on the fertilized arenas than the 
control at the end of the grazing period in 1982. Microtopography 
or roughness was not different between treatments. Increases in 
plant production mitigated any impacts from increased livestock 
numbers in fertilized areas. 

Increased rangeland forage production is necessary to meet 
long-term demands for red meat production. Most rangelands are 
being grazed to near capacity, but far below their potential. The 
level of forage production can be no greater than that allowed by 
the most limiting of the essential plant growth factors. These 
factors include light, mechanical support, heat, air, water, and 
nutrients. Humphrey (1962) noted that range forage production is 
limited more by nitrogen deficiency than any other element. 

Improving range condition has increased infiltration rates and 
decreased sediment yields on many sites across the United States 
(Dee et al. 1966, Rauzi and Zingg 1956, Blackburn and Skau 1974, 
Wood and Blackburn 198 1). Only scant information exists linking 
improved range conditions to fertilization and grazing. In a related 
study, Rauzi and Smika (1963) applied 90 kg/ ha of nitrogen to 
blue grama (Bouteloua gracilis)Jwestern wheatgrass (Agropyron 
smithii)l needleandthread (Stipa comata)/green needlegrass (Stipa 
viridula)/ threadleaf sedge (Carex filifolia) dominated rangeland 
on a silt loam soil site in North Dakota. Frequently clipped fertil- 
ized plots had water intake rates statistically similar (PCO.05) to 
similar clipped unfertilized plots. Water intake rates for frequently 
clipped fertilized plots were significantly lower than for fertilized 
plots that were clipped once in the fall with none of the herbage 
returned. They were also lower than on fertilized and unfertilized 
plots that had half the herbage returned. 

The impacts on infiltration rates and sediment production from 
fertilizing rangeland and doubling the stocking rate compared to 
unfertilized rangeland with conventional stocking are not known. 
The objectives of this study were to determine the impacts of 
fertilization and subsequent grazing on infiltration rates and sedi- 
ment production. 

Description of Study Areas 
An area in good range condition on the Ft. Stanton Experimen- 

tal Ranch in Lincoln County, New Mexico, was chosen for study 
and was partitioned into 55- and 63-ha treatment areas in 1968. 
The areas were fertilized with 45 kg/ ha of actual nitrogen, in the 
form of urea, in mid-June each year through 1976. After 1976, 
fertilizer was applied only in even-numbered years. Each area 
contained similar amounts of blue grama (Bouteloua gracilis 
H.B.K. (Griffiths)), the dominant species (Donart et al. 1978). 
Other species of importance were hairy grama (B. hirsuta Lag.), 
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sideoats grama (B. curtipendula (Michx.) Torr.), ring muhly 
(Muhlenbergia torreyi (Kunth) Hitchc. & Chase), mat muhly (M. 
richardsonis (Trin.) Rydb.), slimstem muhly (M.fificulmis Vasey), 
vine mesquite (Panicurn obtusum H.B.K.), and galleta (Hilaria 
jamesii (Torr.) Benth). Soils were fine-loamy, mixed, mesic, 
Cumulic Haplustolls (Bailey et al. 1982). Slopes were uniform and 
2-3%. 

Average annual precipitation over the past 79 years was 348 mm. 
Growing season precipitation, June through September, averaged 
244 mm. Monthly precipitation values for the years in which this 
study was conducted are given in Figure 1. Since 1978,3 unfertil- 
ized (control) areas have been moderately stocked with an average 
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Fig. 1. Precipitation for each month within fhe study and averaged over 
79 years. 

of about 2.5 ha/AU (animal unit). Three fertilized areas were 
stocked at least twice as heavy for an average of about 1.2 ha/ AU. 
Areas were stocked with yearling heifers about 1 week after initia- 
tion of summer growth and were grazed until late September or 
October. Length of grazing periods varied according to starting 
time and amount of growth. Livestock were turned in on 14 August 
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intervals and weighed on-site and converted to a depth (cm) of 
runoff. The infiltration rate was determinedby subtracting measured 
runoff rate from rainfall rate. Under these conditions, the infiltra- 
tion rate is the infiltration capacity. 

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

Foliar crown cover estimates of grasses and forbs, and cover 
estimates of rock, litter, and bare ground were made at 6 transect 
lines evenly spaced across each plot using the line intercept 
method. Readings were taken on all plots after the second simu- 
lated rainfall. Foliar cover included all plant parts that would 
intercept a raindrop. Rock was pebble size particles (>2 mm) or 
larger. Grasses and forbs, both standing live and dead, were 
clipped at 1.5cm stubble height, and litter was collected from each 
1 mr plot. Biomass material was dried at 60’ C for 1 week and 
weighed. 

A micro-relief meter was used to determine surface roughness in 
each plot (Kincaid and Williams 1966). The variation was obtained 
by averaging differences for 3 transects with 20 points per transect, 
per plot. Uniformity of soil moisture between plots after the initial 
wetting was verified by using a gravimetric technique (Black 1965) 
from O-5 and 5-10 cm depth. Bulk density was determined by the 
core method (Black 1965). Uniformity of soil texture was verified 
by the hydrometer method (Bouyoucos 1962). 

Data normality was determined by tests for skewness and kurto- 
sis. Student’s t-test, based on a randomized design, was used to 
determine if any significant differences existed between means for 
both the dependent and independent variables (p<. 10) within each 
year. Simple linear regression and step-wise multiple regression 
analysis was used to select the highest correlated soil and vegeta- 
tion variables influencing infiltration rates and sediment production. 

Results and Discussion 
Infiltration rates are shown for each treatment within each year 

in Figure 2 and Table 1. Mean soil moisture content was 21.8%. 
Time to ponding occurred within the first 5 minutes for every 
treatment. Infiltration rates declined with time but approached a 

and out on 20 October 1984, turned in on 8 July and out on 30 
September 198 I; and turned in on 10 August and out on 3 October 
1982. 

Methods 
Six study sites were selected. Three areas represented the fertil- 

ized treatment and 3 areas represented the control of unfertilized 
treatment. Four square plots (1 mr) were randomly located within 
each area for a total of 12 plots per treatment. Plot borders con- 
sisted of IO-cm high metal frames. The inference technique des- 
cribed by Tueller and Blackburn (1974) was used to select study 
areas. This approach assumes it is possible to select sites with 
similar soils, elevations, slopes, and aspects so the potential of all 
sites to produce a certain kind and amount of vegetation is similar. 
If the vegetation is found in different ecological range conditions, 
then major variations in the vegetation community and associated 
soil surface morphology should be attributable to prior manage- 
ment effects such as grazing or fertilization. In 1980 and 1981, 
hydrologic and vegetal data were collected before summer growth 
began and before introduction of livestock. In 1982, data were 
collected in mid-September, which represented the time period 
when summer growth is nearing completion and the grazing period 
was about half completed. 

On each plot, a mobile drip type infiltrometer (Blackburn et al. 
1974) was used to simulate rainfall at a rate of 7.5 cm/hr for 45 
minutes. This storm intensity with a duration of 1 hour occurs only 
once every 100 years (Hershfield 1961). Storms of this intensity but 
with shorter time periods will occur nearly every year. Preliminary 
tests showed 45 minutes were required for the soil moisture deficit 
to be filled and a constant infiltration rate be obtained. Simulated 
rainfall was applied to the plots until runoff occurred. Plots were 
then covered with a clear polyethylene plastic to prevent evapora- 
tion. This ensured fairly uniform soil moisture conditions for a 
second simulated rainfall application 24 hours later. Data collected 
from the first simulated rainfall application were highly variable 
but showed similar trends to the second data set collected when the 
soil was at field capacity. Therefore, only the results of the second 
readings are reported here. 

