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Abstract 

Twenty two-year-old primiparous Angus X Hereford cows and 
their heifer calves were used to study effects of milk consumption 
on calf performance, suckling behavior, and forage intake. Ten 
cow-calf pairs were allotted to each of 2 treatments on blue 
grama (Bonteloua grucilis [H.B.K.] Lag.) rangeland. Calves from 
5 cows were prevented from suckling the rear udder quarters for 
4 weeks to reduce milk intake by 32% when calves averaged 71 z!z 
4 days of age. The other 5 calves were allowed to suckle normal- 
ly. Four 12-day sampling periods were conducted from June 
through September. Calves from the control treatment weighed 
more (P < 0.05) than restricted calves in each period and at wean- 
ing. Calves from the restricted treatment did not (P >O.lO) suckle 
longer or more frequently than control calves during any sam- 
pling period. Forage organic matter intake was not (P > 0.10) dif- 
ferent between cows or calves from either group at any date. 
Milk production was not different (P > 0.10) hetween groups 1 
month after restriction periods were terminated. Calves on 4 
week milk restriction did not increase forage organic matter 
intake and had decreased weaning weights compared to control 
animals. 

Key Words: milk restriction, milk intake, cow, behavior, blue 
grama, buffalograss, rangelands 

Inconsistent results have been reported concerning the influ- 
ence of milk intake on calf performance and forage intake (Baker 
et al. 1976, Lusby et al. 1976). Effects of early weaning, tempo- 
rary calf removal or restricted suckling on forage intake and per- 
formance by calves appear to be mediated by length of separation 
interval and quality of available feed (Neville and McCormick 
1981, Odde et al. 1986, Wettemann et al. 1987). Le Du et al. 
(1976) concluded that forage intake of calves increased as milk 
intake declined. Broesder et al. (1990) found that a reduction in 
milk replacer consumed by male Holstein calves resulted in a lin- 
ear increase in forage organic matter intake of long stemmed 

Contribution No. J-4033 from Montana Agr. Exp. Station. 
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alfalfa hay, but total organic matter intake was not changed. Most 
studies have examined forage and milk intake relationships of 
calves on improved pastures or other high quality forages. Our 
objective was to measure the effects of suckling restriction on 
cow and calf weights, suckling behavior, and forage intake on 
blue grama (Boureloua gracilis [H.B.K.] Lag)-buffalograss 
(B&doe ductyloides NW.) rangelands. 

Materials and Methods 

Research Site 
Ten two-year-old Angus x Hereford primiparous cows (aver- 

age initial weight = 316 kg) and their March.bom heifer calves 
were maintained on a 36-ha pasture at the Clayton Livestock 
Research Center located in northeastern New Mexico. Vegetation 
on the study pastures was dominated by blue grama, buffalograss, 
tobosagrass (Hilario rmtica [Torr.] Benth.), and threeawns 
(Aristida spp. Nutt.). Major forbs include scarlet globemallow 
(Sphaeralcea coccinea (Pursh.] Rydb.), and locoweeds 
(Astragah spp. Wood). Average annual precipitation during the 
study year was 16% above normal (36 cm). Rainfall in May and 
June appeared adequate to initiate forage growth, but July precip- 
itation was only 3 1% of normal. 

Sampling Procedures 
In late March, calves (average age = 31 + 5 days) were braud- 

ed, dehorned and vaccinated against malignant edema and black- 
leg. Five cow-calf pairs were randomly assigned to 1 of 2 treat- 
ments. Udder covers were placed on the cows’ posterior quarters 
to reduce milk intake 32% for a total of 28 days. Average calf age 
was 52 + 4 days when milk restriction was initiated. Calves were 
restricted for 14 days. evaluated for 9 days, and restricted for 
another 14 days. Restricted calves were 89 +- 4 days of age when 
milk restriction was terminated. The other 5 calves received no 
milk restriction and served as controls. Water and plain salt were 
available at all times on the 12-ha study pasture where intake 
measurements were collected. 

Fonr 12-day sampling periods were conducted from 6 to 18 
June, 5 to 17 July, 2 to 14 August, and 24 September to 5 
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October. The June sampling period included the last 12 days of 
the 28 day suckling restriction. Calves averaged 76,106,137, and 
184 days of age at the beginning of each sampling period, respec- 
tively. 

Grazing and suckling behavior of cows and calves (Williams et 
al. 1977) were recorded from sunrise to sunset (0600 to 1900 
hours) during the first day of each sampling period. Animal activ- 
ities were identified as grazing, standing, lying, walking, or 
drinking, and recorded every 15 minutes for all animals. The total 
grazing time for each animal was tabulated for the day. Nursing 
frequency (events/days) and duration (minutes/event) of each 
suckling event was recorded. 

Milk intake estimates, and cow and calf body weight (deprived 
of food and water for 12 hours) were measured prior to initiation 
of treatments and at the beginning and end of each sampling peri- 
od. On the second day of each sampling period, cows and calves 
were allowed to nurse for 1 to 2 hours, and then separated for 12 
hours. The next morning 24 hour milk intake was estimated by 
the weigh-suckle-weigh technique (Williams et al. 1977). 

Cows and calves were dosed with chromium sesquioxide 
(Cr*O& powder in gelatin capsules once daily for 10 days begin- 
ning on the third day of each sampling period to estimate fecal 
output. Ten g/day of Cr203 were administered to each cow, and 
calves were dosed with 5,6, and 7 g/day of CrZOs during the 4 
respective sampling periods to account for body weight changes 
over time, After a 5 day equilibration period, fecal grab samples 
were collected once daily over 5 days beginning on the 8th day of 
each sampling period. Fecal output was calculated by dividing 
the amount of Cr dosed by Cr concentration in fecal organic mat- 
ter. 

Three esophageally cannulated steers (average body weight = 
541 kg) were used to collect masticate samples twice daily during 
3 days of each sampling period. Collections were taken at 0730 
and 1800 hours, when cows and calves were grazed intensely. 
Masticate samples were composited across days and steers, and 
lyophilized. 

At the end of each sampling period, in vitro dry matter disap- 
pearance (two-stage; Tilley and Terry 1963) of the composited 
masticate was measured using strained rumen fluid from 2 rumi- 
nally cammlated steers fed native prairie hay. Fecal organic mat- 
ter output divided by masticate indigestibility was used to esti- 
mate forage organic matter intake for etich allimai during each 
sampling period. Calf fecal organic matter was adjusted to 
remove the effects of milk organic matter according to Peischel 
(1980). Milk was assumed to contain 90% organic matter 
(Peischel 1980) and milk indigestibility was assumed to be 3.53% 
(Blaxter and Wood, 1952), The adjusted calf fecal organic matter 
was divided by forage ifidi@stibiiity to provide an estimate of 
forage orgunic mat&f hi&&e. 

Pustllte vegetation was clipped by plant species to approxi- 
mately 2 cm above the ground using 80 to 150 circular wire 
tie (.2 m*), dried at 50” C for 48 hours, and weighed to esti- 
mate available standing crop (kg/ha) of blue gramd buffalograss, 
forbs, and other species during each sampling period. 

Laboratory Aualyse~ 

After lyophilization, esophageal masticate samples were 
ground to ps a 2-m Seieen in a Wiley mill, and tittlyzed for 
dry matter, nitrogen (N), ash (AOAC 1984), neutral detergent 
fiber, acid detergent fiber, and acid detergent l&in (Goering and 

Van Soest 1970). Available N was calculated as the difference 
between total N and nonavailable N, which was determined by 
Kjeldahl N analysis of acid detergent fiber residue. 

Fecal samples were dried at 50” C, ground to pass a 2-mm 
screen, compared on an equal dry weight basis across days within 
each sampling period for each animal, and analyzed for dry mat- 
ter, ash (AOAC 1984), and Cr (Williams et al. (1962). 

Statistical Analysis 
Analysis of variance was conducted using GLM procedures of 

SAS (1988). Grazing behavior, body weight, milk intake, and for- 
age organic matter intake data were analyzed as a split-plot 
design, with treatment as the main plot and sampling period as 
the subplot (Gill and Hafs 1971). Treatment effects were tested 
using animals within treatment as the errOr term. As a result of 
treatment x period interactions for several variables (P c 0.05), 
data are presented for each sampling period. 

Results and Discussion 

standiug crop 
Mean standing crop estimates of the study pasture are presented 

in Table 1. Total standing crop peaked in July and August, and 
declined in September. Blue grama and buffalograss production 
was greatest in July and least in August. Forb production was 
greatest in August when rainfall was abundant. Funk et al. (1987) 
reported steers grazing the same study pasture consumed 78% 
grasses (38% blue grama and buffalograss) and 22% forbs during 
a similar summer grazing period. 

Table 1. Standing crop on blue grama-buffalograss rangeland tbrough- 
out the grazing season. 

Item June July August September 

Number of quadrats 80 10.5 145 150 
Blue gramal 
buffalo@%, kg/ha 403 4ss 287 300 

Forbs, kgha 107 141 284 42 
Other, kg/ha 247 189 231 215 
Total, kg/ha 757*301" 818*433 8022592 557&m 

a Standard ermr of the mean. 

Diet Quality 
In vitro organic matter digestibility (Table 2) did not differ (P > 

0.05) between sampling periods. Diet N content and available N 
were low throughout the summer and were influenced (P < 0.05) 
by sampling period. Dietary N and available N were lowest (P < 
0.05) in July and August and increased (P < 0.05) in September. 
Available N as a percentage of total N remained constant (P > 
0.10) throughout the sampling periods, which agrees with 
McCollum and Galyean (1985), and Funk et al. (1987). 

Ansotegui et al. (1991) found that diets selected by suckling 
calves were higher in N than diets selected by cows during cer- 
tain months. A recent study by Grings et al. (1995) found calves 
selected diets which were 21% higher in crude protein and con- 
tained 5% less neutral detergent fiber when compared to mature 
steers in June and July. They failed to detect any differences in 
diet quality between suckling calves and mature steers when for- 
age quality declined in September. Diet chemical composition 
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Table 2. Composition of esophageal extrusa from steers grazing blue grama-buffalograss rangeland from June through September. 

Item June 
In vitro organic matter disappearance, % 59.5 
N, % of organic matter I.22b 
Available N 

% of organic matter l.OOb 
%oftotalN 82.4 

Neutral detergent fiber, % of organic matter 74.9 
Acid detergent fiber, % of organic matter 46.7 
Acid detergent lignin. % of organic matter 6.2 
9han.s within a Tow with different superxripts differ (p < 0.05). 

Jttly August September SE 
52.2 55.2 54.3 1.7 

.97= 1.11* 1.3sb .l 

.77= .89& 1.16b .l 
79.5 80.6 83.5 1.3 
78.6 79.0 74.5 2.3 
51.9 51.9 51.6 1.2 

6.9 7.1 9.2 1.0 

values as collected with steers in this study, may not be represen- 
tative of cow or calf diets, but it was not possible to esophageally 
cannulate cows or calves for the purposes of this study. It is pos- 
sible that diets selected by suckling calves and mature steers in 
this study were similar since forage quality was low (average 
neutral detergent fiber = 77%) and there were no differences in 
in vitro organic matter disappearance, available N, neutral deter- 
gent fiber, or acid detergent fiber between sampling periods. 

Dietary neutral detergent fiber, acid detergent fiber, and acid 
detergent, lignin did not change (P c 0.10) during the sampling 
periods. These findings are consistent with those of Funk et al. 
(1987). 

Calf Feeding Behavior 
Calves on restricted milk intake spent more (P ~0.05) time 

grazing than control calves in June (Table 3). Although restricted 
calves were suckling only the anterior quarters in June, there 
were no differences (P >O.lO) in nursing frequency or duration 
between groups. Williams et al. (1977) reported that calves 
nursed 3.2 to 3.5 times during 14 to 16 hours of daylight in early 
lactation. Wyatt et al. (1977) found that cows nursed single or 
twin calves approximately 3.4 to 4.4 times/day and nursed them 
for 8.8 to 9.9 minutes/suckling event, respectively. Odde et al. 
(1986) reported suckling restriction did not affect suckling fre- 
quency or duration 2 weeks after the restriction was concluded. 
Cross-nursing was not observed during any of the sampling peri- 
ods in our study. 

Cow Intake and Weight 
No differences (P > 0.10) in body weight between restricted and 

control cows were detected during any sampling period (Table 4). 
Cows gained weight in all periods except August. Forage organic 
matter intake of restricted cows was not different (P > 0.10) from 
control cows during any period. Wyatt et al. (1977) found that 
cows producing different amounts of milk and rearing 1 or 2 

calves consumed similar amounts of forage per day. Estimated 
forage organic matter intakes in the present study were greater 
than those reported for lactating Angus x Hereford cows (19 g/kg 
body weight) grazing blue grama rangelands by Rosiere et al. 
(1980), but almost identical to those (26 g organic matter/kg body 
weight) reported by Funk et al. (1987) for steers grazing the same 
study pasture. 

Calf Intake and Weight 
Milk intake by restricted calves was 32% lower than that of 

control calves when udder covers were in place (Table 4). There 
were no differences (P > 0.10) in milk intake between restricted 
and control calves before or after the restriction interval. Milk 
intake of both groups declined throughout the grazing season. 
Peischel (1980), and Holloway and Butts (1983) noted similar 
declines in milk yields from parturition to weaning in other beef 
cattle breeds. Body weights of control calves were greater (PC 
0.05) than weights of restricted calves after 4 weeks of milk 
restriction (Table 4), and remained higher (P c 0.05) through all 
sampling periods. Neville (1962) indicated that the relationship 
between milk intake and calf weight gain was greatest during the 
first 60 days of the cah?s life. Calves weaned at 30 to 60 days of 
age, and provided with high concentrate diets, were similar in 
weight at 205 days of age to calves weaned at 205 days 
(Richardson et al. 1978, Lusby et al. 1981). Results from the pre- 
sent study indicate that weaning weights of calves grazing blue 
grama rangelands were adversely affected by reducing milk 
intake 32% for 4 weeks. 

Estimates of forage organic matter intake by control calves 
were not different (P < 0.10) from those of restricted calves dur- 
ing any period (Table 4). Reduction (P c 0.05) in weight of 
restricted calves when udder covers were in place suggests that 
calves did not increase forage organic matter intake in response 
to decreased milk intake. Peishel (1980) reported that forage 
intake by calves raised on native Kansas range was not influ- 
enced by milk consumption. Lusby et al. (1976) found that non- 

Table 3. Grazing time, nursing frequency and duration of control (Con.) and restricted (Res.) calves from June through September. 

hlontb June Julv Aucust Seotember 
Item Con. Res. con. Res. Con. Res. Con. Res. SE 
Grazing time, hours/day 2.8” 3.7O 5.2 5.6 6.0 6.1 5.7 5.4 .3 
Nursing frequency, times/day 3.6 3.4 4.0 3.6 2.6 3.4 1.8 1.2 .3 
Nursing Duration, minutes/event 9.6 8.5 8.6 9.0 10.3 9.5 7.3 8.3 .9 
Observation time, hours 12 14 14 12 

*Means within a row and month with different superscripts differ (P c 0.05). 
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Table 4. Body weight, forage intake and milk intake of restricted (Bes.) and control (Con.) cows and calves grazing blue grama rangeland from June 
through September. 

Month Initial June Julv Aueust SeDtember 
Item Res. con. Res. Con. Res. Con. ReS. Con. Res. Con. SE 
cows 

Weight, kg 
303.4 327.8 349.7 

Forage organic matter intake, g/kg body weight 
- - 27.0 

Calves 
Weight, kg 54.9 55.6 74.9a 

Forage organic matter intake, g/kg body weight 
- - 19.2 

hiilk intake. kg/day 
6.6 6.9 4.5a 

368.1 363.3 385.8 

28.7 31.1 28.3 

83.2b 96.5a 107.7b 

19.0 22.4 19.4 

6.6b 4.7 5.5 

373.2 392.9 390.7 411.9 135 

27.9 26.6 25.6 25.8 2.0 

119.la 132.0b 156.7a 169.8b 1.5 

27.5 27.8 28.9 28.8 2.6 

5.0 4.6 3.3 3.9 .6 
“%feans within a row mind month with different superscripts differ (P < 0.05). 

milk nutrient intake, non-milk nutrient digestibility, milk intake 
and calf body weight (reflecting age) were interrelated. Calves of 
similar ages (53 to 150 days of age) with access to high quality 
diets were able to increase forage intake rapidly in response to 
decreased milk intake (Le Du et al. 1976, Lusby et al. 1976, 
Baker et al. 1976, Boggs et al. 1980, Broesder et al. 1990, 
Ansotegui et al. 1991). Intake values collected on this study are 
very similar to those reported by Funk et al. (1987) for steers 
grazing the same pasture. 

Conclusions 

Previous studies have suggested that reduction in milk intake 
leads to increases in forage intake by young calves, and that 
calves suckling low-milk-producing cows consume more forage 
than calves suckling high-milk producing cows. Data from this 
study suggest that young calves (75 days of age), grazing blue 
grama rangelands (average neutral detergent fiber = 77%), were 
not able to increase forage organic matter intake when milk 
intake was restricted. This would imply that forage intake by 
c&es grazing low-quality pastures is limited by bulk fill. 
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Abstract 

For many grassland songbird species, pastures represent some 
of the best available breeding habitat in the Upper Midwest. 
Increasing interest in intensive rotational grazing (lRG) among 
midwestem livestock farmers may result in an expansion of pas- 
ture hectares in the region. We evaluated the effects of several 
cattle stocking densities on ground nest survival in rotationally 
graz.ed cool-season pastures in southwestern Wisconsin. Ground 
nests were simulated with clutches of 3 unwashed pheasant eggs. 
We tested 3 rotational grazing systems: a l-day dab-y rotation 
stocked at 60 bead ha-‘; a 4-day beef rotation at 15 bead by?; and 
a traditional, non-intensive 7-day rotation at 8 bead ti*. Paddock 
size (1.2 ha) and nest density (15 nests paddock’) were held con- 
stant. The simulated nests were observed 4 times day-’ to docu- 
ment trampling patterns during the herds’ diurnal graz*mg and 
nunination cycles. Trampling damaged a mean of 75% (* 3.1%) 
of the nests for all 3 treatments during 8 consecutive replications. 
While the 7-day treatment exhibited a pattern of greater nest 
trampling during cattle grazing periods than during rumination 
periods, this pattern was less evident in the 4day treatment and 
absent in the l-day treatment. Increasing vegetation beigbtdensi- 
ty and percent vegetation cover were associated witb reduced nest 
trampling rates, but pasture forage production and removal were 
not associated with nest damage. 

Key Words: artificial nest, dummy nest, grassland songbirds, 
intensive rotational grazing, nest disturbance, nest survival, pas- 
turcs. 

Midwestern populations of some grassland bid species (Table 
1) have been declining for several decades (USFWS, unpublished 
data). While causes of these declines remain poorly understood, 
habitat loss and disturbance in this largely agricultural region 
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have been implicated @sore et al. 1986, Castrale 1987, Frawley 
and Best 1991, Herkert 1994). The adoption of Intensive 
Rotational Grazing (IRG) by livestock farmers may improve 
habitat quality for grassland bids in the Midwest. 

Dairy Pasturing Systems. 
Dairy farming is common in parts of the Upper Midwest 

(northeastern Iowa, northern Illinois, Michigan, Minnesota, and 
Wisconsin) and in the Northeast (Pennsylvania, New York, and 
New England). In the confinement system currently used by most 
dairy farmers in these areas, stored grain and hay comprise nearly 
all of the milking animal’s daily intake (Fales 1993). In contrast, 
in an IRG system pasture vegetation provides the bulk of the 
bovine diet (Voisin 1959). Row crop and alfalfa fields are con- 
verted to non-native cool-season grass pastures and stock are 
rotated through a series of paddocks of l-2 ha, at stocking densi- 
ties of 40-100 head ha-‘. Livestock are confined to each paddock 
for a period of cl2 hours to 2 days and are rotated through the 
paddocks on a 15to 40-day, weather-dependent cycle 
(Undersander et al. 1991). Recent survey data suggest that ~10% 
of dairy farmers in Wisconsin are using rotational grazing and the 
percentage is increasing annually (Undersander, D.J., unpubl. 
survey data). Conversion to this practice among dairy farmers 
may result in an increase in the amount of grassy cover available 
for ground nesting birds. 

Grassland Birds and Pasture Habitats. 
Grazing can affect nesting birds indirectly by altering vegeta- 

tion structure and habitat quality, and directly through trampling 
or other disturbance of nests. Our goal was to evaluate the effects 
of cattle stocking density on direct disturbance of ground nests by 
cattle. Several studies have investigated cattle trampling of 
ground nests, but none have done so under conditions existing in 
the midwestem United States. 

Bryant et al. (1982) theorized that cattle trampling of ground 
nests involves a simple linear relationship with the cumulative 
number of steps taken by each animal and that pasture size influ- 
enced the distance traveled. They devised a formula to estimate 
trampling damage for several non-intensive grazing systems (216 
ha pastures; I 3-4 animals ha-‘). Whether this relationship holds 
true for all situations, especially for very high stocking densities, 
has not been determined. 

Results of a study of waterfowl nest survival in Dutch pastures 
concur with Bryant et al. (1982). Bientema and Miiskens (1987) 
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Table 1. Grassland bib-d species for whom breeding populations are declining in U.S.F.W.S. Region 3 (Iowa, Illinois, Indiana, Michigan, Mbmesota, 
Ohio and Wiionsin)? 

Common Name 

Blue-Winged Teal 
Bobolink* 
Clay-Colored Sparrow 
Dickcissel* 
Eastern Meadowlark* 
Field Sparrow* 
Grasshopper Sparrow* 
Henslow’s Sparrow 
Homed Lark 

Latin Binomial 

Anas discors (L.) 
Dolichonyx oryzivorus (JL.) 
Spizella pallida (Swain.) 
Spiza americana (Gmelin) 
Stumella magna (L.) 
Spizella pusilla (W&.) 
Anunodmmus savannanan (Gmel.) 
Passerherbulus henslowii (Aud.) 
Eremaphila abestris (L.) 

Common Name 

Lark Sparraw 
Loggerhead Shrike* 
Ring-Necked Pheasant* 
Savannah Sparrow 
Short-Eared Owl* 
Upland Sandpiper 
Vesper Sparrow 
Western Meadowlark* 

Latin Binomial 

Chomiestes grammacus (Say) 
Lardus hufovicianus (JL.) 
Phasianus colchicus (L.) 
Passerculus sandwichensk (Gmel.) 
Asiojkmmeus (F’ont) 
Bartramia longicauda (Beth.) 
Pooecetes gramineus (Gmel.) 
Stumella neglecta (Aud.) 

‘Based on unpublished U.S.F.W.S. Breeding Bird Survey data, 1961-1991. 
*Species with a signiticaat decline (PcO.05); for all other species, declines are not statistically significant (P~0.05). Year-to-year variability in avian populations often results in lack 
of statistical significance in declining populations. Lack of statisticaUy significant decline does nol, in itself, indicate that a species is maintaining healthy population levels. 

found that trampling of waterfowl nests in non-rotational pastures 
occurred at a constant rate animal-’ day-‘, regardless of stocking 
rate (<IO animals ha-’ and ~10 animals ha-‘) or field size (~2.5 
ha, 2.5-5 ha, and >5 ha). 

Other studies of ground nest trampling conducted on native 
rangeland in the western U.S. suggest a less clear-cut relationship 
between step density and nest trampling (Bareiss et al. 1986, 
Jensen et al. 1990, Koerth et al. 1983, Mesmer 1985). In addition, 
most of these studies, including Bientema and Miiskens (1987), 
evaluated the effects of stocking densities lower than and pastures 
larger than those currently being used on midwestem dairy farms. 
A single study involved stocking densities similar to those used 
in this area. Jensen et al. (1990) used clay pigeon targets as simu- 
lated nests to study cattle trampling on tall grass prairie in 
Oklahoma. Animal number was held constant (at 3 head treat- 
ment“) for all treatments and higher stocking densities were 
achieved by reducing paddock size. Herd size affects animal 
movement and grazing behavior (Hacker et al. 1988), and one 
cannot assume that a herd of 3 animals in a 0.06 ha paddock will 
cause the same amount of nest destruction as 50 animals in a 1 ha 
paddock. Reduction of paddock size also increased nest density 
(20 nests paddock-’ were used for ail treatments) and reduced for- 
age allowance animal-‘, which may also influence the amount of 
nest trampling observed. 

Intensive rotational grazing of dairy cows employs small pad- 
docks of non-native cool-season grasses, brief grazing periods, 
and a narrow range of relatively high stocking densities. To eval- 
uate the effect of these grazing conditions on survival of ground 
nests, we compared a range of stocking densities and grazing 
period lengths recommended by the University of Wisconsin 
Extension Service for farmers in the northeastern and midwestem 
United States. Our objectives were 1) to determine whether short 
duration Intensive Rotational Grazing (IRG) is likely to cause 
greater ground nest destruction than longer term rotations with 
lower stocking rates, 2) to determine whether diurnal cattle 
behavior patterns influence trampling patterns, and 3) to evaluate 
the role of vegetation structure in trampling patterns. 

of Wisconsin’s Lancaster Agricultural Research Station (LARS) 
in southwestern Wisconsin. The area is characterized by rolling 
terrain, with 6 to 15% slope. The soils are Rozetta silt loams 
(Typic Halpludalf). Climate in this region is temperate with a 30- 
year average temperature range of 9.3” C (January) and to 22.2” 
C (July). In 1993, the mean temperature during May was 14.4” C 
+ 3.99 (30-year mean=14.5” C -c 1.95). The mean temperature in 
June was 18.1”C f 3.85 (30-year mean=19.6O C + 1.37). 
Precipitation falls primarily as rain between March and 
November. Rainfall during the 1993 nesting season was 389 mm, 
nearly twice the 30 year mean for the area (189.5 mm f 50.6). 

Materials and Methods 

PaStUreS. 
We used New Zealand-style portable electric fencing 

(Kingsbery 1989) to divide 3 pre-existing pastures into 12 pad- 
docks, each 1.2 ha in size. In designing the layout of paddocks, 
we minimized differences that might influence cattle behavior, 
such as paddock shape, slope, and vegetation; location of feeding 
(supplemental grain was fed at 1.8 kg animal-’ day“) and water- 
ing stations; and presence of trees within the paddock or adjacent 
wooded areas. Pasture vegetation was dominated by smooth 
bromegrass (Bromus inennis Leyss.), orchard grass (Dactylis 
gZomerufa L.), quackgrass (Agropyron repens L.), and Kentucky 
bluegrass (Pea prutensis L.). Red clover (Tnyoolium prutense L.) 
comprised 5 to 10% of pasture vegetation in most areas. 

Grazing Treatments. 

Study Site 

We conducted the study during the grassland songbird nesting 
season (May and June) (USFWS, unpubl. data) at the University 

To ensure that we measured only the effects of cattle stocking 
density and grazing duration on trampling damage, we held con- 
stant factors such as paddock area (1.2 ha), forage allowance ani- 
mal” (18 kg day-‘), and nest density (12.5 nests ha“), which may 
interact with stocking density. We used the research station’s 
LARS herd of 130 yearling angus-Holstein beef heifers (Bos tuu- 
IUS L.) to apply grazing treatments to the paddocks. The heifers 
were mature, non-lactating animals with a mean weight of 500 
kg. Forage allowances were based on 1 heifer=1 animal unit 
(AU) (Forage and Grazing Terminology Committee 1991). We 
compared 3 rotational grazing treatments: a l-day dairy rotation 
stocked with 72 AU (60 AU ha-‘); a Cday beef rotation stocked 
with 18 AU (15 AU hi’); and a 7-day rotation that is commonly 
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used by many farmers who are not grazing “intensively,” stocked 
with 9 AU (8 AU ha-‘). These treatments represent 72 animal unit 
days (AUD) for the l- and Cday rotations (72X1 day and 18X4 
days for the l- and Cday treatments, respectively), and 63 AUD 
for the 7-&y rotation (9X7 days). 

Each treatment was randomly assigned to 4 of the 12 paddocks 
initially and was rotated among these 4 paddocks during the 8 
consecutive weekly replications. Crazing for all treatments began 
on Tuesday of each week The entire herd was pooled prior to the 
start of grazing and animals were assigned randomly to 1 of the 3 
grazing treatments each week. Animals assigned to the l- and 4- 
day rotations were removed from the paddock following the des- 
ignated number of days and grazed elsewhere on the farm until 
the following Tuesday. The 7-day rotations were run consecutive- 
ly, with new animals assigned to a new paddock each Tuesday. 
Because the focus of this study was trampling damage, nests were 
monitored only during the grazing period of the rotational cycle. 
After each grazing treatment was completed, nests were removed 
and paddocks were rested for 2 to 4 weeks, depending on vegeta- 
tion growth. 

Simulated Nests. 
Fifteen nest sites were located systematically in each paddock 

for a nest density of 12.5 nests ha’. Wooden stakes driven flush 
with the ground were used to mark nest sites. A simulated nest, 
consisting of 3 unwashed pheasant (Phusianus colchicus L.) 
eggs, was placed 53 cm from each stake. No effort was made to 
form a nest bowl or to locate the nest in vegetative cover. Nest 
placement and construction vary considerably among grassland 
songbird species and choice of a particular method of ‘hiding’ 
nests may influence results. Nests were observed 4 times daily, 
corresponding to the beginning of cattle grazing cycles (0630 and 
1530 hours) and rumination/rest cycles (1000 and 1900 hours). 

The fate of each egg was recorded separately. Egg fates were 
grouped into 3 general categories: intact, disturbed or destroyed. 
For eggs that were disturbed or destroyed, we recorded whether 
disturbance resulted from cattle activity or Tom other causes such 
as predation. Efforts were made to locate eggs that had been 
moved from the vicinity of the marker stake and their fates were 
recorded when possible. 

Defdtion of Nest Survival. 
A nest was defined as the area 115 cm from the nest site mark- 

er stake (based on the size of an “average” songbird nest). Only 
eggs within this area were considered in determining nest sur- 
vival. Eggs that had been moved >15 cm from the stake were 
recorded as missing from the nest. 

A nest containing 2 or 3 intact eggs at the time of observation 
was recorded as having survived, if no eggs were trampled 115 
cm from the stake. If 21 egg(s) were trampled within this area, 
the nest was recorded as trampled (failed), regardless of the fate 
of the other egg(s). Nests that did not contain trampled eggs, but 
contained c2 intact eggs were recorded as failed. 

Vegetation Measurement. 
Vegetation structure was measured at the beginning and end of 

each grazing replication. Vegetation measurements were taken at 
each nest site and included height-density or visual obstruction 
(Robe1 et al. 1970) and percent vegetative cover (Daubenmire 
1959). Pasture standing crop and removal were estimated by clip- 
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ping a 0.5 mz sample from 15 randomly chosen sites in each pad- 
dock before and after grazing (Campbell 1969, Carter 1962). 
Samples were weighed fresh, dried at 60” C for 48 hours, and 
reweighed for a determination of dry matter production. 

Statistical Analysis. 
Data were analyzed in 2 separate experimental designs. The 

original 15 clutches of eggs placed in each paddock at the start of 
each replication were monitored until they were no longer intact. 
These data were used to compare trampling damage and nest 
fates resulting from grazing treatments (objective No. 1) and 
were analyzed as a split plot with weeks as main plots and treat- 
ments as subplots, using general linear models and linear regres- 
sion analyses (SAS Institute 1987). Because the study was repli- 
cated in time, we partitioned error resulting from this variable. 
No significant differences among weeks were observed for any of 
the analyses reported herein (P >0.05). 

For objectives No. 2 and No. 3, we replaced trampled or miss- 
ing eggs after each nest observation, providing an equal number 
of nests in the paddocks during each of the diurnal grazing and 
rumination periods. For objective No. 2, these data were analyzed 
as a split plot using general linear models (SAS Institute 1987), 
with diurnal time period as the split within grazing treatment. For 
objective No. 3, we compared the number of trampling events 
occurring at each nest site over the entire rotation with vegetation 
status using correlation analysis (SAS Institute 1987). Statistical 
significance for all analyses was defined at P IO.05 unless other- 
wise stated in the text, 

Results and Discussion 

Effects of Grazing Treatment on Trampling Damage. 
For all treatments, about 25% of the original 15 nests survived 

the grazing cycle. Intact nests averaged 21&5.6%, 26&.7%, and 
27&4.1% for the l-, 4, and 7-day treatments, respectively, with 
no statistically significant differences. The fact that the 7-day 
treatment involved fewer animal unit days (63 AUD) than the l- 
and Cday treatments (72 AUD) may have influenced relative nest 
survival among the treatments and should be kept in mind when 
interpreting the data presented. 

In the majority of cases (94% of failed nests), nest failure was 
from cattle damage, including crushing by an animal’s muzzle, 
trampling by hoof, or being kicked out of the nest. The remainder 
of the failed nests were not damaged by cattle but lacked the 
required 12 eggs intact. Predation was the primary cause of nest 
failure among untrampled nests. Predation of nests was greater 
for the 7-day treatment than for the l- and Cday treatments. Most 
predation of nests occurred during early June (weeks 5 and 6) 
between 1900 and 0600 hours. 

Types of Trampling Damage. 
Most, but not all, cattle disturbance resulted in nest failure. 

When all forms of cattle disturbance (2 1 egg(s) trampled, 
crushed by an animal’s nose, kicked out of the nest and crushed 
or cracked, or covered with a manure pile) were totaled, disturbed 
(but not necessarily failed) nests averaged 81+5.3,77 46.8, and 
65 +4.8% (of 15 nests) for the l-, 4-, and 7-day treatments, 
respectively, with no significant differences among treatments. 
However, there were differences among treatments for specific 
types of disturbance. The mean percentage of the 15 nests having 
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2 1 eg&) trampled by a bovine hoof, was greater for the l-day 
treatment (63 *6.5%) than for the 4day (52 *6.6’S) or the 7day 
(41+3.4%). The l-day tnabnent had a higher percentage of tram- 
pled nests with 2 or 3 eggs cmshed (82 f. 9% of trampled nests) 
than the 7- day treatment (65 f 13% of trampled nests), but not 
significantly higher than the 4-day treatment (77 * 11.9% of tram- 
pled nests). Greater numbers of crushed eggs may be the result of 
nests having been trampled >l time between observations. A 
greater percentage of nests in the 4-and ‘I-day treatments had 
eggs kicked out of the nest or otherwise damaged by cattle than 
the l-day treatment. For all treatments, most of the 15 nests that 
survived had all 3 eggs intact (84 i6.5.75 +6.2 and 58 t3.88 of 
intact nests for the l-, 4-, ‘I-day rotations, respectively). 

Jndividual AnimaI Contribution to Trampling. 
The mean trampling rate per AUD was 0.165?0.012, 0.153 f 

0.014, and 0.173 kO.01 for the l-, 4-, and ‘I-day treatments, 
respectively, with no significant differences among treatments. 
Regression analysis yielded a linear pattern of trampling for both 
the 4- and ‘I-day treatments (p<O.Ol), although the data suggest a 
slight leveling of the trampling rate as AUD accumulated for both 
treatments (Fig. 1). 

For the 4day treatment: 
#Nests Tmmpled=0.17(cunndative # of AUD) 

(Standard Erm1=O.009, R-squ&.92) 

For the ‘I-day treatment’ 
#Nests Trampled=O.2(cumulative # of ADD) 

(Standard Erm1=O.007, R-square=o.93) 

The Role of Cattle Diurnal Behavior Patterns in Nest 
Deshmctlon. 

Cattle typically graze and ruminate in a diurnal pattern 
(Campbell et al 1969, Sheppard et al. 1957). Peak grazing periods 
are from dawn until late morning and from late afternoon until 
dusk. During midday and night rest/mmination periods, cattle are 
typically less active thti while grazing (Campbell et al. 1969). 
We found that the number of nests damaged during each of these 
periods was associated with cattle daily behavior patterns and 

ot 
0 9 10 27 36 46 64 63 72 
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Q. 1. Mean nlrmber of originnll5 nests hampled animal unit day 
(AUD).’ over treatment period for 4- and ‘I-day treatments. 
Vertical Lines bnlicate standard emls of 8 replicates. 
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F&. 2. Percentages of total nests trampled dwbq cattle daily sraziog 
and rumination periods. Vertical lines indicate standad en-cm of 
8 replicates. Mean separation within treatment by LSD at P<O.OS. 
Bars with the same letter ae not significantly ditErent. Note: 630 
am-10 am and 330 pm-7 pm BE grazing periods; 10 am-330 pm 
and 7 pm-630 am are r&/nmdnation periods. 

activity levels. However, for all treamxents, 232% of the nest 
damage occurred during any of the 4 daily periods (Fig. 2). 

The diurnal trampling pattern for the l-day treatment differed 
significantly fmm the pattern observed in the 4- and 7&y treat- 
ments (Fig. 2). For the l-day treatment, the midday rumination 
period accounted for 30 f 3.7% of daily nest damage; this was 
greater than the overnight period, which was z-2 times as long. 
This result may be an artifact of experimental &sign rather than a 
reflection of typical animal activity during rumination. For logis- 
tical reasc~ns, all treatments were. begun at 1000 hours, just at the 
start of this rumination or rest period. Moving cattle to fresh par- 
hue frequently results in a period of exploration and/or grazing 
regardless of where they are in their diurnal cycle (Amold and 
Dudzinski 1978). The high tmmpling rate observed for tbis nor- 
mally less active period may reflect this dismption of their nor- 
mal behavior patterns. The phenomenon was not observed in the 
longer treatments because, in these treatments, the animals 
remained in the same. paddock for several days and subsequent 
midday rumination periods were not intermpted by a move to a 
new paddock. There. were no significant differences in numbers 
of nests damaged among dhnnal periods within either the 4- or 7- 
&y treatments. 

Because the grazing and mmination periods varied in length, it 
is useful to compare hourly rates of trampliig among the 4 daily 
perk&. The night period, which was >l 1 hours. was >2 times as 
long as any other sampling period and the total percentage of 
nests destroyed was relatively high. However, the trampling rate 
atim&’ hour.’ was lowest at night for all treatments (Fig. 3). 

We hypothesized that higher nest trampling rates would occur 
during grazing periods (dawn to midmorning and late afternoon 
to dusk) than during rest or rumination periods (midday and dw- 
ing the night). Only the 7day treatment tit this pattern. For the l- 
day treatment, hourly trampling rates for all daytime periods were 
similar, but the overnight rate was significantly lower (Fig. 3). 
For the 4.day treatment, the afternoon grazing period had the 
greatest hourly trampling rate, while the other daytime and the 
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l-Day 4-W I-Day 

Fig. 3. Hourly rates of trampling animaf’ for rotations and time 
periods. Vertical lines indicate standard errors of 8 replicates. 
Mean separation within treatment by LSD at P<O.O5. Bars with 
the same letter are not significantly different. Note: 6~30 am-10 am 
sod 3~30 pm-7 pm am grazing periods; 10 am-330 pm and 7 pm- 
6:30 am me rest/rumination periods. 

overnight periods were similar. In contrast, tbe l-day treatment 
had significantly greater hourly trampling rates animal” during 
the 2 grazing periods than during tbe 2 rumination periods. As 
herd size decreased, tbe difference in trampling rates among the 
daytime periods increased, probably reflecting less randomness in 
animal behavior and movement in smaller herds. Cattle take 
behavioral cues from nearby animals (Dwyer 1961, Roath and 
Krueger 1982) and the larger the herd, the less influence any 1 
animal has on tbe behavior of other herd members. A large herd 
is less likely to exhibit a typical grazing-ruminating pattern, so 
that activity levels are more constant, resulting in a more constant 
rate of nest trampling. 

Relationship Between Nest Destruction and Vegetation 
status. 

Vegetation growth was intluenced by abnormally high rainfall 
during the 1993 growing season. As a result of greater than nor- 
mal forage availability, only in the l-day treatment was post- 
grazing height-density (H-D) consistently lower than pre-grazing 
levels (Fig. 4). Half of the rotations in the 4-day and 75% in the 
‘I-day rotation had similar or higher post-grazing than pre-grazing 
H-Ds. 

In general, nest destruction (number of trampling events) 
decreased with increasing vegetation H-D and percent cover. 
While several correlations were statistically signitican~ few car- 
relation coefficients were > 0.50. Pre- and post-grazing percent 
live vegetation cover at the nest site were negatively correlated 
with nest destruction for all treatments, except pre-grazing per- 
cent cover for the ‘I-day treatment (Table 2). Negative corrcla- 
tions between number of trampling events at each nest site and 
both pre- (4.23) and post-grazing (-0.42) H-D at that nest site 
also WE statistically significant for tbe l-day treahnent (P < 0.01) 
(Table 2). Mean paddock H-D both before (-0.65) and after (-0.67) 
gmzing was negatively con-elated with nest destruction for the l- 
day treahnent only (JW.10) (Table 2), suggesting that when for- 
age is plentiful, animal mcwement in a large herd during grazing 
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Fig. 4. A-C. Vegetation height-density in centimeters before (solid 
bars) and after (hatched bars) grazing for each of the 8 co-- 
tive weekly replications. A= 1 day of grazing B 60 Animal Units 
gy;;-L2=4 days of grazing @ 15 AU ha ; C=7 days of grazing 

decreases, possibly resulting in less trampling of nests. 
Significant negative correlations between vegetation status and 
nest deshuction were not observed in the 4- and 7-day treatments 
because animal consumption did not keep pace with vegetation 
growth. Nest destructiori was negatively correlated only with 
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Table 2. Correlation of paddock mean vegetation height-density (II-D) and % live cover (% Cover) with mean number of trampling events (Paddock 
Mean) and correlation of vegetation height-density and % live cover at each nest site with number of trampling events at that nest site (Nest Site). 

Treatment 

One Day 
Four Day 
Seven Day 

Paddock Mean Nest Site 

Pre-Grazine Post-Grazinc Pre-Gfazine Post-Grazing 

H-D Cover H-D Cover H-D Cover H-D Cover 

m @I (%I cm 
-0.65+1 -0.26 -0.67+ -0.41 -0.23** -0.23* -0.42** -0.33** 
-0.18 -0.29 -0.33 -0.59 -0.09 -0.25** -0.30** -0.37** 
0.08 -0.02 -0.24 -0.41 -0.13 -0.15 -0.31** -0.30** 

‘+ = Pco.1. l = Pco.5, ** = PcQ.01. 

post-grazing H-D at the nest site for the 4- (-0.30) and 7-day 
(-0.31) treatments (PcO.01). However, this relationship is proba- 
bly not one of cause and effect. It is more likely that both may be 
associated with a lack of animal grazing activity in the parts of 
the paddock where untrampled nests were observed. 

Forage dry weight, while correlated with height-density and 
percent live cover, did not correlate significantly with nest tram- 
pling or survival. Forage removal was not correlated with nest 
trampling for any treatment. 

Management Implications 

In this comparison among 3 rotational grazing systems (all 
involving about 70 animal days treatment-‘), we found that the 
amount of trampling damage to simulated nests did not vary 
among the treatments. A mean of 75% (+3.1%) of the original 15 
nests was destroyed per grazing cycle under each of the treat- 
ments. Trampling damage was spread fairly evenly throughout 
the daily activity cycle of the herd, with somewhat more nest 
destruction hour“ occurring during the afternoon grazing period. 
Manipulation of herd activity will not improve nest survival, 
except in terms of reducing the trampling that occurs when the 
cattle are put on fresh pasture. A reduction in trampling damage 
to nests might be gained by introducing cattle into the paddock 
during an active grazing period, to minimize damage during the 
rumination period. 

If grazing is managed for forage productivity, stocking density 
and rotation length will vary inversely. Under recommended pas- 
ture management, the number of animal unit days varies little 
among rotational systems. Using a grazing cycle with both a short 
duration grazing period and a relatively high stocking density 
maximizes the amount of time that the pasture is left undisturbed 
between grazing events and causes no more nest destruction than 
longer grazing cycles using lower stocking densities. Some nest 
protection may be gained by introducing the animals into the pad- 
dock at a greater vegetation height-density and leaving a relative- 
ly large amount of residue post-grazing. These factors can be var- 
ied within certain Emits without affecting the vegetation growth 
cycle or forage quality (Blaser et al. 1986). Manipulation of vege- 
tation status may increase nest survival at high stocking densities, 
but this effect will be minimal at lower stocking densities. 
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Abstract 

The effects of reducing sheep grazing on upland vegetation and 
wild herbivores was studied at 11 sites in the Scottish Highlands. 
Areas where sheep had been removed for periods of up to 25 
years were compared with areas where stocking rates had 
remained unchanged. At 5 sites, removal of sheep was associated 
with taller vegetation and more signs of vole activity. While the 
removal of sheep appeared to have resulted in relatively few 
changes in floristic composition at these sites, patches of dwarf 
shrubdominated vegetation tended to be larger and patches of 
grassland to be smaller where sheep had been removed. One pre- 
viously open site was being invaded by birch woodland after 
sheep removal. At the remaining 6 sites removal of sheep 
appeared to have had little or no effect on vegetation or on wild 
herbivore activity. This was probably due to an increase in graz- 
ing by red deer, along with continued heather burning, at these 
sites. It is concluded that sheep removal is only likely to cause 
significant changes in vegetation composition and structure in 
the Scottish Highlands where red deer numbers are low and 
heather burning infrequent. When this occurs, vole numbers are 
likely to increase. 

Key Words: sheep, red deer, sward structure, heather burning, 
voles. 

The management of sheep plays an important role in the range- 
lands of upland Britain (Sydes and Miller 1988). This is because 
much upland vegetation in Britain is in a state of dynamic bal- 
ance behveen graminaceous vegetation, dwarf shrubs, scrub and 
woodland, and grazing is crucial in helping to maintain this bal- 
ance (Miles 1988). While the impacts of sheep grazing on the 
main successional pathways for upland vegetation are broadly 
known (Tansley 1939, Ratcliffe 1959, Miles et al. 1978), the 
effects of reducing sheep grazing on upland vegetation in Britain 
have largely been investigated using small fenced enclosures, 
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from which wild herbivores have usually been excluded (Jones 
1967, Rawes 1981, Grant et al. 1985, Marrs et al. 1988). It may 
be misleading to use these findings to predict the effects of sheep 
removal on unfenced rangeland. Few grazing studies have been 
carried out on large exclosures or on open hillsides in upland 
Britain (Ball 1974, Welch 1984a) and none have assessed the 
effects of sheep grazing on wild herbivores. The aim of this study 
was to assess what effects there might be on common semi-natur- 
al upland vegetation communities and on the main wild verte- 
brate herbivores associated with them, when sheep were removed 
from large tracts of rangeland in the Scottish Highlands. 

Methods 

Since large-scale experimental manipulation of grazing is diffi- 
cult and some changes take mnny years to develop (Miles et al. 
1978, Marrs et al. 1988), a comparative survey approach was 
used at 11 study sites in the Scottish Highlands. At each site, 
floristic composition, vegetation structure and signs of herbivore 
activity on unimproved rangeland where sheep stocks had been 
maintained continuously (referred to as control areas) were com- 
pared with nearby areas which had formerly been stocked at simi- 
lar rates, but where sheep had been removed for behveen 1 and 
25 years (reduced-sheep areas). 

Site Selection 
Sites (Table 1) were selected to include the most common 

upland plant communities, to encompass a variety of manage- 
ment regimes (i.e., grazing intensity, frequency of heather bum- 
ing) and to be large enough for assessing the effects of any graz- 
ing-induced vegetation changes on the main wild vertebrate her- 
bivores (red deer Cenws elaphus, roe deer Capreolus capreolus, 
voles Microtus spp., mountain hares Lepus timidus, rabbits 
Oryctolagus cuniculus and red grouse Lagopus lagopus scoticus). 
As there are pronounced latitudinal variations in the composition 
of rangeland vegetation across the Scottish Highlands, related to 
the marked climatic gradient (Birse 1971, Nolan and Robertson 
1987), sites were distributed within 3 broad bioclimatic regions- 
west (mild and wet), north (cool and wet) and east (cool and dry). 
Eleven paired sites were selected on soil and vegetation types 
typical of the bioclimatic regions (Fig. 1). Each site was roughly 
rectangular in plan, covered an area of between 30 and 100 ha 
and was divided evenly between control and reduced-sheep areas. 
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Table 1. Site descriptions. 

