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Effects of continuous grazing on habitat and density of 
ground-foraging birds in south Texas 
DENISE L. BAKER AND FBED S. CUTHEBY 

All&d 

We analyzed tbe reqonse of the key habitat faturea and 
ground-foraghlg binb to 2 intenBitiem of continuour grazing on 
umiy loun and clay roib in the Texas Coastal Rend during 
19(14-1985. Heavy continuoum grazing increased the diaper&n but 
not neceaurily tbe avaiUUity of bare ground in compubum witb 
moderate continuous grazing. Responsea of kabitat faturer 
(structnh of ground cover, key food plants) depended on aoil type. 
~d~~OIWt~madow~(Sturncllr~)w~ 
bigber on clay tkan on mndy loam soh and bigha m&r moderate 
tkan under keavy grazing. Mourning dova (Zen&a mauoura) 
were more abundant on sandy I- than on clay8 and more 
rbandant under heavy than under moderate grazing. Northern 
bobwhite (Coiinus vitgh&mus) abundance wao uniformly low, 
rMofgr=hintenritJ-ddtype. 
Key Word% continuous grazlag, eastern meadowlark, moumdng 
dove, nortban bobwhite, Texas 

Among numerous approaches to grazing management, contin- 
uous, yearlong grazing remains one of the most common. This 
approach minimizes management input and may maximize live- 
stock performance, depending on area (Holechek 1983). Further, 
continuous grazing has been more profitable. than epasture, 
deferred rotation and high intensity, low frequency grazing in the 
Texas Coastal Bend (Drawe 1988). 

A primary decision in use of continuous grazing to manage 
wildlife habitat is livestock stocking rate (AU/ ha). Diiercnt stock- 
ing rates (e.g., light, moderate, heavy) have different impacts on the 
structure and composition of vegetation, which in turn affect the 
distribution and abundance of wildlife (Robinson and Bolcn 1984, 
Ryder 1986). 

Despite the prevalence of continuous grazing, little research has 
analyzed the impacts of different stocking rate% on wildlife popula- 
tions. We determined the response of key habitat features and 
populations of northern bobwhites (Colinus virginianus), moum- 
ing doves (Zenai& macroura), and eastern meadowlarks (Stur- 
nelka magna) to 2 intensities of continuous grazing by cattle. 

Study Area and Methods 
The study took place on the Rob and Bessie Welder Wildlife 

Refuge, San Patricia County, Texas, from July 1984 through June 
1985. The refuge has 3,158 ha of rangeland and wetlands adjacent 
to the Aransas River (Drawe ct al. 1978). Elevation ranges from 1 
to 4 m above mean sea level. Climate ranges from humid subtropi- 
cal to subhumid subtropical with average winter and summer 
temperatures of 13.9 and 30.00 C, respectively (Guckian and Gar- 
cia 1979). Average annual rainfall is 89 cm with most occurring in 
late summer and fall (Drawe et al. 1978). 

Data were collected on 4 experimental pastures established in 

Authors ark wildlife biologist, U.S. Fish and Wildlife Service, Phoenix, Arizona; 
and research scientist, Caesar Klebcrg Wiie Research Institute, Texas A&I Univcr- 
sity, Kingsvillc. At the time of the research, the senior author was research assistant, 
Caesar Klebcrg Wiiliie Research Institute. 

A 
The Caesar Klebcrg Foundation for Wildlife Conservation funded the study. 

Y 
preciation is extended to the Welder Wildlife Refuge foraccessand housing. This is 

elder Wildlife Foundation Contribution 355. 
Manuscript accepted 9 May 1989. 

1982. Soils on 2 pastures consisted mainly of Gdcm fine sandy 
loam with outcroppings of Sinton loam (Guckian and Garcia 
1979). Victoria clays occur& in the other 2 pastures. A pasture on 
each soil type received heavy (2.8 ha/AU) or moderate (5.6 
ha/ AU) continuous grazing treatments identified as follows: MS = 
moderately grazed sandy loam soils (221 ha), HS = heavily grazed 
sandy loam soils (163 ha), MC = moderately grazed clay soils (144 
ha), and HC = heavily grazed clay soils (277 ha). 

Eight 400-m line transects, oriented north-south and 400 m 
apart, were established in each treated pasture by selecting a ran- 
dom starting point. The transects were used for seasonal sampling 
of vegetation structure, selected forb and grass species, and bird 
abundance. Sampling took place in summer (July-Aug.), autumn 
(Oct.-Nov.), winter (Jan.-Feb.), and spring (May-June). 

We indexed vertical structure of vegetation with a profile pole 
(Robe1 et al. 1970) with readings at 13 points on each of the line 
transects. The first point was at the beginning of a transect and the 
remainder were 30.7 m apart. At each point we estimated percent 
visual obstruction (Guthery et al. 1981) for ldm strata on the 
profile pole from a distance of 4 m (kneeling position) up to a 
height of 1 m. Seasonal sample size was 104/treated pasture except 
in winter 1985 when flooding prevented data collection at 7 points. 

We used chuter analysis (FASTCLUS procedure, SAS 1982~433) 
to identify types of structural profiles of vegetation based on strata 
screening. Examination of the dendogram of profile types indi- 
cated observations could be classified into 2 general types: profiles 
with high screening below and sparse screening above 2 dm and 
profiles with high screening at heights up to 1 m (Fig. 1). The 
shapes of profiles differed slightly among seasons (Baker 1988). 

Bccausc of their importance as food to the bird species under 

-* --m_ 
0 -w ---- t 1 

1 2 3 4 5 6 7 a 9 10 
STRATUM HEIGHT CLASS [DMI 

Fig. 1. Schematic repmentation of v~etation prom trpa idcatifkd 
thro@ cluster amlynis, San PWicio Colmty, Texas, 198445. 
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study (Lehmann and Ward 1941, Parmalee 1953, Gross 1958, 
Dillon 1961, Genung and Green 1974, LAmann 1984, Wood 
1985), we determined density, canopy coverage, and percent fre- 
quency of occurrence of the following plants on each experimental 
pasture: erect dayflower (Commelina erectu L.), bundleflower 
(Desmrmthus sp.), milkpea (Gulocria spp.), powderpuff (Mimosa 
spp.), American snoutbean [ Rhynchosia umericuna (Mill.) Metz. J, 
Texas croton [Croron rexensir (Klotzch) Muell. Arg.], one-seed 
croton (C. monanrhogynus Michx.), western ragweed (Ambrosia 
psilostuchya DC.), seacoast sumpweed (Ivu unnua L.), bristle- 
grasses (Seruria spp.), paspalums (Paspdum spp.), and panic 
grasses (Panicurn spp.). We also measured percent coverage and 
frequency of occurrence of bare ground and litter. Sampling con- 
sisted of 12 randomly located O.S- X 0.5-m quadrats/line transect, 
giving 96 points/ treated pasture per season. Although sampling 
took place in each season, we report vegetation data from summer 
only for economy of presentation. Baker (1988) provided data 
from other seasons. 