All runoff was collected from the bottom of each plot at 5-minute 

Table 1. Dependent and independent variable means for fertilized and control treatments in 1980,1981, and 1982. 

Variable 

Terminal 

1980 1981 1982 Overall 
Control Fert. Control Fert. Control Fert. Control Fert. 

Infiltration Rate 
(cm/hr) 

Sediment Production 
(kg/ ha) 

Biomass (kg/ha) 
grass 
forb 
litter 
Total 

Cover (%) 
grass 
forb 
rock 

4.3a** 4.4a 3.9a 5.6b 4.Oa 3.8a 4.0 4.6 

361a 391a 287a 95b 1441a 1041b 509 

46a 
lla 
19a 
76a 

25b 
21b 
15a 
61a 

117a 
550 
26a 

197a 

12Oa 
20b 

126b 
266b 

45a 
33a 
* 
* 

90b 72 78 
35a 33 25 
l 22 70 
* 136 164 

17a 
<la 
<la 

13b 
2a 

<la 

46a 
17a 
Oa 

58b 
lla 

<la 

13a 
2a 
la 

27h 25 
2a 7 

<la I 

33 
5 

litter la <la 3a 14b <la 2 s 
Total 20a 16a 66a 84b 16a 35 44 

Microtopography 
or Roughness (cm) 0.65a 0.68a 1.4la 1.39a 0.9Oa 1.14a 0.99 1.07 
Bulk Density 

(s/cm’) 1.04a 1.15a 1.36a 1.36a 1.26a 1.37h 1.22 1.29 
*Missing data. 

**Means followed by the same letter within a variable and year are not significantly different (KO.10). 
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Fig. 2. Mean infilrration rates for fertilized and control treatments for 
each year. 

constant rate by 45 minutes for all treatments. These curves suggest 
runoff started soon after rainfall began. The 45 min (terminal) 
infiltration rates did not differ in the unfertilized or control plots 
from one year to another (Table 1, P50.10). Terminal infiltration 
rates were similar between fertilized and control treatments in 1980 
and 1982. In 1981 the fertilized treatment plots were 44% higher 
than the control. Over all years, infiltration rates were greater in 
the fertilized treatment. 

Regression analysis on data for each treatment within each year 
indicated the primary factors positively affecting infiltration rates 
were plant cover, litter cover, live and dead plant biomass, and 
micro-relief. Bulk density from 0 to 5 cm depth and rock cover had 
a negative influence. Fifty-eight percent of the variability in infil- 
tration was accounted for in the control plots among years while 
only 39% was accounted for in the fertilized treatment. Apparently 
the control areas produced less vegetation with less variability than 
the fertilized areas. Bulk density was important in the control every 
year, but was never important in the fertilized treatment, and this 
treatment had twice as many livestock as the control which would 
lead to twice as much trampling. There were no differences in bulk 
density for the 2 treatments in 1980 and 1981 because of frost 
heaving in the spring, but a significant difference was found in 1982 
(Table l), possibly because the sampling was conducted a month 
after livestock were applied in this final year. Grass cover was 
useful in predicting infiltration rates every year for both treat- 
ments, as was biomass. Cover and total biomass were greater in the 
fertilized treatment than the control in 1981, which corresponds to 
the increased infiltration rate. Significant amounts (118 mm) of 
rainfall occurred in 198 1 before sampling and before grazing which 
gave the high total biomass and cover values for that year. 

Sediment Production 
Sediment production was quite variable between years (Table 1). 

Three to 10 times more sediment was measured in 1982 than in 
1980 and 1981. In 1982, treatments were evaluated after a signifi- 
cant period of grazing when biomass and foliar cover was quite 
low. Even though fertilization produced twice as much biomass 
and cover as the control and this treatment was applied in conjunc- 
tion with a doubled livestock stocking rate, With twice as many 
livestock, the sediment production from the fertilized treatment 
was still significantly less than the control. Also, less sediment was 
measured in the fertilized treatment in 1981 than for the control. 
Sediment production was similar between treatments when all 
years were combined. 

Values for Rz for sediment production averaged 0.72 for the 
control and 0.71 for the fertilized teatment across all years, with all 

independent variables included in the regression model. This com- 
pares to only 58% and 39% for terminal infiltration rate variables 
from the same respective treatments. Microtopography was selected 
for the regression equation for the fertilized treatment all 3 years 
and for the control in 1981. This was attributed to increased hoof 
action in the fertilized areas. Plant cover and biomass were the 
dominant variables and rock cover was positively correlated with 
sediment production. The sediment production represents interrill 
or sheet erosion, which probably is the majority of erosion taking 
place on this physiographic feature. Rill and gully erosion were not 
observed with a microrelief meter and probably are not present on 
this site because of foliar cover and dispersion, and microtopo- 
graphy or roughness of the soil surface. Approximately 14% of the 
total precipitation occurred at the simulated intensity. Only a 
fraction of the total precipitation each year was received at the 
intensity of the simulated storm in this study. The rest is received as 
snow, or at lower intensities which have lower erosive energies. If 
all the precipitation were received at this intensity, it is estimated 
that annual sediment production could be as high as 10 tons per 
hectare based on levels from the control in 1982. 

Biomass 
Plant biomass varied because of the amount of precipitation, 

fertility levels, grazing pressure, and time of sampling. At the time 
of sampling in 1980, the treated area had not been grazed. Little 
growth had resulted from fertilization because of a low amount of 
precipitation between fertilizing and sampling. The fertilizer was 
applied as a pellet and needed rainfall to dissolve and transport it to 
plant roots. Although biomass totals for 1980 are similar, signifi- 
cantly more grass was found in the control and more forbs in the 
fertilized areas. These differences may represent residue from gmz- 
ing in 1979. 

At the time of sampling in 1981, grass biomass was similar 
between treatments while more forbs were found in the control, the 
reverse of the previous year, and more litter was found in the 
fertilized areas. Litter or dead plant materials fall to the soil sur- 
face, are trampled or washed into the soil, oxidize, blow away, or 
are eaten. Litter apparently was being produced faster than it was 
changing form. This may be attributed to unusually high levels of 
precipitation in May (65.8 mm vs. 23.6 normally), which produced 
plant growth in May with curing during June before sampling in 
July. 

Sampling in 1982 was conducted after the areas received large 
amounts of precipitation during July, August, and early Sep- 
tember. Grass biomass in the fertilized areas was double that in the 
control areas, indicating production increases greater than the 
stocking rate increase. Forb biomass seemed to respond to precipi- 
tation in May and June, as in 1980 and 1981, and was not attrib- 
uted to fertilization. Only litter biomass was significantly different 
between treatments when all years were combined. 

Cover 
Most plant cover was associated with grass vegetation and fluc- 

tuated similarly to biomass. Foliar cover is more sensitive to envi- 
ronmental changes than basal cover and correlates better with the 
hydrologic variables, runoff, infiltration rate, and sediment pro- 
duction (Wood 1984). In this soil, rock cover was low (mean of 1% 
or less) but was identified as an important variable by regression 
techniques. Rock cover values range from 0 to 5%. Forb and litter 
cover corresponded to biomass levels. Year-to-year fluctuations 
were as great as 68%, from 16% in 1980 to 84% in 198 1. This shows 
the tremendous variability that can result from different combina- 
tions of precipitation, fertilization, and grazing. Grass and litter 
cover were significantly greater in the fertilized treatment than the 
control when all years were combined. 