National Grid 
Reference Area Altitude 

Vegetation types (codes for equivalent 
Year of Stoctinu Rate National Vegetation Classification 
sheep removal Sheep Red Deer communities, after Rodwell (1991)) 

WEST 
l.Coire Croe 

04 6-4 

72 350-550 

(animal per hectare) 

NN256068 1988 1.5 

2. Glasdrum NM995461 33 300-500 1987 0.6 

3. Glen Branter NS078959 37 420480 1984 

4. Coire Circe NNo13455 33 200-350 1968 

NORTH 
1. Inchnadamph NC251230/ 

NC266209 
so 100-300 

2. Glen Carron NHOS2527/ 
NH082514 78 160-300 

3. Drumrunie NC1 174060 76 130-270 

4. Achnasheen NHOS2527/ 
NH175581 

1 SO-240 

EAST 
1. Glen Moy NO401671 320-420 

2. Glen Dye NO626838 

3. Glen Tartar NO416939 

73 

107 

SO 

81 

200-325 

450-550 

1987 

1984 

1984 

1964** 

19s7*+ 

19so*+ 

1970* 

1.0 

0.5 

1.0 

0.5 

0.1 

0.5 

1.5 

2.2 

0.5 

0 

0 

0 

0.5 

1.5 

1.5 

0.1 

1.5 

3.0 

3.0 

2.0 

Meadow-grass & Nurdus grassland 
(LJ4, US),Vnccinirrm heath (ul6). 
rush pasture (M23) 
Bent-fescue & flushed grassland 
(U4 W), bracken (U2O),dry heather 
moor (Hl4). rush pasture (M23) 
Grassland (U4), wet heather 
moor (h119). hrncrcs squarrosus 
heath (U6), blanket bog (M20) 
Dry & flushed grassland (U4, M25), 
birch woodland (W4). dry &wet 
heather moor (HlO, Ml6) 

Bent-fescue &base-rich 
grassland (U4, CGlO, CG13) 
dry &wet heather moor 
(Hl4, Ml5, M16) 

Grassland (U4), dry & wet 
heather moor (H14, Ml5, 
Ml6), blanket bog (M21) 
Grassland (U20), dry &wet 
heather moor (Hl4, Ml5. Ml6). 
blanket bog (M21) 
Grassland (U4), dry & wet 
heather moor (H14, M15. 
Ml6), blanket bog (MIS, 
M21) 

Dry & flushed grassland (LJ4, 
M25), dry Sr wet heather 
moor (HlO, Hl2), tush pas- 
ture (M23) 
Dry heather moor @HO, 
Hl2), bracken (U20). grass- 
land (U4). rush pasture (M23) 
Dry heather moor (HIO, 
Hl4), flushed grassland (U6). 
rush pasture (M23) 

+pzing reduced from ah year to summer only. 
*heather burning carded out every S-12 years on both reduced-sheep aad control areas. 
** heather burning cxried out every S-12 years on the reduced-sheep part of the site only. 

Aerial photographs at scales between 1:lOOOO to 1:25000, 
taken as close as possible to the date when sheep were removed, 
were examined to check that there were no differences in the 
appearance of the vegetation between each paired control and 
reduced-sheep area. Comparability of soils, parent materials, 
underlying geology, and physiography were assessed during site 
inspections by soil surveys who dug trial soil pits and examined 
auger samples taken from below the main vegetation types at 
each site. Details of current and past management practices 
(Table 1) were obtained from farmers, gamekeepers, estate man- 
agers, and land owners. A number of potential paired sites were 
rejected at this stage, because reduced-sheep and control areas 
were too dissimilar. 

Sampling Procedure 
At each site broad vegetation types were first defined, using the 

cover of a number of common upland plant species (Table 2). 

Detailed quantitative descriptions of the vegetation structure 
within each vegetation type, along with assessments of activity 
by grazing animals were carried out in 2 m radius circular plots. 
This plot size and shape was chosen to obtain an adequate sample 
of vegetation and ungulate dung (Batchelor 1973), while being 
small enough to allow estimation of the main structural compo- 
nents of the vegetation by eye. Plots were located by constrained 
random sampling, along parallel transects, which approximately 
followed the contours of the hillside. The approximate starting 
point of each transect was chosen to ensure adequate coverage of 
the whole site, while the exact starting point was determined by 
taking a random number of paces from the lower site boundary or 
the previous transect. Ploristic composition in each circular plot 
was assessed using a randomly placed 1 m2 quadrat. Between 6 
and 18 plots were sampled within each vegetation type on both 
the reduced-sheep and control areas at each site, except in a few 
cases where only 4 or 5 plots could be sampled due to a vegeta- 
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Fig. 1. Location of the study sites and the main bioclimatic zones. 

tion type having a very limited extent. Each site was sampled 
once in early summer 19X9 and again in early summer 1990. 

Floristic Composition of Vegetation 
Species composition was recorded in the 1 m2 quadrat within 

each circular plot. Nomenclature followed Clapham et al. (1987) 
for vascular plants and Smith (1978) for mosses, although species 
in some genera (e.g. Fesfuca spp., Carex spp.) were not distin- 
guished if they were difficult to identify when heavily grazed 
(Table 3). At each site the number of plant species in the reduced- 
sheep area was compared with that in the control area by taking 
an equal number of plots differed from each vegetation type and 
using &i-square tests; where the number of plots behveen the 2 
areas, excess samples were chosen randomly and excluded. 
Cover estimates for all species present were made on the Domin 
scale (Kershaw and Looney 19S5). Cover estimates were grouped 
by site and vegetation type; because these data were obtained 
using an ordinal scale, it was often not possible to transform them 
into a normal distribution. Therefore differences between control 
and reduced-sheep areas for each vegetation type, on each site, 
were examined using the Mann-Whitney U statistic given in the 
SAS NPARIWAY procedure (SAS 1982). 

Sward Structure 
The identity, arrangement and height of the sward components 

in the 2 m radius circular plots were described quantitatively 
using 9 vegetation layer classes (trees and shrubs, ferns, rushes, 
dwarf shrubs, grasses, herbs, mosses, algae, and litter). The extent 
of each distinct ‘combination’ of the layer classes was estimated 
and the height of each layer within each combination measured 
(Grant 1993). Bar diagrams were used to show the mean extent of 
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vegetation layers at selected height intervals, for reduced-sheep 
and control areas at each site. The extent of a vegetation layer 
within an individual vegetation type was often not normally dis- 
tributed and difficult to transform to normality. Therefore differ- 
ences in the extent of the most common layer combinations at 
each site, within each vegetation type, were again compared 
using Mann-Whitney U-tests. The height of structural layers was, 
however, normally distributed. The height of individual structural 
layers in each plot was calculated by weighting the measured 
height according to the extent of the layer combination in which 
the layer occurred and differences between reduced-sheep and 
control plots were examined using t-tests. The mean height of the 
overall sward in each plot was calculated in a similar way, using 
the height of the uppermost layers(s). 

The patch size of the various types was measured by walking 2 
sets of transects at each site (Phillips 1989, Grant 1993) in sum- 
mer 1990. Transects were aligned along compass bearings which 
ran parallel and perpendicular to the contours. The number of 
paces taken to cross each patch was recorded, converted to metres 
and corrected for slope. The d.lta were generally skewed, most 
vegetation types consisting of a few large patches and many 
small ones and so were normalized using a log transform (base 
e). The transformed data were then examined using the SAS 
General Linear Model (GLM) procedure (SAS 19S2) to do a two- 
way analysis of variance with interactions. Patch sizes from the 2 
sets of transects (termed ‘length’ along the contours and ‘breadth 
across the contours) were modeled separately, using vegetation 
type and grazing regime (reduced-sheep versus control) as class 
variables, with a vegetation type X grazing regime interaction 
term, for each site. 

Table 2. Key to the vegetation Qpes used in the study. 

Vegetation Type Cover of Key Species/Genera 
Grassland >50% Gnminaids 

QO% Dtvarfshrub 
QOI Sphnnrrm spp. 

Base-rich grassland as grassland but with:- 
>20% Thymes drucei, Lotus cornictrlatus 

or Dryas octopetala 

Bracken as gmssland but with:- 
>lO% Pteridium aquilimtm 

Dry heather moor >20% Dwarf shrub 
-30% Sphagnum spp., Scirpus cespitosus 

or Molinea caerulea 

Wet heather moor >20% D\varf shrub 
>20% Sphagnum spp., S. cespitosus or M. caerulea 

Janctfs sqrrarrosrrs >30% J. squarrosas 
heath -30% Sphagnum spp. 

QO% Eriophonrm spp. 
Blanket bog >20% Sphagnum spp. 

<20% Dwarf shrub 
>lO% Eriophoncm spp. 

Flushed grassland >20% Sphagnum spp. 
or 

>50% Carex spp., hl. caerrdea or Myrica gale 

Rush pasture >30% JIlnclls spp. 
>20% Sphagmrm spp. 

303 

_- -- - 



Table 3. Median cover scores (Domin scale) for the main plant species on the control area of each site. Suffk indicates where the cover on the 
reduced-sheep treatment was significantly greater (+) or less (-) in one or more vegetation types; Mann-Whitney U-test, PcO.05. 

Bioclimatic zone West North East 
Species Site 1 2 3 4 12 3 4 1 2 3 
Dwarf shrubs 

CaZhma vulgaris L. Hull 
Erka cinerea L. 
Erica tetralir L. 
Vaccinium myillus L. 

Grasses & sedges 
Agrostis L. 
Anthoxanthum odoratum L. 
Carex L. 
Deschampsiaflexuosa (L.) Trin. 
Festuca L. 
hfolinia caerulea (L.) Moench. 
Nardus stricta L. 

Rushes 
Eriphorum angustifolium Honckeny 
E. vaginaturn L. 
Juncus squarrosus L. 
Luzula D.C. 
Scirpus caespitosus L. 

Herbs 
Galium saxatile (L.) Hudson 
Narthecium ossijiragum L. 
Polygala se~yllifolia Weihe 
Potentilla erecta (L.) Rauschel 

Ferns 
Pteridhcm aquilinum (L.) Kuhn 

Mosses 
Hylocomium splendens (Hedw.) Br. Eur. 
Hypnum cupressijonne Hedw. 
Pleurozium schreberi @rid.) Mitt. 
Polytricum Hedw. 
Racomitrium Ianuginosum (Jkledw.) Brid. 
Rhytidiadelphus loreus (Hedw.) Warnst. 
R. squarrosus (Hedw.) Wamst. 
Sphagnum L. 

Lichens 
Cladonia (Hill) Web. 

9+ 

7 
s- 
s- 
5- 
6 

8 

0+ 

7 
2- 

6 

4 
8 
1+ 
S- 
1+ 

1+ 
5 

5 

5 
6 
5+ 
4 
8 

8 

5+ 
2+ 

8 

7 
7- 
1 
4 

6 

9 S+ 
4- 

2 
6 4 

s- c 
6 2 
1 2 
5+ o+ 
5 S- 

3 
5 4- 

5 
7+ 
4 
4 

5- 

3+ 
2 4- 

3- 
6 

3 
5 3- 
5 
5+ 

2 
5 3 
7- 8 

3 

9 6 

3 5- 

6+ 
5 
4 5+ 
4 0+ 

3- ;: 

2 

2 3 
7 

5 S+ 

4 0 
5 7 
I- 2 
5 1 

7 

5 
3 

3- 5 

4+ 4 
S+ 

3 2 

8 6 
4 3 
5 5+ 

2- 

3 

0- 
5 

0+ 

5 
0+ 

6- 
2+ 

3 
S 

3 
7 

S- S 

4 

3 

9 
7+ 

2+ 

7 

2 
5 
6 

0+ 
3 
2+ 
6- 

0+ 

9+ 

5 

5 
2 
4 
5- 

7 

4- 
3 

5 
7 

3 

5 
4 

5 
3 

9 6 
1 

2 

6 
4 
2 2+ 
3 3 
5 

3 5 

3- 5 
5 

5 

2 

8 

5 7 

5 3 
2 

3- 

Herbivore Dung 
Use of plots by sheep, red deer, and roe deer was assessed from 

dung. Fresh pellet groups (defined as 10 or more unweathered 
pellets lying close together) were classified as sheep, red deer, 
roe deer, or unidentified (Welch et al. 1990) and the number 
within each circular plot was counted. Unidentified pellets usual- 
ly comprised less than 10% of the total. Pellet groups at the edge 
of a plot were counted only if more than half the pellets fell 
inside the plot. Where dung was weathered or the amount present 
was insufficient to class as a pellet group, it was given the arbi- 
trary value of half a pellet group, to distinguish areas with a small 
amount of dung from those where none was found. Pellet group 
counts for sheep, red deer, and total ungulate (including roe deer 
and unidentified) from control and reduced-sheep areas at each 
site were compared using Mann-Whitney U-tests, since the data 

rarely conformed to a normal distribution. The repeatability of 
pellet gronp counts between years was compared by calculating 
in-traclass correlation coefficients (r,) for the reduced-sheep and 
control data (Snedecor and Cochran 1967). Numbers of roe deer 
and unidentified pellet groups were too few to analyze separately. 

The droppings of mountain hare and rabbit do not usually occur 
in discrete groups, but tend to be scattered. It was time-consum- 
ing to connt them, so numbers of droppings were estimated on an 
ordinal scale where: l-10 pellets=l, 1 l-25=2, 26-50=3, 
51-1004, >100=5. Differences between scores on the reduced- 
sheep and control areas at each site were examined using Mann- 
Whitney U-tests. Droppings of red grouse were recorded as pre- 
sent or absent and the frequency on reduced-sheep and control 
areas compared using chi-square tests. 
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Vole Signs 
The activity of voles was assessed from signs (Hayne and 

Thompson 1965, Lidicker 1973, Tapper 1979, Village and Myhill 
1990), in the same plots where vegetation and dung were mea- 
sured. Vole runs were searched for by gently parting the lower 
layers of vegetation and tracing out any runs that were found. A 
vole run was recorded as present if at least 1 m was found in a 
plot and less than 1 m was recorded as trace. Fresh droppings, 
grass, and rush clippings were also noted. Chi-square tests were 
used to compare the proportion of plots containing runs, drop- 
pings, and clippings between the reduced-sheep and control 
areas. Since droppings and clippings were only found at 5 sites, 
the relationship between vole signs and vegetation structure was 
investigated using only the data on vole runs. The difference in 
the frequency of vole runs between the reduced-sheep and control 
areas at each site, was plotted against the difference in mean veg- 
etation height. 

To examine the relationship between vole runs and vegetation 
height in more detail, plots from all sites were grouped into vege- 
tation height classes (2 cm intervals); the frequency of plots con- 
taining vole runs in each height interval (y) was plotted against 
the mid-points of the height intervals (x) and a linear regression 
calculated. To examine whether vole runs were associated with 
particular sward components, vole run frequency, the mean 
height of each layer, and the percentage of plots containing tus- 
socks were calculated, by vegetation type and grazing regime, 
and examined by Principal Components Analysis. The frequency 
of vole runs was then compared with the resulting principal com- 
ponent scores in a multiple regression. Simple linear regressions 
of the frequency of vole runs against individual principal compo- 
nent scores were also calculated. 

Results 

Floristic Composition 
There were a number of significant differences in the Domin 

cover scores of individual plant species between the reduced- 
sheep and control areas (Table 3). Dwarf shrubs showed few dif- 
ferences, although Culluna vulgaris L. Hull had higher cover 
scores (PcO.05) on the reduced-sheep areas at 3 sites. Differences 
in cover scores were found more frequently amongst the grasses; 
the cover of Agrostis L. spp., Festuca L. spp., and Molinia 
cueruleu (L.) Moench. were usually greater on the control areas 

Table 4. Comparison of the number of plant species on control (C) and 
reduced-sheep (R) areas. 

Bioclimatic Site n Number of scecies Chi-square value P 
zone C R 

West 

North 

East 

Coire Croe 45 
Glasdrum 45 
Glen Branter 30 
Coke Circe 45 
Inchnadamph 51 
Glen Carron 35 
Drumrunie 41 
Achnasheen 39 
Glen Moy 45 
Glen Dye 43 
Glen Tanar 48 

60 
85 
46 
so 
s4 
55 
50 
53 

z 
71 

65 0.20 0.66 
77 0.40 0.53 
39 0.97 0.45 
62 2.2s 0.13 
91 0.28 0.60 
59 0.14 0.71 
SO 0.00 1.00 
53 0.00 1.00 
55 0.04 0.85 
65 0.07 0.79 
61 0.76 0.38 
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(PcO.O5), while the cover of Carex L. spp. and Deschampsiaflex- 
uosa (L.) Trin. tended to be higher on reduced-sheep areas 
(PcO.05). No consistent pattern emerged for the cover of the main 
rush and herb species. For mosses, trends differed among species. 
Cover scores for Sphagnum L. spp., Racomitrium lanuginosum 
(Hedw.) Brid. and Hypnum cupressiforme Hedw. were most often 
higher on the control areas, while those of Rhytidiadelphus 
(Hedw.) Wamst spp. tended to be higher on the reduced-sheep 
areas (PcO.05); however the opposite trends were also observed 
for most of these species on at least 1 site. Overall, there was no 
consistent difference (PcO.05) in the number of species recorded 
on reduced-sheep and control areas (Table 4). 

Sward Structure 
Vegetation was usually taller (PcO.05) on reduced-sheep areas, 

most notably at 4 sites in the western Highlands and 1 site in the 
northern Highlands (Table 5). At sites where sheep had been 
removed for over 5 years, differences were most pronounced in 
the dwarf shrub, grass, and moss layers (Fig. 2a-c). At 2 sites 
where sheep removal had occurred l-3 years before the study 

a, 

Extent (%) 

Fig. 2. Bar charts showing the extent of each sward component or 
layer at selected height intervals; the contrasts between the control 
and reduced-sheep areas in these 8 vegetation types were typical of 
those seen in the study overall (% figures are mean values for ‘n’ 
samples) : a) grassland, Glen Branter; b) dry heather moor, 
Drumrunie; c) wet heather moor, Coire Circe; d) meaadow-grass 
grassland, Coire Croe; e) rush pasture, Coire Croe; f) grassland, 
Glen Carron; g) dry heather moor, Glen Tanar; h) wet heather 
moor, Glen Carron. Key to layer shadings: tree/shrub - solid; rush 
- vertical dnshes and dots; dwarf shrub - diagonal hatching; grass 
- vertical dashes; moss - stippled; herbs - cross hatching; litter - 
horizontal dashes. 



Table 5. Mean height of vegetation layers (cm) on control areas, with heights on reduced-sheep areas where significantly taller; values iu brackets 
indicate where a layer was taller on the control area. 

Bioclimatic Site Vegetation type Laver 
zone Bracken Rush Dwarf shrub Grass Moss Herb 

West 1. Coire Croe 

2. Glasdrum 

3. Glen Branter 

4. Cob2 Circe 

North 1. lnchnadamph 

2. Glen Carron 

3. Drumrunie 

4. Achnasheen 

East 1. Glen Moy 

2. Glen Dye 

3. Glen Tanar 

Flushed grassland 

Meadow-grass grassland 
Nardus grassland 
Rush pasture 
Vuccinium heath 
Bent-fescue grassland 
Flushed grassland 
Dry heather moor 
Rush pasture 
Bracken 
Grassland 
Wet heather moor 
Juncus squarrosus heath 
Blanket bog 
Dry grassland 
Dry heather moor 
Flushed grassland 
Wet heather moor 
Base-rich grassland 
Bent-fescue grassland 
Dry heather moor 
Wet heather moor 
Grassland 
Blanket bog 
Dry heather moor 
Wet heather moor 
Grassland 
Blanket bog 
Dry heather moor 
Wet heather moor 
Blanket bog 
Grassland 
Dry heather moor 
Wet heather moor 
Dry grassland 
Plushed grassland 
Rush pasture 
Pioneer dry heather moor 
Mature dry heather moor 
Wet heather moor 
Pioneer dry heather moor 
Mature dry heather moor 
Bracken 
Grassland 
Rush Pasture 
Pioneer dry heather moor 
Mature dry heather moor 

46 

8 

7 
48/67*** 

7 

41/57** 

60 

36 

Rush pasture 74 

7 

7 

10/1s*** 
g/15** 

13/1s** 
E/30** 
13/2s** 
22/40** 
20/35*** 

15/24** 
1s/24* 

12 
17 
19 
17 
11 

s/15* 
22/31** 

(17F4’) 
12 

(19/6***) 
(17/12*“*) 

5 

(4:3*) 
4 
29 

(S/4**) 
27 
26 

9/13** 
14/17* 

12 
1 l/14” 
g/14*** 

11 
g/13* 

14 
9 

7/25*** 
15/w*** 

17 
1a/25*** 
11114* 
11114” 
12/16* 
12/17** 
4/5** 

9 
10 
16 
10 
22 
22 
20 

14/27*** 
(22/19*) 

24 
18 
22 
10 

(20/10***) 
(20/17*) 

11 
11 
14 
5 
7 

19 
7 

20 
11 
9 

21 
8 

14 
22 
27 

2 
3 

4/5** 
3 

3/4* 
3 
4 
5 
6 

2rl** 
4/f?** 

5 
6 

3/4* 
3/5* 
3/6* 
4rl*** 
l/2* 

4 
2 
3 
2 
2 
2 
2 

5/g*** 
5 

3/6** 
2/5*** 

2 
14 

(2/l**) 
(2/l*) 

1 

5 
1 
3 
5 

2 
1 
2 
3 
1 
3 
2 
3 

3 
4/6* 

4 
4/5*** 

5 
5 
4 

(6:*) 
3/10*** 

6/13** 

6 
5 

6 
2J3** 

4 
415s 

6 

7/13*** 

9 
s/12* 

6 
8 

3 

6 
6 

11 

* I  **I l ** Significant at the 0.05.0.01 and 0.001 levels respectively (t-test). 

began, differences were mostly confined to grass, herb, and rush 
layers (Fig. 2d-e). However at the 6 remaining sites there were 
few differences in the height of sward components (Fig. 2f-h). 
Analysis of patch size showed few consistent differences between 
reduced-sheep and control areas when all vegetation types were 
grouped together (Table 6, grazing term). However patches of 
heather moor tended to be larger and patches of grassland smaller 
on reduced-sheep areas at western and some northern sites, 
resulting in an interaction (P~0.05) between vegetation type and 
grazing regime (Table 6, interaction term). 

Herbivore Dung 
There were usually fewer sheep pellet groups on reduced-sheep 

areas than on controls (PcO.O5), although sheep did sometimes 

stray onto areas from which they had been removed (Fig. 3a). 
Nevertheless, sheep pellet group counts were largely repeatable 
between years (intraclass correlation for control rt=O.78, P~0.01; 
reduced-sheep rt=O.59, PcO.01). Red deer pellet groups were less 
numerous than those of sheep at most sites (Fig. 4b). More red 
deer pellets were found on control areas than on reduced-sheep 
areas at western sites, although the differences were not always 
significant. Red deer pellet counts were repeatable between years 
on reduced-sheep areas (rt=O.70, P<O.Ol), but more variable on 
control areas (rI=0.30, P>O.O5). Total ungulate pellet group 
counts were repeatable between years on both control (r,=O.69, 
P~0.01) and reduced-sheep (q=O.84, PcO.001) areas. Again, there 
were usually more pellet groups on the control areas, especially at 
western sites (Fig. 4c). 
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Mountain hare and rabbit droppings were present at 6 sites, but 
a consistent difference in pellet scores occurred only at the Glen 
Branter site, where there were more hare droppings on the 
reduced-sheep area than the control area in both years (PcO.05). 
Red grouse droppings were present in small amounts at most 
sites, but there was a difference only at the Achnasheen site, 
where there were more droppings on the reduced-sheep area in 
both years (P<O.OS). 

Vole Signs 
Vole runs were found at all 11 sites and in most vegetation 

types. The proportion of plots containing vole runs at each site 
was similar in both years. Runs were more frequent in plots on 
reduced-sheep than on control areas at 4 sites in the western 
Highlands and at 1 site in the northern Highlands (Table 7). 
Including records of trace with presence scores did not change 
the results. Where they were present, fresh droppings and clip- 
pings showed the same difference between grazing regimes 
(Table 7). The difference in the frequency of vole mns between 
reduced-sheep and control areas was correlated with the differ- 
ence in sward height at the same sites (Fig. 4). The regression 
equation relating vole mn frequency (y) and sward height (x), y = 
53 logtux - 20 (n=20; &X34), intercepted the x axis at 5 cm, 
indicating that runs were found only when the sward was taller 
than this. 

Principal components analysis of layer height and tussock fre- 
quency (Table Sa) explained 87% of the variation in vole mn fre- 

a) sbecp 
*.. 

b) Red Dber 

“0 
t 

0 ‘-.raducnl-*p. .*. 
f’- 
8 ‘- 

z e- 
C) ungulate 

2 - ‘mducad-skep 3 . 
s 

I 
WEST NORTH EAST 

Fig. 3. Mean number of pellet groups on all 11 sites in 1989 (left- 
hand bars) and 1990 (right-hand bars). *, **, ***, indicate the sig- 
nificance of differences between the control and reduced-sheep 
areas at the 0.05, 0.01 and 0.001 levels respectively. 

n 

-5 0 5 10 15 

Difference in sward height (cm) 

Fig. 4. Difference in sward height versus the difference in the fre- 
quency of vole runs between the reduced-sheep and control areas 
at each site; positive values indicate that the sward was taller and 
vole runs were more frequent on the reduced-sheep versus the 
control area, negative values indicate a difference in the opposite 
direction. 

quency in terms of 4 principal components. These were interpret- 
ed as: i) tall grass, moss, rush, and litter layers, with tussocks pre- 
sent, ii) tall dwarf shrub layer, with some moss but few rushes, 
iii) tussocks without litter and iv) tussocks with litter. 
Regressions of vole mn frequency on the scores for these 4 prin- 
cipal components showed that only the scores for the first 2 prin- 
cipal components had significant explanatory value (Table Sb); 
the first principal component was the best single explanatory 
variable (Table SC). 

Discussion 

In previous studies where sheep have been removed from 
rangeland in upland Britain, initial rapid increases in the height of 
vegetation have usually been followed in successive years by 
gradual increases in the cover of dominant species, particularly 
dwarf shrubs such as Culluna vulgaris, with a decline in the 
cover of most grasses and herbs (Jones 1967, Ball 1974, Rawes 
1981, Marrs et al. 1988). In the present study, sheep removal 
appears to have resulted in similar vegetation changes at 5 of the 
sites. Although the differences in species cover and composition 
found in the present study are less marked than in some earlier 
work, this could be partly due to differences in methods. For 
example, we stratified sampling within vegetation types, to avoid 
confusing differences due to small variations in edaphic condi- 
tions with grazing-induced differences. Thus, what previous 
authors recorded as changes in species composition, could have 
been recorded by us as apparent changes in the extent of different 
vegetation types. In particular, the overall tendency for patches of 
heather moor to be larger and grassland to be smaller on reduced- 
sheep compared to control areas suggests that, where soils are rel- 
atively freely drained, a reduction in grazing pressure leads to the 
expansion of dwarf shrub-dominated vegetation at the expense of 
grassland, until patches eventually coalesce to form a continuous 
sward. Presumably when grazing pressure is increased this 
process is reversed, as in habitat fragmentation (Wiens 1989). 

The removal of sheep apparently had little effect on either the 
composition or structure of the vegetation at 6 sites, even where 
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Table 6. Analysis of variance for vegetation patch size (osing two-class SAS General Linear Model procedure). 

Site Summaty of differences on 
reduced-sheep relative to 

control areas. Vegetation 
type 

Sienificance levels 
Patch width Patch leneth 
Grazing Inter- Vegetation Grazing Inter- 

treatment action tYw treatment action 
west 
Coke Croe 

Glasdrum 

Glen Branter 

coke Circe 

Vuccinum heath patches larger, 
grassland patches smaller. 
Dry heather moor patches larger, 
grassland patches smaller. 
Patches of grassland and Juncus 
squarrosus heath smaller. 
Wet heather moor patches larger, 
grassland patches smaller. 

North 
Inchnadamph 

Glen Carron 

Dnmmmie 

Achnasheen 

Dry heather moor patches larger. 
grassalnd patches smaller. 
Wet heather moor patches larger, 
grassland patches smaller. 
Wet heather moor patches larger, 
grassland patches smaller. 
Wet heather moor patches larger, 
grassland patches smaller. 

Exit 
Glen Moy 

Glen Dye 

Patches of pioneer and mature 
heather moor and grassland larger. 
Patches of all vegetation types 
larger. 

Glen Tanar No consistent differences. 

0.046 

CQ.001 

0.001 

co.001 

0.02 

co.001 

co.001 

CO.001 

CO.001 

co.001 

<o.ciIl 

co.001 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

0.002 

NS 

NS 

<O.ool 

0.008 

0.012 

0.007 

NS 

NS 

NS 

NS 

0.00s 

CO.001 

co.oo1 

co.001 

NS 

CO.001 

co.001 

co.oo1 

<0.001 

CO.001 

co.oo1 

NS 

NS 

NS 

0.025 

NS 

NS 

NS 

NS 

0.004 

0.015 

NS 

0.170 

NS 

NS 

NS 

NS 

NS 

NS 

0.005 

NS 

NS 

NS 

sheep had been absent for many years. At these 6 sites, red deer site use particularly well, for example at Coire Circe where a 
pellets on the reduced-sheep areas were at least as numerous as recent break in a fence had allowed some animals into the 
on the respective control areas, resulting in little difference in the reduced-sheep area for a short period before the start of the study. 
total amount of ungulate dung between grazing regimes. Also, potential differences in the rate of decomposition precluded 
Although direct counts of red deer were not made, the standing any quantitative comparison of dung data between the different 
crop of dung gives a good indication of feeding dispersion for red sites. Nonetheless, this was unlikely to invalidate comparisons 
deer on open rangeland (Charles et al. 1977, Mitchell et al. 1983, between control and reduced-sheep areas within sites. Hence we 
Welch et al. 1990). Obviously the dung counts made during this suggest that the removal of sheep at these 6 sites has been fol- 
two-year study may not always represent longer term patterns of lowed by increased use of the rangeland by red deer, which has 

Table 7. Differences in the frequency of vole signs between control (C) and reduced-sheep (R) areas from chisquare tests. 

Site n Summer 1989 n Summer 1990 

West 
Coke Croe 
Glasdrum 
Glen Branter 
coin2 Circe 
North 
Inchnadamph 
Glen &ron 
Drumrunie 
Achnasheen 
East 
Glen Moy 
Glen Dye 
Glen Tanar 

C R 

45 45 
45 45 
33 30 
45 50 

51 51 
43 41 
42 41 
43 39 

45 45 

48 48 

Runs Droppings Clippings 

** 
** 
** 
* 

NS - 
NS - 
;:*, 

I 

NS - 

NS - 

c R 

36 33 
33 36 
35 30 
28 30 

44 43 
35 36 
34 34 
35 38 

40 40 
43 44 
31 31 

Runs Droppings Clippings 

* *** 
** * 
*** NS - 
* NS - 

NS - - 
NS - - 
* * * 
NS - 

(*I - - 
NS - - 
NS - 

!‘,‘” *** Significant at the 0.05.0.01 and 0.001 levels respectively; more signs were found on the reduced-sheep areas in all case, except where indicatedby bnckets. 
- indicates signs were absent or too infrequent to test. 
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Table 8. Analysis of the relationship between vole rmu and sward structore, grouping the data (from 1989) by site and grazing regime. (a) Principal 
components analysis of mean layer height and tussock frequency. (h) Results of a multiple regression of vole rnn frequency on the principal compo- 
nent scores of the fvst 4 axes. (c) Results of linear regressions of vole run frequency on the component scores for axes 1 and 2. 

(a) Variables Eieenvectors 
Prinl Prin2 Prin3 Prin4 

Dwarf shrub layer height -0.05 
Grass layer height 0.62 
Moss layer height 0.51 
Litter layer height 0.35 
Rush layer height 0.35 
Fropoltion of plots of tussocks 0.32 

Eigenvalues 
Percentage of variation explained 

1.84 
31 

(b) Variable Degrees of Parameter Standard Ho Parameteztl 
freedom estimate error T P 

0.75 
0.10 
0.37 

-0.12 
-0.52 
0.05 

1.33 
22 

0.19 -0.07 
0.23 -0.21 

-0.37 -0.26 
-0.61 0.52 
0.24 -0.39 
0.57 0.67 

1.06 0.93 
18 16 

Intercept 1 45.8 2.52 18.2 co.001 
PIin 1 15.4 1.89 8.2 <0.001 
Fe2 1 6.3 2.20 2.9 0.005 
Prin3 1 0.7 2.46 0.3 0.776 
FViIl4 1 1.3 2.63 0.5 0.609 

F= 19.1 r*=50% 

(c) Variable F value Significance r* (%) 

Prinl 63.2 co.001 44 
Frin2 4.6 0.035 5 

suppressed any significant changes in vegetation composition or 
structure. The continued practice of rotational heather burning at 
most of these sites is also likely to have helped maintain the com- 
position and structure of heather-dominated vegetation 
(Gimingham 1972). 

There are similar findings in previous work. The floristic com- 
position of species-rich grassland on the Isle of Rhum changed 
very little following the removal of sheep and cattle, due to 
increased red deer grazing (Ball 1974). In north-east Scotland 
few differences were detected in heather moorland grazed by an 
equal biomass of sheep or red deer (Welch 1984a, Welch 
1984b), or after red deer replaced sheep (Grant et al. 1981). 

Voles 
The results suggest that vole activity increased following the 

removal of sheep grazing, at the 5 sites where vegetation height 
increased. The effect appears to have been more pronounced the 
taller the resulting sward. A number of studies have shown the 
importance of vegetation cover to microtine populations (l%tt et 
al. 1981, Taitt and Krebs 1983, Kotler et al. 1988). In the present 
study, it appeared that the amount of cover above a height of 5 
cm had a large influence on vole activity. Tall grass and moss 
layers presumably provide good cover, along with food in the 
case of grass. Tussocks and tall rushes are probably important 
because they provide good sites for tunneling and nest building. 
The dwarf shrub layer may be less important because it provides 
adequate cover but is of little food value. 

Implications for Other Herbivores 
The overall lack of differences in dropping of hares, rabbits, 

and red grouse between reduced-sheep and control areas suggests 
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that removal of sheep had little effect on these species, probably 
because red deer grazing and heather burning prevented the vege- 
tation from changing at most of the sites where signs of these 
species were found. However the changes in vegetation seen at 
the other study sites following the removal of sheep are likely to 
be important to wild herbivores (Miller et al. 1970, Hewson 1976, 
Savory 1986, Watson et al. 1987). 

Conclusions 

In accordance with previous work, we conclude that reduced 
sheep grazing can quickly result in taller vegetation, which may 
be followed by a slower shift from grassy vegetation to dwarf 
shrubs and trees on unburned rangeland. Such changes in vegeta- 
tion structure and composition will affect other wild herbivores; 
in particular the abundance of voles is likely to increase as the 
height of grassy vegetation increases above 5 cm. However, 
removing sheep from rangland in the Scottish Highlands is likely 
to have little effect on vegetation in areas where there are appre- 
ciable numbers of red deer or where heather burning is continued. 
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Abstract 

More information about the effects of combiig intensive live- 
stock grazing of noxious weeds and associated desirable plants 
with other control measures is needed to develop effective range- 
land weed management strategies. We studied the response of 
leafy spurge (Euphorbiu esula L.) and Kentucky bluegrass (Pea 
pratensis L.) to intensive short-duration grazing by either sheep 
or cattle, in combination with picloram (4-amino-3,5,6- 
trichloropicolinic acid) for 5 years. In the fmt year, 2 pastures 
(16 and 24-ha) were split into 3 blocks and picloram was applied 
to one-half of each block at a rate of 0.9 kg hi? Exclosures were 
established to include both treated and untreated portions in 
each block. The smaller and larger pastures were grazed by 
sheep and cattle, respectively. There were 1 or 2 grazing periods 
per year, varying from l- to Z-days in length. Leafy spurge stem 
densities were counted annually, and grass cover and plant bio- 
mass were also examined. Data from each pasture (cattle or 
sheep) were analyzed separately using analyses of variance. 
Leafy spurge was selectively grazed by sheep, and stem densities 
were reduced by sheep grazing (P<O.Ol). Cattle did not utilize 
leafy spurge and stem densities were not affected. Picloram 
reduced leafy spurge stem densities throughout the study in both 
the sheep (P~O.001) and cattle (P~O.001) pastures. Picloram also 
reduced leafy spurge biomass in the sheep pasture (P<O.OS), 
which allowed an increase in Kentucky bluegrass biomass. 
Grazing x picloram interactions affecting either leafy spurge 
stem densities or leafy spurge biomass were not detected. An 
integrated leafy spurge management system may require a 
longer time frame, additional control measures, and (or) more 
intensive grazing management. 

Key Words: Euphorbiu esula, Kentucky bluegrass, rangeland, 
biological control, noxious weeds 

Lea@ spurge (Euphorbiu esula L.), a Eurasian invader current- 
ly infests over 600,000 ha of grazing land in North and South 
Dakota, Montana, and Wyoming. Infested areas continue to 
expand rapidly (Leistritz et al. 1992), threatening many native 
plant communities in the western U.S. The plant is long-lived, 
has a wide ecological amplitude, reproduces vegetatively and by 
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seed, has few natural enemies in North America, and contains 
compounds which cause some livestock to develop an aversive 
response to it (Selleck et al. 1962, Bowes and Thomas 1978, Lym 
and Kirby 1987, Kronberg et al. 1993). Most animals have prefer- 
ences for certain forages. Under continuous grazing the preferred 
forages are eventually reduced or eliminated, which decreases 
their role as competitors in the plant community (Crawley 1983, 
Louda et al. 1990). Theoretically, cattle grazing can reduce grass- 
es and increase the susceptibility of the plant community to inva- 
sion by less-preferred weedy species. Intensive grazing by ani- 
mals preferring forbs, such as sheep and goats, can shift the plant 
commuuity toward more desired grasses. 

Previous research has shown that cattle avoid leafy spurge 
infested sites (Lym and Kirby 1987, Hein and Miller 1992). In 
contrast, leafy spurge is a suitable forage for sheep (Landgraf et 
al. 1984, Bartz et al. 1985, Walker et al. 1992), and in some situa- 
tions can be controlled by them (Johnston and Peake 1960, 
Bowes and Thomas 1978, and Lacey et al. 1984) 

Long-term chemical control of leafy spurge is extremely diffi- 
cult to achieve. Picloram (4amino-3,5&richloropicolinic acid) 
is the most effective chemical for reducing leafy spurge density, 
but only provides short-term control (Lym and Messersmith 
1987). A combination of chemical, cultural, or biological control 
may be necessary to provide sustainable control (Alley et al. 
1984, Dershield et al. 1985, Sedivec and Maine 1993). 

Although much research has focused on controlling leafy 
spurge, the effects of livestock grazing on leafy spurge-dominat- 
ed plant communities are poorly understood; especially the 
effects of short-duration livestock grazing in combination with 
herbicide application. We evaluated the effects of short-duration 
cattle or sheep grazing, in combination with ‘picloram on leafy 
spurge and Kentucky bluegrass (Pea prutensis L.). Information 
should be useful in developing integrated management strategies 
for managing leafy spurge on rangeland. 

Materials and Methods 

Study Site 
This study was conducted at the Crazy Mountain Ranch (45” 

45’ N, 110” 23’ W, elev. 2,100 m) approximately 6 km east of 
Clyde Park, Montana. Mean annual precipitation is about 50 cm, 
with 55% received during the growing season (May-September). 
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About 2,680 kg ha-’ of total herbage is produced annually on the 
silty range sites (well drained soils that are moderately fine in 
texture). Herbage is comprised of Kentucky bluegrass (75%), 
leafy spurge (20%), and other plants (5%). The proximity of old 
buildings indicated that the area was homesteaded and farmed in 
the early 1900’s. 

Methods 
Two pastures (16 and 24ha) were fenced in 1990. Each pasture 

was divided into 3 equal blocks, one-half of which was randomly 
selected for herbicide treatment. A single application of picloram 
was applied at a rate of 0.9 kg ha-’ in June 1990. Three permanent 
exclosures (8 x 30 m) were constructed in each of the pastures. 
Each exclosure straddled the boundary line between the piclo- 
ram-treated and nonpicloram-treated strip of each block. For each 
of these strips, 2 permanent transects (30-m) were established 
inside, and 2 parallel transects were established outside of its 
exclosure. A total of 24 transects were established in each pas- 
ture. Five permanent plots (0.5 m*) were systematically located 
along each transect. Transect and plot locations were marked 
with iron stakes and l&m nails, respectively. Three or 2 utiliza- 
tion cages (1 m*) were located in each picloram-treated and each 
nonpicloram-treated strip in the 16-ha and the 24-ha pasture, 
respectively. Thus, the pastures grazed by sheep and cattle con- 
tained 18 and 12 utilization cages, respectively. 

The Hi-ha pasture was grazed armually by about 1,100 targhee 
ewes with lambs. The grazing period usually lasted 2 days, and 
occurred in early July when leafy spurge was flowering. Twice 
during the 5-year period, the sheep regrazed the pasture for 1 day 
in early September. The 24ha pasture was grazed annually by 
cattle. During the first 2 years of the study, 500 cows with calves 
grazed the pasture for 2 days in early July. About 525 yearling 
heifers grazed the pasture in the remaining years. Except for the 
short grazing periods, livestock were excluded from the pastures 
for the remainder of the year. 

Leafy spurge stems were counted annually in the plots along 
each transect. Counts in the initial and final years were made in 
September. Density data in other years were collected in June. 

Kentucky bluegrass foliar cover, the percent of the plot occu- 
pied, was estimated within each of the 0.5 m* plots located along 
the transects at the beginning of the study. Cover was classified 
into 6 classes: 1 = O-10%, 2 = ll-25%, 3 = 26-50%, 4 = 
51-75%, 5 = 76-90%, and 6 = 91-100%. 

Leafy spurge and Kentuclq bluegrass utilization was estimated 
immediately following grazing, from 1990 through 1993, by clip- 
ping plots inside and outside of the utilization cages. In 1994, 
above-ground biomass of leafy spurge and Kentucky bluegrass 
was clipped to ground level inside the exclosures and utilization 
cages. The former represented yield after 5 years of protection, 
while the latter represented yield after 1 year of protection from 
livestock grazing. After collection, all herbage samples were sep- 
arated by species, oven-dried for 48 hours at 65’ C and weighed. 

AIldJGS 

Data from cattle and sheep pastures were analyzed separately. 
Leafy spurge stem densities (1991, 1992, 1993, and 1994), were 
analyzed using analyses of variance (SAS 1990). Main effects 
were year (n=4), grazing (grazed vs. not grazed), and picloram 
(picloram vs. no picloram). Grazing by herbicide interactions 
were included. Analysis of stem density and cover data collected 
in 1990 indicated that blocks were similar. Separate analyses of 
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variance were used to determine effects of treatments on 
Kentucky bluegrass cover and bunchgrass (Sripa spp; Dunthor& 
ssp.) density within year (1990 and 1994), and biomass (leafy 
spurge and grass) in 1994. 

Results 

Sheep Grazing 
Sheep utilized from 65-86% of the leafy spurge annually (data 

not shown). Leafy spurge stem densities were reduced by sheep 
grazing (PcO.01) and by the application of picloram (P<O.OOl). 
Regardless of treatment, stem densities increased (P <O.OOl) dur- 
ing the study (1991 < (1992 = 1994) < (1994 = 1993)) (Fig. 1). 
Significant (P cO.10) grazing X picloram interactions on stem 
densities were not detected. 

no graze/ 
no plcloram. 

pit loram A 

graze m 

graze/ 
plcloram + 

u-l 
02 1 

Year 
Fig. 1. Densities (means and standard deviations) of leafy spurge 

stems by year iu the sheep pasture at Clyde Park. 

Neither leafy spurge (mean = 4.75 kg ha’; P = 0.18) nor Kentucky 
bluegrass (mean = 20.85 kg ha-‘; P = 0.48) biomasses were affected 
by sheep grazing. Piclomrn reduced leafy spurge (PcO.10) from 5.7 
to 3.7 kg ha-’ and increased Kentucky bluegrass (P =< 0.05) from 
17.5 to 24.3 kg ha-‘. Significant (P = ~0.10) grazing x picloram 
interactions on leafy spurge biomass were not detected. 

Kentucky bluegrass cover was similar among treatments in 
1990. Four years later, cover was not affected by either sheep 
grazing (mean = 2.8%; P = 0.18) or picloram (mean = 2.85; P = 
0.91). Bunchgrass density was initially higher (P ~0.10) in the 
picloram treated strips; but by 1994, no differences were detected 
(mean = 0.48 plants mm*; P = 0.26). 

Cattle Grazing 
Leafy spurge stem densities increased (P<O.OOOl) during the 

study (1991 c (1992 = 1994) < 1993) (Fig. 2). Stem densities 
were not affected (P= 0.66) by cattle which did not utilize leafy 
spurge. Stem densities were reduced (p<O.@Ol) by picloram. 
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Year 
Fig. 2. Densities (means and standard deviations) of leafy spurge 

stems by year in the cattle pasture at Clyde Park. 

Above-ground biomass of leafy spurge was not affected by 
grazing (mean = 6.65 kg ha-‘; P = 0.54) or by picloram (mean = 
6.75 kg ha-‘; P = 0.91) but Kentucky bluegrass was influenced by 
a significant grazing x piclomm interaction (Fig. 3). The biomass 
of Kentucky bluegrass increased when picloram treatments were 
combined with cattle grazing but not by picloram treatment 
alone. 

Kentucky bluegrass cover was similar among treatments in 
1990. Four years later, mean cover class increased from 2.9 to 3.3 
with either cattle grazing (P < 0.05) or with picloram (P <O.Ol). 
Bunchgrass densities (0.48 plants mm2) were similar among treat- 
ments throughout the study. 

Discussion 

Lassiz faire policies are not recommended for controlling leafy 
spurge infestations. Without sheep grazing or picloram, leafy 
spurge stems doubled from 1990 to 1994 (Fig. l), and there was 
no evidence of native plant community restoration. Leafy spurge 
increases were reduced with sheep grazing and picloram. In com- 
parison to no grazing, the benefits of sheep grazing became most 
noticeable between the 2nd and 3rd grazing season after picloram 
application (Fig. 1). 

Results from our study are not in complete agreement with 
other studies. While sheep grazing reduced leafy spurge stem 
densities in the present study, results were less dramatic than 
those reported by Johnston and Peake (1960) and Bowes and 
Thomas (1978). However, the former study was conducted in a 
crested wheatgrass (Agropyron crisfarum L.)-leafy spurge pas- 
ture, and the latter employed heavy season-long grazing. 

We did not observe the increased growth of associated species 
that were reported by Montana ranchers (Lacey et al. 1984). 
These differences may be explained by differences in grazing 
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management. Most leafy spurge-infested pastures are apparently 
grazed season-long. In contrast, our study utilized a short-dura- 
tion grazing system. Although high animal density for short graz- 
ing periods normally reduces animal selectivity, our sheep select- 
ed leafy spurge in favor of Kentucky bluegrass. After 2 days of 
grazing, utilization of spurge varied from 65 to 86%, while uti- 
lization of grass varied from 26 to 45% annually. In comparison 
to plants protected from sheep grazing, the sheep-grazed leafy 
spurge stems tended to be shorter and produced fewer flowers. 
Although vigor was reduced by grazing, it is possible that leafy 
spurge recovered during the long non-grazing period. The effect 
of incorporating frequent grazing periods into our short-duration 
grazing strategy are unknown. 

Our results indicate that a single application of picloram may 
partially control leafy spurge for 4 to 5 years. Because annual 
applications of picloram plus 2,4-D (2,4 dichorophenoxy acetic 
acid) at 0.28 and 1.1 kg ha-‘, respectively, are normally required 
to achieve about 90% leafy spurge control (Lym and Messersmith 
1987), control in our study may have been enhanced by the high- 
er picloram rate (0.9 kg ha-‘) and by the short duration grazing 
prom. 

A synergistic effect of picloram and sheep grazing may exist. 
From 1990 through 1993, there were fewer leafy spurge stems in 
the picloram-treated plots than in the sheep-grazed plots (Fig. 1). 
However in 1994, there were fewer leafy spurge stems in the 
sheep-grazing treatment than in the picloram treatment: In con- 
trast, we were able to obtain the best results with the combination 
of sheep grazing and picloram. Results are expected to vary with 
the timing, frequency, or severity of defoliation. 

Sheep selectively grazed leafy spurge, regardless of stem densi- 
ty, in our study. In contrast, sheep avoided high densities of flow- 
ering stems in Idaho (Walker et al. 1994). These differences may 
be related to inherent variability within leafy spurge. 

Stem densities fluctuated annually at our study site. Much of 
the variation is attributed to precipitation (Table 1). In contrast to 
1994, favorable precipitation enhanced seedling establishment in 
1993. Selleck et al. (1962) attributed fluctuating stem densities in 
Saskatchewan to precipitation, competition and other environ- 
mental factors. The inclusion of seedlings in density measure- 
ments increased the variability of stem densities in our data. 

4000 

,? 3000 
‘i 
2 
z 

9 0 2000 
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Fig. 3. Interaction of grazing x picloram on grass biomass in the cat- 
tle pasture at Clyde Park. 
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Table 1. Monthly precipitation (cm) and deviation from 30 year normal for Wilsall, Mont., the most representative climatological station. 