Bird densities were estimated seasonally along the 8 line tran- 
sects/pasture. We recorded the number of birds seen (flushed or 
perched) and paced the perpendicular distance to observation 
points during morning (0.5 hour before sunrise to 0900) and even- 
ing (2 hours before sunset) walks. Each transect was walked 8 times 
giving a sampling effort of 25.6 km/ treated pasture per season. 

We used program TRANSECT (Bumham et al. 1980) solely to 
obtain an estimate of f(O), the inverse of one-halfthe effective strip 
width. Small sample size precluded seasonal stratification of 
flushing-distance data for bobwhites. For mourning doves and 
meadowlarks, we stratified by winter-spring and summer-autumn 
periods in estimating f(0). We then estimated pasture- and species- 
specific abundance as (total birds seen) (1 /total distance walked) 
(2/f(O)) and converted the estimate to number/40 ha. The Fourier 
series detection model adequately described (m.29) flushing fre- 
quencies for each species. One-halfeffective strip widths were 8.5 f 
0.68 m (*se) for bobwhites, 12.9 f 0.70 m and 12.1 f 0.70 m for 
meadowlarks in summer-fall and autumn-winter, respectively; and 
13.3 f 1.45 m and 13.3 f 1.24 m for doves in summer-fall and 
autumn-winter, respectively. 

Although grazing and soil treatments were replicated in space, 
the sample size was small and potential interactions between grazing 
treatment and soil type could not be tested. Therefore, we stress 
descriptive statistics herein. In particular, we present means of 
seaonal samples and identify salient trends in seasonal response. 

We used subsamples from within treated pastures to analyze 
responses of selected plant taxa and bird densities (point estimates 
for each replication of a transect) under a 2 X 2 factorial design. 
Because of a high frequency of zeros (non-normal distribution), 
data on density and coverage were rank-transformed for analysis 

(Conover and Iman 1981) and retransformed for presentation. 
Frequency values were analyzed with the Chi-square statistic. 
Inferences arising form the above analyses pertain only to the study 
site (Hurlbert 1984). 

Results and Discwsion 

Habitat Responses 
Mean seasonal frequencies of Type 2 profiles (Fig. 1) were 

similar on the HS, HC, and MC pastures at 858% (Table 1). 
These frequencies were at least 23% lower (x0.01) on the MS 
pasture than on the other pastures. We interpret these results to 
indicate that grazing intensities studied had little,effect on structure 
of ground cover on clay soils. On sandy soils, reduced grazing 
pressure was associated with an increase in cover available at 
heights >2 dm. 

Within seasons, grazing intensity and soil type also influenced 
(p<O.OS) the availability and dispersion of bare ground. Moderate 
grazing was associated with a 32% decline in the dispersion (fre- 
quency) of bare ground on both sandy loams and clays (Table 1). 
However, coverage by bare ground was similar on the HS and MS 
pastures, whereas it was >3 times higher on the HC pasture than on 
the MC pasture. We interpret these results to indicate that higher 
grazing intensities will increase the dispersion, but not necessarily 
the availability, of bare ground, depending on soil type. Mean 
coverage and frequency of litter showed no large responses on any 
of the pastures (Table 1). 

Bare ground is an important component of habitat for ground- 
foraging, seed-eating birds such as bobwhites (Rosene 1969, Guth- 
ery 1986) and mourning doves (Rosene 1939). None of the pastures 
studied supplied optimum average amounts of bare ground for 
bobwhites, which range between 30 and 60% (Guthery 1986:l IS). 

Four taxa showed no differences (p>o. 10) in density, coverage, 
or frequency of occurrence among experimental pastures. These 
species or genera were erect dayflower, bundleflower, milkpea, and 
powderpuff. Dayflower, bundleflower, and powderpuff were com- 
mon throughout the study area; their lack of response may have 
been due to broad adaptability. Milkpea was seldom encountered 
(O-3%) in sample plots. The lack of response simply reflected 
scarcity of this species. 

Four species responded to soil type independent of grazing 
pressure and pasture interactions (x0.05) (Table 2). Texas croton 
and American snoutbean had higher density or coverage on pas- 
tures with sandy loams than on those with clays, whereas western 
ragweed and seacoast sumpweed densities were higher on pastures 
with clays than on those with sandy loams. These results were 
expected based on known ecological requirements of the species 
(Jones 1982). 

Density of one-seed croton was the only variable that showed a 

Table 1. Mean seasonal reaporue of habitat futurea to buvy (2.8 h/AU) and moderatc(5.6 ha/AU) continuow grazing on sandy loam and thy 1~ 
San Patrlcio Couoty, Tcxaa, 198645. 

Variable 

Frequency of Type 2 
profiles (%)’ 

Bare ground 
covcragc (%) 
Frequency (%) 

Litter 
coverage (%) 
F=qu=Y (%) 

‘See Fig. 1. 

Sandy loam mY 
Heavy Moderate Heavy Moderate 

x Be x se x se x se 

81 5.3 65 8.3 89 3.6 85 5.8 

12 0.2 :: 1.6 17 3.3 5.1 0.8 
79 3.0 5.5 84 3.7 57 3.8 

33 11.4 31 11.8 12.8 38 18.1 
86 6.6 69 13.5 

ii 
5.8 80 14.8 
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TabIe 2. Effects of es- pmturw on the dcadty (no./m’), canopy coverage (%), and freqwaq of occurrence (5%) of aekcted wiNlife food piah, 
San PatrIdc Couaty, Texes, summer 19tUf 

Species 
Variable 

Pasturc2 
I-IS MS HC MC MSE’ P Significant effect 

American snoutbean 
Density 
Cover 
FrcquCncY 

Texas croton 
Density 
Cover 
Freqt=ncy 

One-seed croton 
Density 
COVCF 

Frequency 
Western ragweed 

Density 
Cover 

Frequency 
Seacoast sumpweed 

Density 
Cover 
Frequency 

BristIegrasses 
Density 
Cover 

Frequency 
Paspalums 

Density 
cover 
Frequency 

Panic grasses 
Density 
Cover 
Frequency 

ii:: 
0 

36.9 
36.9 

0.0029 
0.0029 
0.2000 

soil 
soil 
None 

0.0059 
0.0056 
0.0005 

soil 
Interaction 
Interaction 

0.0025 Graze 
0.0026 Graze 
0.2000 None 

0.0001 soil 
0.0472 Interaction 
0.0005 Interaction 

0.0001 
O.oool 
0.0005 

Soil 
soil 
Interaction 

0.5249 None 
0.6233 None 
0.0250 Interaction 

0.0020 Interaction 
0.0227 Interaction 
o.Ow5 Interaction 

0.0171 Interaction 
0.0165 Interaction 
0.0005 Interaction 

0.1 
0.1 
7 

0.3 
0.3 

13 

0.0 
0.0 
0 

;: 
24’ 

0.3 
1.4 

12 

td 
tr 

2 

51.4 
54.1 

tr 
tr 
2 

0.3 0.0 tr 
0.1 0.0 tr 
6 0 3 

0.0 
0.0 
0 

35.4 
35.9 

1.2 5.2 
0.6 2.0 

30 41 

50.1 
62.7 

0.6 
0.6 

15 
X:l 
9 

41.0 
35.3 ii:: 