Microtopognphy 
This variable did not change much across treatments within any 
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year (Table 1). These data represent seasonal as well as yearly 
changes because data were collected after a dry spring (Fig. 1) and 
no livestock in 1980, a wet spring and no livestock in 1981, and a 
wet summer with livestock in 1982. Microtopography or surface 
roughness may be influenced by shrinking and swelling of the soil 
from wetting and drying, and freezing and thawing. Hoof action 
from livestock may increase the roughness during wet periods and 
decrease it during dry periods. Energy from precipitation may also 
flatten the soil surface. When all years were combined, there was 
not a significant difference in treatments for microtopography. 

Bulk Density 
This variable was different between treatments only in 1982, and 

was attributed to summer precipitation and livestock hoof action. 
At this site, increases in bulk density are mitigated each year from 
shrinking and swelling, especially during winter and early spring. 
Bulk density across years was not significantly different between 
treatments. 

Conclusions 
Increasing the stocking rate to double the rate in the control did 

not adversely affect infiltration rates and sediment production if 
the plant response was great enough to provide adequate forage for 
livestock at stocking levels considered proper for maintaining 
range condition. Season-to-season and year-to-year differences in 
infiltration and sediment production can be tremendous, but were 
all considered to be within safe limits in this study. 
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A Hand-Portable Single Nozzle Rainfall Simulator Designed 
for Use on Steep Slopes 
BRADFORD P. WILCOX, M. KARL WOOD, JOHN T. TROMBLE, AND TIMOTHY J. WARD 

Abstract 

The objective of this study was to develop a smaii plot (1 m*) 
rainfall simulator operational on steep terrain in the Guadalupe 
Mountains of New Mexico. The simuiator developed is band- 
portable and consists of a spray head assembly mounted on 3 
adjustable legs. A 946-liter tank equipped with a gasoline powered 
pump was connected to the spray head assembly via rubber garden 
hoses. On steep slopes gravity provided sufficient pressure to oper- 
ate the simulator. Site selection was limited to areas where the 
water tank could be located in a suitable upsiope position. The 
simuiator has been used for 2 years on 170 plots and has proved 
durable. Advantages of this device are the low cost of construction 
and operation, and the flexibility in plot-site selection it provides. 
The principal disadvantages are associated with the single station- 
ary nozzle, such as uneven application of water at small drop sizes 
and low kinetic energies. 

An ideal rainfall simulator has yet to be developed. Those that 
most closely reproduce rainfall patterns and intensity are expen- 
sive and require large expenditures of manpower for setup and 
operation (Foster et al. 1979). However, rainfall simulators, even 
though imperfect, are essential tools for investigating hydrologic 
processes on arid and semiarid rangeland where rainfall events are 
sporadic. Simulator experiments can be used to estimate infiltra- 
tion, interrili erosion runoff rates, and chemical water quality for 
given storm events. Impacts of range management practices (graz- 
ing strategy, brush control, reseeding) on the watershed can also be 
evaluated using rainfall simulators. Rainfall simulators can be 
used to collect data in a relatively short period, rather than the 10 to 
20 years needed to collect sufficient information from natural 
rainfall events. Rainfall simulators also provide maximum control 
over plot conditions and rainfall characteristics. 

Rainfall simulators in common use by range watershed scientists 
are the mobile drop-forming (Blackburn et al. 1974), Rocky 
Mountain infiltrometer (Dortignac 1951) and versions of the 
Purdue type (Bertrand and Parr 1961). Ail the above provide 
mobility, but use of each is restricted to relatively flat terrain. 
Hand-portable infiltrometers have been developed (Adams et al. 
1957, McQueen 1963, Seiby 1970, Munn and Huntington 1976, 
Malekuti and Gifford 1978) and are more suitable for rugged 
terrain. Munn and Huntington (1976) report the Tahoe Basin 
infiltrometer to be functional on slopes to 60%. Hand-portable 
infiltrometers, however, have not been widely used, perhaps 
because many are bulky, heavy, require pumps or motors, or have 
a limited water supply. This paper presents the construction, oper- 
ation, rainfall characteristics, and limitations of a hand-portable 
small rainfall simulator developed for use on steep slopes in the 
Guadalupe Mountains of New Mexico. 

Materials and Methods 
The simulator employs a single stationary nozzle. Various full 

cone nozzles can be used depending on the desired drop size and 
velocity, area to be covered, and application rate (Bubenzer 1979). 
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The nozzle used on this simulator is a i/ 4GlO full jet manufactured 
by Spraying Systems Company, Engineers and Manufacturers in 
Wheaton, Illinois. The simulator consists of a spray head assembly 
and three adjustable support legs (Fig. 1). A listing and cost of ail 
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Fig. 1. Schematic of spray-head assembly. 

parts is shown in Table 1. The frame for the spray head assembly is 
made up of a 0.635cm triangular steel plate with 2.54-cm diameter 
steel pipes welded at an angle on each comer. A 1.9-cm steel nipple 
is inserted through a hole cut in the middle of the plate and welded 
in place. Pressure is monitored with a low pressure steam gauge 
and regulated with a compression stop valve. The spray head 
assembly was connected to a 946liter water tank via 1.9-cm garden 
hose. The 3 support legs are made of 1.27-cm conduit pipe inserted 
in 1.9-cm conduit, both of which are 150 cm long. The support legs 
are inserted into the 2.54-cm diameter steel pipe on the spray head 
assembly. Adjustment is accomphshed by moving the smaller pipe 
until desired length is achieved. Tightening a bolt through a nut 
welded on the 1.9-cm conduit prevents further movement. Sim- 
ilarly constructed legs can be hooked through holes cut in the 
triangular plate to serve as wind screen supports (Fig. 1). A light 
weight plastic wind screen wraps around the legs (Fig. 2). 

Intensity measurements at 6 pressures and 3 measurement 
heights were made by raining on a meter square steel tray designed 
to collect and deliver runoff. At each combination of height and 
pressure three 2-minute readings were taken. 

Drop sizes were determined by the flour pan method outlined by 
Laws and Parsons (1943). A meter survey tray was covered with 
about 1.5 cm of sieved flour and rained on for less than a second at 
6 operating pressures. The nozzle was 1.98 meters from the tray. 
Two replications were made at each pressure except at 68.9 kPa. 
The flour was air dried for 24 hours before the pellets were separ- 
ated into size classes by sieving and weighing. Total weight of the 
pellets in each size class was determined for 9 equal size quad- 
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rats (0.11 m’) within the tray. Cumulative frequency cwves were 
constructed for the center quadrat, the combined outside quadrats, 
and the entire tray for each replication, from which drop size 
distributions were determined. 

Results and Discussion 

Intensity measurement at various operating pressures and 
instrument heights are presented in Table 2. At 152 cm intensity is 
greater than at the other 2 heights for the same pressure. Drop sizes 
are presented in Table 3. Drop sizes generally decrease with an 
increase in nozzle pressure. However, Dg4 and D50 at 137.9 kPa is 
slightly higher than D84 and D50 at 103.4 kPa. The difference can 
probably be explained as experimental error. D84, D50 and D16 
are the drop sizes at which 84,50, and 16% of the drops are finer, 
respectively. 

This simulator has been used for 2 summers in the Guadalupe 
Mountains of southwestern New Mexico during which time 170 
small plots have been run. It was well suited for the steep slopes for 
which it was designed (Fig. 3). It was used on slopes over 70%. On 
these types of slopes the watertank trailer was parked in a suitable 
upslope position and connected to the simulator by garden hose. 