Month 1990 1991 1992 1993 1994 
PPt dev PPt dev PPt dev PPt dev PPt dev 

April 
MLIY 
June 
July 
August 
September 
October 
Total 

------------------------- (cm) _ _ _ _ _ _ _ _ _ _ _ ------ -------- 
6.68 2.11 8.48 3.91 10.69 6.12 10.87 6.30 5.87 1.30 

10.21 1.50 11.43 2.72 8.64 -0.07 14.15 5.44 4.s3 -3.s9 
3.71 -4.44 5.69 -2.46 16.92 8.77 11.43 3.28 8.10 -0.05 
3.20 -1.06 0.58 -3.68 7.21 2.95 18.26 14.00 5.99 1.73 
4.22 -0.40 3.63 -0.99 3.33 -1.29 8.94 4.32 0.84 -3.7s 
0.86 -4.25 5.61 0.50 3.56 -1.55 5.11 0.00 1.09 -4.08 
2.29 -1.52 1.93 -1.ss 6.30 2.49 2.13 -1.68 6.S3 3.02 

43.36 -s.99 51.03 -1.32 66.32 13.97 79.53 27.18 42.82 -9.27 

Kentucky bluegrass biomass generally increased with picloram 
treatments as competition from leafy spurge was reduced. 
However, production eventually declined in the cattle pasture, 
where selective grazing of grasses gave leafy spurge a competi- 
tive advantage. Although grass biomass in the cattle pasture 
declined as leafy spurge biomass increased, Kentucky bluegrass 
cover remained higher with grazing. Grazing decreased the 
excessive accumulation of Kentuck- bluegrass litter which sup- 
presses production. 

Our study tried to integrate intensive livestock grazing with 
picloram to control leafy spurge. Although leafy spurge densities 
increased during the 5-year period, increases were reduced with 
sheep grazing and picloram treatments. An integrated system for 
managing leafy spurge may require a longer time frame, addition- 
al control measures, and (or) a more intensive grazing manage- 
ment program. 

Literature Cited 

Alley, H.P., N.E. Humberg, J.K. Fornstrou, and M. Ferrell. 1984. 
Leafy spurge (Euphorbiu es&) control with repetitive herbicide treat- 
ments. Res. Wed Sci., Wyo. Agric. Exp. Sta. Res. J. 192:90-93. 

Bartz, S., B. Landgraf, P. Fay, and K. Havstad. 1985. Leafy spurge as 
a forage component for ewes and lambs. SID Research Digest, Winter 
19s5. p. 39-42. 

Bowes, G.G. and A.G. Thomas. 1978. Longevity of leafy spurge seeds 
in the soil following various control programs. J. Range Manage. 
31:137-140. 

Crawley, J.J. 1983. Herbivory: The Dynamics of Animal-Plant 
h[nteractions. Univ. of California Press, Berkeley, Calif. 

Dersbeid, L.A., L.J. Wrage, and W.E. Arnold. 1985. Cultural control 
of leafy spurge. p. 57-64. In: A.K. Watson ed. Leafy Spurge Mongr. 3. 
Weed Sci. Sot. Amer., Champaign, Ill. 61820. 

Hein, D.G. and S.D. Miller. 1992. Influence of leafy spurge on forage 
utilization by cattle. J. Range Manage. 45:405-407. 

Johnston, A. and R.W. Peake. 1960. Effect of selective grazing by 
sheep on the control of leafy spurge (Euphorbia esulu L.). J. Range 
Manage. 13:192-195. 

Kronberg, S.L., R.B. Muntifering, E.L. Ayers, and C.B. Marlow. 
1993. Cattle avoidance of leafy spurge: A case of condition aversion. J. 
Range Manage. 46:364-366. 

Lacey, C.A., R.W. Kott, and P.K. Fay. 1984. Ranchers control leafy 
spurge. Rangelands 6~202-204. 

Landgraf, B.K., P.K. Fay, and KM. Havstad. 1984. Utilization of 
leafy spurge (Euphorbiu esulu) by sheep. Weed Sci. 32:348-352. 

Leistritz, F.L., F. Thompson, and J.A. Leitch. 1992. Economic impact 
of leafy spuge (Euphorbia es&z) in North Dakota. Weed Sci. 40:275- 
280. 

Louda, S.M., K.H. Keeler, and R.D. Holt. 1990. Herbivore influences 
on plant performance and competitive interactions. pp. 413-444. In: 
Perspectives on Plant Competition. J.B. Grace and D. Tilman @is). 
Academic Press, Inc., San Diego, Calif. 

Lym, R.G. and D.R. Kirby. 1987. Cattle foraging behavior in leafy 
spurge (Euphorbia esuZa)-infested rangeland. Weed Technol. 
1:314-318. 

Lym, R.G. and C.G. Messersmith. 1987. Leafy spurge control and her- 
bicide residue from annual piclonm and 2, 4-D application. J. Range 
Manage. 40:194-198. 

SAS Institute, Inc. 1990. SAS/STAT User’s Guide, Version 6, Fourth 
Edition, Vol. 2, SAS Inst., Cary, N.C. p. 886. 

Sedivec, K.K. and R.P. Maine. 1993. Angora goat grazing as a biologi- 
cal control for leafy spurge: a three year summary. Proceed, Leafy 
Spurge Symposium, GPC-14, Colorado State Univ., Fort Collins, 
Cola. 

Selleck, G.W., R.T. Coupland, and C. Frankton. 1962. Leafy spurge 
in Saskatchewan. Ecol. Mono. 321-29. 

Walker, J.W., K.G. Hemenway, P.G. Hatfield, and H.A. Glimp. 1992. 
Training lambs to be weed eaters: studies with leafy spurge. J. Range 
Manage. 42245-249. 

Walker, J.W., S.L. Kronberg, S.L. Al-Rowaily, and N.E. West. 1994. 
Comparison of sheep and goat preferences for leafy spurge. J. Range 
Manage. 42429-434. 

314 JOURNAL OF RANGE MANAGEMENT49(4), July 1996 

ti_x_e-r -- -a”... a --. ____- -- 



J. Range Manage. 
49:3x-319 

Native forage quality, quantity, and profitability as 
affected by fertilization in northern Mexico 

H. 0. RUBIO, M. K. WOOD, A. GOMEZ, AND G. REYES 

Authors are researcher, Lu Campana Experimental Station, INIFAP-hIExIC0; professor, Dept. of Animal and Range 
Sciences, New Mexico State University; and researchers, LR Campana lkperimental Station, INIFAP-MEXICO, respec- 

Abstract 

Fourteen treatments of nitrogen (N) and phosphorus (P) fertiiiz- 
et-s were applied in an overgrazed ejido rangeland in northern 
Mexico, during 1990 and 1991. Eight treatments were applied 
using ammonium nitrate as a source of N (60-0-0,60-30-O, 60-60-0, 
80-40-0, 120-30-0, 120-60-0, 120-90-o and 180-60-o kg ha-‘), 2 
treatments with ammonium sulfate (60-30-O and 120-60-o kg ha-‘), 
2 with urea (60-30-O and 120-60-O kg ha-‘), only P (O-30-0 kg ha-‘), 
and the control (O-O-O kg ha-‘). Triple superphosphate was applied 
as a source for P. The 8040-O treatment was included because it 
was the commonly recommended rate for the area. Fertilizers 
were applied at the beginning of the rainfall season (July) and 
forage was harvested in late October (1990) and mid-November 
(1991). Dry matter production, crude protein (CP) content, and 
in situ digestibility were determined. An economic analysis was 
used to obtain the best economic treatment for forage produc- 
tion. In 1990 with a precipitation of 377 mm, dry matter produc- 
tion was significantly affected for both source and rate of N. The 
maximum amount of dry matter was obtained with a rate of 120- 
90-0 kg ha-’ using ammonium nitrate. However, the best treat- 
ment in terms of economic return was 120-30-O kg ha-’ as ammo- 
nium nitrate. Urea did not produce as well as other N source 
treatments. Crude protein was highest in treatments with the 
higher N, but no significant trend was evident. In situ digestibiii- 
ty was not affected by rate or source of N fertilizer. During 1991, 
precipitation was higher than in 1990. Significant differences 
were determined among N rates but not in N source. In fact, urea 
produced greater in dry matter production than other N sources 
at the same rate. The maximum amount of dry matter was 
obtained with the 180-60-O treatment using ammonium nitrate 
with 4,190 kg ha-‘, but the best economic treatments were the 
12030-O and 60-0-O with a marginal return rate of 377% and 
3558, respectively. Results of CP and in situ digestibility were 
similar to those of 1990. 

Key Words: crude protein, rangeland, phytomass production, in 
situ digestibility, ammonium nitrate, ammonium sulfate, urea, 
economic benefits 

Mesico has 92 million hectares of rangeland, many of which 
have deteriorated due to intensive livestock grazing. Application 
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of inorganic fertilizer may help improve some of these areas. 
Even though this practice has demonstrated a potential to signiti- 
cantly increase both amount and quality of forage around the 
world, it is not yet widely applied in Mexico. The primary reason 
is that the price of fertilizer is high or changes frequently. A sec- 
ond reason is that many rangelands experience high climatic vari- 
ability every year that affects the results of this practice. These 
reasons represent high risks to the ranchers. It is believed that in 
general, the response of rangeland to applied fertilizer depends on 
1) kind of fertilizer, 2) rates and application method, 3) density 
and type of vegetation, 4) soil type and soil fertility, and 5) abiot- 
ic factors such as evaporation and precipitation. 

The effect of applying inorganic fertilizers to increase forage 
production on rangeland in the USA has been the focus of several 
studies (Power and Alessi 1971; Black and Wight 1979; and 
Wood et al. 1986). Nevertheless, there are few studies on fertil- 
ization of Mexico’s rangelands. Ojeda (1969) in a study in the 
north of Mexico reported significantly greater forage production 
with application of 120 kg of nitrogen (N) per hectare in short- 
grass than in areas with no fertilizer; he noted that the residual 
effect could be beneficial for at least 4 years. Sanchez (1972) 
hypothesized a linear relationship of forage production and pro- 
tein content as the rate of N and phosphorus (P) was increased. 
He also found that the best application was 80-25-O kg ha-‘. 
Gonzalez (1972) suggested that application of 80 kg ha-’ of 
ammonium nitrate and 25 kg ha-’ of phosphorus pentoxide (PZ05) 
increased forage production 132% in a shortgrass community 
dominated by blue grama (Boutelow grucilis PVilld ex H.B.K.] 
Lag. ex. Griffiths) and wolftail (L~wwz~s phleoirles H.B.K.). He 
also noted that protein and phosphorus content were significantly 
increased with this treatment. Sosa (1983) showed that the high- 
est forage production was with application of 200 kg of nitrogen 
per hectare. 

The state of Chihuahua, located in the north of Mexico, has 
about 17 million hectares of rangeland. In general, like most arid 
and semi-arid range areas, the precipitation is erratic and infre- 
quent. However, there are approximately 3 million hectares with 
good plant cover with an average precipitation of more than 500 
mm per year distributed from June to October. The rehabilitation 
of this area may be accelerated with applications of inorganic fer- 
tilizers. But very little is known about the effects of fertilizer 
applications on forage production and quality of that forage in an 
overgrazed area in Mexico. Therefore, the objective of this 
research was to determine if differences in forage production 
exist when applying different sources of fertilizers as well as dif- 
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ferent rates on deteriorated shortgrass rangeland in the State of 
Chihuahua, Mexico. The second objective was to examine the 
protein content and in situ digestibility of the produced forage. A 
third objective was to determine net economic benefits. This 
research may lead to a better understanclmg of the role of nitrogen 
and phosphorus in a native grassland of Northern Mexico. 

Materials and Methods 

Two field trials were conducted during the summers of 1990 
and 1991 on the Ejido Basuchil in the state of Chihuahua. An 
“Ejido” is a community where the law establishes that any timber 
or grazing lands must be used collectively or shared (ComehIs, 
1964). This has caused most Ejido rangeland areas to presently be 
in poor condition. Basuchil is representative of a deteriorated 
grassland that is grazed mainly by domestic livestock, and a num- 
ber of low quality horses that consume more forage than the cat- 
tle and produce little economic value. 

Records of 16 years of precipitation in the area show that mean 
annual precipitation was 534 mm. Precipitation during 6 years 
was above the mean, and precipitation for 10 years was below the 
mean with all being higher than 400 mm yearly except for 1979 
(Fig. 1). Most of the growing season precipitation came during 
June to October, and fluctuations of wet and dry years are not as 
dynamic as on other sites in the state. Some snow events occur 
during the winter. During the study, July to October precipitation 
was recorded using a rain gauge that was placed beside the exper- 
imental plots. 

Soil samples were taken between O-15, 15-30, and 30-60 cm 
each indicated a pH of 6.1; organic matter 0.93%; nitrogen 0.08% 
(based on organic matter content); available phosphorus 9.7 ppm; 
available potassium 560 kg ha-‘; and electrical conductivity of 
0.24 dS m“. The soil is a fine-loamy, mixed, mesic, Aridic 

Paleustoll. The dominant species were zacate navajita azul (blue 
grama), setaria (&-istlegrass) (Setaria spp. Beauv.), lobero (wolf- 
tail), microcloa (Microchloa kuntii Desv.), and tres barbas (three 
awns) (Aristida spp. L.). Other species were junco (flatsedge) 
(Cypenrs spp. L.), liendrilla morada (muhly) (Muhlenbergiu spp. 
Schreb.), and navajita velluda (hairy grama) (Boutelouu hirsutu 
Lag.). 

Fertilizer treatments were applied by hand in a single applica- 
tion in the first week of July of 1990 and 1991 before the first 
growing season precipitation event occurred. Each treatment plot 
was 100 m* (10 m x 10 m) with a distance between plots of one 
meter. After fertilizer applications, the experimental areas were 
excluded from grazing. 

The 3 nitrogen sources were ammonium nitrate (33.55% N), 
ammonium sulfate (20.5%), and urea (45%). Phosphorus was 
applied as triple superphosphate (46% P205). The treatments 
using ammonium nitrafe were selected as a result of an incom- 
plete factorial: 60-o-0, 60-30-0, 60-60-0, 120-30-O, 120-60-0, 
120-90-0, and 180-60-o. Treatments with ammonium sulfate 
were 60-30-o and 120-60-o and treatments with urea were 60-30- 
0 and 120-60-o. In addition, we included a treatment 80-40-o as a 
local control (personal communication with FERTIMEX found 
that this rate was commonly used), a treatment with only triple 
superphosphate o-30-0, and a control O-O-O. These 14 treatments 
were placed in a randomized complete block design with 4 repli- 
cations. 

The data for experiment 1990 were collected once in late 
October and data of experiment 1991 were collected in mid- 
November. To evaluate forage production, a 0.25 by 1 m rectan- 
gular quadrat was used . Three quadrats selected at random were 
handclipped at ground level in each treatment plot. Dry matter 
yield was determined after oven drying the samples at 60°C. An 
analysis of variance was conducted, and orthogonal contrasts 
were utilized to check for treatment differences at the 0.05 level 

800 ,- 

700 

Fig. 1. Mean long-term precipitation (mm) at Basuchii Chihuahua, Mexico. 
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Precipitation-use efficiency was determined by dividing forage 
yield over total precipitation of the growing season. An economic 
analysis was conducted using the following prices for the fertiliz- 
er (per metric ton); urea $120.86 (392,808 pesos), ammonium 
nitrate $101.17 (328,808 pesos), ammonium sulfate $72.81 
(236,640 pesos), and triple superphosphate $154.54 (502,246 
pesos). This economic analysis was conducted according to the 
method suggested by Pen-in et al. (1988). This economic analysis 
compares the costs that vary with the net benefits. This compari- 
son is important to farmers because they are interested in seeing 
the increase in costs required to obtain a given increase in net 
benefits. The net benefit curve is useful for visualizing the 
changes in costs and benefits in passing from one treatment to the 
treatment of next highest cost. The net benefit curve also clarifies 
the reasoning behind the calculation of marginal rates of return, 
which compare the increments in costs and benefits between such 
pairs of treatments. Values below the line have higher costs that 
vary, but lower net benefits than values on the line. These values 
below the line represent dominated treatments and are eliminated 
from consideration. 

Crude protein (CP) was determined using three samples for 
treatment by micro-Kjeldahl (Tejada 1983). To evaluate in situ 
digestibility, 2 rumen fistulated bulls weighing about 550 kg were 
used. One week before placing the nylon bags in the rumen, the 
bulls grazed in a shortgrass area dominated by zacate navajita 
azul (blue grama). 

Crude protein and in situ digestibility were analyzed as a com- 
pletely randomized design. A protected least significant differ- 
ence test at the 0.01 level of significance was used as a multiple 
comparison technique (Dowdy and Wearden 1991). 

Results and Discussion 

1990 Results 
In the summer of 1990, the first growing season precipitation 

event occurred on 13 July. The experimental plots received a total 
of 377 mm of rainfall during the growing season (July to October), 
which was slightly below normal. Dry matter production was sig- 
nificantly affected by source of fertilizer as well as rates (Table 1). 

The maximum amount of dry matter (3,810 kg hd’) was obtained 
with ammonium nitrate (120-90-o). On the other hand, the control 
treatment only reached about 520 kg hd’ which was significantly 
lower than yields from all fertilizer treatments. In general, treat- 
ments with ammonium nitrate produced more forage than treat- 
ments with ammonium sulfate as a source of N (Table 1). 
Ammonium sulfate produced more than urea. 

Even though both treatments with urea significantly increased 
dry matter production in comparison with the control, smprising- 
ly the treatment with 120-60-o did not yield more (1350 kg ha-‘) 
than the treatment with 60-30-o which produced 1434 kg ha-‘. 
Treatments with ammonium sulfate were different from treat- 
ments with urea. The treatment with 60-30-o produced 1,760 kg 
ha-’ whereas the treatment with 120-60-o yielded significantly 
more at 2,662 kg ha-‘. These results clearly conlirmed that ammo- 
nium nitrate and ammonium sulfate are the best sources of inor- 
ganic fertilizers to apply on this rangeland in terms of dry matter 
production under the conditions given in this year. 

A synergistic effect was noted during 1990 with N and P. The 
treatment with triple superphosphate alone (0-30-O) was the same 
as the control flable 1). Nitrogen alone (60-0-O) yielded 1,280 kg 
hd’, but when both N and P were applied, 696 kg ha-’ more for- 
age was harvested. This obviously exceeded the sum of the indi- 
vidual responses. This result of synergism agrees with the find- 
ings of Wight and Black (1979) who found that N alone or P 
alone yielded less than application of both elements together on 
glaciated plains of eastern Montana. 

Precipitation-use efficiency was higher in treatments with 
ammonium nitrate and ammonium sulfate, whereas the treatment 
with 120-90-o obtained 10 kg ha-‘-mm in comparison with 1.3 kg 
ha-‘-mm in the control. Urea only improved soil water-use effi- 
ciency compared with the control treatment and also with respect 
to the treatments with 0-30-O and 60-0-O among nitrate treat- 
ments. 

Crude protein was significantly diierent among treatments dur- 
ing 1990 (Table 1). Crude protein content was higher in treat- 
ments with the highest N than in other treatments. Treatments 
with 120-90-o and 180-60-o reached 6.9% and 6.8% crude pro- 
tein, respectively, while the control gave 5.0%. However, crude 
protein content varied considerably, but no specific trend was 

Table 1. Forage production, crude protein, in situ digestibility, and precipitation use efficiency on a rangeland with different fertilization treatments 
during 1990 and 1991. 

Fertiliir 
treatments Fertilizer 
N-P-K sources 

120-90-0 Nitrate 

lwI-60-0 Nitrate 
120-m-o Sulfate 
120-30-O Nitrate 
120-60-0 Nitrate 
60-30-O Nitrate 
80-40-O Nitrate 
60-30-o Sulfate 
60-60-O Nitrate 
60-30-O URX 
120-60-O Urea 
60-O-O Nitrate 
0-30-o Super Triple 
O-O-O 

Year 1990 Year 1991 
Fr&pitation Precipitation 

Crude In situ use Fertilizer Fertilizer Crude In situ use 
Yield protein digestibility efficiency treatments sources Yield protein digestibility efficiencey 

$4$-l) @) (%I (kg mm-9 (kg ha-‘) w w 6.9 a 60 10.0 1 X0-60-0 Nitrate 4190 6.7 ab 60 @;y-‘) 

3502 6.8 a 60 9.2 120-30-o Nitrate 4065 5.7 d 60 714 
2662 6.3 b 60 7.0 120-60-o Urea 4000 6.1 c 60 7.3 
252s 5.9 c 5s 6.7 120-60-o Nitrate 3865 6.5 b 5s 7.0 
2441 6.2bc 58 6.4 120-60-o Sulfate 3500 6.6 ab 5s 6.3 
1980 5.1 ef 58 5.2 120-90-o Nitrate 3260 7.0 a 5s 5.9 
1971 6.2 bc 50 5.2 m-40-0 Nitrate 2865 6.4 bc 50 5.2 
1760 5.5 d 50 4.6 60-0-O Nitrate 2035 5.6 d 50 3.7 
1717 4.8 f 50 4.5 60-30-o Urea 2025 5.2 ef 50 3.7 
1434 5.1 ef 50 3.8 60-30-o Sulfate 1895 5.5 de 50 3.4 
1350 5.2de 50 3.5 60-60-O Nitrate 1560 5.4 ef 50 2.8 
1286 5.3 de 50 3.4 60-30-o Nitrate 1275 5.5 de 50 2.3 

613 5.0ef 50 1.6 O-30-0 Super Triple 825 5.0 f 50 1.8 
520 5.0ef 50 1.3 o-o-o SlO 5.0 f 50 1.4 

Means followed by the same letter for crude protein are not significattly different at the 0.05 level of probability. 
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noted. In situ digestibility was not affected by fertilizer treat- 
ments. The digestibility level of the control treatment was 50% 
while the highest N treatment was similar to the control. 

An economic analysis of these 1990 data shows that the best 
results were with ammonium nitrate as shown in the net benefit 
curve (Fig. 2). Values below the line have higher costs that vary, 
but lower net benefits than values on the line. These values below 
the line represent dominated treatments and are eliminated from 
consideration. From Figure 2, it seems reasonable that a rancher 
may be interested in applying the 60-0-O treatment although 
$21.54 (70,000 pesos) ha-’ must be invested. In addition, there 
may be more interest in investing $30.77 (100,000 pesos) ha-’ by 
selecting the 60-30-o treatment. In this case, a net benefit of 
$92.31 (300,000) pesos will be gained instead of a net benefit of 
less than $61.54 (200,000 pesos) with the 60-0-O treatment. 
Therefore, the results of the economic analysis show that the 
treatment with 60-30-o was the best with a marginal return rate of 
325%. The marginal rate of return for 60-0-O was 107%, 92% for 
120-30-O, and 316% for 120-90-o. 

1991 Results 
Summer 1991 was very wet. The plot area received 547 mm of 

rainfall during the growing season. Dry matter production was 
not affected by the source of fertilizer but was significantly 
affected by rates (Table 1). The maximum amount of dry matter 
(4,190 kg ha*‘) was obtained with the 180-60-O treatment while 
the O-O-O treatment yielded 810 kg ha-‘. The treatment with only 
phosphorus (0-30-O) yielded 825 kg ha-’ which was similar to the 
yield in the control treatment (810 kg ha-‘). This result confirms 
that phosphorus alone has little effect for increasing forage pro- 

duction. Hence, results of this research may suggest that no fur- 
ther research in fertilization with only phosphorus is needed. All 
other treatments had forage yields that were significantly greater 
than the control. In addition, we can not explain why the syner- 
gistic effect observed in the experiment of 1990 was not support- 
ed during the results of this year. 

The results of treatments with urea during 1991 were different 
from the results of treatments with urea in 1990. In 1991, both 
increased forage production in comparison with the control 
(Table 1). The treatment 120-60-o yielded 4000 kg ha-’ and treat- 
ment 60-30-o yielded 2.025 kg ha-’ while the control had 810 kg 
ha*‘. The 2 treatments with ammonium sulfate were statistically 
different and both produced significantly more than the control. 
Forage production levels from nitrate, sulfate, and urea were sim- 
ilar in 1991. Urea at 120-60-o produced more than all forms of 
60-30-o. 

During 1991, the results with respect to the percentages of 
crude protein were similar to those reported for 1990. We found 
significant differences among treatments. The 120-90-o treatment 
with ammonium nitrate reached the maximum percentage of 
crude protein with 7.0% in comparison with 5.0% in the control 
(Table 1). 

In situ digestibility was not affected again either by rates or 
source. The 180-60-o treatment produced 60% in comparison 
with 50% in the control treatment. The precipitation use efficien- 
cy was higher in all treatments than in both the control (O-O-O) 
and the treatment with only phosphorus (0-30-O). In general, all 
treatments in 1991 yielded more forage than the same treatments 
in 1990. It seems reasonable to assume that this result was the 
effect of higher precipitation. 

+ Phosphorus ?+c Urea A Sulfate w Nitrate 

Fig. 2. Net benefit curve for the fertilization experiment in 1990. 
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Fig. 3. Net benefit curve for the fertilization experiment in 1991. 

Lie 1990, an economic analysis of the 1991 data shows that 
the best results were with ammonium nitrate as shown in the net 
benefit curve (Fig. 3). Values below the line have higher costs 
that vary, but lower net benefits than values on the line. These 
values below the line represent dominated treatments and are 
eliminated from consideration. The marginal rate of return for 60- 
O-O was 242%, 204% for 80-40-0, and 377% for 120-30-o. 

Conclusions 

The best sources of fertilizer to apply in this rangeland with a 
precipitation close to 400 mm are ammonium nitrate or ammoni- 
um sulfate. In addition, the 120-30-o treatment with ammonium 
nitrate was the best in tetms of economic return. However, with a 
precipitation of 500 mm, the source of N fertilizer does not mat- 
ter. This means that urea responds as good as other sources when 
more moisture is available. The practice of fertilization assures 
that protein content increased as well as the precipitation use efft- 
ciency. 
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Abstract 

A study was conducted to determine the influence of pre- 
scribed fue on the availability of primary foods of sage grouse 
(Centrocercus urqhasianus Bonaparte) chicks at Hart Mountain 
National Antelope Refuge, Lake County, Ore. from 1987 to 1989. 
Responses of certain primary foods and general food categories 
to fire were evaluated in sagebrush (Artemisia tridentata ssp. 
wseyana Beetle)-bitterbrush (Purshia tridentati Pursh.) commu- 
nities with a randomized block design established in stands 
where shrub cover exceeded 35%. Within blocks, habitat 
response was evaluated for 2 growing seasons on 4 plots used as 
controls, 3 plots burned in November 1987, and 4 plots burned in 
March 1988. Fall burning increased (P < 0.05) frequency of taxa 
in the dandelion tribe (Cichorieae). Other primary foods, includ- 
ing microsteris (Microsteris gracilis Hook.), desert-parsley 
(Lomatium spp. Raf.), and ground-dwelling beetles (Scarabaeidae, 
Tenebrionidae) were not influenced by burning. Spring and fall 
burning increased (P < 0.05) total forb cover and diversity, but 
decreased (P < 0.05) sagebrush cover. Prescribed fire may 
increase the supply of forbs available to sage grouse in montane 
sagebrush habitats used for brood-rearing where shrubs domi- 
nate stands at the expense of the herbaceous component. 

Key Words: Centrocercus urophasiunus, forb, sagebrush 

Historically, fire was the primary disturbance process that 
influenced secondary succession in the Inter-mountain West 
(Wright et al. 1979) and fire regularly burned mountain big sage- 
brush (Artemisia tridentutu ssp. vuseyunu Beetle) and bitterbrush 
(Purshiu tridenfutu Pursh) (Klebenow 1969, Kauffman 1990), 
which consists a key brood-rearing habitat of sage grouse 
(Centrocercus urophasiunus Bonaparte) (Klebenow 1969, Klott 
and Lindzey 1990). Prescribed burning increasingly is used to 
manage sagebrush-grasslands for a variety of purposes including 
improvement of wildlife habitat (Bunting et al. 1987, USDI Fish 
Wildl. Serv. 1994). However, short- and long-term responses of 
habitat components to fire are unknown for many wildlife species 
and prescribed burning for sage grouse remains controversial 
(Benson et al. 1991). 

This project was funded by The Order of the Antelope. The National Rifle 
Association, and the U.S. Fish and Wildlie Service. This is publication no. 10.629 
of the Oregon Agricultural Experiment Station. 
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Although prescribed fire is suggested for management of sage 
grouse habitat (Klebenow 1972, Autenrieth et al. 1982), its use to 
enhance food supplies of chicks is untested. Selectively used 
foods (i.e., primary foods) of chicks include the dandelion tribe 
(Cichorieae), milkvetch (Astrugulus spp. L.), microsteris 
(Microsteris grucilis Hook.), desert-parsley (Lomutium spp. 
Raf.), June beetles (Scarabaeidae), and darkling beetles 
(Tenebrionidae) @rut et al. 1994a). The objective of tbis study 
was to evaluate the response of primary forb and insect foods of 
sage grouse chicks for 2 growing seasons following prescribed 
fall and spring fire in sagebrush-bitterbrush. Nomenclature 
sources consist of Hitchcock and Cronquist (1973) for plants and 
Borror et al. (1981) for insects. 

Methods 

Study Area 
The effect of prescribed fire in brood-rearing habitat was evalu- 

ated at Hart Mountain National Antelope Refuge (NAR), Lake 
County, Ore. between 1987 and 1989. Prominent cover types dis- 
tributed in non-riparian locations included Wyoming big sage- 
brush (A. tridentutu ssp. wyomingensis Beetle & Young), low 
sagebrush (A. urbusculu Nutt.), sagebrush-bitterbmsh, western 
jumper (Jzmipenrs occident& Hook.), mountain big sagebrush, 
and quaking aspen (Populus tremuloides Michx.). Mountain big 
sagebrush-bitterbrush was selected for evaluation of the effects of 
prescribed fire based on its use as brood-rearing habitat 
(Klebenow 1969, Klott and Lindzey 1990) and accessibility for 
study at Hart Mountain NAR. 

Aerial photographs were used to delineate a 100~km* study area 
that corresponded with the distribution of mountain big sage- 
brush-bitterbrush. Within the study area, sagebrush-bitterbrush 
was distributed on ridges, slopes < 30%, and alluvial fans where 
elevations ranged from 1,675 to 1,980 m, mean annual precipita- 
tion ranged from 30 to 41 cm, mean annual air temperature 
ranged from 5 to 7” C, and the frost-free period ranged from 50 to 
90 days (USDA Soil Conservation Serv. 1994). Soil taxa includ- 
ed Harcany loamy-skeletal, mixed Pachic Cryoboroll (1 block), 
Fitzwater loamy-skeletal, mixed, frigid Aridic Haploxeroll (1 
block), and Newlands fine-loamy, mixed, Argic Cryoboroll (2 
blocks) derived from basaltic and tuffaceous alluvium and collu- 
vium (USDA Soil Conservation Serv. 1994). 

Mean precipitation measured between September and July at 
the NAR headquarters (1,680 m elevation) was 27 cm from 
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1941-1987 and 22 cm from 1988-89. Mean air temperature 
between March and July was 13” C from 1939-1987 and 10” C 
from 1988-89. Density of sage grouse was estimated at 2.5 birds 
per km2 during the 1980s and productivity averaged 1.7 chicks 
hen-’ in 1988-89 (B. Reiswig, USDI Fish Wildl. Serv., pers. com- 
mun.). 

Experimental Design 
A randomized block design was used for the experiment. Four 

blocks were selected for study from available sagebrush-bitter- 
brush stands. Within blocks, three 25 x 40-m treatment plots 
were established and randomly assigned to control, fall bum, or 
spring bum treatment. Preliminary sampling conducted in June 
and July 1987 revealed that blocks selected for study supported 
high shrub cover (36-53%) and low forb cover (2-10%). Such 
shrub and forb cover levels receive limited use by sage grouse 
broods (Klebenow 1969, Dunn and Braun 1986, Drut et al. 
1994b). 

Vegetation of treatment plots was ignited in a strip-headfire 
pattern with a drip torch. Water or water mixed with detergent 
was applied to the perimeter of treatment plots to maintain fires 
within plot boundaries. Timing of fall and spring treatments was 
designed to correspond to the usual period of plant dormancy 
which occurred between October and April. Above-ground tissue 
of plants appeared dormant when fall bums were conducted in 
November 1987. However, leaves of bitterbmsh had emerged and 
growth had initiated for some annual forbs (e.g., microsteris) 
when spring bums were conducted in March 1988. Cattle were 
excluded from plots with electric fences during the post-treatment 
period. 

Fuels, weather, fire characteristics, and residual shrub stems 
were sampled for comparison with post-treatment vegetal 
response. Before burning, standing residual herbage was clipped 
in twenty 0.4-m plots, dried to constant weight, and weighed to 
estimate biomass of fine fuel in the understory. Ten samples of 
soil, standing residual herbage, and live shrub foliage were col- 
lected, weighed, dried to constant weight, and reweighed to esti- 
mate moisture content. Wind speed, air temperature, and relative 
humidity at ignition were recorded to the nearest hour by an auto- 
mated weather station located c 11 km from treatment plots at 
1,683-m elevation. Depth of heat input to soils was measured 
with fusion pyronometers marked at temperatures of 93 and 260” 
C and inserted at a soil depth of O-7 cm (Fenner and Bentley 
1960). After burning, residual size of dead sagebrush and bitter- 
brush stems was measured for 20 randomly selected dead plants 
of each species in each treatment plot to index fire severity 
(Blaisdell 1953). 

Vegetation was sampled during June of 1988 and 1989. Cover 
of forbs and grasses was sampled with a IO-point frame set at a 
45’ angle (Sharrow and Tober 1979). Sample size was computed 
with the “n-test” (Bonham 1989). Sample size was based on total 
forb cover and established at 48 frames in each treatment plot. 
Shannon’s diversity index (H’) was computed from the natural 
log of proportional forb and grass cover (Magurran 1988). 
Frequency of forbs and grasses was sampled in nested quadrats, 
each 250, 500, l,OOO-cm’, at 48 locations in each treatment plot 
(Smith et al. 1986). Point-intercept cover of shrubs was sampled 
with a 36-point frame at 20 random locations in each treatment 
plot in 1989 (Floyd 19S2). Relative abundance of insects was 
sampled in 15 pitfall traps (Morrill 1975) randomly located in 
each treatment plot and opened for 10 days in mid-June of 1988 
and 1989. 
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Data Analysis 
A hierarchal approach was used for analysis of vegetation and 

insect responses to bum treatments. Response was determined at 
the level of individual priniaxy foods of chicks (e.g., genus) and 
forage class (e.g., total perennial forbs). Data were analyzed with 
2-way analysis of variance (ANOVA) for a randomized block 
design with repeated measures (Sokal and Rohlf 1981). ANOVA 
was applied with the general linear model procedure for unbal- 
anced data (Statistical Analysis Institute 1985), which resulted 
from exclusion of data from 1 plot that did not bum because of 
high relative humidity and low wind speed. Examination of stan- 
dardized residuals revealed that the assumption of constant resid- 
ual variance was met for dependent variables; analysis, therefore, 
employed untransformed means. 

For each response variable, ANOVA entailed testing all higher- 
order effects (year, block, treatment) and 2-factor interactions, 
elimination of non-significant effects and interactions, and selec- 
tion of the best-fit model, which in most cases involved compari- 
son among treatments within year. Consequently, treatment 
means for response variables were partitioned, analyzed, and dis- 
played by year for consistency. If a significant (P < 0.05) treat- 
ment effect was detected, treatment means were compared and 
tested with the least significant difference (LSD) procedure 
(Sokal and Rohlf 19Sl). 

Results 

Analysis of treatments indicated that spring fires were more 
severe than fall fires (Table 1). Significantly drier grass and lower 
humidity apparently increased the consumption of above-ground 
matter by fire in spring compared with fall. Correspondingly, 
spring fires heated soils to significantly greater depths (6.8 com- 
pared with 0.9 cm for 260” C) and consumed significantly larger 
stems of sagebrush (2.7 compared with 1.1 cm diameter) than fall 
fires. 

Table 1. Physical characteristics of treatment plots before, during, and 
after prescribed burning in fall and spring, Hart hlountain, Ore., 
1988-89. 

Sample period Fall burn’ 
x (.5y3 

Spring bum’ 
and characteristic R (sn)3 FJ 

Before burning 
Fine fuel load (kg ha-‘) 325.3(38.9) 326.8(52.6) 0.124 
Wind speed (I;ph) 12.3(0.5) S.O(O.7) 0.003 
Air temperature (“C) 14.5(2.S) 17.3(1.7) 0.67 1 
Relative humidity (%) 4S.O(2.0) 16.8(1.0) 0.000 
Soil surface moisture (8) 15.2(1.1) 23.0(2.4) 0.018 
Dry grass moisture (%) 18.2(2.4) 6.5(0.9) 0.005 
Live foliage moisture (%) 40.8(0.4) 72.S(l.5) 0.000 

During burning 
Soil depth (mm) 
93 “C 6.5(1.1) 15.5(1.0) 0.002 

260 “C 0.9(0.4) 6.S(O.9) 0.003 
After burning 
Residual stem diameter (cm) 
Sagebrush l.l(O.2) 2.7(0.5) 0.039 
Bitterbrush 0.3(0.1) 0.4(0.1) 0.479 

‘Fall treatments burned on 4 Nov. 1987; spring treatments burned on 17 Mnr. 198s. 
%mbability that row means were dirferent (P < 0.05). 
3SE = Standard Error. n = 3 (fall treatment) nnd n = 4 (spring treatment). 
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Cichorieae, desert-parsley, microsteris, sagebrush, June beetles, 
and darkling beetles were consistently found on plots and conse- 
quently were tested for response to burning (Table 2). Milkvetch 
was found in only 2 blocks and consequently was not tested. 
Frequency of Cichorieae was not different among treatments in 
1988, but was greater (P c 0.05) on fall-burned plots than other 
treatments in 1989. Frequency of microsteris was least (PcO.05) 
on spring-burned plots in 1988, but was not different in 1989. 
Cover of sagebrush was reduced (PcO.05) by burning. Desert- 
parsley, June beetles, and darkling beetles were not affected by 
burning. 

Prescribed fire affected forbs and shrubs more than grasses 
(Table 3). Cover of annual forbs decreased (PcO.05) on spring- 
burned plots in 1988; however, it increased (PcO.05) in 1989. 
Perennial forb cover, total forb cover, and total forb diversity 
were not influenced by fall and spring burning in 1988. In 1989, 
spring and fall-burned plots had greater (PcO.05) perennial forb 
cover, total forb cover, and total forb diversity than controls. 

Prescribed fire reduced (PcO.05) total grass cover in 1988 
(Table 3). Plants apparently recovered because cover and diversi- 
ty of grasses were not different among treatments and controls in 
1989. Shrub cover decreased (PcO.05) on treatment plots (Table 
3). despite resprouting by bitterbrush, gray horsebrush 
(Te~rudymiu canescens DC.), green rabbitbmsh (Chrysothamnus 
viscidifforus (Hook.) Nutt.), and mountain snowberry 
(Spphoricarps oreophihs Gray) following burning. 

Table 2. Cover, frequency, and abundance of primary foods of sage 
grouse chicks after prescribed burning in fall and spring, Hart 
hiountaln, Ore, 1988-89. Row means with different uppercase letters 
are different (P<O.O5). 

Characteristic, Control 
taxon, aad year 8 (SE)3 

Fall bum 
si (SE)’ 

Spring bum 
?I (SE)’ 

Cover (76) 
Cichorieae’ 
1988 OS(O.2) 
1989 1.2(0.2) 

Desert-parsely 
1988 0.9(0.4) 
1989 0.9(0.3) 

Microsteris 
1988 O-3(0.3) 
1989 0.9(0.3) 

Sagebrush’ 
1989 13.4(4.9)A 

Frquency (%) 
Cichorieae 
1988 47(10) 
1989 50(7)A 

Desert-pmley 
1988 34(15) 
1989 46(12) 

hlicrosteris 
1988 42(7)A 
19s9 SW) 

Insect abundance (number trap-t) 
Darkling beetles’ 

198s 3.0(0.4) 
1989 2.2(0.5) 

June beetles 
198s 0.3(0.2) 
1989 0.3(0.2) 

2.6(0.7) 
3.6(0.3) 

0.7(0.4) 
1.9(1.0) 

1.9(0.7) 
2.9(0.9) 

0.5(0.5) 
0.S(0.6) 

O.l(O.1) 
0.3(0.3) 

wo 
0.6(0.4) 

‘W’P WP 

W3) 
7S(l)B 

40(11) 
67(5)AB 

38(15) 
ww 

34U6) 
44(15) 

22(6)B 
W) 

ww 
48(12) 

2.0(0.3) 
1.7(0.5) 

2.1(0.6) 
2.2(0.7) 

0.3(0.3) 
0.2(0.2) 

0.6(0.3) 
0.3(0.2) 

‘Tmtment effect and block X trecrtment interaction were significant (PcO.05). 
kissing data for 1988 control plots. 
3SE= Standard Error. n = 4. 
%E=StmdxdE~0r,n=3. 
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Table 3. Cover and diversity of plants by vegetal class after prescribed 
burning in fall and spring, Hart Mountain, Oregon, 1988-89. Row 
means with different uppercase letters are different (P<O.Os). 

Characteristic, Control Fall bum 
taxon, and year X (SE)* R (SE)3 

Spring bum 
K (SE)’ 

Plant cover (%) 
Forbs 
Annuals 

1988 
1989 

Perennials 
1988 
1989 

Total forbs 
1988 
1989 

Grasses 
Annuals 
1988 
1989 

Perennials 
1988 
1989 

Total grasses 
1988 
1989 

Shmb$ 
1989 

Plant diversity (H,)4 
Total forbs 

1988 
1989 

Total grasses 
1988 
1989 

2(0.3)A Ul)~ 
3(1)A 3U)A 

50) 7(3) 
5U)A lO(3)B 

f% S(3) 
7WA 13(3)B 

O.l(O.l)B 
5U)B 

6(l) 
lO(3)B 

@U 
15(3)B 

S(3) 
40) 

21~4) 
WV 

28(3)A 
2X4 

35(4)A 

40) 
70) 

14(4) 
2w 

1 S(4)B 
26U) 

2(l) 
3(l) 

lO(4)B 

13(2)B 
24(l) 

5(3)B 

0.57(0.11) 0.86(0.18) 0.88(0.11) 
0.64(0.06)A 0.95(0.21)B 1.05(0.12)B 

1.26(0.07) 1.26(0.12) 1.13(0.08) 
l.ll(O.06) 1.20(0.08) 1.25(0.08) 

iMissing data for 1988 control plots. 
3SE = Standard Error. n = 4. 
3SE = Standard Error; n = 3. 

Shannon’s Diversity Index. 

Discussion 

Fall burning increased frequency of Cichorieae, but burning 
had no apparent stimulatory effect on other primary foods. The 
response observed for Cichorieae was similar to other studies that 
evaluated prescribed burning in mountain big sagebrush range- 
lands (Blaisdell 1953, Mangan and Autenrieth 1985, Martin 
1990). Additionally, Humphrey (1984) and Koniak (1985) mod- 
eled secondary succession after summer-fall wildfires and report- 
ed that annual and perennial Cichorieae were most prominent in 
early and mid-succession stages (i.e., c 20 years after fire). 

An examination of the literature revealed no information on the 
response of desert-parsley to fire. Our observations for micros- 
teris contrasted findings from Idaho where maximum cover of 
microsteris occurred on burned sites in early succession 
(Humphrey 1984). This response was expected based on the 
annual growth-form, seed morphology, and germination charac- 
teristics of microsteris (Evans and Young 1970, Hitchcock and 
Cronquist 1973). Burning during germination in spring followed 
by occurrence of drought may partly account for the different 
responses of microsteris in this study and the Idaho study 
(Humphrey 1984). 

June and darkling beetles were unaffected by prescribed fire. 
Similar responses were reported in studies that removed 
Wyoming big sagebrush with prescribed burning or mechanical 
means (Parmenter and MacMahon 1984, Winter 1984). 

-..- - - _--. _ --- 



Persistence of June and darkling beetles after shrub removal was 
associated with maintenance of their food and cover components 
in the understoIy (Parmenter and MacMahon 1984). 

Perennial forb cover, total forb cover, and total forb diversity 
increased after prescribed burning of sagebrush-bitterbrush 
rangeland at Hart Mountain National Antelope Research (NAR). 
Total forb cover ranged from 13-15% on burned plots to 8% on 
unburned controls during the second growing season. This 
response is consistent with previous studies of prescribed fire 
effects in mountain big sagebrush (Blaisdell 1953, Mueggler and 
Blaisdell 1958). Compared with controls, forbs on burned plots 
maintained greater biomass for 5-15 years after burning (Hamiss 
and Murray 1973). Variability in the type and duration of forb 
response was attributed primarily to differences in fire severity 
and post-fire succession rates among treatment sites (Blaisdell 
1953, Martin 1990). 

Burned plots at Hart Mountain NAR were dominated by native 
perennial bunchgrasses, whose relative composition increased to 
>50% of total vegetation cover in 1989. Other studies indicated 
that cover of native grasses gradually increased during early and 
mid succession after burning (Harniss and Murray 1973, 
Wambolt and Payne 1986). Burned plots were not degraded by 
increase of cheatgrass (Bromus tectorum L.). 

Prescribed fire reduced total shrub cover, which is a primary 
factor that determines competitive interaction between forbs and 
shrubs (Sneva et al. 1984, Winward 1991). Reduced shrub cover 
was associated with increased forbs, including the primary food, 
Cichorieae. Reduced shrub cover may increase the accessibility 
of forbs and insects to chicks on burned sites (Hurst 1971, 
Klebenow 1972). Amount of forb cover found on burned sites in 
1989 was similar to the amount (i.e., 12-14%) considered mini- 
mally suitable for sage grouse broods in Oregon (Drut et al. 
1994b). Fall-burned sites were perhaps most suitable to broods 
because they supported the greatest frequency of Cichorieae. 

Prescribed fire reduced sagebrush, which therefore diminished 
its value as a food and cover source for broods. However, previ- 
ous study disclosed that sagebrush was not a consistently impor- 
tant food source of chicks during the early brood-rearing period 
in upland and riparian habitats (Savage 1969, Drut et al. 1994a). 
Furthermore, the amount of dietary sagebrush was inversely relat- 
ed to the amount of dietary primary forbs and productivity rates 
@rut et al. 1994a, 1994b). 

Brood cover was changed but not eliminated by prescribed fire. 
Cover was altered from dominance by shrubs before burning to 
dominance by forbs, grasses, and resprouting shrubs after bum- 
ing. Previous studies indicated that hens with broods foraged in a 
variety of habitats, including sites devoid of sagebrush 
(Autenrieth 1969, Savage 1969). However, sagebrush is a princi- 
pal component of habitat adjacent to foraging sites devoid of the 
shrub (Autenrieth 1969, Klebenow 1985). 

Conclusion 

Fall and spring prescribed fiie in dense sagebrush-bitterbmsh 
stands did not adversely influence most primary insects and forbs 
available on burned sites. Indeed, the food supply on burned sites 
was enhanced based on the increase in Cichorieae frequency, 
total forb cover, total forb diversity, and habitat heterogeneity. 
Although prescribed fire increased the supply of forbs available 
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to chicks, its utility as a habitat enhancement practice for sage 
grouse requires further investigation. Sage grouse broods require 
sagebrush for cover on a daily basis (Savage 1969, Dunn and 
Braun 1986), so burning or other practices conducted in montane 
settings could reduce foraging habitat if an interspersion of treat- 
ed and untreated sites is not maintained (Autenrieth et al. 1982). 
The proper pattern of interspersion and ideal size of burned sites 
for enhancement of chick foods remains unknown. 
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Abstract 

Tarbush (Flourensia cernuu DC.) contributes substantially to 
the Chihuahuan Desert shrub biomass, but is browsed sparingly 
by livestock. This study was designed to assess nutritional benefits 
and/or toxicosis of ingestion of pre-bloom tarbush leaves by sheep 
fed a low quality native grass diet. Sixteen ruminally cannulated 
sheep (46 kg) housed in individual pens were randomly assigned 
to 1 of 4 treatments for 28 days. Treatments were ground tobosa 
grass (Pleuruphis mutica Buckl.) substituted with 0, 10,20, or 
30% (dry matter basis) whole tarbush leaves (19% CP). At 20 
and 30% of the diet, tarbush increased (P = 0.0049) dry matter 
intake during week 3, and sheep consuming 30 % tarbush tended 
to increase dry matter intake during week 2 (P = 0.0559). Dietary 
tarbush did not affect any variable associated with ruminal fluid 
kinetics, particulate digesta kinetics, or in situ degradation rates 
of tobosa dry matter or neutral detergent fiber (P > 0.05). Molar 
butyrate proportions (P = 0.0032) and total volatile fatty acid con- 
centrations (P = 0.0064) were greater for the 30% tarbush treat- 
ments. Ruminal ammonia was greater (P < 0.0029) at 6,8, and 12 
hours postfeeding for the 30% tarbrush treatment. Sheep lost 
body weight regardless of treatment; however, sheep not fed tar- 
bush tended (P = 0.0945) to lose more weight. Serum clinical pro- 
files (day 0,7,15, and 21) conformed nutritional stress but did not 
suggest toxicosis. 