0 

0.9 
0.2 
6 

3.1 

2im7 

4.4 
3.3 

51 

i:: 
8 

8:: 
5 

8:: 
7 

0.0 
0.0 
0 

54.9 
55.9 

0.5 0.1 tr 0.3 
0.9 0.8 0.1 2.0 

18 4 1 12 

53.0 
63.8 

47.7 
51.0 i:: 

18 

0.1 
0.1 
4 

8:: 
0 

:6 
4 

‘Table includes only those plants that rhowed responses (KO.05) on experimental pastures. Erect dayflower, bundleflower, milkpea, and powderpuff Bowed no rcaponsc 
(PX.10). 
*HS = heavily grazed, sandy loam soti, MS : moderately grazed, sandy loam soils, HC = heavily grazed, clay soils; MC = moderately w. clxy soils. 
3Mcan aquan error based on % plots/ turc. 
‘Base-d on F-test of rank-transformed JF ta for density xnd coverage and chi-squarc test for frequency. 
%r = trace (CO.05). 

significant response to grazing pressure in the absence of soil and 
pasture interaction effects (Table 2). This croton was more dense 
on the heavily grazed than on moderately grazed pastures. Heavy 
grazing is known to favor this species (Corm11 and Johnston 1970). 

The most common response was a soil X graxing interaction 
(Table 2). For example, percent cover of western ragweed and 
cover and density of paspalums and panic grasses seemed to be 
favored by heavy graxing on sandy loams and moderate grazing on 
clays. Baker (1988) discus& interaction effects observed during 
the present study in greater detail. 

The high frequency of interactions could have reflected 2 under- 
lying mechanisms. Plant phenology may vary with soil type inde- 
pendent of grazing program. Phenological stages vary in palatabil- 
ity to livestock. Whether these 2 factors operate simultaneously or 
independently, they could generate interaction responses such as 
those observed. 

Also, the interactions could reflect relative palatability of a given 
taxon. For example, slightly unpalatabk species might be used 
more heavily in communities consisting largely of highly unpalata- 
ble species than in communities consisting largely of highly palata- 
ble species. 

B&d Respomra 
The response of bobwhites to soil type and grazing pressure was 

variable and ambiguous. Density indices ranged from O/40 ha on 

the HS, HC, and MC pastures in autumn and winter to 25.9140 ha 
on the MS pasture in autumn. Mean seasonal densities were sim- 
ilar on the MS, HC, and MC pastures (Fig. 2). We interpret these 
results to indicate that, at the time of the study, the study area 
provided marginal habitat conditions for bobwhites, and the graz- 
ing pressures applied since 1982 had either uniformly depressing or 
neutral effects on quail. This lack of response to grazing intensity is 
in contrast to other studies, in which increased 8razing pressure 
associated with short duration grazing seemed to favor quail popu- 
lations or their key habitat features (Bareiss 1985, Wilkins 1987, 
Schulz and Guthery 1988). Quail on our study area have responded 
positively to grazing treatments that increased the availability of 
bare ground and forbs and reduced the availability of grasses 
(Hammerquist-Wilson and Crawford 1981). Further, sandier soils 
generally are more favorable for bobwhites than clayey soils (Leh- 
mann 1984). 

Abundance of meadowlarks varied seasonally due to the migra- 
tory habits of this species. Averaged over experimental pastures, 
density (x f se, no./40 ha) increased from spring (16.7 f 8.86) to 
fall (47.1 f 14.86) to winter (78.7 f 39.11) and then declined in 
summer (5.1 f 1.85). Based on mean seasonal abundance, which 
largely reflected fall and winter populations, meadowlarks used 
habitat supported by clay soils more heavily than habitat sup- 
ported by sandy loam soils (Fig. 2). These soil effects were signifi- 
cant in summer (PCO.0056) and winter (p<O.O005). Mean seasonal 
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Fig. 2. Mean seasonal demities of 3 bird apecks on experimental pastwe 
differing in soil type and grazing pressure, San Patrlcio County, Texas, 
1984-85. 

abundance was higher in moderately grazed than in heavily grazed 
pastures in both soil types, but effects were significant (KO.0063) 
only during summer. No interaction effects were observed (J70.05). 

Mourning dove use of experimental pastures also reflected 
migratory behavior. Mean density on experimental pastures 
increased from summer (4.8 f 1.71) to fall (30.9 f 20.56), remained 
stable through winter (33.9 f 24.26), and declined into spring (2.1 
f 0.8). Seasonal density averaged higher on sandy loams than on 
clays, and higher under heavy grazing than under moderate graz- 
ing on both soil types (Fig. 2). Soil effects were significant in 
autumn (KO.0008) and winter (KO.0279) and grazing effects 
were significant in winter (F<O.O073). We attribute these responses 
to increased dispersion of bare ground in response to heavy grazing 
(Table l), higher densities of croton, a favored food (George 1988), 
on sandy loams than on clays, and an apparent increase in one-seed 
croton due to heavy grazing (Table 2). No interaction effects were 
observed (I70.05). 

Conclusion 
We believe the most significant implication of our results is the 

potentially high frequency of interaction effects between grazing 
pressure and soil type, Because habitat management largely means 
management of plant taxa and communities, wildlife managers 
need to understand how important taxa and communities respond 
to grazing pressure. With such knowledge, they can make grazing 
management decisions consistent with goals of wildlife manage- 
ment. Our findings imply that the proper decision may vary 
according to soil type, and by extension, may be influenced by 
other factors that affect site productivity, such as annual precipita- 
tion and length of growing season. Whereas attention to interac- 
tion effects complicates management, it also makes possible sensi- 
tive and sophisticated management decisions. We recommend 
further research into the interactive effects of grazing pressure and 
environmental variables on wildlife habitat and populations. 
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Distribution of nitrogen fractions in grazed and ungrazed 
fescue grassland Ah horizons 
JOHAN F. DORMAAK, SYLVER SMOLIAK, AND WALTER D. WILLMS 

AbStUCt 

Grazing affects the plant ecology and adds cxcreta, thereby 
lnfluenclng soll N relatlonshfps. Consequently, total N, mlnerallx- 
able N, exchangeable N, hydrolyxable N, and urease activity were 
assessed at the Agriculture Canada Research Substation, Stavely, 
Albert8, in the Ah horizons on rough fescue (F&ucu scafueI& 
Ton.) grasslands stocked at either light (0.8 ha/AUM) or very 
heavy (0.2 ha/AUM) fixed rates for 38 years and in exclosurea 
located within each field for an equal period of time. Even though 
total N expressed as t/ha per Ah horizon remained the same, 
changes in various N fractions were nevertheless evident. Graxing 
resulted in more NH&N and NO&N in both fields at the time of 
sampling and each was greater at the higher stocking rate. 
Although soll N was less mfneralixable, it was more acid- 
hydrolyxable at the nigher stocking rate. Urease activity also 
increased. The effect on soll N charrcteristics of increased excretr 
loads is complex and still not well understood. 