Approximate 
Price, TOtal 

Item NO unit (%) price 

1.905 cm conduit 5 2.50 12.50 
1.27 cm conduit 5 1.75 8.75 
Steam gauge 1 6.50 6.50 
2.54 cm steel pipe 1 1.50 1.50 
.635 cm Steel plate I 3.00 3.w 
1.905 cm tee I I .29 1.29 
1.905 cm nipple 2 .49 .98 
1.905 cm compression stop valve I 3.99 3.99 
pipe-hose conve*er 1 1.74 1.74 
quick connect hose fitting I 5.19 5.19 
wingbolt and nut 5 .37 I.85 
.635 cm-.3175 cm reducer I .59 .59 
1.905 em-.635 cm reducer 1 .69 .69 
1.905 cm-127 cm reducer 1 1.09 1.09 
1.27 cm-.92525 cm reducer 1 .59 .59 
.9525 em steel rod I .5O .5O 
114GlO full jet norde 1 4.34 4.34 
single swivel 5000-l I 4.78 4.78 
Total Price 59.87 

On steep slopes gravity provides sufficient pressure to operate the 
simulator. Distance of the plots from the water trailer is limited by 
the length of garden hose and the distance one is willing to carry 
equipment (plot frames, simulator, water bottles, other data collec- 
tion equipment). The simulator was set up in a few minutes and it 
was easily moved from plot to plot. The most laborious task was 
moving equipment up and down the slopes. On level terrain water 
was delivered to the nozzle with a gas powered pump on the supply 
line. One could also pump uphill if necessary. 

There are some problems with the single stationary nozzles 
(Mutchler and Hermsmeier 1965). First, water is unevenly applied 
over the plot. Elkins (1983) used the same nozzles on a Purdue 
rainfall simulator and reported that when average intensity was 
12.3 cm/hr, the center of the plot (1 m’) was receiving over 23 
cm/hr while the intensity at the perimeter ofthe plot averaged only 
6.6 cm/hr. Nozzle height in his experiment was 275 cm. This 
problem could be partially alleviated by using smaller plots. 
Second,dropsizesproduced by the I/4Gl0fulljetaresmallerthan 
natural rainfall at the same intensity. Laws and Parsons (1943) 
reported that average drop diameter for a IO cm/hr intensity 
natural rainfall event is about 2.8 mm. Median drop size (D50) for 
IO cmlhr produced by this nozzle is 1.2 mm. Because of the small 
size, kinetic energy of a simulated rainfall of 10 cm/hr is only about 
36% of that of a natural rainfall event of the same intensity. The 
above conclusion is based on Laws (1941) research on raindrop 
terminal velocity and Laws and Parsons (1943) measurements of a 
raindrop size and their relationship to intensity. Their work was 
done in the Washington, D.C., area. The above limitations are 

PESSUE Nozzle height (cm) 

(kPa) 244 198 152 
I SD I SD I SD 

137.9 15.0 0.30 15.00 0.5, 20.25 0 
103.4 12.9 0.15 13.00 0.18 17.10 0.18 
82.7 12.0 0 12.30 0.30 14.10 0.27 
69.0 11.6, 0.45 11.0, 0.15 12.09 0.18 
48.3 9.84 0.09 10.29 0.36 11.16 0.18 
34.5 8.76 0.24 8.79 0.18 9.51 0.42 
20.7 6.9 0.15 6.99 0.42 7 I, ” w 
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Table 3. Drop diameters (mm) for outside edge, center, and entire tny nt d&rent prosums. Nozzle height ms 200 em. 

Pressure (kpa) 

137.9 103.4 69.0 48.3 34.5 20.7 

.7 Xa x Xe x : xc X0 x x, x0 : xc x0 x xc 

Fig. 3. 7be rainfaN simulator is we,, sui,edfor rugged ,erra;n. 

functions of the nozzle used. The delivery system can be used with 
any number of nozzles. Other nozzles may eliminate some of these 
problems. 

There are several advantages with the delivery system of this 
device. First, it proved very usable on steep slopes. Second, the 
delivery system is light weight, very durable, and relatively inex- 

pensive. On level terrain it has some advantages over the more 
conventional type of rainfall simulators. The drop forming type 
(Blackburn 1974) and the Purdue type (Bertrand and Parr 1961) 
are designed for paired plots. This requirement restricts plot size 
selection. The portable simulator described here has no such 
requirement. Site disturbance because of vehicle travel is much less 
with this type ofdelivery system since the water trailer need only be 
parked and the simulator can be hand carried from plot to plot. If 
one is willing to accept the limitations of a single stationary nozzle, 
this type of rainfall simulator can provide valuable information, 
especially on steep slopes. 
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Optimal Timing of Investments to Control Honey Mesquite 
L. ALLEN TORELL AND KIRK C. MCDANIEL 

Abstract 

A general economic model to analyze opthnal timing of brush 
control treatments and other range improvements was developed. 
The model was then applied to investments to control mesquite 
(Prosopisghdufosu Torr.) invading native rangeland in the Roll- 
ing Plains of Texas. Although a positive grass response from 
mesquite control would be anticipated for 5 years under average 
conditions, the economic optimum retreatment schedule is only 4 
years. An increase in beef price shortens the optimal retreatment 
schedule, while an increase in treatment cost lengthens the optimal 
retreatment schedule. Implementing brush control treatments dur- 
ing a year favorable for a high rate of top kill is an important 
economic consideration. 

In an article that appeared in this journal, Ethridge et al. (1984) 
presented an economic analysis of chemical control of honey mes- 
quite (Prosopis glandulosa Torr.) using 2,4,5-T (2,4,%trichloro- 
phenoxy acetic acid). They developed an analytical framework to 
analyze the profitability of brush control based upon the standard 
economic criterion of net present value (NPV). If the discounted 
present value of additional income generated from mesquite con- 
trol over an assumed 5-year treatment life was greater than the cost 
of treatment, i.e. a positive NPV, the authors considered the brush 
control treatment to be economically feasible. 

From the analysis presented by Ethridge et al. (1984) it is possi- 
ble to consider an additional problem of determining when to 
retreat the mesquite canopy. When mesquite is sprayed, maximum 
grass yield generally occurs during the first 1 to 3 years after brush 
control, then production declines (Dahl et al. 1978). While a posi- 
tive economic return can be obtained during later years of the 
treatment life, the deteriorating grass understory results in decreased 
beef production and annual returns. The implication is that it may 
be possible to make more money if the grass understory can be 
maintained in a more productive state through more frequent 
brush control treatments. 

The retreatment or replacement problem can be described as 
follows. Nonforage brush species compete directly with desirable 
forage species for available light, water, and nutrients. As range- 
land is invaded by brush, forage production gradually deteriorates 
and the carrying capacity of the range is decreased. Chemical 
spraying, chaining, bulldozing, burning or other methods of des- 
troying the invading brush will rejuvenate grass production on the 
site. The replacement problem involves determining the optimal 
frequency of these brush control practices. 

This paper investigates optimal timing of mesquite control when 
the rancher’s goal is profit maximization. A sensitivity analysis is 
presented that indicates how changing the level of initial mesquite 
infestation, the level of treatment success (degree of top kill), 
discount rate, beef price, and treatment cost would affect the 
optimal timing of mesquite control practices. 

Methods and Procedures 
The equations of the Ethridge model, relating increased revenue 

from mesquite control, were used to define key physical, biologi- 
cal, and economic relationships for this study. Functions specified 
in the Ethridge model were used with no adjustments made; only 
the basic model formulation was altered. Beef prices, livestock 
production costs, and cost of mesquite control treatment were 
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taken directly from the Ethridge paper. 
Unless otherwise stated, a 7% discount rate was used to calculate 

the NPV of the stream of earnings from mesquite control treat- 
ment. This interest rate is taken as an expected real rate including a 
risk premium under the assumption of constant relative price 
levels. This differs from the 10% discount rate used by Ethridge et 
al. (1984). 