Key Words: browse, dry matter intake, Flourensia cernua, 
Pleuraphis mutica, passage rate, tarbusb. 

Tarbush (Flourensia cemua DC.) is an aridland shrub rapidly 
increasing in the Chihuahuan Desert region of the United States 
and Mexico (Buff@ton and Herbel 1965), dominating more than 
45 million ha (O’Laughlin 1975). Tarbush constitutes a substan- 
tial biomass that is only occasionally browsed by free ranging 
livestock (Nelson et al. 1970, Anderson et al. 1991), but has been 
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found in moderate amounts (12%) in esophageal masticate of 
steers (Anderson and Holechek 1983). 

Previous research regarding tarbush focused on toxicity or 
identification of chemical constituents. Mathews (1944) conduct- 
ed short term studies to characterize toxicosis of sheep and goats 
consuming fresh tarbush fruits, which proved fatal at 1% of body 
weight (BW); however, green leaves did not appear toxic. Hailey 
et al. (1966) observed multiple fatalities of starving antelope 
forced to consume only tarbush. 

Potential exists for tarbush, with its high protein content 
(Nelson et al. 1970), to serve as a protein source for grazing ani- 
mals during periods when it is not in bloom. However, tarbush 
contains terpenes and phenolic compounds @tell et al. 1994, 
Unpublished data, Estell et al.), which may alter digestion and/or 
cause toxicosis. The objective of this study was to evaluate dry 
matter intake, digestion, passage rate, ruminal fermentation, and 
toxicological consequences of moderate consumption (up to 
30%) of tarbush leaves by sheep fed a low quality tobosa grass 
(Pleuruphis muticu Buckl.) diet. Effect of tarbush on N balance 
was examined in a companion study (King et al. 1996). 

Materials and Methods 

Tarbush and Tobosa Harvest 
Whole tarbush plants (pre-bloom) were collected from the 

USDA-ARS, Jomada Experimental Range (JER), 35 km north of 
Las Cruces, N.M. during August 1991. Shrubs were air-dried for 
4 days with forced-air, and leaves were separated from stems by 
thrashing and winnowing. 

Tobosa grass, which grows in association with tarbush, was 
collected during August 1991 near the tarbush collection site. 
Mowed grass was allowed to field dry for 12 hours, and was then 
stored loose under shelter. The tobosa was mature and contained 
30 to 50% dead material. About 95% of the collection was 
tobosa, with the remainder primarily Desert Holly (Perezia nanu 
Gray). Tobosa was ground to pass a 2.54 cm screen using a com- 
mercial mix-mill. 
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Experimental Protocol 
Sixteen ruminally cannulated fine wool Polypay x Rambouillet 

(15 wethers, 1 ewe) were randomly allotted to 1 of 4 treatments: 
100% ground tobosa (control), or tobosa substituted with 10,20, 
or 30% whole tarbush leaves on a dry matter basis (dmb). Surgical 
procedures and animal care were in accordance with guidelines 
established by the New Mexico State University Institutional 
Animal Care and Use Committee. The 10% tarbush treatment was 
designed to approximate the maximum amount reported to be con- 
sumed by free ranging steers (Anderson and Holechek 1983), and 
the 20 and 30% treatments were included to assess effects of 
dietary tarbush at levels above those typically consumed by live- 
stock. Sheep ranged in age from 8 to 12 months with an average 
initial fasting body weight (SW) of 46.1 kg (SE = 1.7). 

Sheep were housed in individual indoor pens (2.4 x 4.7 m) and 
provided with 12 hours of light daily. Sheep received tobosa plus 
30% alfalfa during a 5 day adjustment to pens, and were then fed 
experimental diets for 28 days. Sheep were fed at 0700 and 1600 
hours daily. Diets were fed at restricted levels (approximately 
95% of ad libiturn; established during adjustment period) during 
the first week to minimize orts and reduce sorting of tarbush 
leaves. Diets were offered at 110% of ad Zibitum (established dur- 
ing adjustment period and adjusted daily) for the remaining 3 
weeks. Water and trace mineral salt blocks (NaCl96-99%, Mn > 
0.2%, Fe >O.l%, Mg >O.l%, S >0.05%, Cu >0.025%, Co > 
O.Ol%, Zn>O.OOS%, and 1>0.007%; United Salt Corp., Houston, 
Tex.) were provided ad libitum and water consumption was mon- 
itored between days 15 and 28. 

Diet Chemical Analyses 
Grab samples of tobosa and tarbush were collected at each 

feeding and composited by week. Orts were weighed before the 
morning feeding and a subsample composited by sheep each 
week. Diet and ort samples were ground to pass a 2-mm screen 
using a Wiley mill. Dry matter (DM) and ash were determined by 
standard procedures (AOAC 1984). Neutral detergent fiber 
(NDF), acid detergent fiber (ADF), acid detergent lignin (ADL), 
and acid detergent insoluble nitrogen (ADIN) analysis followed 
nonsequential procedures of Goering and Van Soest (1970). 
Nitrogen content of diet ingredients and arts was determined by 
the Kjeldahl method (AOAC 1984). Total phenolic content of tar- 
bush and tobosa was determined by the Folin-Denis method 
(AOAC 1984) while condensed tannin content was analyzed by 
the vanillin/HCl procedure of Bums (1971) as modified by Price 
et al. (1978). 

Ruminal Digesta Kinetics and Fermentation 
Cobalt-ethylenediaminetetraacetate (Co-EDTA) was dosed (50 

ml, Uden et al. 1980) via ruminal cannula before the morning 
feeding on day 15. Ruminal samples were collected from mast in 
the dorsal sac at 0 (before dosing), 2,4,6,8, 12,24, and 36 hours 
postdosing. Ruminal pH was determined immediately with a 
combination electrode (model 13-620-l 11, Fisher Scientific, 
Pittsburgh, Penn.) and fluid (100 ml) was strained through 4 lay- 
ers of cheesecloth, acidified with 1 ml of 7.2 N H,S04 100 ml’ 
and stored frozen. Samples were subsequently thawed and cen- 
trifuged at 10,OOO x g for 10 min. Supematant was analyzed for 
Co concentration using atomic absorption spectrophotometry 
with an air/acetylene flame (McCollum and Galyean 1985), and 
ruminal ammonia using the spectrophotometric phenol-hypochlo- 
rite assay (Broderick and Kang 1980). A third aliquot of super- 
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natant was analyzed for volatile fatty acids (VFA) using Zethyl 
butyric acid as an internal standard (Goetsch and Galyean 1983). 
Ruminal fluid dilution rate was calculated by regressing the nat- 
ural logarithm of Co concentration on time postdosing, and nnni- 
nal fluid volume was estimated by dividing the Co dose by the 
extrapolated Co concentration at 0 hours postdosing. 

On day 17, animals were dosed intraruminally with 15 g (dmb) 
of hydrated ytterbium (Yb) labeled (Teeter et al. 1984) tobosa 
hay. Rectal grab fecal samples were obtained at 0 (before dos- 
ing), 4, 8, 12, 16, 20, 24, 28, 32, 36, 42, 48, 54, 60, 72, 84, 96, 
108, and 120 hours postdosing and stored frozen. Fecal samples 
were subsequently thawed, dried at 50” C for 72 hours, and 
ground (1 mm). Ytterbium was extracted using EDTA (Hart and 
Polan 1984) and measured by atomic absorption spectrophotome- 
try with a nitrous oxide/acetylene flame. Fecal Yb excretion 
curves were fitted to a l-compartment model (Krysl et al. 1985) 
to estimate particulate passage rate, retention time, fecal output, 
and gastrointestinal dry matter (DM) fill. 

In Situ Degradability 
Rate and extent of tobosa dry matter (DM), tobosa neutral 

detergent fiber (NDF) tarbush DM, and tarbush N disappearance 
were measured in situ on days 20 through 29. Incubation times 
were 0, 6, 12, IS, 24, 48, 72, and 96 hours for tarbush, and the 
same series plus a 120 hour incubation for tobosa. One gram of 
ground (2 mm) sample was placed in a tared dacron bag (5 x 10 
cm, pore size < 50 microns, Ankom, Fairport, N.Y.) and incubat- 
ed in duplicate with a blank for each incubation time (Nocek 
1988). Bags were tied with plastic cable ties 2 cm from the bag 
top, providing a surface area of approximately 40.5 cm’ and a 
sample to surface area ratio of 25 mg/cm2. Dacron bags were sus- 
pended in the rumen in a 36 x 42 cm polyester mesh laundry bag 
attached to a 50 cm nylon cord. Upon removal, mesh bags con- 
taining dacron bags were immersed in ice water to halt microbial 
digestion and then agitated by hand until rinse water remained 
clear. Bags were allowed to drain and stored frozen. Bags were 
later thawed and dried in a forced-air oven at 50” C for 24 hours 
and 100” C for 1 hour, desiccated for 30 min, and then weighed. 

Dacron bags containing tobosa residue were sequentially used 
to determine neutral detergent fiber (NDF) content by refluxing 
multiple bags for 1 hour in 100 ml of solution g-’ of residue, rins- 
ing with hot water and acetone, rinsing in a conventional washing 
machine, and drying for 12 hours at 100” C (Moore et al. 1987). 
In situ digestion rate, lag time, and potential extent of digestion 
were calculated for tobosa and tarbush dry matter (DM) and 
tobosa NDF (Met-tens and Loften 19X0). 

Nitrogen content of tarbush residue was measured as described 
by Moshtagi Nia and Ingalls (1992), using standard kjeldahl 
analysis of dacron bags with or without (blank) sample residue. 
The N disappearance of tarbush was fitted to the exponential 
equation of 0rskov and McDonald (1979). 

Blood Sampling 
Blood (approximately 10 ml) was collected on days 0, 7, 15, 

and 21 via jugular venipuncture before the 0700 hour feeding. 
Blood was allowed to clot at room temperature for 30 min, cen- 
trifuged at 2,300 x g for 15 min at 4” C, and serum was decanted 
and frozen (-10” C). Serum was analyzed for metabolite, 
enzyme, and electrolyte levels with an automated multichannel 
analyzer (Chem-30; Southwest Laboratories, Las Cruces, N.M.). 
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Statistical Analyses 
Data were analyzed as a completely random design. Using a 

randomized complete block design, it was initially determined that 
neither age nor sex differences were significant (FYO.05) or added 
unwanted variability to the experiment; hence, blocks were elimi- 
nated. Statistical analysis of variance was conducted using GLM 
procedure of SAS Institute (1989). Treatment means were separat- 
ed by predicted difference when a significant F-test (PC 0.05) for 
the overall model was observed. 

Table 1. Dry matter intake (DMQ, water intake, and body weight (BW) 
change of sheep fed a low quality tobosa diet (5.9% CP) with 0, 10,20, 
or 30% of the dietary dry matter as tarbush (18.9% CP). 

Period 

Treatment 
0% 10% 20% 30% 

Tarbush Tarbush Tarbush Tarbosh SE’ OSL2 

For variables collected over time, data were analyzed as repeat- 
ed measures using a split plot design (Gill and Hafs 1971), with 
treatment in the main plot (sheep within treatment as error term) 
and time in the sub-plot. Means were separated using predicted 
difference (SAS Institute 1989) when a significant F-test (F~0.05) 
was observed. 

DMI --------_---- 

Week 1 12.3 12.0 
Week 2 15.5 15.6 
Week 3 1S.P 17.1a 
Week 4 11.2 14.5 
Water Intake ------------- 

Week 3 2.sa 4sb 
Week 4 2.3a 4Sb 

-..(pl;g“) --_----------_ 
16.6 14.8 1.8s 0.3024 
IS.3 20.8 1.40 0.0559 
20.4b 22.lb 1.07 0.0049 
13.6 19.0 2.23 0.1453 

(liters day“ )- - - - _ _ - - - - - _ 

3.7ab 4.lb 0.38 0.0091 
3.0” 3.0a 0.31 0.0001 

Results 

Chemical Analysis of Diets 

BW change -_------------_ --_____________ 
Mean -6.1 -2y -1.4 . -1.7 1.35 0.0945 

9b Least Squm means within row without a cc~mmon superscript differ (P-z 0.05). 
‘Standard error of Least Square hleans, n = 16. 
*Observed significance level of F-statistic for effect of treatment. 

The nutritional value of tobosa was relatively poor: 5.9% crude 
protein (CP) 0.3% acid detergent insolubum (ADW 80% neutral 
detergent fiber (NDF) 57% acid detergent fiber (ADF) and 13% 
acid detergent light (ADL) (dmb). Tarbush leaves were relatively 
high in CP and low in fiber (18.9% CP, 0.4% ADIN, 33% NDF, 
24% ADF, and 10% ADL (dmb). Dry tarbush leaves contained 54 
mg g“ of total phenolics and 0.40 mg 100 mg-’ of condensed tan- 
nins (catechin equivalents), compared to 12 mg g-’ of total pheno- 
lies and O.O4 mg 100 rng-’ of condensed tannins in tobosa (dmb). 

Rumen volume tended to be greater (P = 0.1226) for sheep con- 
suming 10% tarbush, which could be associated with their 
increased water intake. Particulate passage rate tended (P = 0.0665) 
to be faster for sheep consuming 20% vs 0 or 10% tarbush. 

III Situ Disappearance 

Differences between calculated CP content of feed offered and 
CP content of orts indicated some sorting by sheep on 20 and 30% 
treatments. However, orts were usually low except during week 1 
and percent tarbush consumed was similar in magnitude to percent 
tarbush offered except during week 1. Actual percent tarbush con- 
sumed for the 10, 20, and 30% tarbush treatments, respectively, 
was 11, 14, and 22% (week I), 10, 17, and 30% (week 2), 10, 19, 
and 30% (week 3), and 12,20, and 30% (week 4). 

In situ mminal dry matter (DM) and neutral detergent fiber (NDF) 
disappearance rates of tobosa (Table 3) were similar (P > 0.05) 
across treatments. In situ NDF disappearance was slow (~4.4% 
houi’) and the potentially degradable fiber was below 33%, further 
substantiating the poor diet quality of tobosa suggested by chemical 
analysis. 

Voluntary Dry Matter and Water Intake 
During week 3, dry matter intake @MI) for 20 and 30% tar- 

bush treatments was greater (P = 0.0049) than 0 and 10% treat- 
ments (Table 1). Sheep consuming 30% tarbush tended to have 
greater DMI during weeks 2 (P = 0.0559) and 4 (P = 0.1453). 
Only during week 1 was DMI of sheep consuming 30% tarbush 
below 2% of body weight (SW) or numerically less than other 
treatments. However, all sheep exhibited intake fluctuations, 
regardless of treatment, and each sheep went off feed for 1 to 3 
days at least once during the trial. Feed consumption by all sheep 
declined markedly behveen weeks 3 and 4 (Table 1). This abrupt 
DMI depression coincided with ruminal insertion of nylon bags 
on day 20. 

Water intake differed (PcO.0091) during weeks 3 and 4 (Table 
1), with sheep fed 10% tarbush consuming more water than sheep 
on other treatments. Some ruminal fluid leakage occurred due to 
fistnlation, and a sheep fed 10% tarbush lost its cannula once dur- 
ing the study. 

Dietary tarbush did not affect (P > 0.05) in situ rate of tarbush 
dry matter (DM) disappearance or the potentially degradable 
fraction (Table 3), both of which were high regardless of treat- 
ment. Large 0 hour losses from bags containing tarbush added 
variability and inflated calculated rates of disappearance, which 
may explain similar rates of disappearance with large numerical 
differences. For example, tarbush DM disappearance rate was 
8.5% hour-’ for sheep fed 10% tarbush and 15.5% for those con- 
suming 30% tarbush. 

Dietary tarbush did not influence (P >0.05) disappearance rate 
or proportion of degradable tarbush N (Table 4). Rate of tarbush 
N disappearance was greater than 5% hour-’ for all diets and the 
potentially degraded fraction was greater than 92%, and 60% 
when corrected for 0 hour losses. Even though highly digestible, 
nearly 70% of the tarbush N was in the slowly degradable frac- 
tion. 

Ruminal Fermentation 
Tarbush did not appear to affect ruminal pH. Ruminal pH 

pooled across hours did not differ (P > 0.05) among treatments 
(Table 5). At all collection times, ruminal pH exceeded 6.2 (the 
value reported to inhibit celhilolytic bacteria, 0rskov 1992). 

Digesta Kinetics 
Proportion of tarbush in the diet did not affect ruminal fluid (P> 

0.05) or particulate (P > 0.05) dynamics measured (Table 2). 

A treatment by hour interaction was detected (P = 0.0001) for 
ruminal ammonia concentration. Ruminal ammonia concentra- 
tions were not different among treatments (P > 0.05) at 0 and 2 
hours postfeeding (19.5 and IS.5 mg dl*‘, respectively). At 4 
hours postfeeding, ammonia concentrations tended (P = 0.0921) 
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Table 2. Ruminal fluid and particulate dynamics of sheep fed a low quality tobosa diet (5.9% CP) with 0, 10,20, or 30% of the dietary dry matter 
(Dbl) as tarbush (18.9% CP). 

Item 
Ruminal fluid 
dilution rate, 8 
hour-’ 

0% 
Tarbush 

6.2 

Treatments 
10% 

Tarbush 
6.7 

20% 30% 
Tarbush Tarbush 

7.2 7.5 

SE1 OSL2 

0.71 0.5989 

Ruminal fluid 
volume, liters 

ParIiculate passage 
rate, 5% houi’ 

Undigestible DM fill, 
g kg’ body weight 
Fecal DM output, 
day-’ 

g 

5.1 6.8 5.8 5.4 0.42 0.1226 

2.2 2.0 2.8 2.4 0.21 0.0665 

17.2 19.6 15.8 18.5 1.5 0.3512 

392.0 414.0 479.0 448.0 44 0.5436 

Ruminal particulate 
retention time, hours 
Intestinal transit 
time, hours 

55.2 63.5 42.5 53.0 5.7 0.1271 

24.1 17.9 21.7 17.5 2.3 0.1964 

‘Standard error of Least Square hleans. n = 16. 
‘Obsewed significance level of F-statistic for treatment 

to be greater for sheep fed 30% tarbush (22.3 mg dl-‘) than for 
sheep receiving 0, 10, and 20% tarbush (16.5, 16.2, and 14.9 mg 
dl-‘, respectively). Treatment differences were detected at 6, 8, 
and 12 hours postfeeding (P c 0.05). Ruminal ammonia concen- 
trations for sheep fed 0, 10,20, and 30% tarbush were 11.7, 14.9, 
14.9, and 23.6 mg dl“ at 6 hours, 9.0, 13.9, 13.3, and 23.8 mg dl-’ 
at 8 hours, and 10.3, 14.5, 12.0, and 23.4 mg dl-’ at 12 hours post- 
feeding, respectively. Sheep receiving 30% tarbush had greater 
(P = 0.0046) ruminal ammonia concentrations than sheep fed 
other diets at these times. Sheep fed 0, 10, and 20% tarbush had 
similar Cp >O.OS) ruminal concentrations except at 8 hours post- 
feeding, when sheep fed 10% tarbush had greater ammonia con- 
centrations (P=O.O334) than controls. 

A treatment by hour interaction was observed (P = 0.0419) for 
ruminal molar butyrate proportion, but the nature of the interac- 
tion was such that it did not preclude examination of the main 
effect of treatment. Dietary tarbush influenced molar proportions 

of butyrate (F=O.o032) and n-valerate (P = 0.0137) and total rumi- 
nal volatile fatty acids (VFA) concentrations (P = 0.0064), but 
did not affect (P > 0.05) molar proportions of other VFA flable 
5). As was the case for rnminal ammonia, 30% dietary tarbush 
increased total VFA concentration and molar proportion of 
butyrate, while 0, 10, and 20% treatments did not differ (P>O.O5) 
for either variable. Sheep fed 30% tarbush had greater rnminal 
valerate proportions than sheep fed control or 10% tarbush treat- 
ments; however, the 30% group did not differ from the 20% treat- 
ment, which was similar to control and 10% groups (P>O.O5). 

Body Weight Changes 
Dietary tarbush did not influence body weight (BW) change (P> 

0.05) of sheep. Sheep lost BW regardless of treatment uable 1). 
However, control sheep tended (P = 0.0945) to experience a greater 
BW loss (-6.1 kg) than sheep on diets containing tarbush (-2.3 kg). 

Table 3. Effect of dietary tarbush on in situ rate of tobosa dry matter (DM) and neutral detergent fiber (NDF) and tarbush DM disappearance’ in 
sheep fed a low quality tobosa diet (5.9% CP) with 0, 10,20, or 30% of the dietary DM as tarbush (18.9% CP). 

Treatments 
0% 10% 20% 30% 

Item Tarbush Tarbush Tarbush Tarbush SE2 OSL3 
---------------------TobosaDM--------------------- 

Degradation rate, % 2.9 3.1 3.9 3.9 0.55 0.3885 
Lag time, hours 2.2 1.8 2.1 3.0 0.94 0.7807 
Potentially degradable, % 38.8 40.9 39.7 37.5 2.07 0.6030 

---------------------TobosaNDF--------------------- 
Degradation rate, So 3.5 4.0 4.4 4.3 0.54 0.6579 
Lag time, hours 5.6 6.2 3.7 6.1 1.5s 0.6715 
Potentially degmdable, % 31.4 31.8 32.9 31.8 1.64 0.9291 

---------------------TarbnshI)M--------------------- 
Degradation rate, 8 10.6 8.5 10.2 15.5 2.99 0.3087 
Lag time, hours 6.9 4.6 3.5 6.4 1.45 0.2882 
Potentially degradable, % 81.7 82.4 82.1 82.4 o.s5 0.9085 
$~eubation hours = 0,6.12,18,24 48.72, and 96 for tarbosh and same time plus 120 hours for tobosa. Estimates derived from model described by hlertens and Loften (1980). 
.$tandwd errer for Least Square means. n = 16. 

Obsemed significance level of F-statistic for treatment. 
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Table 4. Rate and extent of ruminal in situ disappearance of tarbush Iear’ N in sheep fed a low quality tobosa diet (5.9% CP) with 0, 10,20, or 30% of 
the dietary dry matter as tarbush (18.9% CP). 

Item 
0% 10% 

Tarbusb Tarbush 

Treatments 
20% 

Tarbush 
30% 

Tarbush SE* OSL3 

Degradation rate, 8 hour-’ 5.3 5.2 
Slowly degradable, % 70.2 68.8 
Rapidly degradable. % 23.2 24.7 
Potentially degradable, 8 93.4 93.5 
?&ocobation times = 0,6,12,18,24.48,72, aad 96 hours. 
,Staodard error for Least Square hfeans. n = 15. 

Observed significance level of F-statistic of treatment. 
‘&mates derived from model described by Orskov and McDonald (1979). 

‘6.5 6.0 0.51 0.2068 
67.3 68.5 1.45 0.5199 
25.0 24.2 1.08 0.6315 
92.3 92.7 1.03 0.7625 

Blood Chemistry 
Clinical profiles for serum (data not shown) collected on days 

0,7, 15, and 21 did not indicate toxicosis. Serum triglyceride (8.9 
to 13.1 mg dT’) and blood urea levels (13.7 to 16.4 mg dl-‘) were 
within normal ranges (Kaneko 1989), but were below those of 
well nourished sheep. Creatinine (1.24 to 1.26 mg dl-‘), bilirubin 
(direct, indirect, and total ) alkaline phosphatase (165.4 to 207.8 
U liter-‘), and aspartate aminotransferase (52.4 to 66.9 U liter-‘) 
concentrations were all within normal ranges (Kaneko 1989). 
Serum gamma-glutamyltransferase was lower (P ~0.05) for sheep 
on the 0% tarbush treatment (39.3 U liter-‘) than for those on 10, 
20, and 30% tarbush (46.1,48.8, and 47.2 U liter-‘, respectively); 
however, all values were within normal ranges (Kaneko 1989). 

Discussion 

Chemical analysis of diet ingredients substantiated the potential 
nutritional merit of tarbush leaves, especially in terms of crude 
protein (CP) (19% dmb). Conversely, tobosa was below 6% CP 
(dmb). Forage intake may be enhanced by protein supplementa- 
tion with low quality forages (McCollum and Galyean 1985). In 
theory, substitution with 10% dietary tarbush should have con- 
tributed enough additional N to ensure dietary protein concentra- 
tion was not marginal (> 7% CP,’ dmb), assuming sorting and/or 
N availability were not problems. Sorting against tarbush leaves 
was observed on the 20 and 30% treatments for all but 1 animal. 

However, amounts of feed refusals were not sufficient to cause 
actual tarbush consumption to differ substantially from planned 
treatment levels. Yet, only the highest level of dietary tarbush 
(30%) actually provided measurable nutritional benefits as evi- 
denced by ruminal ammonia and total volatile fatty acids (VFA) 
levels. Lack of response may be because ruminal ammonia values 
were consistently above the 5 mg dl” necessary for maximal 
microbial growth (Satter and Slyter 1974). 

Tarbush leaves contained substantial concentrations of pheno- 
lies (54 mg g-’ DM) and condensed tannins (0.40 mg 100 mg” 
DM). Tarbush leaves contained more total phenolics than did 6 
other common Chihuahuan Desert shrubs reported by Holechek 
et al. (1990), including creosotebush (Lnrrea tridentutu [DC.] 
Cov.). The fact that only a small proportion of tarbush phenolics 
was accounted for by condensed tannins may indicate the pres- 
ence of hydrolyzable tannins. 

Holechek et al. (1990) reported soluble phenolics have variable 
impacts on dry matter intake @MI), depending on concentration. 
In our study, high phenolic concentrations and associated sorting 
did not reduce DMI of sheep. In fact, except during the first 
week, sheep on the 2 highest levels of tarbush tended to have or 
had the greatest DMI. Sheep on 30% tarbush exhibited voluntary 
intakes of approximately 2% of body weight (BW) except during 
week 1. 

In situ disappearance of associated dietary fiber was of interest 
because several tarbush secondary metabolites belong to groups 
known to interfere with digestion. Proanthocyanidin-protein com- 
plexes have been shown to inhibit dry matter (DM) (Kumar and 

Table 5. Effect of dietary tarbush on ruminal pH, total volatile fatty acid (WA) concentrations, and molar proportions of WA in sheep fed a low 
quality tobosa diet (5.9% CP) with 0, 10,20, or 30% of the dietary dry matter as tarbush (18.9% CP). 

Item 

PI-I 
Total VFA, mhf 

Acetate 
Propionate 
Isobutyrate 
Butyrate3 
Isolvalerate 
Valente 

0% 10% 20% 30% 
Tarbush Tarbush Tarbush Tarbush SE’ OSL3 

6.7 6.7 6.8 6.7 0.04 0.2588 
54.6= 53.3” 53.0a 64.7b 2.14 0.0064 
--------------- mol I()() mop- - - - - - - - - - - - - . - 

73.1 72.5 71.8 71.5 0.50 0.1674 
17.3 18.2 17.7 16.8 0.56 0.3542 

2.2 2.2 2.3 2.2 0.11 0.9065 
5.2= 5.0a 5.7= 6.gb 0.30 0.0032 
1.6 1.6 1.8 1.8 0.08 0.1361 
0.7” o.7a 0.8& O.gb 0.04 0.0137 

“%easl Square hiems within row wilhout a common superscript differ (P e 0.05). 
‘Sfaodard error of Least Square Means, n = 16. 
*Observed significaoce level of F-statistic for treatment 
3A time by treatment intenction ws observed (F’ = 0.0119). 
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Singh 1984) and N digestion (Nastis and Malechek 1981). Also, 
sagebrush (Artemisiu spp.) terpenoids, similar to those embedded 
in tarbush leaf waxes (Estell et al. 1994), are known to affect 
ruminal microbes (Striby et al. 1987). 

Lack of negative effects of tarbush secondary metabolites on 
ruminal function (digesta kinetics, in situ degradation) was 
encouraging, but dietary crude protein (CP) from tarbush leaves 
did not stimulate digestive functions until tarbush was 30% of the 
diet. Possibly, tarbush N was not fully available due to intrinsic 
anti-quality factors and/or structural inhibition. Alternatively, an 
energy deficiency due to the poor quality basal diet may have 
taken precedence over microbial N requirements. The nature of 
tobosa fiber may have contributed to an energy shortage posing 
as much of a problem as the low CP content of this grass, as evi- 
denced by low rate and extent of in situ neutral detergent fiber 
(NDF) disappearance. Values for in situ disappearance of tobosa 
NDF did not approach 33% until 72 hours of incubation, while 
ruminal particulate retention times were less than 72 hours for all 
treatments. 

In situ degradation of tarbush N was minimal until between 12 
and 18 hours of incubation, and only 25% or less of the tarbush N 
was in the rapidly degradable fraction. The slow degradation cou- 
pled with relatively rapid passage may have prevented increased 
ruminal ammonia concentrations. Condensed tannins have been 
reported to reduce ruminal ammonia concentrations (Waghom et 
al. 1987, Terrill et al. 1992). However, the highest tarbush intake, 
and consequently the greatest condensed tannin intake, resulted in 
increased ruminal ammonia concentrations. 

Blood chemistry was consistent with observed body weight 
(BW) losses, and both confirmed sheep were nutritionally 
stressed. However, serum clinical profiles provided no evidence 
of overt toxicosis other than a slight elevation of serum gamma- 
glutamyltransferase for sheep fed tarbush. Diffuse apoptosis of 
hepatic cells was observed by Frederickson et al. (1994) for 
lambs fed pellets containing 15% tarbush (dmb) for 122 days. 
However, feeding tarbush to lambs at up to 30% of the diet for 28 
days appeared to be safe under the constraints of this study. 

In conclusion, nutrients in tarbush, especially crude protein 
(CP) did not appear to be fully available to sheep. Sheep consum- 
ing a low quality grass diet obtained measurable nutritional bene- 
fit from tarbush only when leaves constituted 30% of the diet. 
This level would be difficult to achieve in free-ranging animals. 
However, it does appear that modest consumption of tarbush for 
up to 1 month does not pose a serious health threat to sheep. 
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Abstract 

Flourensia cernua DC. (tarbusb) is a deciduous shrub with 
potential as a high-protein forage source for livestock. Twenty- 
four Polypay x Bambouillet wethers housed iu metabolism crates 
were used to evaluate tarbush as a N source for sheep fed a low 
quality grass diet. Treatments were 100% ground tobosa grass 
(Pleuraphis mutica BuckI.) or tobosa substituted with 10,20, or 
30% whole pre-bloom tarbush leaves (n = 5) or 26% ground 
alfalfa (n = 4, Medicago sativa L.) on a dry matter basis (dmb). 
Sheep were fed ad l&turn for 11 days, after which feed was 
restricted to 1% (dmb) of body weight for 11 days to reduce sort- 
ing and maintain uniform intake. Apparent dry matter 
digestibility was not improved (P = 0.2646) with tarbush or alfal- 
fa. Fecal N was similar (P = 0.1626), but urinary N varied (P = 
0.0008) among treatments. Apparent N digestibility differed (P = 
0.0042) among treatments (43,46,50,56, and 63 % for sheep con- 
suming 0, 10,20, or 30% tarbush or alfalfa, respectively). All 
treatments resulted in similar (P = 0.1569) but negative N reten- 
tions (-2.4, -2.2, -2.8, -2.0, and -1.5 g day-’ for sheep consuming 0, 
10,20, or 30% tarbush or alfalfa, respectively). Serum clinical 
profiles (day 22) confirmed all sheep were nutritionally stressed, 
but did not indicate toxicosis. Although neither tarbush nor alfal- 
fa N compensated for the low quality basal diet, N from 30% tar- 
bush was utilized with similar efficiency to alfalfa N. The major 
impediment for using tarbush as a N source appeared to be low 
palatability. 

Key Words: browse, digestibility, Flourensia cernua, Pleuraphis 
mutica, nitrogen balance, tarbush 

Protein is a major limiting nutrient in New Mexico livestock 
diets (Wallace 1987) during periods of limited forage quality 
and/or quantity (Robertson 1987, Topps 1992). Shrubs tend to 
maintain higher levels of crude protein (CP) and phosphorus (p> 
than grasses or forbs during unfavorable growth conditions or 
dormancy (Holechek 1984, Holechek et al. 1989). Browse may 
provide a vital source of crude protein for livestock at these times 
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(Kumar and Singh 1984, Nunez-Hernandez et al. 1989, Ho Ahn 
et al. 1989). 

Tarbush (Flourerzsia cemua DC.) is increasing in dominance in 
the Chihuahuan Desert (Buffington and Herbel 1965) and is high 
in crude protein (Nelson et al. 1970). However, tarbush contains 
several secondary compounds with potential to reduce palatabili- 
ty and/or impede N digestion and utilization. Tarbush phyto- 
chemicals include flavonoids (Rae et al. 1970, Dillon et al. 1976), 
terpendoids (Kingston et al. 1975, Estell et al. 1994), and pheno- 
lies (Unpublished data, Estell et al.). 

Plant secondary metabolites exert detrimental effects on herbi- 
vores when doses exceed threshold levels (Hnrbome 1991) which 
are undefined for most plant chemicals (Butler 1989); It is not 
known if tarbush secondary metabolites are present in forms 
and/or quantities necessary to hinder use of the relatively high 
protein concentrations in this shrub. The objective of this study 
was to evaluate the digestibility and retention of tarbush N in 
sheep consuming a poor quality tobosa grass diet. 

Materials and Methods 

Plant Collection 
Tarbush and tobosa grass (Plenraphis mutica Buckl.) were col- 

lected at the USDA-ARS Jomada Experimental Range, 35 km 
north of Las Cruces, N.M., during August 1991. Tarbush was 
harvested in the pre-bloom stage, whereas tobosa was mature and 
contained considerable proportions of dead material. Collection 
of both shrubs and grass is described in detail in the companion 
paper (Ring et al. 1996). Third-cutting alfalfa (Medicago sativa 
L.) was purchased locally. 

Experimental Protocol 
Twenty-four yearling Polypay x Rambouillet wethers (46.9 kg, 

SE = 2.9) were housed in individual metabolism crates in a cli- 
mate-controlled facility at New Mexico State University, Las 
Cmces. Care and handling of animals was in accordance with 
guidelines established by the New Mexico State University 
Institutional Animal Care and Use Committee. Twelve hours of 
light and free access to water and trace mineral salt blocks (NaCl 
96-99%, Mn > 0.2%, Fe > O.l%, Mg > O.l%, S > 0.05%, Cu > 
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0.02X, Co > O.Ol%, Zn > O.OOS%, and I > 0.007%; United Salt 
Corp., Houston, Tex.) were provided daily. Wethers were allotted 
to 1 of 5 treatments (n = 5 for 0, 10, 20, and 30% tarbush treat- 
ments, n = 4 for the alfalfa treatment) in a completely random 
design. Treatments were 100% ground (2.5&m screen) tobosa 
or tobosa substituted with 10, 20, or 30% pre-bloom whole tar- 
bush leaves or 26% ground (2.54cm screen) alfalfa. The 30% 
tarbush and alfalfa treatments were formulated to be isonitroge- 
nous. One sheep each from the 0,20, and 30% tarbush treatments 
contracted pneumonia during the adaptation period and was 
removed from the study. Consequently, all treatments contained 4 
sheep except 10% tarbush. 

Experimental diets were hand-mixed and fed twice daily at 
0700 and 1700 hours. Animals were allowed ad libitum access to 
diets for 11 days. However, substantial refusals and sorting were 
encountered on all but the alfalfa treatment. Hence, on day 12, 
feed was restricted to 1% of body weight (SW) to reduce sorting 
and maintain all treatments at similar dry matter intake @MI) 
levels. Following feed restrictions, sheep were permitted another 
5 days of adaption which was followed by 5 days of total fecal 
and urine collections. 

Sample Collection 
Feed refusals were measured daily. Samples of feed and orts 

were composited by sheep, and subsamples of each were ground 
to pass a 2-mm screen. From day& 17 through 21, total fecal out- 
put and urine volume were monitored and 10% aliquots were 
retained daily for each sheep. Volatilization of ammonia from 
urine was prevented by adding 10 ml of 50% HCl to collection 
vessels. Urine collections were stored at 4” C until day 21. 
Individual feces and urine subsamples were then composited by 
sheep across days, and urine composites were frozen. Fecal sub- 
samples were partially dried at 50” C for 72 hours, and then 
ground (2-mm screen) and analyzed for dry matter (DM) and ash 
(AOAC 1984). Sheep were weighed following a 12 hour fast 
before and after the trial. Blood (10 ml) was collected on day 22 
via jugular venipuncture before the 0700 hour feeding. Blood 
samples were allowed to clot at room temperature for 30 min, 
centrifuged at 2,300 x g for 15 min at 4’ C, and serum was 
decanted and frozen (-10” C). 

Chemical Analyses 
Chemical analyses were conducted on feed, orts, and feces. All 

N fractions were analyzed by macro Kjeldahl methods (AOAC 
1984). Neutral detergent fiber (NIX), acid detergent fiber (ADF), 
acid detergent lignin (ADL), and acid detergent insoluble N 
(ADIN) of diet ingredients and arts were evaluated by nonse- 
quential procedures of Goering and Van Soest (1970). Total phe- 

nolic content of feeds was measured according to the Folin-Denis 
method (AOAC 1984). Condensed tannin concentration of feeds 
was determined by the vanillin/HCl procedure of Bums (1971) as 
modified by Price et al. (1978). Serum constituents were mea- 
sured using an automated multichannel serum analyzer (Chem- 
30, Southwest Laboratories, Las Cruces, N.M.). 

Statistical Analyses 
Data was analyzed as a completely random design. Analysis of 

variance was conducted with GLM procedures of SAS Institute 
(1989). Treatment means were separated by predicted difference 
when a significant F-test (P < 0.05) for the overall model was 
detected. 

Results 

Chemical Composition of Diet Ingredients 
Chemical analysis of dietary ingredients is shown in Table 1. 

Tobosa contained low levels of crude protein (CP) (5.9%) and a 
high fiber content (80.7% NDF). Tarbush and alfalfa were similar 
in CP at 18.9 and 20.1%, respectively. Tobosa and tarbush both 
contained higher percentages of acid detergent insoluble N 
(ADIN) than alfalfa. About 28, 12, and 7% of the total N of 
tobosa, tarbush, and alfalfa, respectively, were comprised of 
ADIN. Condensed tannins and phenolics were greater in tarbush 
than in tobosa or alfalfa. 

Dry Matter Intake 
Feed restrictions imposed on day 12 eliminated differences (P = 

0.7964) in dry matter intake @Ml) (Table 2) and limited all sheep to 
intakes of approximately 1% of BW. Even at this level of DMI, a few 
individuals on all but the alfalfa treatment still exhibited minor feed 
refusals. Intakes were 8.4, 8.3, 9.1, 9.8, and 10.0 g DM kg“ BW for 
tobosa, 10,20, and 30% tarbush and alfalfa treatments, respectively. 

Daily Fecal and Urine Output 
Total fecal output did not differ (P = 0.8822) among treatments, 

ranging from 245 to 295 g DM day-’ (Table 2). Because feed 
intake was similar, this result was not surprising. 

Daily urine volume was similar (P = 0.2330) among treatments. 
Although means ranged from 647 to 2,131 ml day-’ (Table 2), a 
high SE (469) precluded detection of differences. Urine volumes 
were monitored the entire trial for a companion study examining 
excretory metabolites of tarbush. One wether consuming 30% tar- 
bush excreted as much as twice the volume of urine day-’ (4,500 
ml day-‘) as any other wether, but this individual exhibited 
polyuria from the trial onset. Consequently, this individual inflat- 

Table 1. Chemical analysis of ingredients used ia diets of sheep fed a low quality diet with 0, 10,20, or 30% of the dietary dry matter @hi) as tarbash, 
or 26% of the dietary dry matter as alfalfa*. 

Item CP ADIN NDF ADF ADL 
Condensed 

tannins 
Total 

phenolics 

-------------e---w (%ofDM)----- ____ --__--__- CE2 
Tarbush 18.9 0.36 34.3 24.2 10.2 0.40 
Tobosa 5.9 0.26 80.7 55.3 12.2 0.04 
Alfalfa 20.1 0.22 35.8 26.3 7.7 0.09 

‘CP = CIU& prolein. ADIN = acid detergent insoluble N, NDF= neutnl detergent fiber, ADF= acid detergent fiber, and ADL = acid detergent lignin. 
‘CE = catcehin quivdents (mg 100 mg-’ DhT). 

mg g-’ DM 
51.3 
11.9 
14.6 
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Table 2. Dry matter intake (DMl), fecal and urine output, dry matter digestibility @MD), N balance, and body weight (BW) changes of sheep fed a 
low quality tobosa diet (5.9% CP) with 0, 10,20, or 30% of the dietary dry matter (DM) as tarbush (18.9% CP), or 26% of the Dhl as alfalfa (20.1% 
CP). 

Item 
100% 

Tobosa 
10% 

Tarbush 

Treatments 
20% 

Tarbush 
30% 

Tarbush 
26% 

Alfalfa SE’ 0.sL2 

DhQ g day-’ 
Urine outpuf, ml 

&y-l 
Fecal output, g DM 

day-’ 
DMD, % 
N intake, g day-’ 
Fecal N. g day-t 
Urinary N. g day-’ 
N balance, g day-t 
N digestibility, % 

399.4 387.0 441.0 438.0 471.8 55.4 0.7964 
647 681 1582 2131 733 469 0.2330 

253.0 244.9 295.3 282.6 259.3 37.2 0.8822 

37 37 32 36 45 4.5 0.2646 
3.8” 4.4”b 5.gk 6.8’ 7.2’ 0.63 0.0043 
2.1 2.3 2.9 3.0 2.7 0.28 0.1626 
4.0a 4.3= 5.gb 5.7b 6.0b 0.34 0.0008 

-2.4 -2.2 -2.8 -2.0 -1.5 0.36 0.1569 
43.0” 45.9 49.7* Sk 63.1’ 3.39 0.0042 

BW change, kg -6.6 -6.2 -6.5 

“,b.C Lust Square h&as within row without a common superscript differ (P < 0.05). 
’ Standard&&oftreatmcntLeastSqwre hleans,n=21.- - 
‘Observed significance level of F-statistic for trwtment 

-5.9 -4.2 0.6 0.0657 

ed mean urine output for the 30% tarbush treatment and was 
responsible for much of the increased variability. Mean urine vol- 
ume for both the 20 and 30% tarbush treatments was above that 
of the other treatments from the onset of the trial; hence, urine 
volumes had limited interpretive value. 

treatments, respectively. The percentage of N excreted in the 
feces declined as protein increased, regardless of whether protein 
was from tarbush or alfalfa. 

Dry Matter Digestibility 
No treatment effect (P =0.2646) was observed for dry matter 

digestibility @MD, Table 2). Mean DMD was 37,37,32,36, and 
45% for tobosa, 10, 20, and 30% tarbush, and alfalfa diets, 
respectively. Additional dietary crude protein (CP), especially 
from tarbush, did not appear to stimulate forage digestion. 
Possibly, the low dry matter intake @MI) negated any advantage 
of increasing dietary CP. 

Urinary N differed (P=O.OOOS) among treatments. Urinary N 
losses were 4.0,4.3,5.9,5.7, and 6.0 g day-’ for 0, 10,20, and 30% 
tarbush and alfalfa, respectively. Urinary N losses were lower (P < 
0.05) for the 0 and 10% tarbush treatments than for the other 3 
treatments. Expressed as a percentage of N intake, urinary N losses 
were similar (P =0.4952) among treatments. Sheep on 0, 10, and 
20% tarbush treatments excreted more N in the urine than was con- 
sumed (128, 107, and 108%, respectively). Those fed 30% tarbush 
or alfalfa excreted only 85 or 83% of their N intake in the urine. 

Apparent Nitrogen Digestibility 

Nitrogen Intake 
Nitrogen intake varied (P = 0.0043) among treatments Fable 

2). Differences were expected because only 30% tarbush and 
26% alfalfa treatments were isonitrogenous. The treatments 
spanned a crude protein (CP) concentration range typical of that 
consumed by livestock under free ranging conditions when dif- 
fering amounts of browse or commercial protein supplements are 
consumed along with low quality grass diets. Nitrogen intake of 
sheep fed alfalfa (7.2 g day-‘), 30% tarbush (6.8 g day-‘), and 20% 
tarbush (5.9 g day-‘) did not differ (Z’ > 0.05). Nitrogen intake of 
sheep fed 10% tarbush (4.4 g day-‘) did not differ from sheep fed 
the 0 or 20% tarbush treatments, and N intake of sheep fed 0% 
tarbush (3.8 g day“) did not differ from sheep fed the 10% treat- 
ment (P>O.O5). 

Apparent N digestibility was affected (P =0.0042) by level of 
dietary tarbush or alfalfa (Table 2). Treatment means were 43.0, 
45.5,49.7,55.6, and 63.1% for tobosa, 10, 20, and 30% tarbush 
and alfalfa, respectively. Apparent N digestibility of the 30% tar- 
bush and alfalfa treatments was not different, and N digestibility 
of the 30% tarbush treatment did not differ from the 20% treat- 
ment (P > 0.05). Apparent N digestibility of sheep fed 0, 10, and 
20% tarbush was not different (P~0.05). Increased dietary tobosa 
was associated with an increased acid detergent insoluble N 
(ADIN) proportion. As a percentage of total N, ADIN composed 
28% of the tobosa N, 12% of the tarbush N, and only 7% of the 
alfalfa N. 

Nitrogen Retention 

Nitrogen Excretion 
Fecal N output did not differ (P = 0.1626) among treatments 

(Table 2). However, when fecal N excretion was expressed as a 
percentage of N intake to account for the influence of N intake on 
N loss (Nunez-Hemandez et al. 1991), treatment differences (P= 
0.0042) were evident. As a percentage of N intake, fecal N was 
57,55,50,44, and 37% for 0, 10,20, and 30% tarbush and alfalfa 

Tarbush and alfalfa both contained high levels of crude protein 
(CP) compared to the tobosa which contained only 5.9% CP 
(Table 1). However, neither dietary tarbush nor alfalfa (at the lev- 
els fed) was able to overcome the CP deficit for the basal diet. 
Sheep on all treatments experienced negative but similar (P = 
0.1569) N balances (Table 2). Nitrogen losses were -2.4, -2.2, 
-2.8, -2.0, and -1.5 g day-’ for the 0, 10, 20, and 30% tarbush 
and alfalfa treatments, respectively. 
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Body Weight Changes 
Initial mean body weight (SW) (P = 0.9035) and final BW (P = 

0.8158) were similar across treatment. Although a trend (P = 
0.0657) was evident for sheep consuming alfalfa to maintain 
more of their BW (Table 2), this was not considered important as 
dry matter intake differences during the first 11 days confounded 
analysis of BW changes. 

Blood Clinical Profiles 
No treatment effects were detected (P>O.O5) for serum metabo- 

lites, enzymes, or most electrolytes (data not shown). Hence, the 
serum constituents monitored did not indicate any present or 
impending toxicosis. Serum variables did confirm sheep on all 
treatments were nutritionally stressed. 

Cholesterol levels (78.5-88.8 mg dl’) were several times 
greater than triglycerides (7.0-10.0 mg dl’), which is indicative 
of animals mobilizing body reserves. This ratio in conjunction 
with body weight (BW) losses suggested animals were utilizing 
dietary protein for gluconeogenesis and energy rather than body 
protein accretion. 

Blood urea N (SUN) concentrations were 9.8, 10.8, 10.0, 11.0, 
and 14.8 mg dl” (SE = 1.4) for tobosa, 10, 20, and 30% tarbush 
and alfalfa, respectively. Although BUN values were normal 
(Kaneko 1989), they were below those indicative of well nour- 
ished sheep (16-20 mg dir). 

Discussion 

Several variables monitored were adversely affected by the low 
palatability of both tobosa and tarbush leaves. Poor animal accep- 
tance of experimental diets led to dry matter (DM) and N intakes 
below maintenance levels, which confounded digestibility and N 
retention results. 