Key Words: mfneralixable nitrogen, hydrolyzable nitrogen, ex- 
changeable nitrogen, urease activity, stocking r&e 

A number of previous studies on the grazing experiment 
sampled for the present study have been published. Johnston et al. 
(197 1) established that very heavy grazing of fescue (Festuca scu- 
brella Torr.) grassland range compared with light grazing changed 
the color of the Ah horizon from black to dark brown and the pH 
from 5.7 to 6.2, reduced the percent organic matter and percent 
total P, but increased NaHCOs-soluble P and soil temperature. 
Total N remained the same, but C/N ratios changed from 11.5 to 
9.8. Soil moisture decreased with increased grazing intensity as 
water intake rate was reduced and, presumably, evaporation 
increased with the removal of litter. The potential for soil erosion 
by water is high when about 15% of the soil surface is bare (John- 
ston 1962). The soil of the very heavily grazed field was being 
transformed to a soil characteristic of a drier microclimate. Other 
than total nitrogen (N) which did not show any definite trends 
(Johnston et al. 1971; Dormaar et al. 1977), no other forms of N 
have been studied in thii long-term grazing experiment. Urease 
activity in soil from an ungrazed field was less than that in soil of 
the very heavily grazed field (Dormaar et al. 1984). 

The most important forms of available N are NH;, NO& and 
certain simple organic compounds, principally those containing 
free amide or amino groups. The level of inorganic N in the soil, 
consisting of both Na and NH; ions, is governed in natural 
ecosystems by the balance between supply from mineralization of 
organic N, rain-borne N, and fixation and losses through immobil- 
ization, leaching, volatilization, and uptake by the vegetation 
(Stevenson 1986). The levels are normally low because of their 
rapid utilization by the range vegetation. With active grazing, an 
additional cycle is introduced and consists of N passing through 
the animal body, after which most of it is usually returned to the 
soil through excreta. 

Following studies of old-field successions from abandonment of 
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cultivated soils to the climax, Rice (1984) established that the 
amount of NH&N increased from a minimum quantity in the first 
successional stages to a maximum in the climax and vice versa for 
NO&N. Further, Dormaar (1988) observed that the quality of the 
soil organic matter and, possibly, of root exudates may affect the 
formation of NH&N and NO&N. Grazing changes the vegetation 
composition and the chemical characteristics of soil (Johnston et 
al. 197 1) but its effect on the mineral N status is not clear. Nitrogen 
is a key element in the grassland ecosystem, because of its capacity 
to limit primary and secondary production. A study was made to 
determine the effects of grazing on the composition and quantity of 
nitrogen in the Ah horizon of the rough fescue grasslands and to 
assess the consequences of the effects. 

Materials and Methods 

The study site was at the Agriculture Canada Research Substa- 
tion, Stavely, Alberta, situated in the Porcupine Hills, an area 
managed primarily for grazing by cattle. The vegetation is typical 
of the Fescue Grassland Association (Coupland and Brayshaw 
1953). The soils are members of the Orthic Black Subgroup of the 
Chemozemic Order (Udic Haploboroll), developed on till overly- 
ing sandstone, and have a clay-loam to loam texture. The climate is 
dry subhumid and annual precipitation averages about 500 mm. 
Details of the overall grazing trial since 1949 have been given by 
Johnston et al. (197 1) and Wilhns et al. ( 1985). 

On 15 Oct. 1986,2 fields grazed by cows with calves since 1949 
and adjacent exclosures were selected for sampling. The fields were 
grazed each year from about 15 May to 15 Nov. The lightly stocked 
field (field L) was at a rate of 0.8 ha per animal unit month (AUM) 
and the very heavily stocked field (field VH) at the rate of 0.2 
ha/ AUM. The grazing season of the latter field, because of deterio- 
ration of cover, varied from about 2.5 to 5 months since 1962. 
Cattle removed about 25 and 80% of available forage in fields L 
and VH, respectively. 

Soil pits were dug and soil profiles were described at each site. In 
addition, the Ah horizon was sampled in 4 subplots in fields L and 
VH which were paired with 4 subplots in the exclosures within the 
same fields, giving a total of 16 samples. The paired plots had 
similar slope and aspect thereby reducing variability due to site. 
Only the Ah horizon was sampled because over 70% of the root 
system can be found here (Coupland and Brayshaw 1953). Even 
though organic matter and nitrogen levels fluctuate with the sea- 
sons (Dormaar et al. 1977, Dormaar et al. 1984), the sampling was 
made in autumn because the effects of excreta and trampling 
would be at their peak. The sampling period was similar to that 
reported by Johnston et al. (197 1) as part of a study examining 
grazing effects on soils. 

The samples were hand-sieved through a 2-mm sieve the day 
they were collected. A portion of each sieved sample was stored in 
sealed, double polyethylene bags at 4’ C, the remainder was dried 
and ground to pass a 0.5-mm sieve. At the time of sieving, roots and 
other debris were removed from the soil and discarded. Moisture 
content of the soil was determined by drying a small portion 
overnight at lOSo C. The mineraliible N analyses were carried out 
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on the moist soil. All other analyses were carried out on the 
airdried soils. 

Urease activity, which is important as a decomposing agent for 
urea, was determined at pH 9.0 by incubating 5 g with tris(hydroxy- 
methyl)-aminomethane buffer (0.05 M), urea solution, and toluene 
at 370 C for 2 hours, and measuring the ammonium released after 
steam distillation (Tabatabai and Bremner 1972). Total N was 
determined by the method outlined by the Association of Official 
Agricultural Chemists (1950) and hydrolyzable N, amino acid-N, 
amino sugar-N and NHs-N by methods described by Stevenson 
(1982). The relative ability of the soils to mineralize the N from the 
organic matter was determined as outlined by MacKay and Care- 
foot (1981); exchangeable NO&N and NH&N by KC1 extraction 
and steam distillation were as outlined by Keeney and Nelson 
(1982). All analytical results were expressed on the basis of oven- 
dried weight of soil, 

The data were analyzed as if there were 4 treatments with 4 
replications using a one-way analysis of variance, with the assump- 
tion that the sampling error represented the experimental error. 
Single degree of freedom contrasts (Steel and Torrie 1980) were 
used to test for differences between selected meanr. 

Although replication and application of current statistical ana- 
lyses to newly established, replicated field plot experiments is 
common and undeniably desirable and useful, valid information 
and data can still be gained from early established, unreplicated 
field experiments including long-term grazing trials, by virtue of 
their antiquity (Ridley and Hedlin 1968, Dormaar and Pittman 
1980). 

Soil profiles were up to 69 cm thick (Table l), and gravel to 
cobble size quartxitic stones were present throughout the profile 
together with sandstone ghosts in the lower Bma and Ck horizons. 

Table 1. Pedon dwcription of the Ortbk BIack Cheruozemtc (UdIc 
HapIoboroU) soil at the Agrkultwe Caaeda Reneueb Substation, 
Stavely, Alberta 

HOtill Thickness (cm) 

Ab 14 to 20 Black (IOYR 2/ 1. moist) clay loam; 
modetate fm gum*, soft, very 
friable; abundant fine to medium ran- 
dom roots; tongued boundary; mildly 
acidic. 

Bml 8toZl Dark yellowish brown (IOYR 3/4, 
moist) clay loam; weak, fine sub 
angular blocky; slightly hard, fewer, 
fme to medium vertical roots; diffuse 
boundary; neutral. 