The Faustmann Model of Asset Replrrcement 
The basic model developed to make the replacement decision 

was formulated more than 135 years ago by Faustmann (1849). 
Many economic concepts of the Faustmann model, as briefly 
outlined here, were discussed in detail by Perrin (1972). 

When deciding to treat a brush infested pasture again, the profit 
maximizing resource manager tries to choose the length between 
treatments that will maximize NPV calculated over all future 
cycles of improvement. This involves comparing the gains from 
keeping the current brush control treatment in place for 1 more 
year to the opportunity gains that could be realized by initiating the 
treatment at this time period. 

The following relationships and definitions are used to define the 
economic model: 

defender q  a brush control treatment already in place, 
challenger q  a brush control treatment that can replace (improve) a 

defender, 
R(t) = the flow of added revenue from brush control when 

stand age since last treatment is t [equivalent to what 
Ethridge called Value of the Marginal Product 
WWI, 

C(S,m) = the present value of the stream of earnings from a chal- 
lenger brush control treatment to be replaced at age S 
by a series of m identical treatments, 

K = cost of brush control incurred at the beginning of the 
treatment period, 

r = the interest rate used in discounting future benefits. 

The present value of the stream of returns associated with the 
initial treatment alone is given by 

C(S,l) =i, (I+r)-‘R(t) - K 

This equation represents the NPV criterion used in the Ethridge 
model to determine the economics of mesquite control, and is a 
common criterion used in many alternative range improvement 
economic analyses. Some finite life is assumed and the NPV of 
potential added returns resulting from the range improvement 

Table 1. Deswiptivc statistics for wriablea in the MPG relationship as 
reported by Ethridge et al. (1984). 

Standard 
Variable Mean deviation 

MPG added grass produced; kg/ ha 358.40 376.10 
Xl initial % canopy cover 25.85 14.98 
XZ % top kill 74.88 14.33 
x3 pre-season rainfall; cm 25.10 12.28 
X4 growing season rainfall; cm 34.29 13.68 
x5 number of days with high 

temperature > 37.8O C 9.08 3.57 
In t natural logarithm of year 1.10 0.39 
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Table 2. NPV of meaquite control cakulated for avenge conditions. 

Year 

1 
2 
3 
4 
5 

Additional grass 
production 

MPG 

(kg/W 
1048.6 
615.0 
361.3 
181.3 
41.7 

Additional beef Infinite series NPV of initial NPV of all future 
production Additional revenue factor treatment treatments 

MPL WY A@) c(S91) c(S=) 

(kg/W 
15.2 

Wh2"7' --------(S/ha)------ 

9:54 
15.2857 -6.80 -103.87 

8.9 7.9013 1.54 12.16 
5.2 5.61 5.4436 6.11 33.28 
2.6 2.81 4.2175 8.26 34.84 
0.6 0.65 3.4842 8.72 30.39 

Conditions: 26% initial canopy, 75% top kill, 25.1 cm pre-season rainfall, 34.3 cm growing season rainfall, 9 days/year with high temperature >37.8’ C. Ass~!mes 9,526 kg of 
grass produces 137.9 kgofcalfformarket, net calf scllingpriceof $1.07/ kg(Calfmarket price of $1.62/kgand variablecalfproductioncost of $.55/kg),a7%d~count rateand 
treatnient costs of s22iha. 
‘Annual revenue figures presented differ slightly from values given by Ethridge et al. (1984). Discussion with the authors indicate they converted from english units to metric units 
and rounding error explains the difference. 

practice is calculated. The improvement is recommended if NPV is 
positive. However, the optimal decision rule should not be to 
maximize the NPV of earnings associated with only the first brush 
control treatment, C(S,l), but rather the NPV of earnings calcu- 
lated over all future treatments, C&w), which is given by 

C(S,=) = C(S,l) + (l+r)“C(S,l) + (l+r)-%(S,l) + . . . . 
q  C(S,l) [l+ (l+r)-* + (l+r)-= +....I (2) 

or 

C(S,=) = A(S) l C(S,l) (3) 

where A(S) = (l-(l+r)-s)” = Infinite Series Factor, which is the 
present value of a perpetual annuity of $1 received every S years. 

Optimal Decision Rule 
The optimal replacement criterion, assuming profit maximiza- 

tion is the rancher’s goal, requires the brush retreatment schedule 
be chosen to maximize C(S,=) as given by equation (3). Perrin 
(1972) has shown this expression will be at a maximum when the 
following condition holds’: 

R(S+l) = r l A(S) l c(S,l) (4) 
This equation indicates the defender brush control treatment 
should be maintained until the incremental income from increasing 
S equals marginal opportunity cost, which is the interest on the 
wealth realized from an S-year retreatment cycle. When retreat- 
ment age is optimal, returns in the forthcoming year, R(S+ l), will 
equal the flow of returns that would be realized by retreatment of 
the increasing brush canopy during this time period. 

When the model is formulated in discrete form as it is here, the 
marginal condition given by equation 4 is not likely to be met 
exactly for a given integer number of years. Consequently, it is just 
as easy to evaluate the present value function, C&m), as it is to 
evaluate the marginal conditions. 

Adaptation of the E&ridge Made1 
In their model development, Ethridge et al. (1984) begin with an 

equation that defines the additional grass production associated 
with the mesquite control treatment. The equation was estimated 
in the following form? 

MPG = 11.48 + 19.15X1 + 23.72X2 - 15.56X3 - 13.50X4 -41.97X5 
-625.6 In t (5) 

where the variables of the equation along with mean levels of 
variables, as reported, are shown in Table 1. 

To facilitate interpretation, all variables except time were held 
constant at mean levels and a simplified equation resulted. Using 

‘Perrin included the salvage value of the asset in his model formulation. This salvage 
value can be excluded in this application since no asset is sold or salvaged at the time of 
brush retreatment. 
The coefficient presented by Ethridge et al. (1984) for the variable Xs was -31.14. 
Discussion with the authors indicated this was in error and should have been the 
41.97 outlined in equation (5). 
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data provided by Ethridge (Table l), equation 5 indicates that with 
normal (average) temperature and rainfall conditions, controlling 
a 26% initial canopy cover and obtaining a 75% top kill will result 
in an increased grass production level of about 1,049 kg/ ha the first 
year after treatment, 615 the second year, 361 the third year, 181 
the fourth year, and 42 the fifth year. After this time, grass yield is 
estimated to be at or below pretreatment levels. The nearly instan- 
taneous response of forage to mesquite control treatment is in 
contrast to the pinyon-juniper replacement problem analyzed by 
Cotner (1963) and Burt (197 l), where grass recovery begins slowly, 
reaches a maximum after several years, and slowly declines. 

In the Ethridge model, increased grass production is converted 
to increased beef production by multiplying MPG by a conversion 
factor, k, which measures the efficiency rate at which grass is 
converted to beef (1 kg of grass was estimated to yield .0145 kg of 
calf gain): 

MPL = k(h’fPa) (6) 
MPL is the additional livestock production per unit of land asso- 
ciated with the mesquite control treatment. 

Increased beef production is converted to increased revenue by 
multiplying MPL by a net selling price (PL) of S l.O7/kg ($1.62/kg 
gross selling price minus S.SS/ kg production costs), which indi- 
cates an additional kg of marketable beef produces $1.07 in 
revenue above added cost. 