It is diicult to maintain intake of low or marginally palatable 
diets when animals are confined to metabolism crates. Intake lev- 
els in the current trial were approximately half of those obtained 
by Nunez-Hemandez (1989) for sheep and goats in metabolism 
crates fed prairie grass hay and 25 or 50% of the more palatable 
mountain mahogany (Cercocarppns montanus Raf.). However, our 
intakes were comparable to those reported by Nunez-Hemandez 
et al. (1989) for goats fed the less palatable big sagebrush 
(Artemisia tridentafa Nutt. ssp. tridentafa). Holechek et al. 
(1990) reported intakes ranging from 0.4 to 1.3% of body weight 
(BW) (omb) for goats fed straw-shrub diets containing either 
18% honey mesquite (Prosopis glandulosa Tom), 25% common 
winterfat (Eurotia lanata [Pursh] Moq.), 23% four-wing saltbrush 
(Arripltx canescens Ipursh] Nutt.), 10% creosotebush (Lurrea rti- 
denrara [DC.] Cov.), 50% gray oak (Quercus grisea Liebm.), or 
17% l-seed jumper (Juniperus monospenna pngelm.] Sarg.). 

Concerns that tarbush secondary metabolites might influence N 
retention were not supported by the data. Significant or numerical 
differences in N retention or N digestibility appeared related to N 
intake, energy balance, or physical plant factors such as acid 
detergent insoluble N @DIN). The fact that N from the 30% tar- 
bush diet and the isonitrogenous alfalfa treatment were used with 
similar efficiency supports this view. The higher proportion of 
tarbush N from ADIN compared to alfalfa may account for small 
numerical differences in N balance between the 30% tarbush and 
alfalfa treatments (Table 2). 

Especially of concern for N utilization was the condensed tan- 

334 

nin content of tarbush. However, N degradation or N assimilation 
did not appear related to condensed tannin concentration. Nastis 
and Malechek (1981) and Barry et al. (1986) found increasing 
levels of dietary condensed tannins resulted in elevated fecal N. , 
While increased fecal N was confirmed by Nunez-Hemandez et 
al. (1989, 1991), they found concurrent N sparing in the urine: 
During the current trial, N excretion appeared related to dietary N 
content. 

Serum metabolite profiles in conjunction with body weight 
(SW) loss indicated sheep on all treatments were nutritionally 
stressed and likely mobilizing body reserves. In addition to low 
dry matter intake (DMI), diets were composed primarily of poor 
quality tobosa (81% NIX). Thus, animals were probably energy 
deficient and using some dietary protein for gluconeogenesis and 
other energetic processes, which could explain at least partially 
why responses to increased protein consumption were lower than 
anticipated. 

In conclusion, tarbush leaves fed at up to 30% of the diet and 
1% of BW for 22 days did not improve N retention in sheep con- 
suming poor quality tobosa grass. However, N in the 30% tarbush 
and isonitrogenous alfalfa treatments was utilized with simialr 
efficiency, indicating that tarbush could supply CP to grazing ani- 
mals and improve their nutritional welfare, assuming sufficient 
DMI could be achieved. Secondary chemistry, while not influ- 
encing N balance directly, probably limited acceptance of tarbush 
leaves by sheep. More work is required to ascertain whether free 
ranging livestock can be manipulated to consume enough tarbush 
to elicit a nutritional benefit. 
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Abstract 

The study concerns the impact of herbivory on the root sys- 
tems of 3 perennial grasses, huffelgrass (Cenchnrs ctiti), digit- 
grass (Digitaria commutata) and needlegrass (Stipa lagascae), 
growing in the arid zones of Tunisia. The study simulated ani- 
mals feeding of the grasses by affecting cuttings at various times 
throughout the spring growing period. The following effects on 
the root systems of the grasses were observed. 

When there is continual overgazing (simulated by cutting all 
sprouts down the ground level-along the spring), more than 65% 
of the roots off all 3 species are found in the salty upper 15 cm of 
soil. 

In case of medium average grazing (simulated by 2 to 3 cut- 
tings), the root system again remains superficial for buffelgrass 
(C. c&z&), with 58 to 67% of the roots located in the upper 15 
cm of soil. Digitgrass (Digitaria commutata) and needlegrass 
(Stip Zugascae), however, develop deeper roots with 68 to 86% in 
the upper 30 cm of soil. 

When grazing is light (just one cutting), all 3 species perform 
all most exactly as if there had been no grazing compared to (a 
control plot) with 85% of the root system located in the upper 50 
cm and about 15% at 50 to 75 cm of ground depth. 

On the basis of this experiments, it is suggested that grazing on 
these grasses should be allowed just once each spring, thereby 
allowing : 

l- To take advantage of the aboveground contained in these 
grasses in spring. 

2- Preservation of a deep root system with will thereby have a 
much better chance of getting through the water stress summer 
$zl?axlIl. 

Key Words: perennial grasses, root system, arid zones, her- 
bivory. 

In arid zones, herbivory is a main factor affecting the survival, 
growth, competition, composition and reproduction of plants 
(Harper 1977, Whittaker 1979, Whittaker and Malloch 1980, 
Owen and Wiegert 1981). In an environment where plant growth 
is linked to resource levels, it is important to evaluate the impact 
of herbivory overgrazing on plant life. 

The high degree of complexity in the interaction of factors 
affecting plant growth calls for experimental work on the impact 
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of the herbivory (Hodgkinson and Baas Beching 1977). Little 
work has been done in North Africa, in relation to this phenome- 
nen . That is why it is appropriate to assess the impact on the root 
systems of 3 perennial grasses, as simulated through cuttings 
made at various dates throughout the spring growing system. 

Materials and methods 

These experiments were made on buffelgrass (Cenchrus 
ciliuris), digitgrass (Digituriu commufata) and needlegrass (Stipa 
Zagascue), 3 perennial grasses common to the arid zones of 
Tunisia. They were taken from a Rhunterium suuveolens plain 
and planted on an experimental plot 20 km east of Gab&s in 
southern Tunisia. In this area, the annual rainfall is averaging 
170-180 mm, the minimal average temperature in the coldest 
month is 4-5’ C while the maximum average temperature in the 
hottest month is 34-36” C. The experimental site is located on a 
plain of alluvial origin, with fine sandy (60%) soil. The calcium 
carbonate content is about lo%, gypsum 24% and organic mat- 
ter does not exceed 0.7%. The physical and chemical characteris- 
tics of this experimental station is presented Table 1. Planting 
was done in October 1985 on experimental plots of 5m x 2m. 

In each plot, the intervals of rows and the spacing of plants are 
50 cm. The number of plants per plots is 27, and each plot con- 
tain a single species in 4 replications (Chdieb 1989). 

The grasses’ establishment was made in 1985 with clumps’ 
transplantation. Throughout the study period, we did not apply 
irrigation and fertilizer. 

Throughout the year 1989-1990, the grasses were cut on differ- 
ent dates between 10/2/1990 and 10/4/1990. The same cutting 
treatments were applied for each species (Table 2). The annual 
rainfall registred throughout the year 1989-90, is given in Figure 1. 

The cuttings were made at groundlevel, simulating grazing. For 
the continual cuttings, the clumps was maintained at groundlevel 
through cutting every 10 days, between 10102 and 10/4/1990, and 
simulating overgrazing, characteristic of Tunisian arid zones. At 
the end of the month of May (6 weeks after the last cutting) the 
root systems of the grasses were observed using the crop profile 
method of H&in and et Monnier (1969). This method is known 
by the term trench profil method. The trench width is 50 cm and 
the depth is 120 cm. The samples (for measuring root density) 
were taken with a cylinder of 100 cm3 along the axis of the 
clumps. This procedure has a minimal risk of possible interfer- 
ence on rooting of the various types with regard to age (5 years). 

JOURNAL OF RANGE MANAGEMENT 49(4), July 1996 

- -  7.. - -  -  . . -  _, --.--____ __- . -  -__I_ 



Table 1: Physical and chemical characteristics of soil study site 

Depth O-2 

Physical characteristics 
(Granulometry p) 

2-20 20-50 50-200 OM 

Chemical characteristics 

CaCo3 Ca So4 EC 

(cm 1 (%I (%I (%I (mS.cm“) 

O-30 6 10 23 61 097 998 24 193 
30-50 7 9 23 61 OS 11,5 32 1.6 
50-80 6 9 24 61 093 94 2.0 L6 
80-100 8 7 13 72 093 11,o 393 L3 
100-120 7 3 15 75 031 9.4 3.1 0 

The distribution of the roots under the effect of the cuttings is between those grasses cut only once in the spring and the control 
expressed in 2 ways : plots which were not cut at all. In both cases, root depth varies 

l-Descriptive root distribution: In which a profile description from 100 to 110 cm. Nor is much difference to be seen in the 
of the roots was accomplished; in this case, the roots extraction development of the upper growth between the control plot and 
was done manually under a jet of water. the grasses cut just once. 

2-Quantitative root distribution: Samplings were taken from 
the soil at a depth betwen 0 and 75 centimeter(a sufficient depth Cenchrus ciliaris 

for graminaceae) by means of 100 cm3 cylinder (having a diame- 
ter of 5 cm). For each species and for each treatment, the depth 
intervals observed were: O-5,5-15,15-30,30-50 and 50-75. At o 
each depth interval, three 100 cm3 samplings (3 x 100 cm’) were :“o 
taken. Figure 2 shows the location of the different samplings. The 
percentage and the root density corresponding to each interval 

Lo 

were calculated by the average of the 3 samplings. The root 6o 
weight was determined after washing and drying of the roots at a 80 
temperature of 105’ C and during 24 hours. 100 

ReSUlt.9 

l-Descriptive Root Repartition 
As seen in figure 2, the total cutting is very harmful to all 3 

grasses, the root systems tending to be superfical. The maximum 
root depth is about 30 cm for the 3 grasses. This depth increases 

Lo 

when there are only 3 cuttings : the roots are seen in the 65 upper 60 
cm of the earth. With 2 cuttings in February and March, although 80 
some roots go down to 80 cm depth, the density at that depth is 
quite low, despite soil humidity during the spring growing sea- 

100 

son. Very little difference in the maximum root depth is noted 

Oigitdrrk 

SONDJFMAMJJA 

Fig. 2. Rooting patterns of roots of 3 perennial grasses in May 1990, 

Fig. 1. Monthly precipitation at experimental station from 
September 1989 to August 1990. 

after imposition of clipping continously at NJ-days intervals (Ct), 
clipping iu February, March and April 1990 (3C), February and 
March (2C), March (1C) or no clipping (OC) in southern Tunisii. 

JOURNAL OF FtAtiGE MANAGEMENT 49(4), July 1996 337 



Table 2: Dates and number of cuttings 

Treatments 

Date of cutting 

Control plot 
P-3 

not cut 

IC 

10/2/90 

Number of cut 

2c 

10/2l90 
10/3/90 
1014190 

3c 

10/2/90 
10/3/90 

Continual cutting 
(CC) 

every 10 days behveen 
1012 and 1 O/4/90 

2-Quantitative Root Distribution 
Soil samplings taken from cut grasses show that in the case of 

simulated continual clipping occurring every 10 days, the root 
system remains very superficial, varying for the different grasses 
from 60 to 80% of the roots located in the upper 15 cm of earth, 
whereas at 30-50 cm depth, roots are present at a rate of 10% for 
buffelgrass (C. ciliaris) and needlegrass (S. Zaguscue) and 30% 
for digitgrass (0. commututa) (Fig. 3). 

browsed upper growth prevents rhizo-genesis. Thus the location 
of surface roots, as affected by repeated cuttings, exposes the 
plant to water stress in the upper layers, potentially menacing its 
survival particularly during summer drought. 

‘201 
Those grasses cut 3 times (3 C) in spring show root behavior 

very similar to those of grasses cut regularly every 10 days for 
buffelgrass (C. ciliaris) and digitgrass (0. commutata). At a 
depth of O-50 cm, roots are found at rates identical to the 2 other 
regimes, for both grasses. Furthermore, between 50 and 75 cm, 
the 2 species develop roots at a rate under 3%. Needlegrass (S. 
luguscue) cut 3 times (3 C) in succession grows much more roots 
than when continually cut, with 28.5% of the roots located at a 30 
cm depth and only 12.7% at the same depth for those cut regular- 
ly (every 10 days). 

For all 3 grasses, little quantitative differences are noted 
between the control plot and the one-cutting plot. The rooting rate 
is about the same throughout. Nevertheless it is important to men- 
tion that the difference is less clear for digitgrass (0. commufutu), 
which seems most resistant to the cutting but with more superfi- 
cial rooting than the other species (Fig. 3). 

These observations are reflected in root density (Fig. 4), 
expressed in mgdry matter per cm3 where very low density is 
found for all three species beyond 30 cm depth, particularly for 
the continual cutting. The highest density is observed for the non- 
cut grasses (control plot), especially buffelgrass (C. ciliutir) and 
needlegrass (S. lagascae). Those grasses cut only once have high 
density across the boar& for digitgrass (D. commutata), density is 
even higher than that of the control plot. 
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Discussion and Conclusions 

A knowledge of plant root systems under manipulation is very 
useful for rangeland management. The complexity of its structure 
is directly related to the degree of manipulation (Whittaker and 
Malloch 1980, Dirzo 1985). The experiments undertaken show 
the effect of repeated cuttings: the more cuttings, the more super- 
ficial the root system. Monroy-Ata (1989) considers herbivory 
one of factors natural selection, with resistance depending on the 
given plant. This line of thinking must take into account 2 major 
elements : intensity of the herbivory and of the spatial-temporal 
availability of ressources. When resources are available, the root 
system at the lower level will have a great dynamism, thus guar- 
anting regrowth (Kummerow pers. comm.) when, however, 
resources are scarce, heavy animal pressure will have a physio- 
logical effect, characterized by Crawley (1987) as unavoidable in 
so far as the absence of any migratory reserves at the heavily 

0 20 40 60 80 100 

- et i 3c + 2c -5 1c ) oc 

Depth (cm) 

Fig. 3. Cumulative root distributions of 3 perennial grasses in May 
1990, after imposition of clipping continously at lo-day intervals 
(Ct), clipping in February, March an April 1990 (3C), February 
and March (2C), March (lC), or no clipping (OC) in southern 
Tunisia, expressed as the percent of total oven-dry root mass in 5 
depth increments. 
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Fig. 4. Root mass per unit soil volume of 3 perennial grasses in May 
1990, after imposition of clipping continowly at IO-day intervals 
(Ct), clipping in February, hiarch, and April 1990 (3C), February 
and March (2C), March (lC), or no clipping (OC) in southern 
Tunisia, expressed as percent of total oven-dry root mass in 5 
depth increments. 

Since we do not see much variance in the structure of root sys- 
tems from the control plot and the one-cut, it is considered that 
one sole grazing in spring will not have much incidence on its 
growth. This grazing must, of course, be allowed only after plant 
growth is completed, after total seed dispersal. 

These findings must be taken with caution. More information 
on the impact of herbivory on plant root systems could be 
obtained by further experimentation, preferably under field con- 
ditions. 
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Abstract 

Dryland grass production is an important agricultural com- 
modity in the Northern Great Plains. Nitrogen (N) fertilizer can 
increase dry matter production and forage quality, yet there are 
relatively few rangeland and improved pasture managers who 
utilize fertilization practices to optimize production. Two trials 
(1972-1975 and 1978-1981) with 10 common grass species used a 
single application of 0,56, or 112 kg N ha-’ and 0,112, or 224 kg 
N ha-r to evaluate long-term grass performance to N fertilization. 
Dry matter production in each trial was measured annually for 4 
years. Yields increased on average 1,340 kg ha-r with the applica- 
tion of 56 kg N ha-r, and 1,662 kg ha** with 112 kg N ha-’ in Trial 
1. In Trial 2, yields increased 3,499 and 5,140 kg ha-’ with appli- 
cations of 112 and 224 kg N ha-‘, respectively. Responses to 
applied N were evident 4 years after application for some species, 
most likely due to the combination of improved grass vigor and 
recycling of fertilizer N immobilized in organic forms. Single 
applications of N were effective in improving dry matter produc- 
tion of some common grasses for multiple years, when water was 
suitable. The magnitude of response and potential economic 
return from fertilization were species dependent. 

Key Words: seeded grass, forage production, management, fertil- 
izer use efficiency, precipitation use efficiency 

Forage grass is produced on approximately 52% of the 141 mil- 
lion hectares in the Northern Great Plains (Kan., Mont., N.D., 
Neb., S.D., Wyo.; Daugherty 1991). Species composition, plant 
available nutrients and water, climate, and other agronomic fac- 
tors influence production and quality characteristics. The applica- 
tion of fertilizer nitrogen (N) to grasses is a key management tool 
for increased production if soil fertility levels are less than opti- 
mum, economics are favorable, and the environment will not be 
adversely impacted. Many studies have shown a doubling or 
more of dry matter yields from fertilizer N application (Kilcher 
1958, Black 1968, McGinnies 1968, Power and Alessi 1971, 
Wight and Black 1979, Read and Winkleman 1982, Power 1985). 

Fairway crested wheatgrass [Agropyron cristatum (L.) Gaertn.], 
intermediate wheatgrass [Thinopyrum intermedium (Host) 
Barkw. & D.R. Dewey ssp. intermedium], and Russian wildrye 
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[Psathyrostachys juncea @sch.) Nevski] responded to annual N 
fertilization (Kilcher 1958). In the unfertilized checks, intermedi- 
ate wheatgrass out produced fairway crested wheatgrass and 
Russian wildrye. However, fairway crested wheatgrass out pro- 
duced intermediate wheatgrass at higher N levels. Russian 
wildrye did not yield as much as either of the wheatgrasses fol- 
lowing N application, although its proportionate yield increase 
was greater than that of intermediate wheatgrass. Largest yields 
were obtained when precipitation, particularly in May, was ade- 
quate. 

Power (1985) conducted a g-year study at Mandan, N.D. on 10 
seeded perennial grasses which received annual applications of 0, 
45, and 225 kg N ha-‘. Greatest yields usually occurred in wettest 
years, and least during dry periods. All grasses responded to 
increasing N fertilization with several exceptions in the driest 
year. Similar results were obtained on range vegetation by 
Johnston et al. (1969). Furthermore, Power (1985) found that 
compared to the check, average dry matter production for most 
species at least doubled with the annual addition of 45 kg N ha-‘, 
and increased 3 to 4-fold with 225 kg N ha-r applied annually. 
Intermediate wheatgrass [Thinopyrum intermedium (Host) Barkw. 
& D.R. Dewey ssp. intermedium] produced the most dry matter 
(g-year cumulative yield), followed by crested wheatgrass 
[Agropyron desertorum @sch. ex Lii) Schult.], western wheat- 
grass [Pascopyrum smithii (Rydb.)A. L&e], and green needlegrass 
[Mpa viridula Trin.], with Russian wildrye [Psathyrostachysjuncea 
(Fisch.) Nevski] and Garrison creeping foxtail (Alopecunrs arzmdi- 
naceus Poir) producing the least. 

A 6-year study in North Dakota was conducted on native range 
(western wheatgrass [Pascopyrum smithii (Rydb.)A. Liive], blue 
grama [Bouteloua gracilis, (Kunth) Lag. Ex. Steud], and thread- 
leaf sedge [CarexfiZfilifolia, Nutt.]). The same total amount of N 
fertilizer was applied either as a single application at study initia- 
tion, in 3 equal applications during the first 3 years, or in 6 equal 
annual applications (Power and Alessi 1971). Rates included 0, 
34,68, 135,270, and 540 kg N ha-‘. The study found that timing 
of application did not influence total production, and total pro- 
duction increased with N application. Since a single N fertilizer 
application increased production for multiple years, the additional 
time and expense of smaller annual applications may not be war- 
ranted. 

Mason and Miltimore (1972) applied single applications of 
ammonium nitrate at 12 rates to a natural cover of beardless 
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Table 1. Common dryland grasses in these studies. 

Common Name 

Basin wildrye 
Beardless wheatgrass 
Crested wheatgrass 
Green needlegrass 

Scientific Name 

Elymas cinereus (Scribn. & Merr.) A. LZive 
Agropyron inerme (Scrib. and Smith) Rydb. 
Agropyron desertontm (Fisch. ex Link) Schult. 
Stipa viridula Trin. 

Variety 

Plant Materials Center 
Whitman 
Standard 
PM-M-600, Plant 
Materials Center 

Intermediate wheatgrass 
Intermediate wheatgrass 
Pubescent wheatgrass 

Thinopyrum intennedium (Host) Barkw. & D.R. Dewey ssp. intermedium 
Thinopynan intermedium (Host) Barkw. 8-z D.R. Dewey ssp. intermedium 
Thinopyram intermedium (Host) Barkw. & 
D.R. Dewey ssp. barbulatum (Schur) Barkw. & D.R. Dewey 

Cireenar 
Oahe 
Mandan 759 

Russian wildrye 
Thickspike wheatgrass 
Western wheatgrass 

Psathyrostachys juncea (Fisch.) Nevski 
Efymas Zanceolatns (Scribn. & J.G. Smith) Gould 
Pascopyrum smithii (Rydb.) A. Eve 

Vinall 
Havre 
Unknown 

wheatgrass [Agropyron inerme (Scrib. and Smith) Rydb.], sand- 
berg bluegrass [Pea secunda, Presl.], and big sagebrush 
[Artemisiu tridetztutu, Nutt.], after removing the sagebrush by 
mowing. They found that considerable increases in yield were 
obtained over the IO-year study period from a single N applica- 
tion, particularly for the higher fertilization levels, up to 504 kg N 
ha-‘. In another lo-year study, single applications of 0, 50, 100, 
400, and 800 kg N ha” were applied to old stands of fairway 
crested wheatgrass [Agropyron cristutum (L..) Gaertn.] and pro- 
duction increased with the magnitude of response increasing with 
applied N (Read and Winkleman 1982). Even at low rates, 
applied N enhanced growth for several years. 

Lutwick and Smith (1979) conducted a fi-year trial on several 
perennial grasses. Highest unfertilized 5-year cumulative yields 
were produced by intermediate wheatgrass [Thinopyrum inter- 
medium (Host) Barkw. & D.R. Dewey ssp. intermedium], fol- 
lowed in order by western wheatgrass [Puscopyrum smithii 
(Rydb.)A. Love] and fairway crested wheatgrass [Agropyron 
cristutum (L.) Gaertn.] and then Russian wildrye [Psuthyro- 
stuchys junceu @sch.) Nevski]. After a single application of N 
fertilizer, cumulative 3-year yields responded proportionately 
greater, with the exception of fairway crested wheatgrass which 
out produced western wheatgrass. 

By applying “N labeled fertilizer to crested wheatgrass 
[Agropyron desertorum (Fisch. ex Link) Schult.], Smith and 
Power (1985) determined the sequential fate and behavior of 
applied N for 5 years. Most residual N became incorporated in 
organic form each season, with relatively little left in the ammo- 
nium or nitrate forms. However, the newly formed organic N was 
3 to 10 times more susceptible to mineralization than the soil N. 

Materials and Methods 

Ten grass species (Table 1) were seeded in randomized com- 
plete block designs in the early spring of 1971 and 1977 at the 
Northern Agricultural Research Center (48” 30’ N; 109’ 47’ 
3O”W) outside Havre, Mont. The sites were broken out of native 
sod in 1915, and have been used in a wide range of crop research 
projects since then. Both trials were planted on fine-loamy, 
mixed, Aridic Argiborolls. The first trial (Trial 1) site is com- 
prised of Chinook Fine Sandy Loam-24% slopes and Telstad- 
Joplin-Kevin loams-2-4% slopes, whereas the second trial 
(Trial 2) site was planted on Telstad-Joplin-Kevin loams-2-4% 
slopes. 

Prior to seeding, the site of Trial 1 had been fallowed for 2 
years following several years of cereal-fallow rotation. Prior to 
seeding, the site of Trial 2 had been in introduced grasses for 
many years, and was plowed and fallowed in preparation for 
seeding. Species were selected from commonly used grasses in 
the Northern Great Plains. Grasses were seeded in 1.8 by 3.7 m 
plots with 0.36 m row spacing with 2 replications. Nitrogen fertil- 
izer (34-O-O) at 0, 56, and 112 kg N ha-’ for Trial 1 and 0, 112, 
and 224 kg N ha-’ for Trial 2 was broadcast in late fall of 1971 
and 1977 after grass establishment. No additional fertilizer was 
applied. Full stands were obtained for all grasses. 

Grass production is clearly a significant contributor to livestock 
enterprises and local and export markets. Recent trends, including 
potential increases in public land grazing fees, land use restric- 
tions and expiration of Conservation Reserve Program (CRP) 
contracts may force producers and ranchers to rethink their grass 
production strategy. Although several grass species are available 
for seeding, N fertilizer research on the wide range of grass 
species is limited in the Northern Great Plains. These studies 
were conducted to help understand the relationship between 
numerous common grass species, their multi-year responses to a 
single application of N fertilizer, and their efficiency response to 
fertilizer N and precipitation. 

Grasses were harvested as individual species matured. Trial 1 
grasses were hand clipped from 2 subsamples of 1 m2 at a 2.5 cm 
cutting height. Trial 2 grasses were mechanically harvested from 
two 0.6 by 3.1 m areas. Cutting height was 3.8 cm in years 1 to 3, 
and 5.1 cm in year 4. Samples were dried (40°C) and weighed 
each year for 4 years. Standard ANOVA and regression analysis 
were performed. Means were separated using the protected LSD 
(Snedecor and Co&ran 1980). 

Results and Discussion 

Cumulative Yields of 10 Grasses 
The average 4-year cumulative dry matter yield of 10 species 

over 2 trials showed that a single 112 kg N ha” application (simi- 
lar rate for both trials) increased production over the check from 
5,143 to 7,723 kg ha-‘. Trials 1 and 2 varied considerably in the 4- 
year cumulative check production, chiefly due to differences in 
amount and timing of precipitation (Table 2). In Trial 1, with 112 
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Table 2. Precipitation records for Trials 1 and 2. 

Month 
Study year April May Jtttle Annual’ 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ (mm) _ _ _ _ _ _ _ _ _ _ _ _ ___ _ 
Tn’al 
1 21 28 14 293 
2 62 22 94 290 
3 23 156 8 416 
4 73 54 so 488 
m 
1 44 84 28 426 
2 41 25 38 274 
3 35 44 3”: 253 
4 0 88 327 
30 avg2 25 yr 43 56 282 
’ 1 Oct. to 30 Sept. 
‘hfAPS (C%prio et al. 1991) 

kg N ha-‘, average yield increased 1,661 kg ha-’ from the check 
yield of 6,030 kg ha-‘, and Trial 2, average yield increased 3,499 
kg ha-’ from the check yield of 4,256 kg ha-‘. 

Annual Production 
Total precipitation during Trial 2 (1,280 mm) was less than that 

for Trial 1 (1,487 mm), but cumulative grass production 
increased, which on the surface would not be expected in semi- 
arid environments. However, for both trials, average annual pre- 

Table 3. Dry matter production in Trial 1 for 10 grass species. 

cipitation was above normal for the area. The yearly production 
averages (of 10 species) offer an explanation. In the first year of 
Trial 1, only a 156 kg ha-’ increase over check was produced with 
112 kg N ha-‘, due to little precipitation (Tables 2 and 3). In con- 
trast, Trial 2 started with a wetter than average first year, and pro- 
duction over the check averaged 2,379 kg ha’ with 112 kg N ha-’ 
(Tables 2 and 4). 

Although in the second year of Trial 1 total precipitation was 
similar to that for the first year, spring precipitation was much 
greater than the second year, producing a 673 kg ha-’ increase 
over the check. For Trial 2, the second year was drier than the 
first, and the spring was drier than average. Average production 
over check fell to 817 kg ha -I. In years 3 and 4, Trial 1 received 
more precipitation than average. During this period, Trial 1 had 
greater N response than Trial 2, but not enough to make up for 
the superior performance during year 1 of Trial 2. 

Similar to results of Power and Alessi (1971), Mason and 
Miltimore (1972), and Read and Winkleman (1982), these trials 
demonstrate how a single N application can boost yields for sev- 
eral years. If growing conditions are poor during the first year 
(year of application), residual N can remain in the soil/plant sys- 
tem and increase production in subsequent years as observed by 
Smith and Power (1985). Grass vigor may also be increased 
which could carry-over into later years. 

An essential difference between Trial 1 and Trial 2 was precipi- 
tation quantity, especially during the year in which fertilizers 

Species 
Yf%X 

N rate 1 2 3 4 Cumulative 
______________________________ (kg ha? --____________________________ 

Basin wildrye 

Beardless wheatgrass 

Crested wbeatg-ass 

Green needlegrass 

Intermediate wheatgrass 
‘GEtXl3f 

Intermediate wheatgrass 
‘Oahe’ 

Pubescent wheatgrass 

Russian wildve 

Thickspike wheatgrass 

Western wheatgrass 

0 
56 

112 
0 

56 
112 

0 
56 

112 
0 

56 
112 

0 
56 

112 
0 

56 
112 

0 
56 

112 
0 

56 
112 

0 
56 

112 
0 

56 

506 a’ 1364a 
592 ab 1498 a 
643b 1758 a 
591 a 
822 a 
791 a 

1370 a 
1267 a 
1280 a 
733 a 
945 b 
982 b 

1099 a 
1120a 
1268 a 
1392 a 
1533 a 
1708 a 
1063 a 
1457 a 
1433 a 
676 a 
694 a 
642a 
824 a 
SlSa 

1011 a 
479 a 
543 a 

1486 a 
1386 a 
1456 a 
2534 a 
3058 ab 
3573 b 
2775 a 
2728 a 
3062a 
2918 a 
3431 b 
3836 c 
2863 a 
3751 b 
4426 b 
2565 a 
3696 b 
3823 b 
2019 a 
2422 b 
2702 b 
2116 a 
2190 a 
2639 b 
1515 a 
1562 a 

.1795 a 
2371 a 
2369 a 

1287 a 
1552 a 
1657 a 

1720 a 
2469 a 
2420 a 
1851 a 
2084 a 
2111 a 
1956 a 
2495 b 
2597 b 
1574 a 
2729 a 
2787 a 
1123 a 
2283 a 
1834 a 
1027 a 
1599 a 
1494 a 
1706 a 
1794 a 
1949 a 
914 a 

1203 a 

1711 a 
2001 a 
1955 a 
119Sa 
1444a 
1436 a 
1355 a 
1645a 
1521 a 
1362 a 
1458 a 
1557 a 
1496 a 
1799 ab 
2003 b 
1515 a 
2130 a 
1962 a 
1306 a 
1639 a 
1283 a 
1064 a 
1265 a 
1267 a 
1816 a 
2019 b 
2410 c 
1632 a 
2203 a 

5376 a 
6462 a 
6725 a 
4562 a 
5204 a 
5341 a 
6979 a 
8439 b 
8793 b 
6720 a 
7215 a 
7713 a 
7469 a 
8844b 
9704 c 
7343 a 

10140 a 
10880 a 

6057 a 
9074 a 
8374 a 

4785 a 
5980 a 
6105 a 
6463 a 
6821 a 
8009 b 

4541 a 
5511 a 

ABP 
ABC 
B 
A 
A 
A 
CD 
BCD 
DE 
CD 
ABC 
C 
D 
CD 
E 
D 
D 
F 
ABCD 
CD 
CD 
AB 
AB 
AB 
BCD 
ABC 
CD 
A 
A 

112 529 a 1611 a 1168 a 1958 a 

1 Yield vaIues folkwed by the same letter witbin a species and column are not different at p = 0.05. 
Cumulative yield values followed by the same capital letter are not different from other species at the same N rate at p = 0.05. 
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Table 4. Dry matter production in Trial 2 for 10 grass species. 

Species N rate 1 

-- 
YE% 

2 3 4 Cumulative 

Basin wildrye 

Beardless wheatgrass 

Crested wheatgrass 

Green needlegrass 

Intermediate wheatgrass 
‘Greenar’ 

Intermediate wheatgrass 
‘Oahe’ 

Pubescent wheatgrass 

Russian wildrye 

Thickspike wheatgrass 

Western wheatgrass 

0 
112 
224 

0 
112 
224 

0 
112 
224 

0 
112 
224 

0 
112 
224 

0 
112 
224 

0 
112 
224 

0 
112 
224 

0 
112 
224 

0 
112 
224 

2080 a’ 
4007 b 
4494 b 

624;- 
950 ab 

1219 b 
1673 a 
3473 b 
4296 b 
2560 a 
6418b 
6835 b 

420 a 
1312b 
1561 b 
1008 a 
1995 a 
4602 b 

1500 a 657 a 
2828 b 1595 b 
3473 c 2060 c 
1840 a 
4851 b 
5145 b 
1771 a 
5064b 
5511 c 
1539 a 
4544 b 
4985 b 
1248 a 
2591 b 
2932 c 

741 a 
lS47 b 
2556 c 

862 a 
1826 ah 
2656 b 

690 a 
1380 b 
2105 c 

1456 a 
3458 b 
4052 b 
1567 a 
3787 b 
4364b 

543 a 
1638 b 
2339 c 

SOS a 
1430 b 
2049 c 
667 a 

1218 a 
1665 a 

310a 
314 a 
269 a 
557 a 
480 a 
SO3 b 
897 a 
951 a 

1255b 
619 a 
827 b 

1033 c 
563 a 
771a 
981b 
859 a 

1017 a 
1353 b 
684 a 
695 a 

1034 b 
617 a 
755 ab 
892 b 

712 a 
989 b 

115oc 
498 a 
661 a 
872 b 

837 a 
1161 a 
SSO a 

1051 a 
1058 a 
1575 b 
1777 a 
1876 a 
2316 a 

959 a 
1087 a 
1472 b 
1377 a 
1463 a 
1606 a 

2129 a 
2346 a 
2165 a 

1165a 
1459 b 
1537 b 
794 a 

1107b 
1288 b 
991 a 

1165a 
1205 a 
911a 

1107b 
1374 c 

3851 a 
6432 b 
6S61 b 

A2 
A 
A 

3701 a 
6323 b 
8235 c 
6242 a 

11240 b 
1500s c 

A 
A 
ABC 
C 
D 
E 

3735 a A 
6337 b A 
8038 c AB 
4521 a 
8932 b 

10288 b 
5620 a 

10303 b 
11655 b 
4078 a 
SO78 b 
9661 c 

AB 
BC 
CD 
BC 
CD 
D 

3202 a 
6091 b 
7451 c 

A 
AB 
BCD 
A 
A 
A 

3967 a A 
7042 b AB 
8456 c ABC 
3642a A 
6773 b A 
8275 c ABC 

’ Sield values followed by the same letter within a species and column are not different at p = 0.05. 
‘Cumulative yield values followed by the same capital letter are not different from other species at the same N rate at p = 0.05. 

were applied. Although there was a significant fertilizer response 
in Trial 1, response was much greater in Trial 2. Broadcast N fer- 
tilizer is susceptible to positional unavailability, and the drier the 
conditions, the greater this potential. 

Studies by Power (1986) and others have shown that excess N 
immobilizes in root biomass for future mineralization and plant 
availability, enters the soil organic fraction through microorgan- 
isms, or remains as mineral N and is not prone to leaching. Since 
less production increase was noted in Trial 1 and little N is lost 
from the system, there is a likelihood that there is a greater N 
reserve after Trial 1 compared to Trial 2. This residual N would 
likely be available in years 5 and 6 producing a N response for 
some species had the experiment been continued. 

Relative N Response by Species 
Variation in yield was observed between species. In Trial 1,56 

kg N ha-’ significantly increased Cyear cumulative forage yields 
over check in 2 out of 10 species (p = 0.05, Table 3). With 112 kg 
N ha”, cumulative forage yields for 3 out of 10 species showed a 
response over the check. The 112 kg N ha-’ application increased 
forage production over the 56 kg N ha-’ application for only 1 out 
of 10 species. In Trial 2, 112 and 224 kg N ha” significantly 
increased 4-year cumulative forage yields over check in all 10 
species (p = 0.05, Table 4). In comparing the 112 kg N ha-’ to the 
224 kg N ha-’ application, 7 out of 10 species had increased for- 
age production with increased N. 
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Relative rankings of the 10 species show some consistency 
from trial to trial, both with and without N fertilization. The 
grasses producing greatest amounts of dry matter were ‘Oahe’ 
and ‘Greenar’ intermediate wheatgrasses, crested wheatgrass and 
pubescent wheatgrass (Tables 3 and 4). The other 6 grasses had 
smaller responses to N, in particular, beardless wheatgrass and 
green needlegrass, which had consistently small N responses. 
These responses agree with relative production levels found by 
Kilcher (1958), and Power (1985), with the exception that Power 
found relatively smaller yields with crested wheatgrass and green 
needlegrass, and greater yields with western wheatgrass. 

A brief economic analysis was conducted using current values 
($230 per metric ton N and $45 per metric ton hay). A cumulative 
production increase of 622, 1,244 and 2,485 kg ha-’ is needed to 
offset just the fertilizer cost of 56, 112, and 224 kg N ha’, respec- 
tively. In Trial I,56 kg N ha-’ produced this minimal level in 8 of 
10 species, with pubescent wheatgrass returning the most hay per 
fertilizer dollar, and thickspike wheatgrass the least. At 112 kg N 
ha-‘, 7 of 10 species produced more than the economic break even 
point, with ‘O‘ahe’ intermediate wheatgrass the most economical 
and western wheatgrass the least. In Trial 2, all 10 species at both 
fertilization levels produced economic responses, with crested 
wheatgrass producing the most hay per fertilizer dollar and basin 
wildrye the least at both N levels. 

--- - ---- ~- - .._ -.-. -. _. -- 



Table 5. Cumulative fertilizer and precipitation use efficiency for 10 grass species over 4 years. 

Species 

Basin wildrye 

NRilte 
---(kg:ha-I)--- 

56 

Fertilizer use efficiencv 
Trial 1 Trial 2 

______ @ggrasskgN’) ______ 

19.4 

Precioitntinn use efficiencv 
Trial 1 Trial 2’ 

Beardless wheatgrass 

Crested wheatgrass 

Green needlegrass 

Intcuncdiate wheatgrass 
‘Greenar’ 

Intermediate wheatgrass 
‘Oahe’ 

Pubescent wheatgrass 

Russian wildrye 

Thickspike wheatgrass 

Western wheatgrass 

Average 

112 
224 

0 
56 

112 
224 

0 
56 

12.0 23.1 
13.4 

4.52 5.03 
5.36 
2.89 

4.94 
6.43 
4.88 

11.5 
7.0 23.4 

20.2 
4.69 
5.68 
5.91 

26.1 
16.2 112 

224 
44.6 
39.1 

8.78 
11.7 
2.92 

4.95 
6.28 
3.53 

6.98 
8.04 
4.39 

0 
56 

112 
224 

0 
56 

112 
224 

0 
56 

112 
224 

0 
56 

112 
224 

0 
56 

112 
224 

5: 
112 
224 

0 
56 

112 
224 

0 
56 

112 

4.52 
4.85 
5.19 

8.8 
8.9 23.2 

19.2 
5.02 
5.95 
6.53 

24.6 
20.0 39.4 

25.8 
4.94 
6.82 
7.32 

49.9 
31.6 41.8 

27.1 
8.05 
9.13 
3.19 

6.31 
7.55 
2.50 

4.76 
5.82 
3.10 

4.07 
6.10 
5.63 

53.9 
20.7 35.7 

24.9 
3.22 
4.02 
4.11 

21.3 
11.8 25.8 

19.0 
4.35 
4.59 
5.39 

6.4 
13.7 27.5 

3.05 
3.71 
3.54 

17.3 
6.5 28.0 

20.7 
4.06 
4.96 
5.17 

23.9 
14.8 31.2 

Fertilizer Use Effkiency 
From data on fertilizer rate and grass production greater than 

check, a fertilizer use efficiency (FUE) was calculated as kg 
cumulative dry matter per kg applied N (Table 5). In Trial 1, 56 
kg N ha-’ was more efficient than 112 kg N ha*’ for 8 out of 10 
species. Pubescent wheatgrass and ‘Oahe’ intermediate wheat- 
grass produced the most forage per kg applied N with 56 kg N 
ha-’ (53.9 and 49.9 kg kg N’), while thickspike wheatgrass and 
green needlegrass produced the least (6.4 and 8.8 kg kg N’). At 
112 kg N ha-‘, ‘Oahe’ intermediate wheatgrass, pubescent wheat- 
grass, and ‘Greenar’ intermediate wheatgrass had the greatest 
FUE (3 1.6.20.7, and 20.0 kg kg N’, respectively), while western 
wheatgrass, and beardless wheatgrass had the least FUE (6.5 and 
7.0 kg kg N’). 

In Trial 2, 112 kg N ha’ produced a more efficient response 
than 224 kg N ha-‘, for all species. At 112 kg N ha”, crested 

wheatgrass and ‘Oahe’ intermediate wheatgrass had the greatest 
fertilizer use efficiency (FUE) (44.6 and 41.8 kg kg N”). Basin 
wildrye, green needlegrass and beardless wheatgrass had the 
smallest FUE (23.1, 23.2, and 23.4 kg kg N’). At the 224 kg N 
ha-’ rate, basin wildrye had the least FUE with 13.4 kg kg N”, 
while crested wheatgrass had the greatest at 39.1 kg kg N”. 

In both trials, an increased fertilizer rate resulted in decreased 
efficiency, consistent with Wight (1976). McGinnies (1968) had 
similar findings for annual applications of N to old stands of 
crested wheatgrass [Agropyron desertorum (Fisch. ex Link) 
Schult.], but when a single N application was made, maximum 
efficiency was reached at 67 to 112 kg N ha-‘, with decreased 
efficiency at larger and smaller rates. The fertilizer use efficiency 
decrease with larger N rates is partly explained by limited water. 
It is more likely for the N to be used at smaller fertilization rates 
than at greater rates, in a given season. With larger N applica- 
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tions, all the available water will be used before all the N has 
contributed to growth. Another factor is that greater soil N levels 
contribute to higher N content in grass tissue. Reductions in effr- 
ciencies with smaller N applications were not seen in this study, 
but McGinnies (1968) tested smaller N rates, and found that over 
several years, very little fertilizer response was seen. The grasses 
of Trial 2 converted applied N to dry matter 1.3 to 4.3 times more 
efficiently than in Trial 1, apparently related to the improved 
growing conditions, and indicates that different results can occur 
due to variation in precipitation. Growing conditions during the 
year of application is particularly critical. In drier years, less fer- 
tilizer N is utilized and more is immobilized in grass roots and 
soil organic matter. This immobilized N is only slowly available 
over the following years. 

Precipitation Use Effkiency 
Precipitation use efficiency (PUE) can also be used to evaluate 

N response of grass species in different environments. A PLE 
was calculated for each trial from cumulative dry matter produc- 
tion divided by mm of precipitation from 1 October after planting 
through 30 September of the last sample year. 

One reason Trial 1 and Trial 2 had different yields was due to 
different precipitation patterns during the 2 periods. Because 
cumulative available water was constant within each trial, PUE 
within a trial points out the same numerical relationships that are 
present in dry matter response. Nevertheless, like Power (1980) 
and Wight and Black (1972), this study showed increasing PUE 
with increasing fertilizer rates. Grasses with increased production 
had better PUJZ levels. A reasonable linear response was found 
between N rate and PUE for Trial 1 (r = 0.41, p = 0.05) and Trial 
2 (r = 0.76, p = 0.01). Despite differing climatic responses to 
applied N, we found a good linear relationship with both trials 
(PUB = 0.016 N-rate + 3.79, r = 0.71, p = 0.01). 

Conclusion 

Dryland grass production can be increased by N fertilization. 
Applied N was used more effectively by grasses when the grow- 
ing season was more conducive to growth. However, during par- 
ticularly dry seasons, much of the fertilizer N does not result in 
increased yield, but according to the literature, and supported by 
this study, remains unused mainly as organic N in the root system 
and soil for subsequent years. This one time application of N 
could have also enhanced the vigor of the grasses by drastically 
increasing root growth and storage of N in roots, thereby increas- 
ing potentially mineralizable N in the soil and increasing produc- 
tion through at least the following 4 years (Smith and Power 
1985, Power 1986). Different grasses have differing yield poten- 
tials and response potential to N fertilization, as well as other 
growth and forage quality characteristics. This study found crest- 
ed wheatgrass, ‘Greenar’ and ‘Oahe’ intermediate wheatgrasses 
and pubescent wheatgrass to consistently rank above 6 other 
grasses in our trials under different environmental cycles. 
Economically, these grasses are most likely to give increased hay 
value for every fertilizer dollar invested. 

Literature Cited 

Black, A.L. 1968. Nitrogen and phosphorus fertilization for production 
of crested wheatgrass and native grass in northeastern Montana. Agron 
J. 60:213-216. 

Caprio, J.M., D.I. Cooksey, J.S. Jacobsen, G.A. Nielsen, and R.R. 
Rocha 1994. MAPS Atlas-A land and climate information system. 
EB125. Montana State Univ., Bozeman. 

Daugherty, A.B. 1991. Major uses of land in the United States: 1987. 
U.S. Dept. Ag. Economic Research Service. Agr. Econ. Rep. Number 
643. 

Johnston, A., S. Smoliak, A.D. Smith and L.E. Lutwick. 1969. 
Seasonal precipitation, evaporation, soil moisture, and yield of fertil- 
ized range vegetation. Can. J. Plant Sci. 49:123-128. 

R&her, M.R. 1958. Fertilizer effects on hay production of three culti- 
vated grasses in southern Saskatchewan. J. Range Manage. 
11:231-234. 

Lutwick, L.E. and A.D. Smith. 1979. Yield and N uptake by seven 
perennial grass species as affected by high rates of N fertilizer. J. 
Range Manage. 32~433436. 

Mason, J.L. and J.E. Miltimore. 1972. Ten year yield response of 
beardless wheatgrass from a single nitrogen application. J. Range 
Manage. 22269-272. 

McGinnies, W.J. 1968. Effects of nitrogen fertilization on an old stand 
of crested wheatgrass. Agron. J. 60~560-562. 

Power, J.F. 1980. Response of semiarid grassland sites to nitrogen fertil- 
ization: I. Plant growth and water use. Soil Sci. Sot. Amer. J. 44: 
545-550. 

Power, J.F. 1985. Nitrogen- and water-use efficiency of several cool- 
season grasses receiving ammonium nitrate for 9 years. Agron. J. 
77:189-192. 

Power, J.F. 1986. Nitrogen cycling in seven cool-season perennial grass 
species. Agron. J. 78:681-687. 

Power, J.F. and J. Ale&. 1971. Nitrogen fertilization of semiarid grass- 
lands: Plant growth and soil mineral N levels. Agron. J. 63:277-280. 

Read, D.W.L. and G.E. Winkleman. 1982. Residual effects of nitrogen 
and phosphorus fertilizer on crested wheatgrass under semiarid condi- 
tions. Can. J. Plant Sci. 62~415425. 

Smith, S.J. and J.F. Power. 1985. Residual forms of fertilizer nitrogen 
in a grassland soil. Soil Sci. 140:362-367. 

Snedecor, G.W. and W.G. Cochran. 1980. Statistical Methods. Iowa 
State Univ. Press. 507 p. 

Wight, J.R. 1976. Range fertilization in the Northern Great Plains. J. 
RangeManage. 29:180-185. 

Wight, J.R. and A.L. Black. 1972. Energy fixation and precipitation-use 
efficiency in a fertilized rangeland ecosystem of the Northern Great 
Plains. J. Range Manage. 25:376-380. 

‘Night, J.R. and A.L. Black. 1979. Range fertilization: Plant response 
and water use. J. Range Manage. 32345-349. 

JOURNAL OF RANGE MANAGEMENT 49(4), July 1996 345 



J. Range Manage. 
49346-349 

Germination response of Russian wildrye to varia- 
tions in seed mass at fluctuating temperatures 

W. ERIC LIMBACH AND C.A. CALL 

Authors are with the Department of Biological Sciences, Idaho State University, Pocatello. Ida. 83209; and the 
Department of Range Science, Utah Stafe University, Logan. Utah 84322. At the time of the research, Limbach was 
research assistant, Department of Range Science, Utah State University. 

Abstract 

The effects of seed mass and fluctuating temperatures on the ger- 
mination and heterotrophic seedling development of 3 seed sources 
of Russian wildrye, Psathyrostachysjuncea (J?iih.) New& were 
studied, Seeds that weighed 2.4,3.0,3.6, and 43 5 0.1 mg of each 
seed source were germinated in an unlighted incubation chamber 
at 5-100 C, S-E0 C, lO-15O C, and 10-200 C. Germination and het- 
erotrophic seedlings development were assessed using: 1) mean 
time to germinate Cr,), 2) the mean proportion of seeds to germi- 
nate (G) and 3) mean maximum radicle and coleoptile extension. 
Data were analyzed using a 4 X 4 X 3 factorial analysis of variance 
(n=144) comprised of main effects, temperature (T), seed mass (M), 
and seed source (S). Tie to germ-h&ion was significantly affected 
by T @‘=647.44, P<O.ooOl), S (F=28.29, PC 0.0001) and the T X S 
(F=4.71, P<O.O003) and S X M (Ft2.21, PcO.0489) interactions. The 
mean maximum proportion of seeds to germinate was significantly 
affected by T (F=13.63, PC O.OOOl), S @‘=10.53, P<O.OOOl), M 
(F=8.11, P~O.0001) and the T X M interaction (F=2.21, PcO.0276). 
Radicle extension was significantly affected by T (F=21.94, 
P<O.OOOl), S (F=14.29, P<O.OOOl), M (F=12.70, P<O.OOOl), 
and the T X S (F=13.69, P<O.OOOl) interaction. Coleoptile exten- 
sion was significantly affected by T (F= 810.24, P < O.OOOl), S 
(F=68.83, PC O.OOOl), M (F=56.00, P<O.OOOl), and the T X M 
@=3.84, PcO.0003) interaction. Apparently, Syn-A seeds germinate 
more vigorously and have longer c&opt&s than Vii but appar- 
ent differences remain confounded between seed sources since the 
effects of seed age and maternal environment cannot be elimiited 
from the study. 