Bms 12to20 Dark yellowish brown (IOYR 4/4. 
moist) loam to clay loam; moderate 
coarse, prismatic to subangular 
blocky; firm; few very fine, vertical 
roots; abrupt, wavy boundary; 
neutral. 

ck 8 Yellowish brown (IOYR 5/4, moist) 
with verv nale brown (10YR 8/3. 
moist) &y loam, angular blocks 
friable; strongly effervescent; few 
roots; mildly alkaline. 

With progressive transformation of the soil due to increased grax- 
ing pressure, the color of the Ah horizon in field VH changed from 
black (1OYR 2/ 1, dry) to dark brown (1OYR 3/3, dry) indicating a 
loss of organic matter. The average water content of the Ah horiz- 
ons of the soils in the exclosures, field L, and field VH, at the time 

of sampling, was 64,59, and 52% (w/w), respectively. Between 15 
Sept. and 14 Oct. 1986,92 mm of precipitation occmred in the form 
of rain and wet snow. 

The N characteristics of the samples from the 2 exclosures were 
similar in each comparison (FXJ.40) even though, geographically, 
one exclosure was in an upslope and the other was in a midslope 
position. Therefore, their data were combined for comparisons 
with the graxed fields (Table 2). 

Total N, exchangeable N, hydrolyzable N, and urease activity in 
soils increased with graxing intensity, while mineralizable N and 
amino sugar decreased (Table 2). Soils of the exclosure were sim- 
ilar, with respect to total N and amino sugar, to the soil of field L. 

Dinmsdon 
Willms et al. (1985) noted that prior to the initiation of the 

grazing study in 1949, the area was moderately stocked for summer 
graxing with cattle from 1884 to 1908, with horses from 1908 to 
1920, and with cattle again from 1920 to 1943. The latter period, 
however, included heavy use during the 1930’s drought. Finally, 
the area was used lightly for winter pasture from 1944 to 1949. In 
1949, when this study was started, exclosures were established. 
Even though the range condition in the exclosure of field L had 
reached near stability 14 years later in a level upslope position and 
the range condition in the exclosure of field VH was still improving 
in 1981 due to its steep midslope position (Willms et al. 1985), the 
soil profile descriptions of the 2 exclosures were now quite similar. 
In addition, the soil characteristics measured were in the same 
steady state. The changes in color and depth of the Ah horizons, as 
noted by Johnston et al. (1971), and the changes in the various N 
parameters measured (Table 2), thus represent either an intensifi- 
cation or an amelioration of the characteristics existing in 1949 by 
the grazing scheme imposed. 

Soil samples were not taken at the start of the present grazing 
study in 1949. The first samples analyzed were in 1967 (Johnston et 
al. 1971); however, the exclosures were not sampled and bulk 
densities were not determined at that time. Total N at that time was 
0.59 and 0.57%for fields Land VH, respectively. These values were 
the averages of 10 samples randomly selected from grids superim- 
posed on these fields. Of these samples, those closest to and in 
equal positions to the sites sampled in 1986, averaged 0.78 and 
0.79% N for field L and VH, respectively (Table 3). Even though 
both fields appeared to gain in N, the corresponding C/N values 
for fields L and VH were generally not out of line (Table 3). 

Since the increase in percent N cannot be explained and may be 
attributed to a sampling discrepancy between 1967 and 1986, it is 
more meaningful to compare the N of the exclosures with that of 
field VH as found at the time of sampling in 1986, For this compar- 
ison, N mass in the Ah horizon is a more realistic parameter 
because it accounts for the depth of the Ah horizon and the 
concentration of N which has, presumably, reached equilibrium 
with the grazing regime imposed on it. 

Concentration of N per se in the Ah horizon cannot explain the 
effects of grazing soil quality since erosion of the Ah horizon 
and its bulk density had also been affected. However, on the basis 
of the N concentrations, depth of Ah horizons and the bulk densi- 
ties, the Ah horizons in the exclosure and under the VH field 
contained 12.96 and 13.07 t/ha of N, respectively (Table 3). 
Although grazing animals ingest a large amount of N in feed, about 
75% is excreted (Peterson et al. 1956). The N was, therefore, 
concentrated in a more dense Ah horizon of the VH field. Sim- 
ilarly, the mass of N in t/ ha for field L was 12.94 (Table 3). Hence, 
rather than using concentrations, the focus has been on more 
meaningful biochemical parameters to examine the effect of in- 
creased grazing pressures on the quality of the soil, i.e., the redis- 
tribution of the N within the system. 
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Table 2. some nitrogen ~huddtici+ of the Ah ~O~ZOIM of 8 Bieck Cbernozcmic eoii, hmpied 15 Oet. 1986, from 2 fieide etocked at either iWIt or VeY 
beevy r8ta end from their esciomree (n=4). 

Exciosures stockiig rate’ 

(E) L VH 

Total N (%) 0.93 0.94 1.10 
Mineralizable N (pg/g of soil)2 13.9 66.2 49.8 

Exi$yble N @g/g) 9.2 12.9 18.3 
NOGN 4.56 6.72 10.90 

Hydrolyzable N (o/o of total N) 
Total 74.9 82.5 85.0 
Amino acid 25.2 27.5 30.2 
Amino sugar 8.0 7.2 6.0 
Ammonium 23.5 32.8 36.2 

Urease activity3 252 316 410 

Xiit (L) - stocked at 0.8 ha/AUM, Very Heavy (VH) -stocked at 0.2 ha/AUM. 
Thangc of (NH; + NOs>N from 2 successive incubations at I and 2 wk periods. 
‘NFL&N r&ascd, pg/g of dry soil per 2 hours. 

Contrasts 
Evs.L E vs. VH L vs. VH 

0.55 co.01 <o.oi 
co.01 <O.Ol <o.oi 

<O.Ol co.01 <o.oi 
co.01 co.01 <o.oi 

<O.Ol co.01 0.06 
0.04 co.01 0.03 
0.34 0.02 0.18 

<o.oi co.01 0.01 
co.01 <o.oi <o.oi 

Tebie 3. C/N ratioe rod total N per Ah horizon of a Bieck Cbernozemic 
roil, umpied 15 Oct. 1986, from 2 fkide etocked at either iigbt or very 
heavy rates end from their excioeuree (~4). 

Exclosuns 
19862 

organic c (%) 10.4 
Total N (%) 0.93 

C/N il.2 
Depth Ah (cm) 17 
Bulk density (Mg/m3) 0.82 
Total N in Ah (t/ha) 12.96 

Stocking Rate’ 
L VH 

1967 1986 1967 1986 

10.4 
0.94 

11.1 
16 12 
0.86 0.99 

12.94 13.07 

‘Light (L) - stocked at 0.8 ha/AUM; Very Heavy (VH) -stocked at 0.2 ha/AUM. 
2Pcrcent C and N and bulk density were not determined in the cxclosures in the I%7 
study (Johnson et al. 1971). 