Combining these 3 relationships results in an annual revenue 
function (dollar value of additional grass) as given by: 

R(t) = PL(MPL) (7) 
Given the initial assumptions about average rainfall and tempera- 
tures, initial canopy cover, percent top kill, beef prices and produc- 
tion costs, an estimate of increased annual revenue resulting from 
treatment with 2,4,5-T is obtained using equation 7. It is estimated 
that brush control treatment would increase revenue by $16.271 ha 
the first year after treatment, $9.54 the second year, $5.61 the third 
year, $2.81 the fourth year, and $0.65 the fifth year. After year 5, 
the effect of the treatment on grass production, beef production, 
and annual revenue is negligible under the specification of the 
Ethridge model. 

Once R(t) is defined, the value of the present value functions 
C(S,l) and C(S,m) can be calculated for alternative retreatment 
schedules by performing necessary calculations as given by equa- 
tions (1) and (3) respectively. The only additional information 
needed is the treatment cost, estimated to be about $22/ha in the 
Texas Rolling Plains (Ethridge et al. 1984). 

Model Assumptions and Liitations 
One might expect that the optimal rotation period for control of 

invading brush species would be lengthened following each succes- 
sive treatment as the brush canopy is gradually diminished through 
continued control treatments. This suggests a dynamic model that 



accounts for percent brush canopy and level of top kill achieved with a 41% brush canopy (one standard deviation above the mean) 
with treatment (rate of treatment) should be used. For this model as considered in the Ethridge paper. Under this condition, a posi- 
formulation, the revenue function would not only have time since tive influence of mesquite control is realized for 8 grazing seasons. 
last treatment as an argument but would also include brush can- The implication is that perhaps the retreatment period should be 
opy. Brush canopy would have to be tracked through time and the extended, but this result is not obtained. As indicated in Table 3, 
interaction of understory grass production and overstory brush 
canopy would have to be modeled explicitly. Treatment success or 
rate of treatment would determine mesquite canopy each time 
period and would be a decision variable of the model. 

Data for this dynamic modeling approach are not presently 
available for mesquite (or any other brush species). Presently, 
biological data limit the refinement of model specification to con- 
sider only identical treatment cycles as we have done here. 

An implicit assumption of the replacement model developed in 
this paper is that brush control results in the same level of brush 
kill, grass response, and increased level of economic return for each 
successive treatment. The level of brush kill from a given treatment 
is assumed to be unaffected by how recent the previous treatment 
was. 

A second assumption of the model, as well as the Ethridge 
model, is that grazing intensity, grazing frequency, type of animal 
grazed and season of grazing does not affect brush encroachment 
rate or the expected forage response from brush contol treatment. 
Similar to the replacement problem on southwestern rangelands 
invaded by pinyon-juniper trees as studied by Cotner (1963) and 
Burt (1971), there is little literature that would support or refute the 
importance of grazing on the rate of encroachment or regrowth of 
mesquite. Grazing may be an important consideration for timing 
of mesquite control investment but, based on the lack of data 
indicating its relevance in this application, it has been ignored. 
However, grazing has been shown to be important in other cases. 
Tore11 (1984) has shown that grazing impact on the rate of sage- 
brush (Artemisia tridentata Nutt.) encroachment is an important 
consideration for timing of brush control investments for estab- 
lished crested wheatgrass (Agropyron cristatum (L.) Gaertr.) 
stands. 

A third limitation is that the model is deterministic in nature and 
no probability or randomness of occurring events is assumed. This 
is a standard assumption made in many economic analyses. 

Results and Discussion 

Optimal Retreatment Strategy Under Average Conditions 
The functional specification of the Ethridge model indicates a 

positive economic response would be realized for 5 years following 
mesquite control treatment. If only NPV of the first brush control 
treatment is considered [C(S,l) is maximized], the maximum 
treatment life of 5 years results in maximum net returns ($8.72/ ha) 
(Table 2). However, the infinite income stream, (C&m), 
is maximized by retreating the mesquite canopy in only 4 years. 
C(S,=) was estimated to be $3484/ha for a 4-year treatment 
schedule, which is $4.451 ha higher than with a 5-year retreatment 
schedule. Even a 3-year treatment schedule yields a higher level of 
NPV ($33.28/ha) than letting the grass understory deteriorate to 
the fifth year ($30.39/ha). 

The implication, given the assumption of average conditions and 
prices, is that grass yield has deteriorated too far by the fifth year 
after treatment. Implementing brush control more frequently to 
maintain the grass understory in a more productive state would be 
more economical. 

Sensitivity Analysis 
Alternative Levels of Mesquite Infestation 

As pointed out by Ethridge et al. (1984), as physical conditions 
of the range site change, the cost of herbicide application is 
increased, or if relative net beef price is altered, the economic 
feasibility of brush control may be altered. These differences may 
also imply a change in the optimal timing of investments to control 
mesquite. Consider a greater-than-average mesquite infestation 

Table 3. NPV of mesquite control calculated for alternative mesquite 
infestation levels. 

Year 

Initial Canopy Cover of Mesquite Infestation 
_---_4l9&_--- __----1 1%~---- 

MPG Cc%I) C(S,C~ MPG C(S,l) cc+9 

(kg/ha) G/W (S/ha) (S/ha) (%/ha) 
1,336.9 -2.61 -39.91 (k$P;) -10.96 -167.48 

903.3 9.63 76.05 328.0 -6.51 -51.46 
649.6 17.85 97.18 74.3 -5.57 -30.33 
469.6 23.41 98.74 
330.0 27.06 94.29 
216.0 29.30 87.80 
119.5 30.45 80.72 
36.0 30.78 73.63 

Conditions: Various initial mesquite canopy covers before treatment with all other 
conditions the same as given in Table 2. 

although NPV of the first treatment [C(S,l)] is increased for each 
of the 8 years of treatment life, a 4-year rotation still maximizes the 
NPV of the infinite income stream [C(S,=)] with an estimated 
value of $98.741 ha. 

The general increase in the values of C(S,I) and C(S,m), over 
levels obtained under average conditions, results from greater 
additional grass production from mesquite control when the level 
of mesquite infestation is higher (see Ethridge et al. 1984, Figure 2). 
Increased grass response increase the level of beef production and 
annual revenues over the treatment life. 

If the initial level of mesquite canopy were only 11% (1 standard 
deviation below the mean), chemical control treatments should not 
be implemented. NPV of benefits is not enough to pay for the 
$22/ha treatment cost. Although not discussed, this same conclu- 
sion would be reached using the Ethridge model. 

Alternative Levels of Top Kill 
Ethridge et al. (1984) noted that spraying under more advan- 

tageous environmental conditions affects the success of brush con- 
trol. If, for example, a”good”year at the time of spraying resulted 
in top kill being increased from an average of 75% to 89% (1 
standard deviation above the mean), annual returns would be 
greatly increased. 

NPV of the initial treatment, if a 5-year life is assumed, was 
increased from $8.72/ha with an average 75% top kill (Table 2) to 
%30.39/ha if an 89% top kill could be achieved (Table 4). A rancher 
could make nearly the same discounted return with 1 treatment at 
an 89% top kill as he could from all future spray treatments, if 

Table 4. NPV of mesquite control calculated for alternative top kill levels. 