Key Words: coleoptile development, cumulative germination, 
Psuthyrosrachysjuncea, radicle development, seed size 

Russian wildrye, Psarhyrosruchys juncea @sch.) Nevski, is an 
Eurasian bunchgrass well adapted to grazing use on the Great 
Plains and the Intermountain West of North America. Russian 
wildrye begins growth early in the spring (Smoliak and Johnson 
1980), is drought hardy (Currie and White 1982, Asay and 
Johnson 1980) and can persist under fairly high grazing intensi- 
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ties (Laude and Fox 1982, Asay et al. 19SS). In the cold desert 
shrub steppe, however, it is more difficult to establish than crest- 
ed wheatgrass, Agropyron crisrurum (Gaetm), another bunchgrass 
native to Eurasia (Drawe et al. 1975, Asay and Johnson 1980). 

In studies with Russian wildrye seed mass (size) has been cor- 
related with seedling vigor (McKell 1972) as expressed by 
seedling emergence (Asay and Johnson 1980, Berdahl and Barker 
1984, Limbach and Call 1995a) and seedling establishment in the 
field (Kittock and Patterson 1962, Limbach and Call 1995b). 
Heavy seed mass has been correlated with seedling vigor of other 
grass species such as bluebunch wheatgrass (Pseudoroegneria 
spicatu L&e , var inerme), intermediate wheatgrass (A. inrer- 
medium (Host) Beauv.), sand wheatgrass (A. psammophilum 
Gillett and Senn) blue grama (Borrreloua gmcih3 (H.B.K.) Lag. 
ex Steud.), and sheep fescue (Fesrucu ovinn L.) (Kittock and 
Patterson 1962, Hunt and Miller 1965, Carren et al. 1987, Zhang 
and Maun 1990). 

The seed source “Syn-A”, a germplasm of Russian wildrye, 
Psurhyrosruchysjuncea Fisch. (Nevski), establishes more success 
fully than Vinall Russian wildrye in field trials (personal commu- 
nication, Kay Asay, USDA-ARS, Logan, Utah). The success of 
Syn-A in the field may be due, in part, to greater mean seed mass 
and to other, undefined, genotypic characteristics. The seed 
source Syn-A was selected, in part, for seed “size” (mass). 

Materials and Methods 

Cumulative germination and heterotrophic development 
The 3 seed sources of Russian wildrye were: 1. “Vinall” pro- 

duced in North Dakota in 1985 (VNS5), 2. “Vinall” produced in 
Montana in 1986 (VNS6). and 3. Syn-A, produced in Utah in 
1987 (SAS7). The seed source Syn-A is an unregistered synthetic 
hybrid developed by grass breeders at the USDA-ARS, Logan, 
Utah. At the time of this investigation (June-September 198S), 
seeds had been stored for less than 3 year, 2 year, and 1 year, 
respectively. 

One thousand randomly selected seeds (caryopses with lemmas 
and paleas) of each seed source were weighed to the nearest 0.1 
mg. The seed-mass distribution of each seed source was analyzed 
for mean seed mass, standard deviation, skewness, kurtosis, and 
departures from normality. Subsequently, 4 seed mass classes of 
2.4,3.0,3.6, and 4.2 r 0.1 mg were chosen for further analysis of 
seed-mass effects. This range of seed masses accounted for 84% 
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of VN85 seeds, 83% of VN86 seeds, and 84% of SA87 seeds. 
Seed moisture contents varied from 8-13%. 

Seeds were surface sterilized in a 0.5% sodium hypochlorite 
solution and rinsed in sterile distilled water. Sterilized seeds were 
placed in g-cm petri dishes that were lined with Whatman No. 1 
filter paper, wrapped in transparent plastic film to limit evapora- 
tion and moistened daily. Each dish contained 12 seeds of a sin- 
gle source and 0.1 mg seed mass. Thus, 1296 seeds were moni- 
tored at each temperature regime. 

Seeds were germinated in an unlighted biological incubator 
under alternating-constant temperature regimes of 5-10’ C, 
5-15” C, 10-15” C, or 10-20 f 0.5” C (12 hours-12 hours). 
These 4 temperature regimes bracket temperatures that seeds are 
likely to experience during spring germination in the 
Inter-mountain Region. Mean time to germination was calculated 
for each petri dish. A seed was considered to have initiated ger- 
mination when its radicle protruded beyond the lemma-palea 
envelope by at least 0.2 mm. Radicle and coleoptile lengths were 
measured daily to the nearest 0.5 mm using an ocular micrometer 
until coleoptiles were pierced by the first leaf, at which time the 
maximum lengths were recorded and the seedling discarded. 
Radicle lengths always reached maximum before coleoptile 
lengths. Germination and seedling development were monitored 
under a green safelight (Hubert and Funke 1937). Length of these 
investigations varied from about 2 weeks at the warmer tempera- 
tures to about 4 weeks at the cooler temperatures. 

Statistical Analyses: 
The mean time to germination (Tr), the mean maximum pro- 

portion of seeds to germinate (G), using arc-sine transformed val- 
ues and mean maximum radicle and coleoptile lengths were ana- 
lyzed using analysis of variance (SAS Institute 1985) with 4 seed 
mass classes, 4 temperature regimes, 3 seed sources and 3 repli- 
cates (n=144). Multiple mean comparisons were made using 
Tukey’s studentized range test (Zar 1984). Residuals were plotted 
and tested for normality using the Shapiro-Wilk statistic (Shapiro 
and Wii 1965). 

la lb 
7.0 

6.0 

5.0 

T 
1 4.0 

3.0 

i 
4.4 

4.3 

4.2 

4.1 

4.0 2.0 

Results 

Seed mass frequency distributions appeared fairly normal for 
all three seed sources. Seed source SA87 had a seed mass dis- 
tribution, however, that was more positively skewed y1 = 
0.457) and leptokurtotic (y2 = 1.853) than either VN85 (y, = 
0.077, g2 = - 0.335) or VN86 (yr = 0.032, y2 = -0.135). Seed 
source SA87 had a significantly greater mean seed mass (3.6 
mg f 0.03 mg) than VN85 (2.9 mg + 0.02 mg) or VN86 (3.0 
mg f 0.03 mg) (PcO.0001). Mean seed masses for the 2 Vinall 
seed sources were not significantly different. 

Mean time to germination was significantly influenced by tem- 
perature (T) (pcO.0001) and seed source (S) (pcO.0001) as well 
as the T X S (p<O.O003) and S X M (p<O.O5) interactions. The 
effect of seed mass @I), however, was not significant (P=O.3). 
Mean time to germination across seed sources and mass classes 
was inversely related to temperature (Fig. la) and seed mass (Pig. 
lb). Seed source SA87 had a significantly shorter Tr than VN85 
and VN86 (Fig. lc). Sources VN85 and VN86 were not signifi- 
cantly different for mean to germination. 

Mean germination (G) was significantly effected by tempera- 
ture (PcO.OOOl), seed source (PcO.O004), and seed mass (PC 
0.0002) though none of the higher order interactions were signifi- 
cant. Mean germination in the 5-10’ C regime was significantly 
different than mean germination at warmer temperatures (Fig. 
2a). Mean germination increased with seed mass (Fig. 2b) with 
only 2.4 mg and 4.2 mg seed classes showing significant mean 
separations. Seed source SA87 had significantly greater mean 
germination than VN85 or VN86 (Fig. 2~); values of G of VN85 
and VN86 were not significantly different. The significant T X M 
interaction for mean germination showed that there were different 
temperature optima for light (2.4-3.0 mg) and heavy (3.6-4.2 
mg) seeds (Fig. 3a). 

Mean maximum radicle lengths were significantly affected by tem- 
perature (Pc0.0001), seed source (p<O.OCQl), seed mass (p<O.OOOl) 
and the T X S interaction (PcO.0001). Radicle lengths at 10-15” C 
were significantly greater than at the other temperature regimes (Pig. 
4a) tended to increase with increases in seed mass class (Fig. 4b), and 

IC 

4.8 

4.4 

4.0 

3.6 

T 
0.0 - 0.0 - 0.0 t I I 1 I 

5-10 10-20 2.4 3.0 3.6 4.2 VNa5 VNa6 SAa7 

5-15 15-20 

Temperature Regime (“C) Seed Mass Class (mg) Seed Source 

Fig. 1. The response of mean time to germination (Tl) of dark- germinated seeds of Russian wildrye to variations in temperature regime (la), 
seed mass class (lb) and seed source (1~). Vertical bars represent f 1 standard error. 
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Fig. 2. The response of the mean germination (G) of Russian wildrye seeds to variations in temperature regime (2a), seed mass class (2b) and 
seed source (2~). Vertical bars represent + 1 standard error. 

were significantly greater for SA87 and VNS5 than for VNS6 (Fig. 
44. 

Mean maximum coleoptile lengths were significantly affected 
by temperature (PcO.OOOl), seed mass (PcO.OOOl), seed source 
(P<O.OOOl) and the T X M interaction (PcO.0003). Coleoptile 
lengths increased at warmer temperature regimes (Fig. 4a) and 
seed mass classes (Fig. 4b). Seed source SA87 had a significantly 
longer mean coleoptile length than either VN85 or VN86 (Fig. 
4c). Sources VN85 and VNS6 were not significantly different for 
coleoptile length. Coleoptiles of heavy seeds (4.2 mg) grew 
longer than coleoptiles of lighter seeds (2.4, 3.0, 3.6 mg) in the 
warmer temperature regimes (Pig. 3b). 

A small percentage (3.0 to 7.2%) of seeds failed to germinate. A 
Chi-square test of independence for seed fake between seed mass 
class and temperature regime was not significant (P = 0.3 126), thus, 

30 
1.0 r 

o.oT----J- 
5-10 10-15 

5-15 10-20 

seed failure was independent of the effects of seed mass or temper- 
ature regime. Subsequently, failed seeds were determined as dor- 
mant or non-viable using the tetrazolium test (Pi&Sevilla 1987). 
Dormant seed percentages ranged from 0.2 to 1.9% across seed 
mass classes and temperature regimes. A W-square test of inde- 
pendence for seed dormancy behveen seed mass and temperature 
regime was not significant (P = 0.7360), thus, seed dormancy was 
also independent of the effects of seed mass and temperature 
regime. 

Discussion 

In this study, the effects of seed mass (size) on germination and 
heterotrophic seedling development of Russian wildrye confirm 
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Fig. 3. The responses of the mean germination (3a) and mean matium coleoptile length (3b) of dark-germinated Russian wildrye seeds to 
the interaction of temperature regime and seed mass class (0 = 2.4 mg, 0 = 3.0 mg, V = 3.6 mg, v = 4.2 mg). Vertical bars represent + 1 
standard error. 
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Fig. 4. The responses of radicle and coleoptile growth (mean maximum lengths) of dark-germinated seeds of Russian wildrye to variations in 
temperature regime (4a), seed mass class (4b) and seed source (4c) (0 = radicle, 0 = coleoptile). Note different scales on y-axes. VerticaI 
bars represent i 1 standard error. 

the results of other authors on the response of seed germination 
and seedling emergence to seed size (Kittock and Patterson 1962, 
Hunt and Miller 1965, Asay and Johnson 1980, Berdahl and 
Barker 1984, Carren et al. 1987, Zhang and Maun 1990, Limbach 
and Call 1995a). Heavy seeds had greater proportion of seeds to 
germinate, and longer radicles and coleoptiles than light seeds. 
Longer seminal roots and coleoptiles should favor early seedling 
development in these seedlings. Radicle lengths did not increase 
with seed masses beyond 3.0 mg while coleoptile lengths 
increased significantly over the entire seed mass range from 2.4 
to 4.2 mg. 

Germination and heterotrophic seedling development pre- 
dictably increased with temperature. Germination rate (expressed 
as a decrease in T,) and coleoptile lengths increased in the 
warmer temperature regimes. Maximum germination percentage 
and maximum radicle extension, however, were at 10-W C and 
not in the 10-20” C regime. 

The seed source Syn-A displayed more vigorous germination 
and seedling developmental characteristics than Vinall though the 
observed differences may be due to other factors not tested here, 
such as maternal environment or effects of seed age. Mean time 
to germination for Syn-A was shorter than for Vinall and this 
effect was most pronounced at the coolest (5-10” C) temperature 
regime. The seed source Syn-A also had a greater germination 
percentage and longer coleoptiles than Vinall seedlings. Thus, 
this seed lot of Syn-A could be expected to emerge earlier, in 
greater numbers, and from deeper planting depths than the Vinall 
seed sources. 

The confounding effects of seed age and maternal environment 
cannot be separated from the effects of seed source on germina- 
tion and heterotrophic seedling development in this study. The 
negative slope in mean time to germination (Fig. lc) could be due 
to younger seeds germinating more rapidly than older seeds but 
the trend could also be due to differences in maternal environ- 
ments. The trends among seed sources for mean germination 
(Fig. 2c) and root and shoot extension (Fig. 4c), however, might 
be better related to maternal environment than to seed age. 
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Abstract 

Plants with various shoot and root combinations of Cowania 
mexicana var. stansburiana (Torr.) Jeps. (cliffrose), Purshia 
glandulosa Curran (desert bitterbrush), and Purshia tridentata 
(Pursb) DC. (antelope bitterbrush) were relatively easy to pro- 
duce by grafting. The foreign roots or shoots in multi-shoot or 
multi-root systems were not as vigorous as the original scion or 
rootstock. With time the original scion or rootstock became dom- 
inant and the foreign portions usually senesced. If growth of the 
origbml scion or rootstock was restricted by pruning or removal, 
satisfactory growth for both shoot or root types occurred. 
Manipulating grafted systems where FaZZugia paradoxa, (D. Don) 
Endl., Apache plume, (a non-nodulating genus) is combined with 
any of the above 3 nodulating species was much more difficult. 
Graft incompatibility occurred in most intergeneric FaZZugia sys- 
tems, but some combinations survived for several years. A large 
quantity of nodules was produced on 1 very sparsely rooted P. 
trhientata scion attached to a FaIlugk rootstock. Apparently, the 
plant derived much of its nitrogen from Purshia nodules, and the 
majority of its other nutrients and water from the Fallugia roots. 

Key Words: nitrogen faation, micrografting, Cowaniu mexicana, 
Fallugia paradoxa, Purshiu glandulosa, Purshia tridentatu 

Cowania me.xicana var. stansburiana (Torr.) Jeps, Fallugia 
paradoxa (D. Don) Endl., Purshia glandulosa Cunan and P. tri- 
dentara (Pursb) DC. are important browse shrubs (Stubbendieck 
et d. 1992). Purshia and Cowania are useful for revegetating dis- 
turbed areas (?&Arthur et al. 1974). A nitrogen fixing symbiosis 
with the Actinomycete, Frankia (Webster et al. 1967, Bond 1976, 
Rigbetti and Munns 1980) promotes plant growth in nitrogen 
poor soils (Guinta et al. 1978). 

Purshia glandulosa, P. tridentata and C. mexicana exhibit vari- 
ability in growth, habit, incidence of nodulation and palatability 
(Nord 1965, Stutz 1972, Nelson 1983, Rigbetti et al. 1983). 
Natural hybridization between Cowania and Purshia is common 
(Stutz and Thomas 1964) and artificial crosses have been suc- 
cessful (Blauer et al. 1975). Rich variability and genetic compati- 
bility suggests plant improvement (Stutz 1972, Monsen and 
Davis 1985) could be fruitful. Grafting to produce various root- 
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stock-scion combinations may help determine whether variable 
characteristics are due to root or whole plant effects (Westwood 
1978, Roberts and Westwood 1976). In vitro grafting has pro- 
duced various rootstock scion combinations of Purshia, Cowania, 
and Fallugia (Kyle et al. 1986, Kyle and Rigbetti 1988). 

Roots and shoots interact in regard to nodulation and nitrogen 
fixation (Dawson and Gordon 1979, Lawn et al. 1974, Delves et 
al. 1986, Miller et al. 1987). It may be possible to better under- 
stand the nitrogen fixing process in rosaceous shrubs by utilizing 
grafted systems. The goal of this research was to establish the 
feasibility of producing grafted systems with more than one 
species of shoots and roots. 

Material and Methods 

Shoots were proliferated on a media previously described (Kyle 
and Rigbetti 1988) except that benzyladenine was reduced to 1 
mg liter-’ and tissue culture agar was reduced to 7 g liter-‘. The 
rootstocks were prepared from aseptically germinated seedlings. 
Dormancy in Cowania and Purshia seeds required pretreatment 
to allow consistent germination. Pretreatment consisted of soak- 
ing seeds overnight in constantly stirred distilled water. Nicking 
seed coats prior to surface sterilization also assisted in overcom- 
ing dormancy. Dormancy did not occur in Fallugia. All seeds 
were surface sterilized then placed on germination medium as 
previously described (Kyle et al. 1986) except that 258 mg liter-’ 
CaS04 - 2H20 was used as a calcium source. 

Grafting was performed under aseptic conditions using a dis- 
secting microscope. A seedling 50-100 mm long was decapitated 
leaving ca. 1 cm of bypocotyl above the root. A 2-3-mm-deep 
cleft was cut in the bypocotyl. The scion consisted of tissue iso- 
lated from shoots proliferated in vitro. Since we were not con- 
cerned with virus transmission, a large scion consisting of the 
apical l-5 mm was used to increase the survival rate. The scion 
was inserted into the cleft in the bypocotyl, and the plant was 
then inserted into a modified Heller (1949) support in a 25 X 150- 
mm test tube that allowed the roots to be viewed. 

Grafted plants were transferred to soil as previously described 
(Kyle and Rigbetti 1988). The total number of grafted systems 
and percent survival l-year after grafting are.presented elsewhere 
(Kyle and Rigbetti 1988). Grafts were continually produced over 
a 2-year period. In addition to the grafted systems previously 
described (Kyle and Rigbetti 19SS), 17 additional P. tridentata 
scions on F. paradoxa rootstocks were produced for this study. 
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Grafted systems surviving more than 1 year were transplanted 7O’C. Subsamples of dried tissues were ground in a roller grinder 
into 1 kg of a 1:l soil:vermiculite mix in the greenhouse. Similar (Smith and Mynng 1990) prior to determining N concentration 
size seedlings of all 4 species were transplanted into the mix at using a Europa Scientific Stable Isotope Analyser. Similar 
the same time to serve as controls. Since pure cultures of Frankia evaluations were made on ungrafted seedlings of the same age. 
that produce nodules on msaceous shmbs we not available, soil 
in the soilxermiculite mix was from several locations known to 
produce n&dated seedlings. After at least 18 months of growth Results and Discussion 

in the soilxenniculite mix, treatments to produce grafted systems 
with shoots or roots of mm-e than 1 species began. It is possible to produce plants with roots of 2 different species 

Scions were brought into contact with soil to induce rooting. and shoots of 2 different species. Some examples are discussed 
Either the shoot was bent down to contact the soil, or soil Was below. Approximately 7% of grafted systems with Purrhia or 
held around the shoot in a small plastic container. An example is Cow&a rootstock produced rootstock sprouts when the scion 
the P. tridenturn scion, F. paradox rootstock system shown in was vigorously pruned. When a scion of any of the 4 species was 
Fig. 5. After pruning to remove 213 of its growth, a container ~~~~nded with soil, rooting occurred within 3 months in 75% of 
(200 d) of soil known to produce nodules on other systemS W2.S the meting attempts. In Fig. 1 and 2 a plant with a P. glandulosn 
fixed around 1 branch of the P. tridentat” scion. Rootstocks of scion ad C. mexicana m& sprouted from the rootstock, forming 
grafted plants were forced to sprout through vigorous pmning Of zt plant with both Cownnia and Purshia shoots on a Cowonio 
their scions. mot. Shoots were pruned to maintain similar biomassa of the 2 

After 9 months of g10ti in the soilxermiculire mix, no nod- species. The Purshin scion was then rooted, producing a plant 
ules were produced on any Fallugia roots, while all grafted sys- with foreign roots and shoots introduced on another genus (Fig. 1 
terns with Purshia and Cowania rootstocks and all Purshia and and 2). 
Cowania seedlings were well n&dated. Thereafter regular addi- In Fig. 3, a P. tridentam scion on a P. glanhrlosa rootstock 
tions of N, in the form of 3 mmoles NH4N03/pot every 6 months, rooted to produce a plant with roots of 2 species. Both roots 
were made to supply enough N to maintain plant systems with ncdulated, demonstrating that it is possible for foreign roots and 
Fdugia rootstock. Follugia seedlings growing in the mix were nodules to be associated with a different species. In experimental 
treated similarly. During the last year of observation, Fallugia- systems involving multiple scions or rootstocks, shoot and mot 
rooted systems and Faffugia seedlings received no fertilizer. pruning can be used to produce plants with whichever dominant 
Grafted systems with Purshia and Cowanin rootstocks and all scion or rootstock is desired. 
Purshia and Cowania seedlings were grown in the soil mix with- It is relatively easy to produce systems with shoots and roots of 
out N additions. more than 1 species for various C. mexicana, P. glandulosa, and 

Plants were harvested behveen 6 months and 1 year after the p. tridcnrata combinations. Since all 3 of these closely related 
root- or shoot-inducing treatments were initiated. Plants were dis- species nodulate, it is not surprising that foreign nodules can 
sected, and the dry weights of nodules, roots, and shoots of each occur. Cowanin mexicana has been treated as a species of 
species were measured. When soil in a small container surmund- 
ing the scion of ncdulating species produced nodules on an other- 
wise non-n&dated system, more extensive dissection was initi- 
ated. Leaf and twig samples from branches originating above and 
below the n&dated portion of the scion were collected. 

All plant tissues were dried in a tunnel dryer for 48 hours at 

Fig. 1. Punhia glsndulosa scion on Cowania mexicana rootstock Fig. 2. The same plant as in Fig. 1, showing ,ts and shoots of both 
with a C. mexicana sprout. The P. gland&so scion has been bent spcies. The small PunLiz? ghndulosa roots atp marked witb an 
and h in contact with the soil. arrow. 

Abbreviations: Cm = Cmvania mexizana, Pg = Punhia gkzndulosa Abbreviations: Cm - Cowanin mexicnna, Pg - Alrshirr gland&sa 
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Fig. 3. Purshio fridenla@ scion on P. gLzmiukwa rootstock. Scion has 
rooted. Arrows indicate nodules 
Abbreviations: Pg = Purshia ghmdulma, Pt - Punhia timma 

Purshia (i.e., P. mexicamz) (Welsh et al. 1987). thus it is obvious- 
ly closely related to the other Purshia species. In previous studies 
Kyle and Righetti (1988). found nodules present on the rootstock 
from a different species than the scion reduced acetylene at a rate 
comparable to nod&ted non-grafted seedlings. 

The foreign mats or shoots in these multi-shoot or multi-root 
systems ate never as vigorous as the original scion or rootstock. 
In long-term experiments (6 months-l year), foreign material 
usually senesces as growth is dominated by the original rootstock 
cu scion. However, if growth of the original scion or rootstock is 
restricted by pruning, appmximately equal growth for bath shoot 
types or rod types can be maintained. It is not clear if a foreign 
nod&ted root will continue to receive plant resources if the rest 
of the grafted system is uninoculated, nitrogen deficient, and 
witbout nodules. 

Manipulating grafted systems where F. paradoxa is combined 
with any of the other 3 species is much more difficult. A total of 
761 grafts of all possible graft combinations of F. Pamdoxa, C. 
mexicana, P. glandulosa, and P. rridentata were performed. To 
date, P. widenma scions on F. paradoxa rootstocks were the 
only combination to sutive for over 18 months. Most Fallugia 
systems fail after plants become dormant during their first winter 
season and do not resume new growth in spring. It may be possi- 
ble to overcome tbis seasonal quiescence using growth chambers. 
Recent experience suggests that Fallugia hetemgrafts become 
quiescent premahuely, especially when Fallugia scions are nitm- 
gen-deficient. It may be important to control photoperiods and 
supply combined nitmgen to produce more vigorous plants prior 
to transplanting into the nitrogen-deficient soils used to determine 
nodulation capability. It would be interesting to determine graft 
compatibility of Purshia with other Cowania species which are 
likely to be more closely related than F. Paradoxn but not as sim- 
ilar as C. mexicana. 

Only 4% (7 of 16’2) of P. widenma scions on Fallugia mot- 
stocks survived 12 months. but several of those grew in the 
greenhouse for over 4 years in the soil mix that produced nodules 
on other plants. Plants with Fallugia rootstock did not ncdulate. 

Fig. A Purslda lridenfala scion on F. parodoxo rootstock. Lower 
leavea have abscised and new growth has been initiated. 

Each fall, these plants dmpped their leaves. and resumed growth 
in the spring (Fig. 4). The plant shown in Figure 4 reached 1 m in 
shoot height by the end of its third season (Fig. 5). After mot 
inducing treatments were applied, the scion rooted and 
subsequently nodulated (Fig. 6) during the following growing 
season. The shoot above the ncdulated roots grew more vigorous- 
ly than the shoot below these mas. All tissues above the nodulat- 

F& 5. The same plant as in Fig. 4 after its third season. 
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Fig. 6. The same plant as in Fig. 4 after its fourth seas”” showing 
roots and nodules on a rooted portion of the Purshia scion. Armwa 
indicate nodules. 
Abbreviations: I’t - Pwshb @id&ah?, Fp = Fauugirrpamdoxrr 

ed K&S were higher in percent N than corresponding tissues on 
branches that originated below the nodules (Table 1). All tissues 
of the gmfted plant also had higher N concentmtions than those 
of in ungmfted FaNugia plant of similar age growing in the sane 
soil mix. It appears that N fxed by Purshia nodules was hxns- 
ported to other tissues of the grafted plant, including its Folfugia 
r”ot.% 

A” ““grafted, but well nodulated. P. tridenrata seedling of 
approximately the same size and age of the grafted P. tridenrota x 
Fallugia system, and growing in the some soil mix, contained N 
concentmtions only slightly higher than the grafted system (Table 
1). In the pmcess of exposing P. widenma nodules to gaseous 
15N, the grafted system ws bmke” at the graft union. Therefore, 
we can”“t unequivocally demonstrate transfer of biologically 
tixed N to Fallugia roots. However, we consider this is likely 
based on N concentration data. Purshia roots on the grafted sys- 
tem were densely n&dated. Nodules formed a higher percentage 

Pm 
t.20 

1.57 

1.63 
0.94 
2.03 
1.48 

0.80 

0.72 
0.59 
cl.82 
2.66 

of total root biomass in the grafted system (SO%) than amounts 
reported in other studies for P. tridentata seedlings (Bond 1976, 
Righetti et al. 1983). 

Ncdulated roots in this small container were not sufficient to 
maintain a plant of this size. Purshia roots (excluding nodules) 
amounted t” approxinutely 11% of the total root biomass of the 
Fallugia x Purshia system. Apparently, the plant was deriving 
much of its nitmgen from Purshia nodules while deriving the 
majority of its other nutrients and water fnx” Fallugia roots. It 
appears possible for a small portion of nodulated mats to supple- 
ment N needs of a plant while the majority of a root system is 
incapable of fixing N. 

We realize the low survivability of Fallugia x Purshio hetero- 
grafts limits their utility in scientific studies. Low survivability 
and losses that occur with additional manipulations severely limit 
the “mount of materi” available. Our observations required years 
of effort and, in the end, are mostly based on a single sunriving 
system. However, the limited s”ccess suggests that a functioning 
foreign nodule is possible. The partial graft compatibility previ- 
ously reported (Kyle et al. 1986, Kyle and Bighetti 1988) and 
demonstrated here has clearly occurred. If the FaNugia rootstock 
in plants similar to the system in Figure 5 could be induced to 
spm”t, a workable model system, with foreign nodules supplying 
N t” non-fixing shoots and roots, would result. 

A wide variety of different scion x rootstock combinations with 
C. mexicann, P. glandulosa, and P. tridentara are easily pro- 
duced. Although it is unlikely that grafted systems will ever be 
used in rangeland revegetation, there may be special situations 
where grafted ornamental or research systems are appmpriate. 
These multi-shoot and multi-root plants could be used to “ssess 
root effects vs. whole plant effects in differences in growth, habit, 
palatability or nodulation. They could also be used to determine 
whether it is possible for a foreign nodule to function, and the 
consequences t” the plant with regard to nitrogen carriers, carba- 
hydrate partitioning, and nitrogen-fixing efficiency. 
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Abstract 

Precipitation patterns in the arid southwest U.S. can he highly 
variable during the summer monsoon season. The ability of ger- 
minating seeds to withstand temporary periods of dehydration 
may determine their potential for successful regeneration under 
present and future climatic regimes. Germination with short-term 
hydration and dehydration sequences was compared to constant 
water potential germination for sideoats grama [Bouteloua car- 
tipendula (Michaux) Torrey], buffelgrass [Cenchnrs ciliaris L.], 
Lehmann lovegrass [Erugrostis Zehmanniana Nees], and kleingrass 
[Panicurn cobraturn L.]. Seeds were imbibed at -0.2 MPa for 1 to 
4 days, then either air dried or partially dehydrated at -3.0 MPa 
for 1 to 4 days before being returned to the initial imbibition solu- 
tion for a total M-day incubation-dehydration period. One day of 
imbibition at -0.2 MPa advanced germination to a stage that 
resulted in significant reductions (PxO.05) in total germination 
from subsequent dehydration. The significant reductions still 
allowed > 48% of the viable seeds to germinate after dehydration. 
Longer imbibition times also exhibited significant reductions in 
germination for buffelgrass and kleingrass. For kleingrass air- 
dried dehydration compared to -3.0 MPa produced significant 
reductions Q<O.Os) in germination with 2-3 days hnbibition. The 
length of the dehydration periods produced significant differences 
(P ~0.05) in total germination for Lehmann lovegrass and Klein- 
grass. Partial dehydration significantly increased germination 
rate for sideoats grama, buffelgrass, and kleingrass, while air- 
dried dehydration significantly reduced buffelgrass germination 
rate. Any dehydration during germination was detrimental and 
>I-day imbibition followed by dehydration seemed the critical 
time upon which a dramatic reduction in germination occurs. 

Key Words: sideoats grama, buffelgrass, lehmann lovegrass, kle- 
ingrass, imbibition, germination enhancement 

The timing and duration of seedbed moisture can be highly 
variable, in southern Arizona with a summer monsoon climatic 
regime (Cox and Jordan 1983, Osbom 1968). Hydration and 
dehydration sequences can affect subsequent seed germination. 
Seeds imbibed to subgermination levels without radicle extension 
(Haferkamp et al. 197713, Hardegree and Emmerich 1992a, 

Authors wish to thank Dr. Gary Richardson for assistance in statistical analyses. 
Manuscript accepted 8 Sep 95. 
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1992b) and seeds imbibed and air-dried before radicle extension 
occurs (Bleak and Keller 1974, Burgass and Powell 1984) may 
germinate more rapidly with subsequent rainfall events. Duration 
and magnitude of hydration and dehydration regimes can be criti- 
cal to the germination process (Lalonde and Bewley 1985, Watt 
1982). Although, dehydration before the early stages of radicle 
extension may enhance future germination (Wilson 1973, 
Burgass and Powell 1984), dehydration at later stages in the ger- 
mination process may reduce seed viability (Lalonde and Bewley 
1985, Hegarty 1978). Information as to the effect of various wet- 
ting and drying sequences on germination has been used to opti- 
mize planting dates for range grasses (Frasier and Lopez 1990, 
Frasier et al. 1984, 1985). The purpose of this study was to deter- 
mine the effects of short-term hydration and dehydration 
sequences on germination response of 4 grasses, compare the 
response to constant water potential germination, and the poten- 
tial implications to seedling establishment. Specific objectives 
were to evaluate the critical time requirements for initial radicle 
extension and potential for germination enhancement of seeds 
that are partially or fully dehydrated after an initial imbibition 
period. 

Materials and Methods 

Sideoats grama [Bouieloua curtipendala (Michaux) Torrey], 
buffelgrass [Cenchrus ciliaris L.], Lehmann lovegrass 
[Eragrostis Zehmanniana Nees], and kleingrass [Panicam col- 
orafum L.] seeds were selected to evaluate short-term hydration 
and dehydration on germination. These species were chosen 
because they are widely used for revegetation in the southwestern 
United States (Cox et al. 1987) and because information already 
exists as to their germination response to a number of environ- 
mental variables (Hardegree and Emmerich 1990a, 1991, 1992a, 
1992b, Emmerich and Hardegree 1990,1991, Wester 1991). 

The Lehmann lovegrass seeds required seed coat disruption to 
remove dormancy (Wright 1973, Haferkamp et al. 1977a, 1977b). 
Therefore, seeds were mechanically scaritied following the pro- 
cedure described by Wright (1973) with OS-ml seed samples and 
an S-second scarification interval. 

Seed germination was conducted in a water potential control 
system consisting of 50 mm diameter by 85 mm high clear plastic 
snap-top germination vials with a germination cup inside 
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(Hardegree and Emmerich 1992a). Germination cups, fitted with 
Whatman’ No. 42 filter paper bottoms instead of cellulose mem- 
brane, were supported inside the vials in contact with about 65 ml 
of polyethylene glycol solution (8,000 MW) (Union Carbide, 
Danburv, Corm.‘) or deionized water. In this application, seeds 
were allowed to come into direct contact with the osmotic solu- 
tion used to control water potential. Seed contact with polyethyl- 
ene glycol solution does not have detrimental effects on gexmina- 
tion of these species beyond those induced by a reduction in 
water potential (Emmerich and Hardegree 1990, Hardegree and 
Emmerich 1994). 

Polyethylene glycol was mixed with deionized water to yield 
osmotic water potentials of -0.2 and -3.0 MPa (Hardegree and 
Emmerich 1990b, Emmerich and Hardegree 1991). A -0.2-MPa 
water potential compared to 0 MPa elicits near maximum germi- 
nation response for 3 of the test species (Hardegree and 
Emmerich 199Oa) and was felt to represent moist soil conditions. 
The -3.0 MPa treatment is a subgermination water potential that 
can occur in dry soils. Replicate samples of 35 seeds of each 
species were initially imbibed for either 1,2,3, or 4 days in con- 
tact with a -0.2~MPa solution. One-half of the germination cups 
were removed from the vials after the initial equilibration time, 
blotted dry of polyethylene glycol solution, placed next to the 
vial, and air dried for 1,2,3, or 4 days. The germination cups that 
were blotted dry for the air-dry dehydration took about 3 hours to 
reach air dryness in 40-50% relative humidity. The other one- 
half of the germination cups was switched to an adjacent vial 
containing polyethylene glycol solution at -3.0 MPa to partially 
dehydrate for 1,2,3, or 4 days. After air drying or partial dehy- 
dration periods, all germination cups were returned to the original 
vials containing -0.2~MPa solution for rehydration. All combina- 
tions of species, initial equilibration period, and dehydration 
sequence were replicated 6 times. Vials were in a randomized 
complete block design inside a temperature controlled room at 
2521” C under both fluorescent and incandescent light for 12 
hours per day. Included in each block were control seeds from 
each species that were germinated at the same time in contact 
with -0.2~MPa solution and not subjected to a dehydration period. 

Ninety-five percent confidence intervals were calculated and used 
to test for significant treatment differences. Treatments were con- 
sidered to be significantly different if there was no confidence 
interval overlap. This is a more conservative test for significance 
than was utilized in similar studies, where overlap of confidence 
interval and predicted mean was used (Hardegree and Emmerich 
1990a; Hardegree and Emmerich 1992a). The control seeds could 
not be included in an analysis of variance as they were not sub- 
jected to any of the main effects. An analysis of variance without 
the control was not performed to determine significant interac- 
tions of main effects as they can be evaluated by data presented 
in the tables. 

Results 

Sideoats Grama 
Sideoats grama seed germinated so rapidly that near maximal 

germination occurred by the second day of imbibition at -0.2 
MPa (Fig. 1). Because of the rapid response, germination was 
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Fungal growth was restricted by treating seeds with a 50 ~1 
Daconil (tetrachloroisophthalonitrile) suspension (2.5g 100 ml-‘) 
at the beginning of the study. Seeds were examined daily and 
those exhibiting radicle extension of 2 2 mm were considered 
germinated, counted and removed. Seeds that developed fungal 
growth were removed and termed nonviable. The test was termi- 
nated 14 days from the start of the initial equilibration period. 

Three germination indices were calculated: 1.) total 14-day per- 
cent germination; 2.) total percent germination for seeds that ger- 
minated after the dehydration periods; and 3.) days to 25% germi- 
nation starting at the completion of the dehydration treatments 
and based on the number of seeds germinating after the dehydra- 
tion treatment. Days to 25% germination was calculated by linear 
interpolation between data points. Treatments with low total ger- 
mination after the dehydration periods exhibited high variability 
in germination rate as only a few seeds would be used to charac- 
terize treatment response. Therefore a value of ~20% of the seed 
germinating after dehydration was used as a minimum value to 
calculate days to 25% germination starting after dehydration. 
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‘hlention of trade names or proprietary products does not indicate endorsement 
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Fig. 1. Percent germination vs time for sideoats grama, buffelgrass, 
Lehmann lovegrass, and kleingrass exposed to 1 day -0.2 MPa 
imbibition and partial dehydration at -3.0 h#Pa for 1 day (-U-), 2 
day (- ), 3 day (-*-), 4 day (Xi-) and rehydration at -02 MPa, 
plus germination at constant -0.2 MPa (-A-). 
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affected only by dehydration events that started 1 day after initia- 
tion of imbibition. Air-dry dehydration and l-day imbibition sig- 
nificantly reduced total germination to 16-19% less than controls 
(Table I), but germination was unaffected by the length of the 
dehydration period. Partial dehydration of sideoats grama seed 
after 1 day of imbibition reduced germination less than air-dry 
dehydration. Partial dehydration for 1 day reduced germination 
only 3% but with 4 days of dehydration this increased to 11% 
less than controls. 

Fifty-four to 67% of the sideoats grama seeds germinated after 
partial and full dehydration with 1 day imbibition QYable 2). Air- 
dry seeds germinated slightly less than partially dehydrated seeds 
and the length of dehydration did not influence germination. 
Germination after longer imbibition times was minimal, because 
most seed had germinated before dehydration was initiated. 

Sideoats grama seeds that survived dehydration after 1 day of 
imbibition had the most rapid germination rate of all species 
(Table 3). The increase in germination rate compared to controls 
for air-dry dehydration was small, while partially dehydrated 
seeds had significant increases. Dehydration period length did not 
influence the germination rate. 

Buffelgrass 
Buffelgrass seeds germinated slower than sideoats grama and 

were affected by dehydration initiated with >I day of imbibition 
(Fig. 1). Total germination of buffelgrass was significantly 
reduced for most dehydration periods with 1 to 3 days imbibition 
(Table 1). The reductions in germination were up to 24% com- 
pared to the control. Partial dehydration reduced germination of 
buffelgrass less than air-dry dehydration. There was a trend of 
reduced germination with increasing length of air-dry dehydra- 
tion with 1 day imbibition. 

At least 65% of the buffelgrass seed germinated after dehydra- 
tion with 1 day imbibition and was equal to total germination 
(Table 1 and 2). Germination after dehydmtion with longer imbi- 
bition times was much lower. Germination after dehydration was 
always higher with partial than air-dry dehydration. 

Buffelgrass seeds that were air dried after 1 day imbibition ger- 
minated significantly slower than control seeds, except for 4 day 
dehydration CJ’able 3). Low germination prevented a rate determi- 
nation with a 2 day imbibition followed by air-dry dehydration. 
In contrast buffelgrass seeds imbibed for 1 day followed by par- 
tial dehydration had significant increases in germination rate 
compared to controls. Longer imbibition times produced non- 
significant increases in germination rates. 

Table 1. Mean 14 day percent germination (zt95% confidence intervals) at constant water potential, and after l-4 days initial hnbibition followed by l- 
4 days partial or full dehydration. 

Days of Constant 
Dehydration -0.2 MPa 

Water 
Potential 

Initial imbibition davs at -0.2 MPa’ 
1 2 3 4 

2 
-3.0 
MPa z 

-3.0 air -3.0 air -3.0 
Mpa dry MPa dry MPa 

0 98*4 

1 

2 
3 
4 

0 89*4 
1 
2 
3 
4 

0 87*7 
1 
2 
3 
4 

0 65*10 
1 
2 
3 
4 

-----_-_-_------- (%) ____________________--------------- 

Sideoats grama 
---_- 

‘After 14 days at initial imbibition water potential switched lo air dry or -3.0 hlpa dehydration for l-4 days then rehydmtion for a total 14 days. 
%I ues with a * were considered significantly different (P<O.O5) from the constant -0.2-hlpa water potential by non-overlap of contidence intervals. 

fM0*2 9555 

i32zt12* 9236 
81*9* 88*1* 
79312% 87*7* 

Slit8 84i11 
72zt7* 79+5* 
73*13* 83zt46 
65il4* 81i4* 

85i6 9ckt5 
68i21 87i8 
66z&?2 69+17 
52i20* 65+16 

46zt13 49+14 1&4* 48zt8 16+10* 51k8 33*8* 
39*15* 41*7* 8&P 41&l 1* 2321 I* 43216 31+12* 
3ktl2* 41i8* 8ti* 381tlO* 19i8* 32k7* 37*15* 
37*14* 35+14* 11k5* 30+10* 26ztlO* 44*10* 32+6* 

95i4 97zt3 97d3 98&l 96ti 
93i5 93*8 96i5 9553 9626 
966 96zt2 97*4 93*s 9724 
92ct4 96i6 95355 96i3 97k4 

Buffelgmss 

62rt13* S&IO 75+8* 85ztlO 82i8 
76*4* 79+5* 73+11* S&8 85i6 
68+14* 79335 78i.12 8125 78-~6* 
66*9* 75+8* 80~1~6 8359 81~~7 

Lehmann lovegrass 

74*8 89+10 8356 88i8 82+4 
76+7 88zt5 S&IO 83~~5 87ti 
7556 83~6 83i9 85i4 86+8 
74*7 at3 82i4 88*9 88k5 

Kleingrass 

98i3 
95+6 

97zt3 
98L3 

86*6 
86~1~6 
79zt8 
85&Z! 

88zt5 
8-4 
93325 
86i7 

47+7* 
56zt6 
39~t12* 
4455% 
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Lehmann lovegrass 
Lehmann lovegrass germination response to dehydration was 

similar to that exhibited by buffelgrass (Table 1). Germination 
reductions were up to 35% with 1 day imbibition followed by air- 
dry dehydration, while partial dehydration reductions were up to 
22%. The absence of significant germination reductions was 
attributed to the large variability in Lehmann lovegrass germina- 
tion as measured by the confidence intervals. Germination with 1 
day imbibition was significantly reduced at 4 days of dehydration 
compared to 1 day. 

Lehmann lovegrass seed germination after dehydration with 1 
day imbibition was at least 52% and accounted for the total ger- 
mination (Table 1 and 2). With longer imbibition times few seeds 
germinated after the dehydration treatments. Germination after 
dehydration for all imbibition times was lower in the air-dry than 
partial dehydration treatments. 

Germination rate for Lebmann lovegrass seeds was unaffected 
by dehydration treatments gable 3). Lehmann lovegrass was the 
only species not to have a germination rate response to dehydra- 
tion. 

Kleingrass 
Kleingrass seed germination was much slower than the other 

species (Fig. 1). With slower germination kleingrass seeds were 
susceptible to dehydration effects after all imbibition periods. 
Germination was significantly reduced for a majority of the dehy- 
dration treatments with up to 57% reduction (Table 1). Increasing 
length of dehydration period with 1 day of imbibition tended to 
reduce germination similar to buffelgrass and Lehmann love- 

grass. Kleingrass germination for air-dry compared to partial 
dehydration treatments was the only species to have significantly 
less germination for any of the imbibition periods. 

Kleingrass seed germination after dehydration with 1 day imbi- 
bition was at least 31% pable 2). Germination after dehydration 
with l-2 days imbibition was close to total germination (Table 1 
and 2). Germination after dehydration for longer imbibition times 
and air-dry dehydration germination was poor, while for partial 
dehydration it was much greater than the other species. 

Germination rate of kleingrass seeds with 1 day imbibition fol- 
lowed by dehydration was not different than controls (Table 3). 
Slower germination and the less detrimental effect of partial 
dehydration on germination allowed for germination rate calcula- 
tions through tbe 3 day imbibition period. At 2-3 days imbibition 
and for partial dehydration, germination rate was significantly 
increased for many of the dehydration periods. 

Discussion 

The reductions in total germination, relative to the controls, 
represents seeds in the germination process that are subsequently 
damaged by dehydration treatments. Loss of viability in seeds at 
an advanced stage of germination is usually attributed to cellular 
damage in growing root tissue caused by dehydration (Hegarty 
1978). The overall influence of dehydration intensity on germina- 
tion for the species can be seen in Figures 1 and 2, with less dam- 
age from partial dehydration. Seed germination was essentially 
completed by the third day except for kleingrass, therefore germi- 

Table 2. Mean percent germination (kg52 confidence intervals) that occurred after dehydration treatments. 

Days Initial imbibition days at -0.2 MPa’ 
Dehydration 1 2 3 4 

d”,’ -3.0 -3.0 -3.0 -3.0 
Mpa 

g 
Mua 

; 
MPa tit MPa 

-------------------------------------------(slo) ---------_-----__-__----------------------- 

Sideoats grama 
1 59d6 67ti li9 3zt5 oi4 kt3 ok3 1st 
2 58*18 64*13 1*8 4~1~12 04 lti 029 1s 
3 sit14 64ilO kt5 3k5 ok5 1*10 026 oi4 

4 54dS 62ztlO zt6 3*9 ok7 1+6 025 ok4 

Buffelgrass 
1 SliS 84*11 3+19 27ti2 Ii12 7*14 1+10 4*10 
2 72zt7 79ct5 942 3Oi16 1*15 lkl7 2332 zt9 
3 73*13 83i4 5+22 3ozt17 2219 9+13 0+-S 2k13 

4 65*14 Sli4 Sdl 2Oi15 1*7 4i14 Ok10 023 

Lehmann lovegrass 
1 856 9oct5 5*11 26i14 3is 10211 I+6 4*7 

2 6Ss?l 87s 4*11 23i6 2il5 7+5 128 526 

3 66ti2 69i17 6zt!I 2h15 4*17 7*11 2*10 327 

4 52%?0 65+16 5*10 18*17 2zt6 9*11 l+S 3211 

Kleingrass 
1 46i13 49i14 1464 44*11 1213 26ztll 2*12 17212 
2 39+15 41i7 7ti 394 1 kl6 24zt24 l-c16 1627 

3 31~1~12 41is 51t6 37*10 2ztlO 15+12 I*20 14klS 
4 37*14 35*14 sit8 28+12 2*13 21i16 4is l&13 

‘After 14 days at initial imbibition water potential switched to air-dry or -3.O-hPa dehydration for 14 days then rehydmtion. 

358 JOURNALOFRANGEMANAGEMENT49(4),July1998 

--~_~I~ _ 
.- Iy Ai - -  ._ -  , -  - . - . -  



80 - 

60 - 

40 - 

20 - 

80 

60 

40 

20 

0 

i- 60 

5 

0 4o 
E 20 

no 

BUFFELGRASS 

I 

LOVEGRASS 

80 KLEINGRASS 
J 

60- 

40- 

20- 

0, - 
0 2 4 6 8 10 12 i 

DAYS 
Fig. 2. Percent germination vs time for sideoats grama, buffelgrass, 

Lebmann lovegrass, and kleingrass exposed to 1 day -0.2 MPa 
imbibition and air-dry dehydration for 1 day (-W-), 2 day (- ), 3 
day (-*-), 4 day (-Cl-) and rehydration at -0.2 MPa, plus gennina- 
tion at constant -0.2 MPa (-A-). 

nation was affected only by dehydration after l-2 days imbibi- 
tion. Seedling establishment of germinating seeds would then be 
dependent on root extension into the soil as surface soil moisture 
is depleted. Frasier et al. (1984, 1985) showed high mortality 
rates for seedlings subjected to dehydration soon after germina- 
tion. Sideoats grama, the fastest germinating species, had com- 
pleted 24% germination after only 1 day of imbibition. This 
species also has a rapid root elongation rate (Simanton and 
Jordan 1986), yet its fast growth rate may not be adequate to 
obtain deeper soil moisture in rapidly drying coarse soils 
(Roundy et al. 1993). 