The increased grazing pressure resulting from the high stocking 
rate has altered the N properties of the range soil. Part of this can 
be related to the increased excreta load. For example, the excreta- 
related parameters, such as available N (MacDiarmid and Watkin 
1972), increased in the grazed areas. Although the mineralizable N, 
i.e., the potential availability of N, of the whole soil was lower in 
the grazed than in the ungrazed soils (Table 2), dung N per se has 
been found to be a very efficient nutrient for plant growth because 
of its slow-release availability (MacDiarmid and Watkm 1972). 
Urease activity similarly increased in the very heavily grazed range. 

Since there is less mulch and less standing biomass under the 
very heavily grazed regime, the soil warms up quicker in the spring 
(Johnson 1962, Johnstonet al. 1971) and will be drier (Johnston et 
al. 1971, Dormaar et al. 1989). There is more NH&N than NGN in 
rough fescue grassland than in grassland associations of semiarid 
areas. Nevertheless, in this experiment, concentrations of both 
forms of nitrogen increased with intensity of grazing. Bauer et al. 
(1987) noted that the difference between ungrazed and grazed 
levels of soil N could be caused by greater denitrification losses in 
ungrazed grasslands because of cooler and more moist conditions 
early in the season. Naturally, with more standing crop, more N 
will be taken up as well. 

A decrease in mineralization rate was to be expected for several 
reasons. It has been shown that the Black Chemozemic soil under 
increased grazing pressures changes to a soil characteristic of a 
drier microclimate (Johnston et al. 1971). Neal (J.L. Neal, Jr., 
unpublished data) found that soil microbial mass decreases from 
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the dry, subhumid to the semiarid climate of southern Alberta and 
from field L to field VH. Finally, over 90% of N in most surface 
soils is organically combined (Stevenson 1986). However, 3 other 
factors will have to be considered in this context as well. With 
heavy grazing, the quality of the soil organic matter has changed, 
since, in spite of increased total N content, thii N was not as 
potentially available. Herbage removal resulted in considerable 
reduction in weight of roots (Johnston 1961) and thus in root 
exudates. There is also evidence (Neal 1969) that roots of increas- 
ing and invading plants on overgrazed grasslands produce sub- 
stances that inhibit nitrification. This could be a mechanism where- 
by these plants conserve the low amounts of nitrogen available in 
grassland soils. The NH&N uptake characteristics of these increas- 
ers and invaders are, however, virtually unknown. Finally, the 
chemistry of the pathways of decomposition of the excreta under 
the influence of the changing microclimate and the root exudates 
of the increasers and invaders has not been studied in much detail. 

Although Sowden et al. (1977) showed that between 86 and 89% 
of the total N in soils from widely differing climatic zones was 
hydrolyzable by hot 6M HCl, the range for this study was 75 to 
85%. For a sequence of native range to recently revegetated native 
range on an Orthic Brown Chemozemic (Aridic Ustochrept) soil, 
this range was 75 to 81% (Dormaar and Smoliak 1985). As grazing 
pressure increased, the fraction of the hydrolyzable N presented as 
amino acid-N and NHs-N gradually increased, while the propor- 
tion as amino sugar-N essentially remained the same. Some of the 
NHr,-N will be derived from indigenous fixed NH&N and part 
comes from partial destruction of amino sugars (Stevenson 1982). 
Nevertheless, the composition of a large percentage of the N in the 
soil is still unknown. Schnitzer and Hindle (1981) felt that the 
unidentified N was not proteinaceous, because relatively more 
‘unknown’N occurred in the inorganic than in the organic fraction 
of the soil. 

Models of N cycling and N budgets have tried to account for soil 
NH&N and NOGN, soil organic matter, and N content of above 
and below-ground biomass together with the actual plant, micro- 
organisms, and soil interactions (Patton and Risser 1977). How- 
ever, more detailed analyses of the Ah horizon subjected to various 
grazing pressures, in terms of the organic and inorganic composi- 
tion of excreta and root exudates of dccreasers, increasers, and 
invaders, will be necessary to expand these models in order to 
account for the accompanying plant ecological and microclimato- 
logical transformation. 

Even though concentrations of total and exchangeable N 
increased, the decrease in mineralizable and thus potentially avail- 



able N decreased with graxing intensity. This change is real regard- 
less of the time of sampling. Nevertheless, in a study of this nature, 
time of sampling may be crucial. Tie and extent of availability are 
essential parameters for optimal plant growth. However, different 
plants have different N requirements, both in terms of timing and 
of NG or NH; requirements. Rough fescue is largely eliminated by 
very heavy grazing, while the new grasses and forbs will have 
different needs that fit the new ecological niche created by over- 
grazing and inueased excreta load. 
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SRM Election Results 
The Elections Committee, along with several other Colorado 

Section members, counted the ballots for new officers at the 
Society for Range Management headquarters. Elected officers are: 

Second Vice President-John L. “‘Jack” Artx 
Directors (1989-1991)-Murray L. Anderson and Will H. 

Blackbum 
Directors Anderson and Blackbum will replace retiring Direc- 

tors Samuel and Sanders in February 1990. 
The amendment to the Bylaws regarding Emeritus Membership 

was approved. 
Ballots and tally sheets are retained in the Denver office for one 

year for review. Approximately 31% of the membership voted. 

JOURNAL OF RANGE MANAGEMENT 43(i), January 1980 



Soil moisture patterns below mounds of harvester ants 
JOHN w. WuNDRd 

Harvester 8nts are a mrjor component of wentern rangeland. 
Little is known about ants’ role in soil water dynamica. Annual 
patterna of soil mobHum unda mouoda of the barverter ant (Pago- 
nomymfex owyh& Cole) were &died in south&m Idaho. 
Soll moioture at ZO-cm lotervab to 8 depth of 100 cm WM estimated 
monthly with a neutron probe. Between 60 and 100 cm, blgber 
levela of moisture were found below mound8 than in control areas. 
The amount of water added to the roll during spring recharge wu 
greater In control areas at 20 cm but greater under ant mouoda at 
depths below 60 cm. Under ant mound& approximately 1.3 cm 
more water wan added to the soil between 60 and 100 cm. 

Key Worcb: Pogonomymex owyh& Idaho, hfIltratlon, recharge 

Harvester ants (Pogonomyrtnex owyheei, Cole) arc common 
mound builders in Idaho. Mound densities can be in excess of 16 
mounds per hectare (Sharp and Barr 1960) and can be a dominant 
visual component of the range ecosystem (Porter and Jorgensen 
1988). Mound-building ants have a long-recognized, active role in 
soil processes. They contribute significantly to mixing of soils and 
concentrating of soil minerals (Mandel and Sorenson 1982, Lcvan 
and Stone 1983). Ant burrows also increase soil porosity which is 
thought to enhance water infiltration (Mandel and Sorenson 
1982). Rogers and Lavigne (1974) found higher levels of soil mois- 
ture below mounds of harvester ants (P. occi&ntalis)in Colorado. 
However, their samples were only from late summer. Little is 
known about annual soil moisture patterns under ant mounds, 
especially during spring recharge. 