Level of Top Kill 
___--899&---__ _----6l%----_ 

Year MPG C(S,I) C(S,w) MPG C(S.1) C(S,9 

(kg/W (%/ha) WW (kg/W Lf$h;; 6/W 
1 1,389.2 -1.86 -28.38 709.4 -179.05 
2 955.6 11.09 87.65 275.8 -7.98 -63.03 
3 701.9 19.98 108.78 22.1 -7.70 -41.90 
4 521.9 26.10 110.33 
5 382.3 30.39 105.88 
6 268.3 33.16 99.39 
7 171.8 34.82 92.31 
8 88.3 35.62 85.22 
9 14.6 35.74 78.37 

Conditions: Various top kill rates with all other conditions as given in Table 2. 
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the top kill was only 75%. Therefore, choosing a year for initial and Table 6. NpY of mesr@e controI cnIcu~ted for aIternatlvc beef P&S. 
subsequent treatments in which a high level of top kill could be 
expected is an important consideration. 

Increasing top kill to 89% does not alter the optimal 4-year Market Beef Prices 
rotational period. NPV of the maximum infinite income series was ----$1.98/kg--------$1.43/kg---- 
increased from $34.84 (Table 2) to $110.33 (Table 4), but the Year c(S,l) C(S*=) C&l) C(S,=) 
maximum was still obtained during the fourth year. If only a 61% 
top kill was expected from mesquite control (1 standard deviation 1 

______----($/ha)----__-__.--- 
-1.68 -25.68 -9.50 -145.14 

below the mean), brush control should not be implemented. 2 9.46 74.73 -2.64 -20.87 
Because of a reduced level of grass response, the NPV of additional 3 15.57 84.77 1.12 6.11 
annual revenue would be less than treatment costs for all years in 4 18.44 77.78 2.89 12.18 
which a positive forage benefit was realized. 5 19.06 66.40 3.27 11.38 

Alternative Discount Rates Conditions: Various market beef prices with all other conditions the same as given in 

When the discount rate is increased, the NPV of a future income 
Table 2. 

stream is diminished. Future benefits are not worth as much in direction of change of optimal rotation age can either increase or 
present value terms at a higher discount rate. One might surmise, decrease depending upon specific functional specification, an 
therefore, that an increased discount rate would always shorten the increase in treatment cost will necessarily increase (or leave unal- 
optimal rotation period. This is not necessarily the case. An tered in the discrete time case) the optimal retreatment schedule 
increase in discount rate has 2 conflicting effects: it decreases the (Tore11 1984). As treatment cost increases, more money could be 
present value of the annuity C&l) but it also increases the factor made by incurring the cost on a less frequent basis. 
r l A(S) of the marginal condition given by equation 4. If the Consider, as an example, if the cost of treatment were $30/ha 
negative effect of an increase in r outweights the positive effect, instead of the assumed %22/ha. With the higher treatment cost, 
then the optimal rotation period will in fact be shortened.3 As NPV would not be positive except with a 4- or 5-year treatment 
outlined in greater detail by Tore11 (1984) and Perrin (1972) the net schedule. The NPV of the revenue stream derived from the first 
effect of an increased discount rate depends upon the level of r and treatment, C(S,l),after a 5-year life would only be $0.72/ha (Table 
the path of R(t) up to age S. 7). NPV of the infinite income stream, C(S,m), would reach a 

Table 5. NPV of mesquite control crlcuhted for alternative discount rates. 
maximum during the fifth year at $252/ha. 

Table 7. NPV of mesquite control for alternative treatment costs. 

Discount Rate 
---_2q&---- ---_3q_-_ ---loq~-- Treatment Cost 

Year C(S,I) Cc&m) C(S,l) Cc%=) C(W) Cc%=) ----$301 ha---- -____S 151 ha_-_---_-_ 
----------($/ha)---__.-___- Year C(S,l) C(S,=) C(S,l) c(s,=) 

1 -6.05 -308.55 -6.20 -213.03 -7.21 -79.31 -_~4~o---_zza16($lha)-o.20---513-- 
2 3.12 80.37 2.79 48.58 0.68 3.89 1 
3 8.40 145.69 7.92 93.32 4.89 19.65 2 -6146 -5 1:06 8.54 67146 
4 11.00 144.47 10.42 93.43 6.8 1 21.48 3 -1.89 -10.27 13.11 71.39 
5 II.59 122.93 10.98 79.90 7.21 19.02 4 0.26 1.10 15.26 64.36 

pditions: Various discount rates with all other conditions the same as given in Table 5 0.72 2.52 15.72 54.78 

$hittixw Various treatment costs with all other conditions the same as given in 

As indicated in Table 5, for the functional specification given by 
the Ethridge model, an increase in discount rate lengthens the If 2,4,5-T, or some other herbicide yielding identical grass 
optimal rotation period. At the 7% discount rate originally response, could be applied for a reduced cost of only %lS/ ha then 
assumed in the analysis, the optimal rotation period was every 4 the optimal rotation period would be shortened to only 3 years. 
years (Table 2). At a discount rate of 2%, the optimal rotation C(S,=) would reach a maximum of $71.39/ ha at this point (Table 
period is shortened to every 3 years, with C(S,=) reaching a maxi- 7). 
mum value of $145.69 at this point (Table 5). At a 3% rate, the 
maximum value of C(S,m) is nearly equivalent during year 3 Conclusions 
(.$93.32/ha) and during year 4 ($93,43/ha). For all practical pur- 
poses, one is indifferent between treatment during either of these 

Results of this study indicate mesquite control should not be 

years. A 10% discount rate yields an optimal rotation period of 4 
postponed until the forage stand has fully deteriorated. If the 
forage base diminishes each year after mesquite control, then a years. 

Alternative Beef Prices 
rancher can make more money by respraying the brush to maintain 

An increase in beef price affects revenue in all future years of the 
the grass understory in a more productive state. Optimal timing for 

treatment cycle. Depending upon the time path of annual revenue, 
retreatment of mesquite was estimated to be 1 or 2 years before the 

the optimal retreatment schedule can be increased or decreased as 
stand returns to pretreatment production levels. Only if treatment 
cost or discount rate is exceptionally high would respraying the 

net beef price is increased (Tore11 1984). With the specification of f 1 
the revenue function in the Ethridge model, an increase in beef 

ma year of treatment life be optimal. 
The present value of all future brush control treatments is 

price shortens the optimal rotation period. If the market beef price increased greatly when a high level of treatment success is achieved. 
is increased to Sl.9g/kg (gl.43/ kg net selling Price), the optimal Therefore, the ultimate time to retreat the brush canopy may not be 
rotation period is shortened to 3 years (Table 6). If beef price is the exact year as estimated here. Rather, as evidenced by the 
reduced to %1.43/kg ($0.88/kg net selling price), similar to the tripling of estimated NPV when a high level of top kill is attained 
result obtained at the original assumed market price level of ( 
%1.62/kg, a 4-year rotation is optimal. 

as compared to only average levels of top kill), waiting for ideal 
spray conditions is an important consideration. Forage response, 

Alternative Treatment Costs rainfall and temperature patterns for the area are important in 
Unlike an increase in beef price or discount rate, where the determining optimal conditions for spraying mesquite. These con- 

‘In the discrete time case as formulated here, the optimal rotation period may remain ditions have been described by Scifres (1973, 1980), Fisher et al. 
unchanged over a range of discount rates. 
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(1956), Dahl and Sosebee (1984) and Leifeste (1983), among 
others. 

Further research is needed to refine the economic model to 
include level of top kill and a dynamic brush canopy. A more 
dynamic model for mesquite control, which includes various phys- 
ical and biological interactions is not definable with the current 
level of response data that is available. Only with additional long- 
term research can model refinements and improvements be made. 
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QUALIFICATIONS: MS. degree in Range Science or 
closely associated discipline with experience in econom- 
ics, preferably risk analysis. 