A precipitation event that produces one day of soil moisture 
would not germinate all viable seeds, even for the fast germinating 
sideoats grama. For all species at least 48% of viable seeds were 
able to germinate after 1 day imbibition followed by dehydration 

Table 3. Mean days to 25% germination (k95% confidence intervals) 
starting after dehydration for seeds that survived 1 day initial imbibi- 
tion and 1 to 4 day dehydration treatment, and for seeds that germi- 
nated at constant -0.2 MPa water potential. 

Days 
Dehvdration 

Dehydration treatment after 1 day imbibition’ 
air -3.0 air -3.0 

@w) 

dry MPa dv MPa 

Sideoats mamq Buffelerass 

Constant 0.6QCJ.14 1.4zto.l 
Water 

Potential 
1 0.38io.15 o.2s*o.02*2 2.OiO.3* 0.550.1* 
2 0.42ko.19 0.3oio.01* 1.9&0.3* 0..%0.1* 
3 0.45io.14 0.2920.03* 1.9io.2* 0.4ro.1* 
4 0.45ko.13 0.28io.o2* l&o.3 0.5io.1* 

Lehmann IovegFass Kleinmass 
Constant 1.3ko.l 3.oko.5 
Water 

Potential 
1 1.3ti.2 1.oko.4 3.liO.9 2.4~~0.5 
2 1.6H.3 1.4zto.3 3.421.3 3.atl.O 
3 1.6ztO.4 1.7io.5 2.95z1.1 2.oztl.O 
4 1 .&to.7 1 sko.5 3.1ztO.6 2.2ti.7 
‘After 1 day at -0.2 MPa imbibirion water potential switched lo air-dq or -3.O-hlPa 

fv 
chydration for 1-4 days then rehydration. 

aloes wilh a * were considered significantly different (PcO.05) thaa the constant 4.2 
hlpa water potential by non-overlap of confidence intervals. 
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(Table 2). One day of soil moisture availability is not uncommon 
in southeastern Arizona. Analysis of rainfall data from there has 
shown that 45% of the precipitation events are c 2Smm (Frasier 
and Lopez 1990). The dramatic decrease in germination after 
dehydration as the length of imbibition time increased, indicates 
that greater than 1 day of imbibition will result in significant loss- 
es of germinating seeds if subsequent moisture requirements for 
seedling establishment are not met. 

The imbibition, and full and partial dehydration sequences used 
in this experiment are similar to seed hardening and priming 
treatments that have been used to enhance germination rate for 
many agricultural species (Heydecker and Coolbear 1977) and 
some range grasses (Hardegree 1994, Beckman et al. 1993, 
Haferkamp et al. 1977b, Bleak and Keller 1974). Improved ger- 
mination from seed hydration treatments has been attributed to 
metabolic repair (Burgass and Powell 1984, Osborne 1983), syn- 
thesis of germination metabolites (Mazor et al. 1984), and 
reduced imbibition time. Germination enhancement from hydra- 
tion and dehydration sequences in a field setting may provide an 
establishment advantage to some seeds by increasing germination 
rate. This experiment indicates that the advantage would be small 
for these species at the tested temperature. Germination rate 
enhancement was up to 1 day and confined to partial dehydration 
seed priming treatments (Table 3). Low temperature germination 
rate of some cool season grasses have been increased by as much 
as 4-8 days by seed priming treatments (Hardegree 1994). The 
small increase in germination rate of the partially dehydrated 
seeds in this experiment may have been caused by simple reduc- 
tion in the lag time for imbibition relative to the controls. Also 
the increase in germination rates would probably not overcome 
the losses in seed viability in the overall process of seedling 
establishment. 
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Abstract 

Soil nutrients in topsoils (O-7.5 cm) on grazed hilly and steep 
land on 2 high country sheep farms with contrasting climate in 
the upper Waitaki district, South Island, New Zealand, were 
compared before and after a 14-15 year period. In addition, 
effects on soils of 2 farm management systems were compared by 
sampling similar soils on adjacent farms. 

On a farm with mean annual rainfall of 700-1,000 mm (study 
area A) that had been fertilised and oversown, and grazed with 
about 1.6 ewe equivalents per hectare for 14 years, levels of 
exchangeable cations (Ca, K, Mg) increased in topsoils on sunny 
slopes, but there was little change on shady slopes. The Ca 
increase on sunny slopes was the increase to be expected from the 
amount of Ca contained in the superphosphate applied but 
increases of exchangeable K and Mg could not be explained by 
fertiliser additions. There was an overall 29% increase of CEC, 
7.5% decline of base saturation, and decline of soil pH by 0.4 
units over the 14 year period. 

On a farm with mean annual rainfall of 500-600 mm (study 
area B) that had been grazed for 15 years with about 0.6 ewe 
equivalents per hectare but not fertilised or oversown, levels of 
exchangeable cations in topsoils declined. Base saturation values 
declined from 98% to 73% and pH declined by 0.4 units. Losses 
of Ca and Mg were greater than could be explained by direct 
effects of sheep grazing and we conclude that processes such as 
erosion or removal of vegetation and nutrients by rabbits are 
important loss pathways. 

In the spatial comparison on land with mean annual rainfall of 
approximately 1,000 mm, oversown and fertilised soils (grazed 
with about 1.6 ewe equivalents per hectare) had higher levels of 
exchangeable cations, organic C and total N than soils that had 
neither been oversown or fertilised (grazed with about 0.6 ewe 
equivalents per hectare). 

Questions of ecological and economic sustainability arise both 
on the moister and drier high country. On moister land like area 
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New Zealand Foundation for Research, Science and Technology, Contract 
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A, if lhne can be applied economically, and fertiliser can continue 
to be applied with positive financial returns, oversowing and fer- 
tilismg may be sustainable on sunny slopes. The sustainability of 
pastoralism on shady slopes is more problematical. If on drier 
land losses of topsoil nutrients such as those measured on area B 
are widespread, they are considered to be unsustainable. 
Although the nutrients lost could be readily replenished using 
modest amounts of fertiliser and lime, the changes have occurred 
concurrently with declines of organic C and total N. Restoration 
of organic matter levels is likely to require either reduced grax- 
ing, or oversowing and application of fertiliser. Because ovewow- 
ing and fertilismg the drier high country is not financially viable 
except during periods of high commodity prices, both these 
options would require major changes in farm management 
and/or financial assistance with soil conservation measures. 

Key Words: sustainable agriculture, New Zealand, high country, 
soil nutrients, grazing 

Background 

In tbe high country of the South Island of New Zealand, the 
1970s and early 1980s were a time of agricultural development 
aided by government subsidies for oversowing, fertilising and 
fencing. The withdrawal of most subsidies in the 198Os, concur- 
rently with the invasion of weeds like Hieracium sp. and briar 
(Rosa rubiginosa L.), and an explosion of rabbit numbers shortly 
after the removal of subsidised control in 1985, made the true 
costs of high country land development more evident and raised 
the question of both the ecological and economic sustainability of 
high country pastoralism (Hughes 1991). O’Connor and Harris 
(1991) estimated that European pastoralism, fire and grazing had 
resulted in a net loss of all major nutrients (N, P, K, S) from high 
country soils since 1850 and McIntosh et al. (1994a, 1994b) 
reported pH declines and soil organic matter changes on a farm 
scale in the South Island high country. This paper reports tempo- 
ral and spatial soil nutrient changes on 3 high country sheep sta- 
tions under different management. 

JOURNAL OF RANGE MANAGEMENT 49(4), July 1996 361 



Characteristics of Stody Areas and Previous Work 
The areas chosen for study are in tbe upper Wait&i dishict of 

the South Island, New Zealand, between latitudes 44”s and 
44”3O’S (Fig. 1). 

Temporal soil changes on grazed land which has been over- 
sown and fertilised were examined in the Longslip study area (A) 
consisting of a spur of Dmmeday Hill (1,664 m) southwest of 
the Ahuriri River, North Otago. The spur ranges from 685 to 
1,190 m altitude and has a mean annual rainfall of 700-1,000 
mm. Underlying rocks are Chlorite II subschist (Gair 1967). Soils 
have been previously mapped in the Kaikoura and Omarama sets 
(N.Z. Soil Bureau 1968). Soils were described by McIntosh et al. 
(1981) and in the New Zealand Soil Classification (Hewitt 1992) 
are provisionally defined as Brown Soils and Pallic Soils. The 
soils are typically formed in thin lows (c. 10 cm thick) over grav- 
elly or very gravelly collovium. The Pallic soils occur on lower- 
altitude sunny slopes. In USDA Soil Taxonomy (Soil Survey 
Staff 1994) the Brown Soils correspond approximately to 
Cryochrepts and Dystrochrepts and the Pallic soils to 
Ustochrepts. Between 1980 and 1992 area A was oversown with 
clovers and a total of 1,100 kgiha of sulphur-superphosphate 
(28% total S) was applied. 

Temporal soil changes on grazed land which has neither been 
~~ers~~n or fertilised were examined in the Glencairo study area 
(B) consisting of a spur on the eastern side of the Benmore 
Range. The spur ranges from 440 to 810 m altitude and has a 
mean annual rainfall of 500-600 mm. Underlying rocks are 
greywacke (Gair 1967). Soils were previously mapped in the 

Meyer and Omwama sets (N.Z. Soil Bureau 1968). As for area A, 
soils are typically formed in thin lox overlying gravelly or very 
gravelly colluvium. Soils were described by McIntosh et al. 
(1981) and have recently been remapped and classified as Pallic, 
and Recent Soils (Landcare Resenrch, unpublished data). In 
USDA Soil Taxonomy (Soil Survey Staff 1994) the soils come- 
spend approximately to Eutrochepts cod Ustochrepts. 

Soils under contrasting pastoral management were examined in 
study area C in a spatial compnrison spanning lhe boundary of 
Longslip and Ben Avon Stations on slopes either side of the 
Avon Valley. Altitode ranges from 800 to 1,000 m, and mean 
aomul rainfall is approximately 1,000 mm. Underlying rocks are 
Chlorite 11 subschist (Geir 1967) and soils are Brown Soils previ- 
oosly mapped in the Kaikoum set (N.Z. Soil Bureau 1968). As 
for area A, soils are typically formed in thin loess overlying gmv- 
elly or very gravelly collovium. In USDA Soil Taxonomy (Soil 
Survey Staff 1994) the soils are Dystmchrepts. Sites in area C 
have had contrasting management: soils on Longslip have been 
oversowo with clovers and a total of 1,100 kg/ha of sulphur- 
superphosphate (28% total S) has been applied between 1980 and 
1992, whereas soils on Ben Avon have not been fertilised or 
o”enown. 

No lime has been applied to any area. Each area is graZea by 
merino sheep. Stocking rates in area A have averaged 1.6 ewe 
equivalents per hectare (e&n) between 1980 end 1992 (about 2.1 
eelba and 1.1 ee/ha on sunny and shady faces respectively). 
Stocking rates in area B have averaged 0.6 e&a between 1980 
and 1992. In area C stocking rates on Longslip have averaged 
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about 2.1 eeiha, and on Ben Avon about 0.6 eelha. Wild rabbits 
are also present in each area. 

In area A the present vegetation is dominated by introduced 
white clover (Trifalium repent L.) and grasses (e.g. sweet vernal 
(Anthoxanthum odoratum L.) and browntop (Agrostis capillaris 
L.)) with the native narrow-leaved snow tussock (Chionochloa 
rigida (Raoul) Zotov) common above 1,000 m altitude. In area B 
the vegetation is dominated by Hieracium pilosella L. and sweet 
vernal and the native hard tussock (Festuca novae-zelandiae 
Cockayne) and annuals with up to 40% bare ground. In area C the 
vegetation on Longslip Station is similar to that of area A, where- 
as the vegetation on Ben Avon Station consists of native herbs 
(e.g. Leucopogonfraseri Cunn. and scabweed (Raoulia australis 
Hook.f.)) and grasses (e.g. hard tussock and blue tussock (Pea 
colensoi Hook.f.)) and Hieracium pilosella and up to 50% bare 
ground. 

McIntosh et al. (1994a, 1994b) described the soil pH, organic C 
and total N changes that have occurred since 1978 on areas A and 
B. Volume-weight data for surface soils of areas A and B was 
published by McIntosh et al. (1994b). 

Methods 

Site Selection 
In 1992 topsoils in area A were grid sampled at 36 sites previ- 

ously sampled in 1978. The samples were taken from an altitude 
sequence as shown in McIntosh et al. (1981). There were 18 
paired sites on midslope and upper midslope positions on the 
shady aspect, and a similar configuration of paired sites on the 
sunny aspect. At each site the same sampling procedure was fol- 
lowed in 1978 and 1992: 15 soil cores 2.54 cm diameter and 7.5 
cm deep were taken from an area approximately 10 mz X 10 mz 
and bulked. Field duplicates of bulked samples were taken in 
1978 but, as there was little difference between results of dupli- 
cates, single bulked samples were taken in 1992. 

In 1993 area B was grid sampled at 24 sites previously sampled 
in 1978 (McIntosh et al. 1981). The sampling pattern and proce- 
dure was similar to that described for area A. 

Area C was sampled for the first time in 1994. Ten sites were 
chosen on Longslip, representing the maximum possible range of 
altitudes (SOO-1,000 m) and aspects, and these were matched 
with 10 sites on Ben Avon having the same altitudes and aspects. 
The topsoil sampling procedure was similar to that described for 
area A. Soilforms (Hewitt 1992, Clayden and Webb 1994) were 
also closely matched and those that had different parent material, 
or soil depth outside specified limits, were rejected. Stock camps 
were avoided. 

Samples for the comparisons were limited to G7.5 cm depth 
because: (a) 1978 sampling was to 7.5 cm depth. (The 1978 
investigation was to establish landscape-related soil chemical pat- 
terns rather than to establish baseline monitoring sites.); (b) the 
gravelly nature of the subsoils made routine coring of subsoils, 
for the purpose of collecting a bulk sample at each of the 80 sites, 
impossible. 

Soil Chemistry 
In areas A and B analysis for exchangeable cations and cation 

exchange capacity (CEC) was by the ammonium acetate pH 7.0 
leaching method (Blakemore et al. 1987), both in 1978 and 
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1992/3. Detailed methodology changed slightly between sam- 
pling dates: for 1978 samples leaching was by gravity extraction 
and CEC was determined by ammonia distillation. For 1992/3 
samples leaching was by controlled rate suction and CEC was 
determined by ammonia analysis using an autoanalyser. Results 
by both methods are identical except that low cation and CEC 
values may be obtained if gravity extraction is rapid and allows 
by-passing of a proportion of the soil volume by the leaching 
solution to occur (B. Daly, Landcare Research laboratory, person- 
al communication). Analysis for acid-soluble P (Pa), acid-soluble 
P after ignition (Pi) and organic P (PO) (PO = Pi-Pa) was by the 
0.5M H2S04 method (Blakemore et al. 1987) both for the 1978 
and 1992/93 samples. Selected samples in study area B (in which 
soils of highest pH occur) were tested for electrical conductivity 
using a 1:l soil: water ratio. 

In area C organic C and total N were determined by standard 
methods used at Invermay Agricultural Centre, AgResearch, 
Mosgiel and exchangeable cations were determined by unbuf- 
ferred silver thiourea extraction (Blakemore et al. 1987). 

Statistical analysis was by paired t-tests. The results from the 
1978 sampling of the 36 sites in area A and 24 sites in area B 
were paired with the 1992/93 results. In area C the 10 Longslip 
sites were paired with the 10 Ben Avon sites. 

Results and Discussion 

(1) Temporal Soil Changes in a Farm System with Fertiliser 
Inputs (Area A, Longslip) 

Exchangeable Ca, K, Mg and CEC have increased significantly 
(P<O.OS) on sunny slopes only (Table 1). Changes in these nutri- 
ents follow the pattern for total N, which increased only on sunny 
slopes (McIntosh et al. 1994b). The only significant change of P 
status is the increase of overall Pa values by 4 mg/lOOg. 

The sulphur-superphosphate applied to Longslip between 1978 
and 1992, if applied evenly over the soils of study area A, and 
retained in soils at O-7.5 cm depth, would have increased soil Ca 
by 220 kg/ha. The observed increase of exchangeable Ca on 
sunny slopes is equivalent to an increase of 223 kg &/ha. The 
much smaller (non-significant) increase on shady aspects indi- 
cates that Ca removal from O-7.5 cm soils on shady slopes has 
taken place. Possible removal pathways are to stock camps, to 
animal products, to sunny aspects, or to soil layers below 7.5 cm 
depth by leaching, or a combination of these pathways. (The 
observations made in this study are not sufficient for a model of 
nutrient dynamics to be constructed.) The increase of exchange- 
able K on sunny slopes approximates to 46 kg/ha and the Mg 
increase to 19 kg/ha. These increases cannot be attributed to fer- 
tiliser additions and are likely to be caused either by uptake and 
cycling of nutrients from soil depths not sampled, or transfer of 
nutrients to these sites by stock. That animals are involved in the 
cycling process is indicated by the small or negative effects on 
shady slopes not favoured by stock: pastures are eaten on these 
slopes but urine and dung are probably deposited in dispropor- 
tionably greater amounts on sunny slopes where stock spend most 
time. If such transfer is occurring, it could be stopped by erecting 
more fences. The increase of CEC on sunny slopes is explained 
by the increase of soil organic carbon (from 3.2% to 6.4%) that 
has occurred on sunny slopes as the result of fertilising and over- 
sowing (McIntosh et al. 1994a). The increase of CEC has caused 
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Table 1. Changes of pH, CEC and soil nutrients fmm 1978 to 1992 in study area A (Longslip). 

Nutrient 

PH 

Date 

1978 

Shadv In=1 8) 
Value Diff. 

5.74 
Signif. 

Sunnv (n=l 8) 
Value Diff. 

5.87 
Signif. 

Overall (n=36) 
Value Diff. 

5.81 
Signif. 

1992 5.34 
1978 3.23 
1992 3.42 
1978 0.82 
1992 0.77 
1978 0.66 
1992 0.66 
1978 0.00 
1992 0.02 
1978 4.75 
1992 4.86 
1978 15.4 
1992 16.8 
1978 31 
1992 29 
1978 90 
1992 89 
1978 23 
1992 27 
1978 67 
1992 62 

5.46 
4.91 
7.10 
1.10 
1.33 
1.02 
1.34 
0.00 
0.01 
7.07 
9.78 

12.6 
19.1 
55 
50 
90 
97 
29 
33 
61 
64 

*** 5.40 
4.07 

*** 5.26 
0.96 

** 1.00 
0.84 

* 1.00 
0.00 

NA 0.02 
5.91 

*** 7.31 
14.0 

*** 18.0 
43 

* 40 
90 

NS 93 
26 

NS 30 
64 

NS 63 

Exch. Ca 

Exch. K 

Exch. Mg 

Exch. Na 

I: cations 

CEC 

BS 

Pi 

Pa 

PO 

(cmoU+YW 

(cmoK+YW 

(cmol(+)kg) 

(cmoK+)flcg) 

(cmoK+Yk) 

(cmol(+)kg) 

Pa 

(mg/1~ g) 

(mg/100 g) 

(mg1100 g) 

-0.40 *** 

+0.19 NS 

-0.05 NS 

0 - 

a.02 NA 

+O.ll NS 

+lA NS 

-2 NS 

-1 NS 

+4 NS 

-5 NS 

-0.41 

+2.19 

iO.23 

+0.32 

+O.Ol 

+2.71 

+6.5 

-5 

+7 

+I 

+3 

-0.41 *** 

+1.19 *** 

+0.04 NS 

+0.16 * 

ia. 

+I.40 

i-4.0 

-3 

+3 

+4 

-1 

NA 

** 

*** 

* 

NS 

* 

NS 

Because of rounding of the last significant figures in computations, tabulated values may not appear to match values derived from other tabulated means. Pa = P soluble in OSM 
H SO+ air-dry soil; Pi = P soluble in O.SM H2SO4, ignited soil; PO = Pi-Pa 
B~=Basesatumtion=&catio~&EC)X 100 
NA: exchangeable Na values ware at limit of detection using 1978 instrumentation, therefore no statistical comparison is possible. 
* = significant difference (F50.05); ** = significant difference (P50.01); *** = significant difference (P50.001). NS = not significant W.05). 

base saturation (BS) to decline on sunny slopes from 55% to 50% 
over the 1978-1992 period, despite the increase of total 
exchangeable cations. 

The 1,100 kg of sulphur-superphosphate applied to Longslip 
between 1978 and 1992, if applied evenly over the soils of study 
area A, and retained in soil at O-7.5 cm depth, would have resulted 
in an increase in soil Pi of 100 kg/ha. In fact the average Pi 
increase (Table 1) is not significant and is only 3 mg/lOO g, equiva- 
lent to a P increase of 17 kg/ha. Thus fertiliser P has either been 
leached to greater depth, or has been removed from sampling sites 
in the form of sheep products or by dung transfer to stock camps. P 
leaching is unlikely in these soils, which have P retention in the 
26-45% range (McIntosh et al. 1981). From the non-significant Pi 
increase of 7 mg/lOOg on sunny slopes and decrease of 1 mg/lOO g 
on shady slopes we infer that the dung transfer pathway may be 
important. The small significant (P 10.05) overall increase of Pa 
and the small non-significant decline of overall PO indicates that 
the additional P applied as fertiliser has not accumulated as PO, 
despite the large increase of organic C over the 1978-1992 period 
(McIntosh et al. 1994a). 

(2) Temporal Soil Changes in a Farm System without 
Fertiliser Inputs (Area B, Glencairn) 

Between 1978 and 1993 exchangeable Ca, K and Mg values 
declined on both sunny and shady slopes (Table 2), but the decline 
of exchangeable K on sunny slopes was not significant (P >0.05). 
Soils tested for electrical conductivity gave results in the range 
43-59 us/cm indicating that no free salts were present. 

Exchangeable Ca values declined most (27%) followed by Mg 
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(14%) and K (5%). CEC increased significantly (P<O.OOl) on 
sunny slopes. As a result of the decline of total exchangeable 
cations, and the increase of CEC, overall base saturation (BS) 
declined from 98% to 73%, the decline being greater on shady 
slopes. PO declined and Pa increased on both sunny and shady 
slopes. Overall the decline of PO was matched by the increase of 
Pa. 

The overall losses are equivalent to 380 kg/ha Ca, 21 kg/ha Mg 
and 14 kg/ha K, which equate to annual losses of 25 kg/ha Ca, 
1.4 kg/ha Mg and 0.9 kg/ha K. Analysis of deeper soils (7.5-25 
cm) at 2 sites on Glencaim showed that pH, organic C, total N, P 
fractions and exchangeable cations had similar values in both 
grazed and ungrazed (fenced) areas, and that only exchangeable 
K values were significantly lower after 15 years of grazing 
(Landcare Research, unpublished data). The measured soil losses 
calculated above from topsoil (O-7.5 cm) data are therefore con- 
sidered to be approximately the total losses for Ca and Mg, but K 
loss may have been underestimated. The herbage dry matter at 
the site contains 0.9% Ca, 0.3% Mg and 1.3% K (Landcare 
Research, unpublished data) and at a stocking rate of 0.6 ewe 
equivalent/&a (ee/ha), and assuming a daily dry matter intake of 
1.1 kg per sheep, the nutrients eaten annually by stock would be 
approximately 2.2 kg/ha Ca, 0.7 kg/ha Mg and 3.1 kg/ha K. The 
actual Ca and Mg losses from topsoils were therefore respectively 
about 10 times and double the estimated intake of these nutrients 
by sheep, and therefore direct effects of sheep grazing such as 
transfer of nutrients to stock camps and loss of sheep products 
cannot explain the overall soil nutrient decline. A similar conclu- 
sion applies to N values: McIntosh et al. (1994b) noted that top- 
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Table 2. Changes of pH, CEC and soil nutrients from 1978 to 1992 in study area B (Glencairm). 

. Nutrient Date Shadv k12) Sunnv cn=l2) Overall (~24) 
Value Diff. Signif. Value Diff. Signif. Value Diff. Signif. 

PH 

Exch. Ca 

Exch. K 

Exch. Mg 

Exch. Na 

c cations 

CEC 

BS 

Pi 

Pa 

PO 

(cmol(+)kg) 

@mol(+)W 

(cmol(+YW 

(cmol(+)kg) 

(cmol@PW 

(cmol(+)k) 

@I 

(mg/loO g) 

(mg1100 fd 

@g/100 s) 

1978 
1993 

1978 11.47 
1993 7.68 

1978 0.87 
1993 0.82 

1978 1.86 
1993 1.47 

1978 
1993 
1978 
1993 

1978 
1993 
1978 
1993 

1978 
1993 

0.02 
0.05 

14.39 
10.02 

14.6 
15.0 
96 
67 

106 
102 

1978 39 
1993 42 

1978 67 
1993 58 

6.24 
5.70 -0.54 

-3.79 

-0.05 

-0.39 

to.03 

-4.37 

+0.4 

-29 

4 

+3 

-9 

6.36 
*** 6.04 

8.51 
*** 6.91 

0.95 
** 0.90 

1.57 
** 1.47 

0.01 
NA 0.04 

11.03 
*** 9.33 

10.3 
NS 11.7 

loo 
*** 80 

73 
NS 77 

36 
* 42 

37 
** 35 

-0.32 

-1.60 

-0.05 

-0.10 

+0.03 

-1.70 

+1.4 

-20 

+4 NS 

+6 * 

-2 NS 

*** 

*** 

NS 

* 

NA 

*** 

*** 

*** 

6.30 
5.87 

9.99 
7.30 

0.91 
0.86 

1.71 
1.47 

0.02 
0.05 

12.71 
9.67 

12.5 
13.4 

98 
73 

89 
89 

37 
42 

52 
47 

-0.43 *** 

-2.69 *** 

-0.05 

-0.24 

+0.03 

-3.04 

+0.9 

-25 

0 

+5 

-5 

** 

*** 

NA 

*** 

*** 

*** 

** 

** 

Because of rounding of the last significant figures in computations, tabulated values may not appear to match values derived from other tabulated means. Pa = P soluble in 0.5&I 
HzSO4. air-dry soil; Pi = P soluble in OShf H2SC4, ignited soil; PO = Pi-Pa 
BS = Base saturation = (I: cation&EC) X 100 
NA: exchangeable Na values were at lit of detection using 1978 instrumentation. therefore no statistical comparison is possible. 
l = signitiant difference (FSO.05); ** = significant difference (PSO.01); l ** = significant difference @%l.001). NS = not significant fjWl.05). 

soil (O-7.5 cm) N declined by 400 kg/ha between 1978 and 1993 
but the N eaten by stock over this time period (calculated from 
the stocking rate and N content of herbage) is estimated to be 60 
kg/ha. Therefore about 340 kg/ha of N has been lost from topsoils 
by means not directly related to sheep intake. The annual&l K 
loss (0.9 kg/ha) is less than the estimated annual K intake by 
stock (3.1 kg/ha) and could, in theory, be accounted for by trans- 
fer of K to stock camps. However, in view of the figures for other 
cations and N, and the abiity of these micaceous soils to supply 
K from non-exchangeable forms of “reserve K” in the soil 
(Kirkman et al. 1994), and exchangeable K decline in deeper 
soils (see above), we consider that measurements in O-7.5 cm 
soils have probably underestimated K removal. 

There have been no fires in the 1978-1993 period and 
increased vegetation uptake could not account for the cation and 
N losses as vegetation cover has decreased rather than increased 
over the period in question (R.B Allen, Landcare Research, 
unpublished data). Significant leaching losses are considered 
unlikely because of the low rainfall in the study area. We there- 
fore conclude that the cation and N losses must be accounted for 
by other processes, e.g. losses associated with rabbit grazing 
and/or erosion. 

Part of the 7% overall increase of CEC between 1978 and 1993 
may be attributable to the improved extraction for NH4+ in the 
1993 samples. Even if the increase of CEC is discounted, the 
decline of cations and base saturation (BS) values over the 15 
year period is nevertheless large and has occurred together with 
increased acidity, and a decrease of organic C and total N in these 
soils (McIntosh et al. 1994b), demonstrating how rapidly fertility 

and organic matter status of drier high country soils can change 
under pastoral use. 

(3) Spatial Comparison of Soils Under Contrasting Pastoral 
Management (Area C, Longslip and Ben Avon) 
Unifomity of Paired Sites 

Establishing pedological uniformity of the paired profiles in 
area C was a prerequisite for attributing topsoil chemical differ- 
ences to management influences. All soils were Brown Soils in 
the New Zealand soil classification (Hewitt 1992). After eliminat- 
ing sites with very different soils during site selection, the main 
factors which varied in the 10 selected pairs were pH, degree of 
stoniness and depth. 

Seven pairs of profiles were matched exactly to the level of the 
fourth category of the New Zealand soil classification, the soil- 
form (Clayden and Webb 1994). These soils were classified as 
Typic Acid Brown Soils, angular-stony, rapid (5 profiles), Typic 
Acid Brown Soils, moderately deep, moderate (1 profile), and 
Acidic Orthic Brown Soils, lithic, rapid (1 profile). The remain- 
ing 3 pairs had different soil classification: a pair of Typic Acid 
Brown Soils had Mm and Md depth classes (soil depth of 55 cm 
versus 90+ cm) and 2 pairs belonged to contrasting groups 
(Acidic Orthic versus Typic Acid) because of the different pH 
values of their respective Bw horizons. However, among the 10 
paired profiles, pH values of the Bw horizons did not differ sig- 
nificantly (P>O.O5). 

Because of the exact correspondence of soil classification for 
seven of the 10 pairs, and the relatively minor differences of sub- 
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soil pH, stoniness and depth in the remaining 3 pairs, we are con- 
fident that there was no systematic difference of soil morphology 
or chemistry between the Longslip and Ben Avon sites prior to 
the 2 farms being differently managed after 1978. 

Soil Differences 
There was no significant difference (P ~0.05) of topsoil pH 

between pairs (Table 3). Exchangeable Ca, K, and Mg values were 
respectively 97%, 61%, and 55% higher on Longslip than on Ben 
Avon, all differences being significant (P<O.Ol). Organic C and 
total N were 40% and 52% higher respectively on Longslip than on 
Ben Avon, and both differences were significant (P<O.Ol). The 
differences of exchangeable Ca, Mg and K between Longslip and 
Ben Avon Stations are equivalent to 166 kg/ha Ca, 22 kg/ha Mg 
and 60 kg/ha K. 

Table 3. Comparison of topsoil (O-7.5 cm) chemical properties at 10 
paired sites on Longslip and Ben Avon Stations, study area C. 

Longslip Ben Avon Significant 
Difference 

PH 5.3 5.3 
c (52) 5.2 3.7 ** 

N (%I 0.35 0.23 ** 

Exch. Ca (cmol(+)kg) 3.32 1.69 *** 

Euch. hfg (cmol(+)kg) 0.79 0.49 ** 

Exch. Na (cmol(+)kg) 0.04 0.03 NS 
Exch. K (cmol(+)kg) 0.79 0.49 *** 

* = significant differences (PSO.05); ** = significant difference (P S 0.01); *** signifi- 
Cant difference (p 4 0.01). NS = not significant (p > 0.05). 

From Table 3 alone it is not possible to determine whether 
exchangeable cations on Longslip have increased, or whether 
those on Ben Avon have declined, or both. The lack of baseline 
data demonstrates the difficulty of interpreting spatial studies like 
the area C comparison in isolation. However, the evidence from 
the area A temporal study, previously discussed, shows that 
exchangeable cations have increased on Longslip, both as a result 
of direct fertiliser inputs (Ca) and possibly by enhanced nutrient 
cycling or transfer (Ca, Mg and K). Organic C on Longslip 
increased after oversowing and fertilising (McIntosh et al. 
1994a), while grazing alone on Glencaim was associated with 
organic C and total N decline (McIntosh et al. 1994b). Therefore 
the differences observed in area C could be explained both by 
organic C increase on Longslip and organic C and total N decline 
on Ben Avon over the last 16 years. Further temporal monitoring 
in area C is required to confirm deduced temporal trends. 

Conclusions 

Moister Hilly and Steep Country (Areas A and C) 
The increase of exchangeable cations and organic C on fer- 

tilised and oversown moister hilly and steep country indicates 
that the oversowing and fertilising has positive soil effects, and 
insofar as ecological sustainability can be judged by soil factors 
that can be measured by surface sampling, the evidence generally 
indicates that oversowing and fertilising is sustainable in the short 
term. However, we note that the positive effects are largely con- 
fined to sunny slopes, and the pH decline previously noted will at 
some time require correction. If fertilising continues to be eco- 
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nomic, and liming of similar high country is less expensive than 
estimated by McIntosh et al. (1994a), continued intensified pas- 
toral use of moister hilly and steep high country (like that of area 
A) could be sustainable. However, in today’s economic climate, 
the financial returns from developing moister hilly and steep 
country similar to area A have been questioned (G.I. Ogle and 
R.G. Patterson, unpublished report). Consequently, although the 
soil changes (other than pH decline) brought about by fertilising 
and oversowing are positive, the sustainability of fertilising and 
oversowing may eventually be determined by financial factors, 
which raises the important question of what soil changes might 
be expected if fertilising were to cease. 

We consider that in moister high country like area A the most 
sustainable system may be one that minimises risk (arising from 
climate and commodity price variation) and maintains biodiversi- 
ty while at the same time replacing nutrients lost by grazing. 
Such a system will involve oversowing and fertilising so that 
stocking rates can be significantly raised, without total replace- 
ment of the low-yielding but resilient and well-adapted native 
flora. Achieving this balance between introduction of desired pas- 
ture species, maintenance of biodiversity, increase of soil fertility 
and soil organic matter and profitability will require careful soil 
and vegetation monitoring. 

Drier Hilly and Steep Country (Area B) 
The results in this paper are the first report of measured large 

changes of topsoil nutrients occuring on a farm scale on unfer- 
tilised dry South Island high country under pastoral use. The 
large changes of topsoil nutrients and organic C that have 
occurred since 1978 demonstrate how sensitive the drier soils are 
to pastoral land use, although calculations show that many of the 
changes are likely to be indirect effects of grazing rather than 
directly caused by nutrient uptake and transfer. While it is clear 
that continued losses of this magnitude would be unsustainable, 
the measured soil Ca, Mg and K losses could be readily replaced 
by fertilising. For example, the total Ca, Mg, and K lost over 15 
years could be replenished by applying 1.1 t/ha of agricultural 
lime, 105 kg/ha of magnesium sulphate and 28 kg/ha of potassi- 
um chloride. Fertilising the drier hilly and steep country however 
may bring other problems, e.g. a proliferation of briar (Rosa 
mbiginosa). 

Reversing the organic C and total N decline noted by McIntosh 
et al. (1994b) is not so straightforward and may require either 
reduced grazing to enable more organic matter to return to soils 
as litter, or higher plant productivity through oversowing and fer- 
tilising to enhance litter, dung and urine returns. Both these 
options would have big impacts on total farm management: 
reducing grazing on the hilly and steep land would require devel- 
opment of grazing elsewhere on the farm to maintain farm viabil- 
ity. The alternative of legume introduction would probably 
require soil conservation subsidies as financial analysis by B. 
Aubrey has shown that on Glencaim Station the moderate aver- 
age dry matter yields of about 4 t/halyr from fertilised pastures 
(McIntosh et al. 1935, Boswell and Swanney 1990), combined 
with climate-related seasonal yield variation, mean that oversow- 
ing and fertilising is risky and uneconomic except during periods 
of highest wool prices (Ross et al. 1993). It is therefore likely that 
the objective of maintaining soil organic matter and nutrient lev- 
els while grazing continues on the drier high country will be 
achievable only with financial assistance from outside agencies. 

I 
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Abstract 

Fecal seeding by livestock may be an effective, low-cost means 
of rangeland restoration. We compared recruitment of switch- 
grass (Panicum virgatum L.) from seed fed to cattle and deposited 
in dung to that of broadcast-seeded plots receiving a comparable 
number of unfed seed. Although germinability of seed passed 
through livestock (52 to 62%) was reduced relative to that of 
broadcast seed (85 to 91%), recruitment of switchgrass from seed 
in cattle feces was equal to or superior to that of broadcast seed 
in terms of establishment (frequency of occurrence and density), 
plant growth and final plant sire. The frequency of plots with 
emerging switchgrass plants ranged from 62 to 100% when seeds 
were delivered in feces, but only 2 to 40% when seeds were 
broadcast. After 1 year, the frequency of occurrence of switch- 
grass plants in fecal vs. broadcast-seeded plots was comparable 
for autumn trials. However, evaluations 1 year after the spring 
trials continue to result in higher frequency of plots with switch- 
grass plants from seed delivered in feces than of broadcast seed- 
ings (56 vs. 4% for May 1990, PcO.05; and 90 vs. 51% for May 
1991, PI 0.01). Enhanced plant recruitment on fecal-seeded plots 
occurred even though broadcast-seeded plots received 1.5 to 1.7 
times more pure five seed (PLS). Plants on fecal-seeded plots had a 
greater plant size score (based on visual ratings of height, cuhn den- 
sity, and biomass) than plants on broadcast-seeded plots (P < 0.05 
for May seedmgs; P < 0.05 for October 1990; P >O.lO for October 
1991). Results suggest significant advantages of fecal seeding over 
conventional broadcast seeding in terms of seedling emergence, 
establishment and growth 

Key Words: (Panicum virgatum L.), seed dispersal, revegeta- 
tion/restoration, plant establishment, seed germination, seed- 
feeding 

Seed dispersal by domestic animals and wildlife is known to 
contribute to the spread of desirable and undesirable plants 
(Janzen 1984). The potential to utilize this knowledge to direct 
and enhance pasture and rangeland species composition has been 
variously explored (Burton and Andrews 1948, Dore and 
Raymond 1942, Glendening and Paulsen 1950), with a renewed 
interest in more recent literature (Wilson and Hennessy 1977, 
Wicklow and Zak 1983, Simao Neto et al. 1987, Barrow and 
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Havstad 1992, Gardener 1993, Gardener et al. 1993, and 
Ocumpaugh et al. 1993). Most of the above cited research was 
restricted to seed viability measurements determined in germina- 
tion cabinets or greenhouse studies. Viability of seeds recovered 
from feces varied from zero for some grass species to relatively 
high for other grass species. For those grass species with good 
survival through the digestive system, there is a near linear 
decline in seed viability with increased retention time (Burton 
and Andrews 1948, Simao Neto et al. 19S7, and Ocumpaugh et 
al. 1993). Potential benefits for using livestock in rangeland 
restoration efforts have been reviewed (Archer and Pyke 1991). 
The benefits of delivering seed in dung include: enhanced 
microsite fertility, increased organic matter, increased water- 
holding capacity, short-term reduction in competition with extant 
vegetation, and short-term rejection of grazing near dung. A 
major disadvantage to delivering seed via feces is the poor distri- 
bution of feces across the landscape. However, if this technology 
was employed with a well-adapted plant, fecal-dispersed seeds 
could become the localized sources of seed for long-term range- 
land improvement. To enhance our success with fecal seeding, an 
understanding of germination kinetics in the dung pat and subse- 
quent seedling establishment will be required. In a previous 
study, 26% of switchgrass (Panicurn virgatum L.) seed fed to cat- 
tle was found to escape mastication and digestion and be excreted 
in a viable form (Ocumpaugh et al. 1991). In this study, field 
recruitment of fed switchgrass seed in cattle dung was compared 
to that of unfed seed broadcast in the spring and autumn of each 
of 2 years. 

Materials and Methods 

On each of 4 dates (May 1990, October 1990, May 1991, and 
October 1991), seeds of ‘Alamo’ switchgrass were fed to 2 cows 
and 2 steers which had been maintained on bermudagrass 
[Cynodon dactylon (L.) Pers.] hay for several days. About 200 g 
(200,000 seed) of switchgrass seed were mixed with a small 
amount of ground corn, soybean meal, and cane molasses and fed 
to each animal once a day for 2 days. Feces excreted 12 to 60 
hours after the initial feeding of switchgrass seed were collected, 
composited and thoroughly mixed. Three subsamples (about 250 
g fresh wt) were taken for dry matter calculations. The number of 
seeds per gram of feces was determined on 10 subsamples (about 
100 g fresh wt each). Seed were recovered from feces within 24 
hours following the mixing by placing the sample in a 400-ml 
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beaker, filling it with water and stirring with a glass rod. The 
resulting suspension was allowed to settle momentarily and the 
forage residue decanted over a screen-covered bucket. Additional 
water was added and the process was repeated 10 to 15 times 
until what remained in the beaker was mainly seed. The remain- 
ing sample was vacuum filtered to aid water removal, and then 
air dried. Seed that were inadvertently poured off were recovered 
from the screen. After seed were dry, samples were sieved to aid 
in removal of forage residue and counted. All recovered seed 
were germinated (>I00 per subsample). Four samples of 150 seed 
each of unfed seed were germinated for each seeding date. Seed 
were germin&d in glass petri dishes (10 X 100 mm) with one 
piece of germinating paper below and one above the seed. 

Seed were moistened with distilled water, dusted with captan 
(cis-N-trichlolomethyl thio-4-cyclohexene-1,Zdicarboximide) 
and placed in germinator cabinets set at 3UlS”C (day/night) with 
9 hours of light associated with the day temperature. Seed were 
examined for germination daily for the first 7 days then on days 
10, 14,21, and 28. Additional distilled water was added as need- 
ed. A seed was considered to have germinated when the radicle 
protruded through the seed coat. The 28-day total germination 
results were used to calculate total viable seed placed in field 
plots. 

Fecal samples were immediately transported to the Texas 
A&M University, La Copita Research Area near Alice, Texas, for 
placement in field plots which were fenced to exclude large her- 
bivores. A total of 4 enclosures were used for this research, one 
for each seeding date. The enclosures were located in a hay pas- 
ture consisting of fertilized native and naturalized annual and 
perennial grasses which had been treated with glyphosate herbi- 
cide 3 weeks previously. Killed herbage was not removed. Soils 
were Clareville clay loam (fine, montmorillonitic, hyperthermic 
Pachic Argiustolls) with a high pH (8.2 to 8.4) and moderate to 
high fertility. These soils contain suitable concentrations of all 
macronutrients except nitrogen (10 to 15 kg/ha of N). Long-term 
average rainfall for the area is 68 cm, with rainfall for 1988, 
1989, 1990, 1991, and 1992 totaling 39,37,57, 83, and 91 cm, 
respectively. Rainfall distribution is typically bimodal, with peaks 
in May-June and September. 

Eight plots of 25 subplots (0.5 X 0.5 m) were situated within 
each 8 X 30 m enclosure. A calibrated container was used to 
apportion out seed-rich feces (about 600 g fresh wt) to 4 of the 8 
plots to generate 100 subplots with seed-rich feces at each date. 
About 1 week later, seeds totaling the number dispensed in feces 
were broadcast on the other 4 plots of 25 subplots. The broadcast 
seed was concentrated over approximately the same area as those 
in feces so as to standardize differences in recruitment that might 
otherwise result from density dependent mortality. The calculated 
PLS per hectare assumed an effective seeding area of about 900 
cm*. Because the experiment was initiated during a period of 
extended drought, an automated sprinkler system was installed to 
provide supplemental water (1 to 2 cm) 2 nights per week in all 
of the 4 seeding trials in 1990 and 1991. Irrigation was not done 
during the mid-winter period, and all irrigation was terminated at 
a site within 1 year of seeding. The 1991 trials were not irrigated 
in 1992, the year post-seeding, as rainfall was above normal. 

standing crop, basal diameter and height) was rated on a 0 to 9 
scale. A score of 1 was assigned if small plant(s) dominated the 
plot, while a 9 was assigned when large plant(s) were present 
within a plot. The score presented for each treatment is a mean of 
plots with a score of at least 1. Zero scores were deleted from the 
analysis of plant size data so as to be able to compare relative 
plant size of the plots with at least 1 switchgrass plant. The value 
associated with the scale at any particular sampling date was not 
comparable with other sampling or seeding dates. Hence, a score 
of 5 represented the mid-sized seedlings (5 to 10 cm tall) in the 
plot of a new planting and could have represented a l-m tall plant 
with 12 to 15 culms from an earlier planting date on the same 
evaluation date. In addition to the specific scores that were 
assigned to each subplot, the evaluators recorded other notes and 
comments about each site and plot at each evaluation date. These 
notes and comments could not be analyzed, but will be used in 
the discussion when appropriate. 

Analysis of variance was conducted using general linear model 
procedures (SAS 1985) for each planting date and sampling date. 
Frequency of occurrence (proportion of subplots within a block 
of 25 subplots with at least one switchgrass plant) was handled as 
a completely random design with 4 replications and 2 treatments. 
Plant size scores on plots with switchgrass plants were treated as 
nested values within seeding treatment (feces vs. no feces). 
Statistical differences (P-values) reported are the F-tests for seed- 
ing treatment from the above described analysis of variance. 
Standard errors were calculated and reported for each set of 
means. 

Results and Discussion 

Total seed per site varied with seeding date (Table 1). 
Calculated seeding rates were 10 to 20 times higher than recom- 
mended rates for switchgrass (Vassey et al. 1985, USDA/SCS 
1988). Germinability of broadcast seed (85 to 91%) exceeded that 
of seed recovered from feces (52 to 62%) for each trial date. As a 
result, the calculated pure live seed (PLS, kg/ha) delivered to 
broadcast plots was 1.5 to 1.7 times that of fecal-seeded plots. 

Table 1. Seeding rate and laboratory germination data on fecal and 
broadcast seeding trials initiated in hfay and October of 1990 and 
1991. 

Variable 
Seediw uate 

Mav 1990 Oct. 1990 May 1991 Oct. 1991 
Fecal Plots 
Germination, % 61+1’ 6211 Z&l 55*1 
Viable seed (number) 1 IO&73 756zt22 1282kSl 798594 
PLS kg/ha 155+10 97+3 1-9 lOti 
Broadcast Plots 
Germination, % 85rt2 91k2 85k3 s7i2 
Viable seed (number) 1544*39 1106~1 2037264 126861 
PLS kg/ha 216ti 145*3 223k7 165k4 
hean and standard error based on 10 subsamples for fecal plots and 4 subsamples for 
broadcast plots. 

Switchgrass recruitment was evaluated periodically. Because of 
difficulties in counting large numbers of emerging seedlings or 

Establishment of switchgrass plants from seed in feces was 

identifying the number or size of individual plants at later stages 
superior to that from broadcast seed for May seedings (Tables 2 

of development, plant size (visual estimate of seedling density, 
and 3). The frequency of occurrence of switchgrass plants 
declined over 2 growing seasons for both fecal- and broadcast- 
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Table 2. Percentage of plots (%SE) with at least one Alamo switchgrass plant at 4 evaluation dates from fecal and broadcast seeding made in May of 
1990 or 1991. 

Evaluation Date 
Seeded in Mav of 1990 Seeded in Mav of I99 1 

Seeding 
hiethod 27 June 1990 24 Aug. 1990 26 June 1991 8 Aug. 1991 26June1991 S Aug. 1991 19 June 1992 3 Sept. 1992 

F& 
Brosdcast 
P-value 

____________________------------------------- (%) -----_----_---_---_--------------------------- 

lOOk0 99il 56ztlS 42i17 62*10 61+9 go+5 9224 
4OztlO 24rlO 4+2 2*1 2&l I*1 5156 St.5 

0.001 0.001 0.03 0.05 0.001 0.001 0.003 0.001 

seeded plots initiated in h/Iay 1990, but increased over 2 growing seeding, initial differences in plant growth ratings became similar 
seasons for plots seeded in May 1991. These contrasting trends in by the end of the second growing season (fecal = 4.8; broadcast = 
switchgrass recruitment behveen years may reflect differences in 3.0). However, for the May 1991 seedings, differences after 2 
amount and seasonal patterns of annual rainfall and differences in growing seasons remained significant (fecal = 5.8; broadcast = 
interspecific competition experienced by seedlings of the 2 plant- 2.7). By mid-June 1992, switchgrass plants in the fecal-seeded 
ings. For example, general notes indicated that common buffel- plots were 1 to 1.5 m tall and were estimated to have 100 times 
grass (Cenchnts cilliuris L.) quickly re-established dominance on more standing crop than the broadcast-seeded plots. At the final 
the plots initiated in 1990, but did not do so on plots initiated in evaluation in September 1992, switchgrass plants arising from 
1991. When evaluated in April 1991, the May 1990 planting had seed in dung were approaching 2 m in height with 15 to 50 

Table 3. hlean plant size score (&SE) of Alamo switchgrass plants at 4 evaluation dates from fecal and broadcast seedings made iu May of 1990 or 
1991. 