In northwestern semiarid areas, the majority of water inflltra- 
tion into the soil occurs during the spring snow melt. If harvester 
ant burrows do affect water infiltration, they could enhance 
recharge and contribute to soil water reserves. To clarify the role of 
harvester ants in soil water movements, I documented the pattern 
of soil moisture below ant mounds and compared these soil water 
patterns to patterns in adjacent nonmound areas. 

Methods 

The study area was on the Idaho National Engineering Labora- 
tory (INEL) site. The INEL is a National Environmental Research 
Park (NERP) operated by the U.S. Department of Energy and is 
located 65 km north of Pocatello, Idaho. The site receives an 
average of 20.6 cm precipitation per year. Vegetation is a mixture 
of sagebrush (Artemisia sp.) and grass. Detailed descriptions of 
vegetation on the site appear elsewhere (Hamiss and West 1973, 
Anderson and Holte 1981). 

Soil moisture the fast year of the study was determined gravi- 
metrically. Samples were taken with a veihmeyer tube at 20 and 60 
cm depths below ground level under ant hill mounds and at the 
edge of the anthill clearing. Different anthills were chosen each 
month for sampling. To reduce the variability from sampling 
different anthills each month, soil moisture under 5 randomly 

Author is a visiting assistant professor, Department of Biological Sciences, Idaho 
State University, Pocatello. At the time of the research, the author was a postdoctoral 
fellow, Department of Biological Sciences, Idaho State University. 

Research was funded by the U.S. Department of Energy, Idaho Operations office, 
Idaho Falls. Thanks are given to B.L. Kelkr, O.D. Markham, T.D. Reynolds, P.E. 
Blom, W.H. Clark, J.B. Johnson, R.D. Northrup, T.R. Eichholz, and S.J. Pew for 
their assistance. 

Manuscript accepted 27 April 1989. 
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selected hills was monitored with a neutron probe (Campbell 
Nuclear Pacific Corp, Pacheco, Calif.) for the remaining 2 years of 
the study. Aluminum access tubes were placed to a depth of 100 cm 
directly in the middle of the selected ant mounds (treatment tubes). 
Control tubes were placed toward the edge of mound clearings an 
average of 4.1 f 0.24 m from the mounds. Moisture readings were 
taken at 2O-cm intervals from 20 cm to 100 cm below the soil 
surface in mound and nonmound areas. Readings were taken once 
monthly. Estimates from each sample depth were used as represen- 
tative of moisture levels for the soil profile 10 cm above to 10 cm 
below the sample depths. All moisture estimates are given in per- 
cent by volume. 

Samples for soil texture analyses were taken at 3O-cm depths in 
mound and control areas. Soil texture was determined gravimetri- 
tally by the hydrometer method described in Day (1965). Bulk 
density of the soil was calculated from core samples (Blake 1965) 
taken at 30 and 60 cm depths. 

All statistical comparisons were paired t-test designs and the P= 
0.05 level of significance, one-tailed, was used throughout. AU 
percent data were arcsine transformed for statistical tests. All 
means are given f standard errors. 

RSMlltS 

Soil texture of the study area averaged 43.1 f 4.1% (n = 16) 
sand, 44.9 f 3.4% (n = 16) silt, and 11.9 f 1.2% (n = 16) clay and 
was classified as a loam. Bulk density did not differ significantly 
between mound and control areas for either 30 or 60 cm and 
averaged 1.3 f 0.02 g/cm3 (n = 30). 

Maximum snow depths for each of the 3 years were 50 cm in 
198533 cm in 1986, and 5 cm in 1987. Maximum water contents of 
the snows equaled 9.4 cm in 1985,7.1 cm in 1986, and <l.O cm in 
1987. 

Figure 1 presents the monthly averages of soil moisture for the 
different sample depths. At 20 and 40 cm, patterns of moisture 
were similar between mound and control areas during the summer 
fall and winter of 1986 and 1987. At 60,80, and 100 cm, mean water 
levels under ant mounds were higher in control areas during these 
times. As moisture patterns seemed similar, these 3 sample inter- 
vals were combined into 1 interval extending from 50-l 10 cm. In a 
manner similar to Rogers and Lavigne (1974), the mean soil mois- 
ture values for 60,80, and 100 cm were used as 3 estimates of soil 
moisture for that interval and compared between burrow and 
control areas (Table 1). The mean soil moisture for the soil profile 
between 50-l 10 cm was signitlcantly higher under ant burrows in 
both summers of the study. 

Once infiltration began in the spring, 3 different patterns of 
recharge became evident. At the 20 cm level, peak recharge levels in 
non-mound areas were significantly higher than mound areas for 
all 3 years (1985: t = 2.56, P= 0.03; 1986: t = 4.44, P= 0.01; 1987: t = 
3.16, P = 0.02). At the 40 cm level, peak recharge did not differ 
between the 2 areas (Fig. 1). At 60,80, and 100 cm depths, mean 
soil moisture levels were higher under ant mounds than in control 
areas in 1986 (Fig. 1). Again, mean soil moisture for the 3 sample 
depths were used as 3 estimates of the soil moisture for the soil 
profile between 50-110 cm (Table 1). Soil moisture at peak 
recharge for the sample interval was significantly higher under ant 
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mounds. At the sample depths of 60,80, and 100 cm, no change in 
soil moisture was seen in 1987 because there was insufficient snow 
pack in 1987 for recharge beyond 40 cm. Average soil moisture in 
the spring of 1985 was higher under ant burrows at 60 cm but the 
difference was not significant. 

Lavigne (1969) found a high number of storage chambers at and 
below 60 cm in burrows of the harvester ant P. occidentalis. The 
food stores and other organic material in those chambers would be 
detected by the neutron probe and could result in elevated esti- 
mates of soil moisture. If such stores exist for P. owyheei, they may 
account for the difference in average soil moisture between mound and 

control areas at and below 60 cm at the driest time of the year. This 
error in estimating soil moisture could bias comparisons of 90 
moisture at peak recharge. To elimiite such bii. I determined the 
difference in soil moisture between the time of lowest soil moisture 
(late fall) to the time of peak recharge (early April) for 1986 and 
1987. As before, mean differences in soil moisture for 60,80, and 
100 cm sample depths were used as 3 estimates of the soil profile 
between SO- 110 cm. Analysis of the difference in moisture levels 
did not change the pattern seen (Table 1). 

The difference in percent moisture represents the amount water 
added to the soil from the spring recharge. For 1986 and 1987, 
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Withdrawal R=hargc Diffcnncc 
MOWld Control Mound Control Mound COXWOl 

6ocm 10.1 f 1.0 7.8 f 0.9 27.4 f 1.6 22.2 f 2.6 17.3 f 1.1 14.4 f 1.7 
8Ocm 9.7 f 1.0 7.4 f 1.5 23.7 f 3.0 19.1 f 5.0 14.0 f 2.4 11.7 f 3.6 

1OOCm 8.7 f 1.8 7.3 f 1.8 18.3 f 4.5 15.5 f 5.0 9.5 f 2.8 7.8 f 3.4 
.Mcan 9.5 f 0.42 7.5 f 0.15 23.1 f 2.6 18.9 f 1.9 13.6 f 2.3 10.7 f 1.8 

I 6.66 5.82 6.24 
P 0.01 0.01 0.01 

there was 3.0% and 4.8% more water added in the control area at 28 
cm than under the ant mounds. Between 50-l 10 cm in 1986, there 
was an average of 2.2 + 0.4% (n = 3) more water added under the 
mounds. This percentage represents 1.3 cm more water added to 
the soil profile between the 50 and 110 cm depths under ant 
mounds as compared to control areas. 