DUTIES AND RESPONSIBILITIES: This person would be 
expected to develop appropriate models to describe 
ranch firms and evaluate risk. He would live in residence 
at the Southeastern Colorado Research Center at Spring- 
field and be responsible for range research initiation, 
data analysis, and reporting. The person would work 
with ranchers in research demonstration programs. 

STARTING DATE: September 1,19B6 

SALARY: Commensurate with experience and qualifi- 
cations. Salary range is $17,000 to $21,000 per year. CSU 
benefits are applicable. 

APPLICATIONS: Please send letter of application, detailed 
resume, and names of three persons for recommenda- 
tion to: E.T. Bartlett, Range Science Department, Colo- 
rado State University, Fort Collins, Colorado 80523, tele- 
phone (303) 491-7256. 
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Colorado State University is an EEO/AA employer 
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POSITION: Twelve-month tenure-tract appointment at 
the Assistant Professor or Associate Professor level. This 
is a teaching and research position that requires specaliza- 
tion in range improvements. Starting date October 30, or 
as soon as possible thereafter. 

QUALIFICATIONS: PhD in range science or closely 
related field. First-hand, practical experience in range 
improvements, especially brush management using fire 
or herbicide treatments. Experience in revegetation 
desriable. Sensitivity to public perceptions of range resource 
management. Ability and willingness to do research in 
interdisciplinary teams. A commitment to teaching ex- 
cellence. 

DUTIES: Teach a senior undergraduate course in range 
improvements plus a more advanced course in the 
successful applicant’s specificarea of interest. Be prepared 
to teach one other basic course in the range science 
curriculum and lend support to student activities. Conduct 
research on improving productivity of Intermountain 
rangelands that involves such range improvement tools 
as vegetation manipulation, water developments, fenc- 
ing and grazing management. Develop and evaluate 
range improvement practices in the context of multiple- 
use management and economicconsiderations. Serveas 
a resource and associate for extension specialists in the 
Department. Work in collaboration with other USU 
faculty and with researchers in government organizations. 

SALARY: Commensurate with qualifications and ex- 
perience. 

APPLICATION: Prospective candidates should send a 
resume, transcripts of undergraduate and graduate edu- 
cation, a statement of research interests and relevant 
reprints, and the names, addresses and telephone numbers 
of three references to: Dr. B.E. Norton, Department of 
Range Science, Utah State University UMC 5230, Logan, 
UT84322 Applications accepted until August3Q 19B6,or 
until a suitable applicant is found. 
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Book Reviews 
Systems Ecology, An Introduction. 1983. Howard T. Odum. 

John Wiley t Sons, Inc., One Wiley Drive, Somerset, N.J. 
08873. $54.95 cloth. 
The systems approach attempts to provide an orderly procedure 

for understanding and expressing the functioning of the whole 
organization of biotic and abiotic factors in the biosphere. The 
author emphasizes the use of a systems “language” which is 
expressed in symbols appropriate to describing and defining sub- 
units of the overall system. A major objective appears to be to 
standardize the language so it can be useful in encouraging com- 
munication between and among those working in the broad field of 
systems research. 

The ideas presented have been gathered over a lifetime of 
research and teaching by an acknowledged leader in the field of 
modeling and simulation of ecological concepts, involving eco- 
nomics and human perturbations as well as the usual natural 
systems. Such an ambitious program inevitably draws contro- 
versy, but progress is made that way. 

The author lists the broad purposes of the book to “help in” (1) 
teaching the nature and theory of systems, (2) introducing systems 
ecology, (3) introducing systems of nature of many scales of size in 
a comparative way, (4) using energy language to generalize and 
compare systems of nature and humans, (5) teaching systems lang- 
uage and modeling approaches to understanding systems, (6) uni- 
fying concepts of kinetics, dynamics, energetics, environment, and 
economics, (7) presenting evidence for generality of energy hie- 
rarchy, energy quality, maximum power selection, and pulsing 
control, (8) introducing theory of energy analysis, and (9) seeking a 
more rigorous and holistic way to introduce and unify general 
ecology.” 

The book is presented in 4 sections with several chapters in each, 
as follows: Part I: energy, systems, and simulation, Part II: design 
elements, Part III: organization and pattern, and Part IV: systems 
of nature and humanity. The book is truly an ambitious undertak- 
ing of more than 600 double-column, 81/4 X 11 pages, filled with a 
seemingly comprehensive coverage of the subject. It is pitched at 
the graduate level and provides sufficient material for full 2- 
semester course if completely covered.--Ed. 

Range Economics. 1986. John P. Workman. Macmillan 
Publishing Company, New York, 217 p. cloth $34.50. 
Workman’s book provides its readers with a concise, well- 

written introduction to the science of range economics. The 
author’s extensive use of range management examples puts new life 
into the frequently dry and often misunderstood concepts of basic 
production economics and financial analysis. 

The text covers four major topics in ten chapters. Chapters one 
and two define the subject of range economics and describe the 
decision making environment. Chapter three develops the basic 
economic concepts of supply and demand. Chapters four, five, and 
six review three basic production theory models (factor-product, 

factor-factor, and product-product) in combination with easily 
understood, yet meaningful range management examples. Each 
example is complete with a detailed explanation of the meaning of 
the theoretical concepts presented, a rare thing in many economics 
texts. Chapter seven expands on the preceding chapters, by devel- 
oping the concepts ofjoint production and the economics of multi- 
ple use. Again the author does an excellent job of marrying bio- 
logic and economic concepts by including parallel interpretations 
of the same range management problem. The remaining chapters 
of the book provide a basic introduction to the application of 
financial analysis techniques to the evaluation of range manage- 
ment decisions. 

As described, the book provides a very readable and useful 
addition to the range and natural resource management literature. 
Unfortunately, while an extremely useful text, the book lacks the 
depth needed to form the basis for a college course without the use 
of a number of supplemental readings.--Keith A. Blamer, Depart- 
ment of Forestry and Range Management, Washington State Uni- 
versity, Pullman, WA. 

Physiological Ecology of North American Plant Communi- 
ties. 1985. B.F. Chabot and H.A. Mooney (eds.) Methuen, 
Inc. 29 West 35th Street, New York, N.Y. 10001. $39.95 
cloth. 
The study of plant physiological ecology is a relatively new field 

which takes laboratory-type physiological studies into the field to 
determine how species react to their natural, or impacted, envi- 
ronments. This is an approach that is particularly fruitful for 
solution of basic range management problems. Physiological 
organisms are studied and assessed in the context of functioning 
units under natural (or stressed) conditions rather than for aca- 
demic reasons. Thus, results can be of significance to rational 
management of plant communities and ecosystems. Development 
of sophisticated instrumentation in our high tech society has given 
effective impetus to the work. 

Editors of this book have brought together papers authored by 
an impressive group of 25 physiological ecologists, to survey avail- 
able literature on 14major plant communities of North America. A 
chapter is devoted to each of the following, in addition to an 
introductory chapter on history; arctic, alpine, taiga, western 
mountain forests, coniferous forests of the Pacific Northwest, 
annuals and perennials of warm deserts, desert succulents, cold 
desert chaparral, grasslands, deciduous forests, tropical and sub- 
tropical forests, marine beach and dune plant communities, and 
coastal marshes. 

Overall treatment is somewhat uneven, with emphasis given to 
communities where most work has been accomplishd. This 
includes deserts and grasslands, much to my pleasure. This is an 
excellent and timely source reference for physiological ecology 
information on the subject communities. It is suitable as a text for 
advanced undergraduates or graduate students, and provides a 
wealth of significant references to the literature.--Ed. 
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