Evaluation Date 
Seeded in Mav of 1990 Seeded in hlav of 1991 

Seeding 
Method 27 June 1990 24 Aug. 1990 26 June 1991 8 Aug. 1991 26 June 1991 8 Aug. 1991 19 June 1992 3 Sept. 1992 

-----_----__------------------------------- (score’>-------------------------------------------- 
Fecal 4.5ti.2 4. kto.2 4.2io.3 4.8io.4 ND* 3.SzkO.2 7.2~kO.2 5.szto.2 
Broadcast 1.9ko.l 1.szto.1 2.5ti.5 3.w.o ND 1.020.0 2.sko.2 2.7ztO. 1 

P-value 0.001 0.001 0.05 0.23 0.09 0.001 0.02 
‘Score scale. 0 = no plant, 9 = plot with largest plant(s). hfean score calculated on plots with a minimum score of 1. 
%D = No’ Detemhed. 

only a few plots in the broadcast-seeded treatments with switch- 
grass plants 20 to 30 cm tall. However, switchgrass plants in 
fecal-seeded plots were typically 25 to 60 cm tall. General notes 
recorded 1 month after planting in May of 1991 revealed 10 to 30 
switchgrass seedlings per plot at the 3 to 4 leaf stage in fecal- 
seeded plots, whereas only an occasional single seedling was pre- 
sent in broadcast-seeded plots. 

Plants produced from seed dispersed in feces had a greater 
plannt size score (3.8 to 7.2 of 9.0 possible) than plants emerging 
from broadcast seed (1.0 to 3.0) (Table 3). For the May 1990 

culmslplot. In contrast, switchgrass plants arising from broadcast 
seed were typically ~1 m tall with only 2 to 5 culms/plot. 

With trials initiated in October, frequency of switchgrass 
seedlings from seed in feces was initially higher than that of 
plants produced from broadcast seed (Tables 4 and 5). However, 
these statistical differences generally disappeared by the follow- 
ing spring or summer. Overwinter reductions in frequency of 
occurrence of plants in the October 1990 seeding were followed 
by recruitment of new individuals and an increase in frequency of 
occurrence the subsequent growing season. This was in contrast 

Table 4. Percentage of plots &SE) with at least 1 Alamo switchgrass plant at several evaluation dates from fecal and broadcast seedings made in 
October of 1990 or 1991. 

Seeding 
Method 

Seeded in October of 1990 Seeded in October of 1991 

13 Nov. 1990 26 June 1991 S Aug. 1991 19 June 1992 3 Sept. 1992 7 Nov. 1991 19 June 1992 3 Sent 1992 

FrC3l 
Broadcast 

P-value 

62+10 52310 92&S 

0.001 0.35 0.28 0.45 0.56 0.003 0.45 0.42 
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Table 5. Mean plant size score (&SE) of Alamo switchgrass plants at several evaluation dates from fecal and broadcast seeding made in October of 
1990 and 1991. 

Evaluation Date 
Seeded in October of 1990 Seeded in October of 1991 

Seeding 

hfethod 13 Nov. 1990 26 June 1991 8 Aug. 1991 19 June 1992 3 Sept. 1992 7 Nov. 1991 19 June 1992 3 Sept. 1992 

---------------------------------------------scorel--------------------------------------------- 
FeGil ND2 2.3zt0.3 4.2a.2 6.OztO.2 5.2fi.3 ND 3.2izO.2 4.4r0.2 
Broadcast ND 2.2rto.3 3.4io.3 5.3ti.3 4.3zto.3 ND 3.3iO.2 4.3M.2 

P-value 0.34 0.02 0.06 0.08 0.83 0.83 

‘Score scale, 0 = no plant, 9 = plot with largest pkmt(s). hlean score calculated on plots with a minimum score of 1. 
%D = Not Determined 

to the May 1990 seedings, where there was no net recouping of 
overwinter losses. Jones et al. (1991) evaluated seedlings germi- 
nating from naturally-collected fecal samples. They conducted 
their germination trials in a greenhouse using wet-dry cycling and 
found that 64% of all seedlings germinated during the first (of 4) 
8-week wet cycle, suggesting that all viable seed may not germi- 
nate even under ideal growing conditions. 

The good success (65 to 92%) from autumn seeding observed 
here regardless of seeding technique is in agreement with the 
generally accepted practice of late-summer seeding of switch- 
grass or kleingrass (Pm&urn culorarum L.) in this sub-tropical 
region (USDA/SCS 1988). Seeding recommendations imply that 
excellent stands can be expected from only 2 to 3 kg PLS ha-’ 
when planted between mid-August and late-October in cultivated 
pastures (USDABCS 1988). Recruitment of switchgrass from 
seed in cattle feces was equal to or better than that of broadcast 
seed with respect to frequency of occurrence and plant size, par- 
ticularly for the spring (May) trials (Tables 2-5). Advantages of 
fecal seeding were realized even though broadcast-seeded plots 
received 1.5 to 1.7 times more PLS (Table 1). Over the longer 
term (2 growing seasons), benefits apparently associated with 
fecal enhancement of microsite fertility were manifested in 
greater switchgrass growth and survival. Data from the May 1991 
and both October trials further indicate that recruitment of 
switchgrass from broadcast seed and seed in dung can occur for 
at least 2 growing seasons following dissemination. The reader 
should be cautioned that these responses were obtained utilizing 
supplemental water and complete chemical control of existing 
vegetation at seeding. This approach likely enhanced the percent 
success of both seeding techniques. However, the enhanced plant 
size from fecal seeding likely is a true treatment affect. 
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Abstract 

Leafy spurge (Euphorbia esula L.) is a noxious weed on range- 
lands throughout the Northern Great Plains. Most of these 
ranges are grazed by cattle which do not use leafy spurge as for- 
age. Although sheep graze leafy spurge, most land managers are 
reluctant to use sheep to control this noxious weed, which may be 
related to economic uncertainties regarding their profitability. 
The purpose of this study was to evaluate tile economic feasibility 
of implementing a sheep enterprise to control leafy spurge on 
cattle ranches. The physical characteristics of a typical Northern 
Great Plains ranch, recommended stocking rates for cattle and 
sheep on native and leafy spurge-infested rangelands, and a 
sheep enterprise budget were developed using information from 
the literature. A LOTUS@ spreadsheet was developed to calcu- 
late returns over total costs of implementing various sheep enter- 
prises. Annual returns from implementing sheep grazing on 520 
ha of leafy spurge on a 4,905 ha ranch exceeded total costs by 
$4,675. Given the ownership costs and returns of our ranch, the 
breakeven lamb price would be $1.16 kg-‘. Returns per head and 
per unit of land will vary with the distribution and size of a leafy 
spurge infestation, and sheep production costs and returns. 
Returns from sheep grazing were higher when leafy spurge was 
concentrated in fewer rather than in many pastures. Returns 
were positive when as little as 4% of the ranch was infested with 
leafy spurge. The availability and utility of our model will allow 
land managers to assess the feasibility of developing sheep enter- 
prises to control leafy spurge. 

Key Words: Euphorbia esula, economic analysis, noxious weeds 

Leafy spurge (Euphorbia esula L.), an aggressive, perennial 
forb from Eurasia infested over 260 thousand ha of rangeland in 
Montana in the mid-1980s (Lacey et al. 1985), and has increased 
at least 25% since that time (I-I. Stepper, personal communica- 
tion). Invasion of rangelands by leafy spurge has reduced biodi- 
versity (Belcher and Wilson 1989) and land values for livestock 
grazing, wildlife habitat, and recreation (Leistritz et al. 1992). 
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Leafy spurge is difficult to control on range and pastures, 
though chemical and mechanical control is effective on small 
infestations (Fay 1992). These strategies may not be economical- 
ly or environmentally appropriate over large areas. While envi- 
ronmentally appealing, the effectiveness of establishing and using 
flea beetles (Aprhona spp.) and other biological control agents to 
control leafy spurge has not been proven. 

Previous research has shown that sheep can be used to control 
leafy spurge (Johnston and Peake 1960, Bowes and Thomas 
1978). Although sheep grazing will reduce density and biomass 
of leafy spurge, eradication is not likely (Lacey et al. 1985), thus 
sheep should be considered a long term weed management strate- 
gy. This may explain why sheep have not been widely used to 
control leafy spurge (Alley and Messersmith 1985). Most 
Montana ranchers raise cattle which do not graze leafy spurge. 
We believe that sheep are not widely used to control leafy spurge 
because of economic uncertainties, and possibly managerial con- 
straints associated with using sheep. 

Information on costs and returns of using sheep to control leafy 
spurge on cattle ranches is needed. The objective of this study 
was to evaluate the economic feasibility of grazing sheep to con- 
trol leafy spurge on eastern Montana cattle ranches. We devel- 
oped a model incorporating a LOTUS@ spreadsheet to compare 
different scenarios of sheep grazing leafy spurge. 

ACC = 1 - (1.25 X LSl/iOO) 

Where: 
ACC = Available carrying capacity 
LSI = Leafy spurge infestation 

I , I , I . 1 
20 40 60 60 loo 

Leafy spurge infestation (%) 

Fig. 1. Influence of leafy spurge infestation on cattle-grazing capacity 
of rangeland. Adapted from research from North Dakota State 
University (Leistritz et al. 1332). 
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Table 1. Sheep enterprise budget formulated for the Northern Great Table 2. Input variables and output from using LOTUS@ spreadsheet to 
Plains assuming an average level of management. analyze the economics of controlling leafy spurge with sheep. 

km 
Production characteristics 

Percent lamb crop weaned (%) 
hkket lamb selling weight (kg) 

Income sources 
Lamb sales @$1.45 kg, 51 kg 
Cull ewe (16% sold @ $30 h&‘) 
Wool sale (4.3 kg @ $2.40 kg-‘) 

Total income 
Cash costs per ewe 

tin 
hay 
mineral and salt 
crop residue 
supplements 
health 
breeding 
power and fuel 
shearing 
marketing 
machinery 
labor 
miscellanineous 

Total cash costs 
Return over variable costs 

140 
51 

$73.95 
4.80 

10.32 
$89.07 

$11.02 
19.15 

.40 

.51 
3.00 
2.00 
4.50 
2.00 
2.44 
1.00 
1.50 
2.50 

$5::: 

$36.05 

Loss 
Without Without With 

Pastures with leafy spurge Ha Spurge Spurge Infested Spurge 
(Ha AU-‘) (AUMs) (%Ha) (AUM) 

Pasture 1 747 1.27 5ss 
Pasture 2 747 1.27 55s 
TOTAL AUMs LOST WITH LEAFY SPURGE 

Number of months sheep will be grazed 
Returns over variable cost per sheep @Ewe cost ($) 
Value of a cull ewe ($) 
Taxes per ewe ($) 
Years ewe will be in flock 
Real interest rate (%) 
Km of fence needed 
Cost per km of fence ($) 
Projected life of fence (years) 

RESULTS: 

50 367 
20 147 

514 

8 
so 
30 
2 
4 
5 

20 
675 

20 

Materials and Methods 

The typical ranch in southeastern Montana includes 153 ha of 
cropland, 328 ha of hay, and 4,484 ha of range, a total of 4,965 ha 
(Johnson et al. 1994). The ranch has 58 km of fence. We assumed 
the rangeland was fenced into 6 equal sized pastures (747 ha). 

The typical ranch carries 471 animal units. Based on an S- 
month grazing season, forage from range supplies 3,530 animal 
unit months (AUMs). For cattle grazing, the average stocking rate 
of rangeland that is not infested with leafy spurge is 1.27 ha per 
AUM. Leafy spurge reduces carrying capacity by suppressing 
forage production, and limits availability because cattle avoid 
range sites infested with leafy spurge (Lym and Kirby 1987). We 
used Leistritz et al.‘s (1992) model to estimate the influence of 
leafy spurge infestations on carrying capacities for cattle (Fig. 1). 
An infestation covering 60% of a pasture reduces carrying capac- 
ity for cattle by 758, or to 25% of its uninfested level. In con- 
trast, sheep readily graze leafy spurge, thus carrying capacities 
for sheep are unaffected by the level of infestation. 

Number of sheep that can be run on land infested with leafy spurge 321 
Ownership Costs of Sheep: 
opportlmity cost ($) 2.75 
Depreciation ($) 12.50 
Taxes ($1 2.00 

Total Sheep Ownership Costs Sheep-’ ($) 17.25 
Total Sheep Ownership Costs ($) 5542.99 
Ownership Costs of Fence ($) 675.00 
Depreciation ($) 675.00 
Total Fence Ownership Costs Sheep“ ($) 4.20 
Total Fence Ownership Costs ($) 1350.00 

Total Ownership Costs Sheep-’ ($ 21.45 
Total Ownership Costs ($) 6892.99 

Returns Over Variable Costs Sheep” ($) 36.00 
Returns Over Variable Costs ($1 11567.97 

Returns Over Total Costs Sheep-’ ($) 14.55 
Returns Over Total Costs ($) 4674.99 

areas. On the basis that leafy spurge makes up to 50% of a 
sheep’s diet (Landgraf et al. 19S4), we assumed that sheep would 
harvest the available forage within areas infested by leafy spurge 
(Bartz et al. 1985). Forage growing outside of infested areas but 
within leafy spurge pastures was assumed to be available to cat- 
tle. Sheep were substituted for cattle at the ratio of 5: 1, and sheep 
carrying capacity of leafy spurge-infested rangeland was set at 
1.27 ha per AUM. 

Although leafy spurge density and percent composition varies 
within plant communities (Selleck et al. 1962), we assumed that 
leafy spurge composition averaged 50% throughout infested 

We developed a sheep enterprise budget from Freeman and 
Jordan (1990) and a Standardized Production Analysis for sheep 
(SPA; American Sheep Industry 1994). We estimated returns 
over variable costs of $36.05 per ewe (Table 1). 

The opportunity costs of implementing a sheep enterprise on 

Table 3. Influence of the distribution of leafy spurge among pastures, assuming a constant level of infestation (13% of the rangeland on a ranch is 
infested), on the economic feasibility of implementing a sheep enterprise to control the plant. 

1 Pasture 2 Pastures 3 Pastures 4 Pastures 5 Pastures 6 Pastures 
(SO%) (40% each) (27% each) (20% each) (16% each) (13% each) 

Item 
Sheep (number of head) 367 367 367 367 3G7 367 
Km of fence required 11.3 19.4 27.4 33.9 41.9 46.8 
Returns ewe.’ 16.67 15.18 13.71 12.52 11.05 10.15 
Net Returns (Sj 6123 5576 5036 4597 4057 3727 
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Table 4. Relationship between size of leafy spurge infestation within 2 pastures of a 6 pasture ranching operation on the economic returns of imple- 
menting a sheep grazing program. 

Q Infestation 5 10 15 20 30 40 50 60 70 80 

Sheep (number of head) 46 9 138 184 275 367 459 5.51 643 734 
Returns ewe-’ -9.72 4.49 9.24 11.62 14.00 15.18 15.90 16.37 16.71 16.97 
Net Returns ($) 49 412 1273 2133 3855 5576 729s 9019 10,740 12,462 

the typical ranch were estimated. Although we assumed that 
woven wire would be placed over existing barbed wire fences 
(around pastures infested with leafy spurge) to contain sheep, 
another strand of barbed wire or electric fences could be used to 
reduce fencing costs in many situations. Fencing costs were 
depreciated over 20 years which reflects that sheep grazing leafy 
spurge requires a long term commitment. We assumed that the 6 
pastures were rectangular (2 by 3 pastures arranged in a grid pat- 
tern). To fence 1 to 6 of these pastures would require 11.3, 19.4, 
27.4, 33.9, 41.9, and 46.8 km of materials, respectively. Woven 
fence was priced at $65 row’ (100 m). Ewes were purchased at 
$80 head-‘. The opportunity cost of implementing the sheep enter- 
prise was calculated using a real interest rate of 5% (Watts and 
Johnson 1985). 

The feasibility of grazing sheep to control leaf spurge was 
evaluated using a model developed on a LOTUS d spreadsheet. 
Thiieen input variables were entered: total number of ha in each 
pasture that contain leafy spurge, ha Am’ on uninfested range, 
percent of land within the pasture infested with leafy spurge, the 
number of months that sheep will be grazed, returns over variable 
cost per ewe, ewe cost, value of a cull ewe, taxes per ewe, years 
ewe will be in flock, real interest rate, km of fence needed, cost 
per km of fence, and projected life of fence. 

Model output initially lists the number of AUMs without leafy 
spurge and the AUM loss resulting from the spurge infestation. 
Results include number of sheep that can be grazed and owner- 
ship costs of sheep and fence. The model is available through the 
Phillips County Extension Ofice, Malta, Mont. 59538. 

Results and Discussion 

Our initial analysis assumed that 2 pastures contained leafy 
spurge (Table 2). Leafy spurge infested 20% and 50% of the land 
within the 2 pastures, respectively. The infestations reduced cattle 
grazing by 514 AUMs. With an g-month grazing season, 321 
sheep could graze those pastures infested with leafy spurge. 

Ownership costs were $5,543 for sheep and $1,350 for fencing. 
Returns over variable costs sheep-’ were $36. Returns over total 
costs sheep-’ were $14.55. Thus, for the 321 sheep returns over 
total costs were $4,675. Given these ownership costs and returns, 
the breakeven lamb price would be $1.16 kg”. 

The distribution of leafy spurge influences the economic feasi- 
bility of using sheep to control the plant (Table 3). If leafy spurge 
infests 13% of the land base, total returns are $6,123 if the leafy 
spurge infests only 1 pasture, but are only $3,727 if the infesta- 
tion is spread over 6 pastures. Returns are lower when the infesta- 
tion is spread over 6 pastures because the costs of implementing 
sheep grazing are higher with the greater extent of infestation. 

The economic feasibility of grazing sheep to control leafy 
spurge increases as the size of the leafy spurge infestation within 
a pasture increases (Table 4). Because more sheep are available 
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to pay the opportunity costs of fencing, total returns increase 
from -$449 when 5% of the 2 pastures are infested, to $12,462 
when 80% of the 2 pastures are infested. Sheep grazing yielded 
positive returns when 10% of the 2 pastures were infested. 
Although returns were negative when only 5% of the pastures 
were infested, the sheep were being used as a tool for controlling 
weeds, besides producing wool and lamb. Their costs should be 
compared with costs of alternative control methods. 

Our results provide needed information about the economic 
feasibility of implementing a sheep enterprise to control leafy 
spurge on a cattle ranch. Our model could be used to evaluate 
most conditions in the Northern Great Plains by altering values of 
input variables. It could then be used to calculate returns over 
total costs for specific ranch situations. 
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Abstract 

The perceived economic damage to forage crops in Montana 
attributed to native ungulates during 1992 was estimated using a 
mail survey of 2,200 randomly selected farms and ranches. The 
1,120 respondents indicated that wild ungulates were present on 
97% of the agricultural operations in Montana. White-tailed 
deer (Udocoileus virginianus [Zimmermann]) were the most 
widespread wild ungulate species and were most frequently cited 
as responsible for damage to forage crops by those respondents 
who reported damage. Damage to forage crops was most fre- 
quently reported in southwestern Montana and from agricultur- 
al operations with gross annual sales > $200,000. The aggregate 
perceived economic damage to forage crops by wild ungulates in 
Montana during 1992 was $12.2 million. 

Key Words: forage damage, Montana, native ungulates 

Tbe system of public ownership of wildlife and private owner- 
ship of laud that has developed in the United States has been suc- 
cessful in sustaining populations of native ungulates (Leopold 
1933, Jknzini 1992). However, owners of private land sometimes 
incur economic losses from wild ungulates that live on their prop- 
erty (Matscbke et al. 1984, Lacey et al. 1993, Wywialowski 
1994). In Montana, arguments over tbe extent of damage have 
generated friction behveen agricultural producers and groups sup- 
porting wildlife. This friction could be reduced if more valid 
information on economic losses were available. In this paper, we 
have attempted to provide valid information on one class of eco- 
nomic damage, losses due to wild ungulate use of forage crops. 

Landowners in Montana are expected to absorb some economic 
damage from wild animals. State Supreme Court rulings in cases 
such as State vs. Ratbbone 1940 and State vs. Sackman 1968 
have held that wildlife is au important asset to the state; use of the 
land by wildlife predates the current land ownership system; 
therefore, property owners in Montana should expect wildlife to 
live and feed on their property (Aderbold 1985). The state, by 
reducing a landowner’s options, has taken on an obligation to pro- 
tect landowners from unreasonable damage due to wildlife. When 

This research was sponsored by the hlontana Agricultural Experiment Station. 
The assistance provided by Lee Faulkner was gmatly appreciated. 
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unreasonable damage occurs, the Montana Department of Fish, 
Wildlife, and Parks (MDDW) can offer the landowner an array 
of options to provide relief but will only issue a landowner a per- 
mit to kill depredating wild ungulates as a last resort (Aderbold 
1985). The state does not provide direct monetary compensation 
for economic damage attributed to wildlife. 

Determining “unreasonable” levels of economic damage is not 
an easy task because “reasonableness” is a value judgement based 
on perceptions of individuals and because measuring damage is 
difficult. Direct measurement of damage is very expensive, often 
provides inconclusive results, and usually has limited temporal 
and/or spatial applicability (Tebaldi 1979, Palmer et al. 1982, 
Grover 1985, Adkins 1991, Selting 1994). 

Alternative approaches also have limitations. Public meetings 
or invited public comments on game damage can be easily biased 
by aggressive individuals or groups who may not be representa- 
tive of the attitudes of the population (Vining and Ebreo 1991, 
Johnson et al. 1993). Assessing economic damage based on game 
damage complaints includes only the opinions of those landown- 
ers who complain (Adkins and Irby 1994). In-depth personal 
interviews provide detailed information but usually are limited to 
small samples which may not be representative of attitudes of the 
general population of landowners. Mail surveys to large segments 
of a population are relatively inexpensive and allow extensive 
coverage but may not be accurate indicators of attitudes 
(Dillman 1978). Question formulation can reflect conscious or 
unconscious biases of the groups sponsoring the survey. 
Respondents may or may not be representative of the population 
surveyed, and followup surveys on nonrespondents may be diffi- 
cult or impossible if questions of confidentiality are involved. 

An extensive survey was used in this study, despite tbe inherent 
limitations, because it provided a larger sample size and a better 
sample distribution than any other approach possible with the 
limited resources available. Problems associated with mail sur- 
veys were reduced because questions in this study were incorpo- 
rated into an established annual survey, the Montana Farm and 
Ranch Survey (Saltiel and Faulkner 1993). This survey has been 
mailed to a random selection of farm and ranch operators since 
1986 and has a reputation as a neutral source of information. The 
potential for exaggerated estimates of damage was reduced by 
including questions in a low profile, established survey in a year 
in which game damage was not a major issue in the state legisla- 
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ture in a state where ranchers and farmers have low expectations 
of financial compensation for economic damage. 

The only other recent attempts to survey landowner perceptions 
of game damage to agriculture in Montana have been limited to 
subpopulations of landowners in specific geographic areas within 
the state. Adkins (1991) found that numbers of damage com- 
plaints tiled with MDFWP in southwestern Montana were posi- 
tively correlated with hay prices and severity of weather condi- 
tions in early winter and negatively correlated with late spring 
precipitation and hunting opportunities on adjoining lands. Lacey 
et al. (1993) reported that the average annual economic loss 
attributed to wild ungulates by livestock producers in southwest- 
em Montana was $6,467 per operation. Forage loss in pastures 
and hayfields ($5,616) and damage to haystacks ($450) account- 
ed for 94% of these estimated losses. Wywialowski (1994) 
included responses from Montana in a national survey of per- 
ceived damage, but results were reported by region rather than for 
individual states. 

This survey was designed to develop baseline information on 
economic damage to agriculture in Montana by native ungulates 
as perceived by farmers and ranchers. Since 69% of the agricul- 
tural acreage in Montana is used to produce forage for livestock 
(MASS 1993), the survey emphasized relationships between wild 
ungulates and forage. The 3 objectives of this paper are: 

1) to describe the distribution and extent of perceived economic 
damage to forage crops by wild ungulates in Montana, 

2) to develop estimates of economic impacts of wild ungulates 
to hay stacks, hayfields, and rangeland in Montana based on per- 
ceived losses, and 

3) to determine if perceived damage varies by geographic 
region and by operation size. 

Methods 

Data were obtained from the 1993 Montana Farm and Ranch 
Survey conducted in February and March of 1993. 
Questionnaires were mailed to a randomly selected sample of 
2,200 of the 14,067 commercial farms and ranches > 40 ha listed 
by the Montana Agricultural Statistics Service (MASS) (1993). 
Procedures for construction and administration followed recom- 
mendations by Dillman (1978). Letters reminding recipients to 
fill out the questionnaire and thanking those who had already 
done so were mailed 10 days after the questionnaires. Three of 
the 14 pages dealt with wildlife issues. Eleven pages dealt with 
economic conditions on individual operations, expectations for 
product prices, and farm and ranch management strategies. In 
order to maximize the probability of honest responses on ques- 
tions related to personal financial status, the respondents were 
guaranteed anonymity. Potential bias in respondents was indirect- 
ly assessed through comparisons with responses in other years 
and with other data bases. Bias in questions was reduced by 
pretesting. Ranchers, farmers, extension agents, and MDFWP 
biologists completed and commented on preliminary versions of 
survey questions. 

Recipients of the questionnaire were asked to indicate which 
species of wild ungulates were present on their lands, if they had 
experienced damage to haystacks, hayfields, and/or forage in pas- 
tures available for livestock use in 1992, and if damage in 1992 
was below, near, or above average. For each type of damage, 
recipients were asked to identify which species (1 or more) were 
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most responsible. Only 4 ungulate species, white-tailed deer, 
mule deer (Odocoileus hemionus [Rafinesque]), pronghom ante- 
lope (Antilocupru americana [Ord.]), and elk (Cervru eluphus 
L.]), were mentioned by respondents frequently enough for indi- 
vidual analyses. 

Respondents that reported damage were asked to estimate the 
amount of loss during 1992 in tons for hayfields and haystacks 
and Animal Unit Months (AUM’s) for forage in pastures. 
Reported damage was cross-checked with numbers of wild ungu- 
lates reported by season, operation size, and geographic location 
of the operation to eliminate infeasible estimates. No attempt was 
made to adjust losses of forage in pastures for dynamic plant 
growth processes (McNaughton 1983). Failure to adjust for this 
could have substantial impacts in some ecosystems, but in an 
extensive assessment of perceived forage losses over a large geo- 
graphic area, a straight conversion of numbers of wild ungulates 
to AUM’s based on approximate body size of the ungulate species 
(the most common manner by which respondents evidently esti- 
mated forage loss) provided the most reasonable approach avail- 
able. The 1992 average market values for hay in Montana was 
$60 per ton (USDA Agriculture Market Service 1993). Market 
value for grazing leases in the state in 1992 averaged $11.80 per 
AUM (USDA Agricultural Statistics Service 1993). These aver- 
ages were used to calculate the monetary value of loss estimates 
provided by respondents. 

Perceived economic losses were calculated for haystack dam- 
age, forage consumed from hayfields, forage consumed from pas- 
tures, and an aggregate of damage in these categories for each 
operation. These values were used to calculate means and stan- 
dard errors (SE) for the respondent sample. Respondent means 
and SE’s were expanded to statewide estimates by multiplying 
them by 14,067, the estimated total population of commercial 
farms and ranches > 40 ha in Montana in 1992 (MASS 1993). 
Variation is reported as & 2 standard errors. 

Differences in frequency of perceived economic damage by 
geographic region and by operation size were tested using chi- 
square tests of independence (SAS 1987). Montana was divided 
into 4 geographic regions (Fig. 1). Northwestern Montana had the 
highest percentage of forest cover, the lowest percentage of pri- 
vate land, and the smallest average operation size of the 4 
regions. The northwestern region included approximately 17% of 
the area, 18% of agricultural operations, and 5% of the farm- 
ranch acreage in Montana (USDA Geographic Area Services 
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Fig. 1. Boundaries of geographic regions in Montana used to divide 
respondents into groups. 
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1987). Southwestern Montana was characterized by forested 
mountain ranges separated by grasslands and included 12% of 
total acreage, 11% of farms and ranches, and 9% of farm and 
ranch acreage. Central Montana included some publicly owned 
mountainous lands along the eastern side of the Rocky Mountains 
but was predominantly privately owned prairie. This region had 
30% of the total area of Montana, 35% of agricultural operations, 
and 35% of the agricuhural acreage in the state. Eastern Montana 
had the highest percentage of private agricultural land of the 4 
geographic regions and was predominantly prairie. It included 
41% of total area, 35% of farms and ranches, and 50% of the land 
devoted to farming and ranching in Montana. 

Gross annual sales of agricultural products for individual opera- 
tions was used as an index to operation size. The categories were 
c $50,000 in sales, $50,000-200,000 in sales, and > $200,000 in 
sales. 

who reported loss of forage in pastures perceived losses in 1.992 
as average, 26% above average, and 5% below average. The pat- 
terns for those reporting losses to hayfields (67% average, 27% 
above average, and 6% below average) and haystacks (55% aver- 
age, 30% above average, and 15% below average) were similar. 

The frequencies at which species were reported as being 
responsible for damage varied among damage types (chi-square = 
106.10, P < 0.01). For respondents reporting damage, white-tailed 
deer were noted as most responsible for losses in haystacks and 
haytields. White-tailed deer and mule deer were most frequently 
cited as responsible for forage loss in pastures (Table 1). 
Antelope were least frequently noted as responsible for haystack 
damage, and elk were noted least frequently as responsible for 
damage to hayfields and pastures. 

Estimates of economic damage were also divided into 4 classes 
for statistical tests: 1) c $100 (an amount that would likely be 
impossible to measure); 2) $100-500 ( an amount that would 
probably be measurable but not unreasonable); 3) $500-1,000 (a 
cost to an operation that was borderline, i.e. could be considered 
for coverage in a compensation program or could fall under the 
“reasonable” damage rule); and 4) >$I ,000 (an amount that could 
represent “unreasonable” damage). 

Table 1. Percentages of respondents reporting damage to haystacks, hay- 
fields, and forage in pastures who indicated specific ungulate species as 
most responsible for damage. Percentages may sum to >lOO% because 
respondents could note more than 1 species. The numbers of respon- 
dents (n) from which percentages were calculated are given in the 
table. 

Species Damaee to 
Haystacks Hayfields Pasture 
(n=335) (x400) (n=524) 

---------------(%o)-_______________ 

Results 

Characteristics of Respondents 

White-tailed deer 68 69 57 
Mule deer 57 56 56 
Elk 12 15 23 
Pronghom antelope 7 34 44 

Of the 2,200 questionnaires mailed, 292 were undeliverable 
because of death of an operator or sale of property or were 
returned by retired operators, and 1,120 produced usable replies. 
This was a 59% response rate (1120/[2,200-2921) for people cur- 
rently operating a farm or ranch and included almost 8% of the 
commercial farms and ranches listed by the MASS. The average 
gross sales of agricultural products in 1992 reported by respon- 
dents was $136,377. Crop producers &70% of gross sales from 
crops) comprised 36% of the sample, livestock operations (170% 
of gross sales from livestock) 43%, and mixed operations Q30% 
of sales from both livestock and crops) 21%. Crop operations 
averaged 680 ha. Livestock operations averaged 1,700 ha. Eleven 
percent of respondents were from northwestern Montana, 11% 
from southwestern Montana, 39% from central Montana, and 
39% from eastern Montana. The 1993 response rate was similar 
to those in 1991, 1992, and 1994 (Saltiel and Faulkner 1991, 
1992,1993, 1994). 

Geographic regions differed in the frequency of reported dam- 
age to haystacks (chi-square = 49.07, P < O.Ol), hayfields (chi- 
square = 19.16, PcO.Ol), forage loss from pastures (c&-square = 
31.43, P<O.Ol), and for aggregated damage to forage crops (chi- 
square = 57.05, PC 0.01). Southwestern Montana had the highest 
frequency of damage reports (Fig. 2) in all 4 categories. 

Frequency of reported damage also varied with gross farm 
income (chi-square = 15.02, 11.13, 6.07, and 8.41 for haystacks, 
hayfields, pastures, and aggregate damage, respectively; PC 0.05). 
Larger operations reported higher frequencies of damage in all 
damage categories (Fig 3). 

Economic Impacts 

Distribution of Wildlife and Damage 
Ninety-seven percent of the 1,120 respondents reported wild 

ungulates on lands they controlled. Eighty-one percent of respon- 
dents reported white-tailed deer on their property, 76% mule 
deer, 59% pronghom antelope, and 21% elk. Mule and white- 
tailed deer were distributed throughout the state, but antelope 
were common only in the central and eastern regions and elk in 
the western regions. 

Forty-nine percent of the survey respondents indicated they 
suffered economic losses to forage crops from wild ungulates. 
Consumption of forage in pastures was most frequently cited 
(44%), followed by consumption of forage from hayfields (36%) 
and haystack damage (30%). Sixty-eight percent of respondents 

Based on 1992 market values for hay and pasture forage, the 
average aggregate loss from wild ungulate use of forage crops in 
1992 was $864 (+ $143) per respondent. The perceived losses on 
individual agricultural operations varied from none to $31,180. 
Estimates for individual damage categories were $174 (? $35) for 
haystack damage, $344 (& $75) for growing hay consumed in 
fields, and $347 (2$81) for forage consumed from pastures. 

Expanding the average aggregate loss per operation to the popula- 
tion of 14,067 commercial farms and ranches produced a statewide 
estimate of damage to forage crops of $12.2 million (+ $2.0 mil- 
lion). Statewide estimates of losses for specific types of damage 
were $2.4 million (+ $0.5 million) for haystack damage, $4.8 mil- 
lion (* $1.0 million) for forage consumed from hayfields, and $4.9 
million (* $1.1 million) for forage consumed from pastures. 

Estimated losses by respondents reporting damage (Table 2) 
did not vary significantly among loss categories by geographic 
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0% 
HAYSTACKS HAYFIELDS PASTURE ANY OF THREE 

FORAGE DAMAGE 

Fig. 2. Frequency of reported damage to haystacks, hayfields, forage 
in pastures, and one or more damage types by geographic region. 
Frequencies are based on U&127,433, and 434 respondents in 
the Northwest, Southwest, Central, and East regions, respectively. 

region (chi-square = 2.7-14.4, P = 0.11-0.98). Losses did vary 
significantly (P ~0.01) by farm sales categories (Table 3) for 
haystack damage (&i-square = 36.4), forage consumption from 
hay fields (&i-square = 16.9), forage consumption from pastures 
(&i-square = 72.0), and aggregate damage to forage crops (chi- 
square = 54.9). Farms with the highest sales reported the highest 
frequency of damage > $1,000 for all damage types. 

Discussion 

Although respondents in this survey reported slightly larger 
mean farm and ranch sizes than the average reported by MASS 
(1993), they were representative of the size, economic conditions, 
spatial distribution within the state, and agricultural practices of 
fulltime commercial operations within Montana (MASS 1993; 
Sahiel, unpubl.). Because this was the first statewide survey on 
the distribution of wild ungulates on agricultural lands in 
Montana. we could not contrast our results on animal distribution 

0% 
HAYSTACKS HAYFIEL!X PASTURE ANY OF THREE 

FORAGE DAMAGE 
m 450.000 m 533.0023.200.000 @j >sm.ooo 

Fig. 3. Frequency of reported damage to haystacks, hayfields, forage 
in pastures, and one or more damage types by gross annual sales 
category. Frequencies are based on 325,432, and 186 respondents 
in the <SSO,OOO, $50,000-$200,000, and >$200,000 categories, 
respectively. 
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Table 2. Distribution of respondents reporting damage from wild ungu- 
lates among loss categories by geographic regions in Montana, 1992. 

Damage Number of respondents 
category reporting damage Loss cateaorv 

csloo $100-500 $500-1,000 >$I,000 
------------(ojo)‘_-..__----__- 

Haystacks 
Northwest 19 26 47 16 10 
Southwest 67 18 39 22 21 
Central 116 16 31 24 23 
East 106 16 42 28 13 

Hayfields 
Northwest 41 5 39 22 34 
Southwest 51 12 31 24 33 
Central 103 8 35 20 37 

East 106 7 35 24 34 

Pasture 
Northwest 47 32 53 8 6 
Southwest 78 20 44 18 18 
CentraL 160 22 39 16 23 
East 156 22 49 10 IS 

Haystack, hayfield, and/or pasture 
Northwest 62 13 40 19 27 
southwest 102 10 32 21 37 
Central 199 12 27 16 46 

East 188 11 32 20 31 

‘Sums may not add to 100% due to rounding. 

with other studies. However, the general distribution pattern 
obtained from respondents for deer, antelope, and elk was similar 
to that reported by MDFWP (Mussehl et al. 1986). The similarity 
between our sample of farmers and ranchers and statewide data 
bases suggests that the likelihood of sampling bias in this survey 
was low and that most of the private agricultural land in Montana 
not only supports livestock and crops but also supports native 
ungulates. 

The extraordinarily high percentage (97%) of respondents that 
reported native ungulates on their property would indicate 
response bias in some states, but this is unlikely in Montana. 
Wild ungulates are abundant; agricultural practices are generally 
extensive rather than intensive so suitable habitat is available 
throughout the state; and farmers and ranchers have traditionally 
tolerated wild animals on their lands. White-tailed and mule deer 
were the most frequently reported wild ungulates on farms and 
ranches. They were also most frequently noted as responsible for 
damage to forage crops. 

There were undoubtedly biases in perceived losses reported in 
this survey. Respondents were asked to estimate forage loss from 
pastures in AUM’s, and they apparently based their estimates on 
direct conversion of wild ungulate numbers to equivalent weights 
of cattle or sheep. This conversion did not take into account dif- 
ferences in food habits, habitat use, and physiology among 
domestic and wild ungulate species ( Mackie 1981, Short 1981, 
Kitchen and G’Gara 1982, Nelson 1982, Nelson and Leege 1982, 
Peck and Dalke 1982, Peek 1984, Verme and Ullrey 1984, Wood 
et al. 1989); loss of forage to small mammals, insects, and 
decomposition (Batzli and Pitelka 1970, Clay et al. 1993, Quinn 
et al. 1993); or impacts of grazing on vegetation dynamics 
(Coughenour 1991, Frank and McNaughton 1992, Seagle and 
McNaughton 1992, Wallace and Macko 1993). Had adjustments 
for these factors been made, reported damage might have been 
lower, but there is no doubt that respondents were correct in 
assuming that some of the forage taken by wild ungulates could 
have been ingested by livestock. 

JOURNAL OF RANGE MANAGEMENT 49(4), July 1996 



Table 3. Distribution of respondents reporting damage from wild ungu- 
lates among loss categories by annual farm sales categories during 
Montana, 1992. 

Damage Number of respondents 
categov reporting damage Loss cateeorv 

41M3 $100-500 $500-1,000 >$I,000 
_ ------_____ (%)’ -_--- ---_--- 

HQYJXk.S 

>s5o,ooo Iti 31 44 18 7 
sso,OoO-200,000 15 41 27 17 

>%200,000 61 3 28 31 38 

Hayfields 
CSO,OOO 1;: 9 47 24 19 

S50,000-200,OOU 9 33 21 38 
> $200,000 64 3 25 23 48 

<$50,000 117 39 50 4 6 
S50,000-200,000 182 21 44 17 18 

> $200,000 88 2 39 22 38 

Haystack, hayfield, and/or pastore 
c$50,000 ii 18 43 17 22 

S50.000-200,ooO 10 26 20 44 
>$200,000 106 2 19 17 62 

‘Sums may not add 10 100% due to rounding. 

Although the aggregate economic value of forage estimated to 
have been taken by wild ungulates on agricultural land in 
Montana, approximately $12 million, is substantial, it is relatively 
small when compared to the $1 billion value of livestock produc- 
tion in the state in 1992 (MASS 1993). The total value of all hay 
produced in Montana during 1992 was $321 million (MASS 
1993). The perceived loss of hay to wild ungulates, $7.2 million, 
represented only 2% of the total value. 

As would be anticipated, the perceived losses were not evenly 
distributed among agricultural producers in Montana. This 
uneven distribution raises 2 related questions. Which losses are 
reasonable or unreasonable, and what criteria should be should be 
employed to classify losses? In Idaho, indemnification is based 
on absolute criteria (Rimby et al. 1991). That is, losses above 
some dollar limit ($1,000 in Idaho) are considered reasonable for 
indemnification and losses below this limit are not considered 
reasonable for indemnification. Such criteria require the verifica- 
tion of the absolute levels of loss by the administering agency. 

In Montana, agriculture is dominated by extensive rather than 
intensive production, and gross sales in our sample were positive- 
ly correlated with acreage. Large farms and ranches often support 
more wildlife, and more wild ungulates can potentially consume 
more forage. As anticipated, a greater percentage of the larger 
faxms and ranches in Montana recorded perceived losses > $1,000. 

The high levels of damage reported in southwestern Montana in 
our survey and by Lacey et al. (1993) illustrate that damage com- 
plaint levels are tied not only to operation size but to topography 
and land ownership patterns. Southwestern Montana is character- 
ized by wide valleys dominated by sage steppe vegetation sepa- 
rated by forested mountain ranges. The federal government owns 
much of the mountain land, and private cattle ranchers own most 
of the valley lands. Wild ungulates that summer on federal land 
frequently move to private lands at lower elevations in winter and 
use forage on private lands. 

Fifty-one percent of respondents did not report any damage to 
forage crops. Of those respondents that did report damage to for- 

age crops, 61% indicated losses valued at c $1,000. The small 
operations (22% of those that reported damage) and medium to 
large operations (50% of those that reported damage) that report- 
ed losses valued at > $1,000 would constitute the major compen- 
sation claim pool under the Idaho system. These farmers and 
ranchers perceived an aggregate mean damage to forage crops of 
$3,941 per operation. 

The results of this survey provide a conservative estimate of 
claims that might be expected under a compensation program 
based on perceived forage losses. Lacey et al. (1993) identified 
other economic losses (fencing material, labor, etc.) that ranchers 
could claim if a program were available, and personnel involved 
in compensation programs in Wyoming (Harju, pers. commun.) 
and Idaho (Thomas, pers. commun.) found that claims increased 
as ranchers and farmers became more aware of availability of 
game damage compensation funds. 

Absolute criteria do not represent the only method of determin- 
ing which perceived losses are reasonable or unreasonable. In 
some crop insurance and disaster relief programs (Goodwin and 
Smith 1995), a threshold level of loss in gross sales is specified 
before any indemnification occurs. For instance, if the loss in 
gross sales does not exceed 30% of a rolling average based on a 
prior specified period, there would be no indemnification of crop 
loss. If this approach were applied to wild ungulate damage, loss- 
es above 2% of gross sales (a value based on the state average of 
perceived damage to forage of l-2% of total livestock sales) 
might be considered for indemnification. Farms and ranches with 
$50,000 in gross sales would be indemnified for loss above 
$1,000, and operations with gross sales of $200,000 would only 
be indemnified for losses of more than $4,000. Such a scheme 
would reduce the budget exposure for indemnification payments 
to the agency responsible for payments but would increase the 
administrative workload by requiring both verification of losses 
due to wild ungulates and the decline in gross sales relative to 
some benchmark formula. 

This paper did not address economic and esthetic benefits farm- 
ers and ranchers might derive from wild ungulates on their lands. 
Many farmers and ranchers enjoy seeing and/or hunting wild ani- 
mals on their lands. Others derive income directly from hunting 
leases or indirectly from premiums paid by wealthy immigrants 
to Montana for land with wildlife. Lacey et al.(1993) indicated 
that economic gains from hunting leases did not come close to 
covering damage in southwestern Montana. However, they did 
not consider possible land value appreciation due to wildlife nor 
did they attempt to convert esthetic values into dollars. 
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Book Reviews 

Proceedings of the Fifth International Rangeland 
Congress. Vol. 1. Rangelands in a Sustainable 
Biosphere. Edited by Neil E. West. 1996. Society for 
Range Management, Denver. 651 p. US$69.25 cloth. 
ISBN I-884930-03-4. 
Contained here are the technical papers from the most recent 

International Rangeland Congress held the week of July 24,1995 
in Salt Lake City, Utah, USA. The second volume, which is to 
contain additional program details and other proceedings, will be 
published shortly. 

On the order of 300 short papers are included, with a consistent 
length of one and one-half double-columned pages. Collectively, 
the papers contain numerous tables and figures, and a few maps 
and black and white photographs. Topics of the papers are as 
diverse as the subtitle suggests, covering the entire spectrum of 
subjects related to rangelands. The papers are arranged alphabeti- 
cally by the senior author’s surname, and the volume includes an 
index of authors’ names. But the diverse Vol. 1 lacks any manner 
of subject index or table of contents, and unless a functional, gen- 
eral index is forthcoming in Vol. 2, those using the book as a ref- 
erence will need to know those names for navigation. 

The writing style of the short papers is lean, somewhere 
between an abstract and a full journal paper. This reviewer found 
good readability, and an irresistable impression that at least some 
full-length papers from scientific journals should be condensed 
into this format. The book shows considerable editing in both for- 
mat and text.-David L. Scarnecchia, Washington State 
University, Pullman, Washington. 

The Desert Grassland. Edited by Mitchel McClaran and 
Thomas R. Van Devender, with 12 text contributors. 1995. 
University of Arizona Press, Tucson. 346 p. US$40.00 
cloth. ISBN o-8165-1580-8. 
Sometime in 1975, near the end of my first range management 

class at the University of Arizona, I remember a day field trip 
through the desert grassland southeast of Tucson. That field trip, 
that bus trip, that desert landscape of native grasses, cacti, and 
shrubs against distant mountains, cemented my undergraduate 
impression that these arid rangelands were wondrous places, and 
that, by extension, range management had to be a noble profes- 
sion. Having been raised in the East, the varied combinations of 
plants and terrain in the desert grassland became my first image 
of what rangeland was. And the image was good, so good that I 
soon read Robert Humphrey’s 1958 book The Desert Grassland, 
and was ready to carry that image with me into a career, more or 
less, in range management. Nearly 30 years after Humphrey’s 
book, McClaran and Van Devender have revisited this landscape 
in a collection of contributed chapters under the same title. 

The text of The Desert Grassland is organized into 9 chapters 
covering different aspects of the area and its ecosystems. The 
introductory chapter by the senior editor discusses generalities of 
its climate and flora. Included here are brief histories and descrip- 
tions of the four major research areas in the United States’ part of 

the desert grassland, including the Jornada and Santa Rita 
Experimental Ranges. Except for a few unnecessary (or at least 
incongruous) pages on generalities of grass morphology, growth 
and development, the chapter is an effective introduction. 

Chapter 2 by Tony Burgess is a well integrated ecological 
assessment of a variety of features of the desert grassland includ- 
ing the water use strategies of its plants, history of herbivory, his- 
tory of fire, and the fragmented arrangements of its different 
growth forms of plants. Citing historical biases associated with 
both inappropriate application of Clementsian views and 
gramino-centric livestock interests, as well as great spatial and 
temporal variability in growth forms, Burgess proposes that the 
term desert grassland be scrapped in favor of the Apacherian 
mixed shrub savanna “to acknowledge the dynamic coexistence 
of many growth forms in a geographic region that corresponds to 
the former range of the Apache.” I am unsure if I would have 
read Robert Humphrey’s book if it had been similarly entitled. 

Chapter 3 by the junior editor examines the biotic history of the 
desert grassland. Included here are discussions of the pollen 
records of desert grassland formations in each of the Pleistocene 
interglacials, separated by periodic forest encroachment during 
the glacial periods. Landscape evolution and soil formation are 
the focus of Chapter 4. The role of fire in the grasslands is the 
subject of Chapter 5. Chapters 6 and 7 examine the spatial vari- 
ability and functional roles of invertebrates and vertebrates, 
respectively. Chapter 7 includes interesting discussions on the 
effects of kangaroo rats on plant communities, and the history of 
prairie dog control in the desert grassland. Chapter 8 examines 
historical and current human impacts on the grasslands of south- 
eastern Arizona. The history, philosophy, mechanics and future 
of revegetation in the desert grassland are the subject of the 
book’s final chapter. Lists of common and scientific names of 
plants, invertebrates, and vertebrates used in the text are append- 
ed. The chapters cite widely both older and recent literature. The 
index is detailed, and excellent. 

The writing style of the chapters is uniformly, enjoyably read- 
able. The style is targeted at a “sophisticated lay audience;” stn- 
dents, managers and scientists should all find The Desert 
Grassland useful and interesting. 

After a 20-year absence from the desert grassland of southeast- 
em Arizona, I returned for 2 days last fall, and reti-acing my earli- 
er steps, spent a few hours in and around the small towns of Elgin 
and Sonoita. The whole place seemed smaller, and a scattering of 
arty gift shops and exurban ranch homes seemed somehow more 
menacing than the scattered worrisome mesquite trees our 
instructor had mentioned 20 years earlier. Like the cacti, the eco- 
logical threats haven’t become any less thorny over those years, 
and the land use/preservation pressures have clearly intensified. 
But the place still looked good, although, of course, it could not 
have looked as good as it did in 1975.-David L. Scamecchia, 
Washington State University, Pullman, Washington. 
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