Discussion 
During the summer and fall months of 1986 and 1987, soil 

moisture estimates 50-l 10 cm under ant mounds were higher than 
controls. Based on the work of Lavigne (1969), this difference can 
likely be attributed to organic material ants store in the high 
number of tunnels they build in this zone rather than actual differ- 
ences in soil moisture. Because of this possible bias, comparisons 
between mound and non-mound areas were based on the differ- 
ence in soil moisture between pm-recharge low and peak recharge 
high levels of soil moisture. 

Data from the change in percent moisture between low and peak 
levels indicated that mounds of harvester ants altered water infil- 
tration patterns during spring recharge. MacKay (1981) found that 
a majority of the burrow complex of P. montarps occurred in the 
top 30 cm of soil. Blom (pers. comm.) has found a similar structure 
for harvester ants in Idaho. Such burrowing reduces bulk density, 
changes soil texture (Rogers and Lavigne 1974), and subsequently 
field capacity. These changes would reduce the amount of water 
retained under mounds at these depths, allow more water to drain 
quickly through the upper strata, and result in the lower moisture 
levels noted at 20 cm in 1985 and 1986. The difference in moisture 
levels at the 20 cm depth in spring 1987 was likely the result of the 
low snow pack. In the mound areas, the little snow melt available 
was absorbed by organic matter in the ant mounds, reducing 
infiltration to the 20 cm depth as compared to nonmound areas 
where the snow melt went directly into the soil. 

At 40 cm in 1986, sufficient water infiltrated in mound and 
nonmound areas to attain field capacity, approximately 25% (Foth 
1978), for the soil type in the study area. Thus, no difference was 
seen between mound and nonmound areas at this depth. In 1985, 
the wettest year of the study, there was sufficient water to inundate 
the profile to field capacity to 60 cm in mound and mound areas. 
Unfortunately, no samples were taken deeper than 60 cm during 
this preliminary year of the study. With less snow pack in 1986, the 
effect of mounds became evident. At 60 cm, field capacity was 
attained under mounds but not in control areas and, in general, 
more water infiltrated to the Xl-110 cm depth increment. The 
increased amount of water under mounds found in this study 
concurs with the findings of Rogers and Lavigne (1974) who found 
higher levels of soil moisture below mounds for P. occidental& in 
northeastern Colorado. 

The significance to the ants of the differences in water distribu- 
tion between mound and control areas is unclear. Possibly the 
additional water could maintain higher levels of humidity in the 
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burrows during the summer. However during the withdrawal sea- 
son, the extra water under mounds is removed from the soil and 
moisture conditions are returned to pm-recharge levels as quickly 
as control areas. 

Wight and Nichols (1966) and Rogers and Lavigne (1974) found 
increased plant productivity around the perimeter of mound clear- 
ings. They attributed this increased growth to water that infiltrates 
into the soil within the clearing. Presumably plants growing on the 
edge of mound clearings are extending their root systems into the 
clearing and depleting the water. Whether the additional water 
under the mounds would contribute significantly to this productiv- 
ity is unknown. It was estimated that approximately 1.3 cm of 
extra water was added to the deep profile under the mound. 
However, this estimate applies only to the cylinder of soil below the 
mound, the approximate sampling sphere of the neutron probe. It 
is unknown how much, if any, water is added beyond that soil 
volume. If substantial amounts are added, especially in years of 
moderate precipitation, the extra water reserve may impact bit+ 
mass production of these peripheral plants. Future work should 
center on determining the realm of influence ant burrows have on 
enhancing soil moisture and if such increases significantly affect 
biomass production. 
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Ecology of curlleaf mahogany in western and central Nev- 
ada: community and population structure 
B.W. SCHULTZ, P.T. TUELLER, AM) RJ. TAUSCH 

AbStUCt 

Curiiuf mahogany is an important browse apedea for mule deer 
in the mount& bruab zone of the htermountdn Wut. Past 
resee& on increasing brom availability of curlleaf mahogany 

ha3 been inconcludve. Tbia rppeared to be directly related to 
Hmitcduad~~~ofeommunity~dpop~tionstrueturemd 
dynamics. To obtain infomutlon on tbe conummlty and popula- 
tion shcture of curlle8f mahogeny we sunpled 25,30 X 30-m 
macroplots in western and central Nevada. Data on mahogany 
density, maturity clan structure, size, aga, and population growth 
ratea were obtained. Understory cover and composition and per- 
cent rock, bare ground, and Utter were also recorded. Mahogany 
density lo central Nevada was onebalftlut in western Nevula, but 
mahogany cover and total cover were si@flcantly (pIO.05) 
greater. Maturity class dlstrlbutlon in central Nevada waa heavily 
skewed toward8 large mature mahogany, suggesting an older pop 
ulation dominated by fewer large individuals. Thin dominance 
resulted in significantly (PrO.05) lower population and relethe 
growth rate8 and tbe neca~&y of canopy gap8 for tbe survlvrl of 
young mahogany. Range improvement of mature mahogany 
stands dominated by large individuals will require the removal of 
the mature and over mature lndlviduals ao that young forage 
producing plants are released from intraspedflc competition. 

Key Wore curlleaf mahogany, Cercoapus led&&s, popula- 
tion structure, community structure, tige-density rel8tion- 
sblps, overstory-understory relation&@8 

Curlleaf mahogany (Cercocarpus ledifolius) is a little studied, 
evergreen xerophyte (Daubenmire 1959). The species is often 
found in the mountain brush zone (Scheldt and Tiidale 1970) of the 
Intermountain West. Although it is an important browse species 
for mule deer (Odocoileus hemionus). curlleaf mahogany is not 
highly desired by domestic livestock (Smith and Hubbard 1954, 
Sampson and Jespersen 1963). Excessive browsing and an erect 
growth form often lead to stands that provide little available 
browse (Mitchell 1951). 

Treatments to increase browse availability have been costly, and 
largely unsuccessful (Phillips 1970, Thompson 1970, Plummer 
1974, Ormiston 1978, Austin and Umess 1980). This is due, at least 
in part, to a lack of information on stand and population structure 
and the resulting influences of intraspecific competition. Competi- 
tion eventually occurs as the individuals present in a population 
increase in number and size. Indicators of competition are repro- 
duction that is poor or absent (Long and Turner 1975, Oliver 
198 1), closure of the crown canopy (Assman 1970), and the reduc- 
tion of growth rates in individual plants relative to their potential 
(Long and Smith 1984). The objective of this study was to measure 
stands and individuals of curlleaf mahogany to obtain demogra- 
phic data useful in quantifying stand structure and population 
dynamics. 

Study Site Descriptions 

Curlleaf mahogany communities were studied in 25 macroplots 

Authors are research assistant, profcasor, and as&ant professor, Department of 
Range, Wiiliie and Fore&y, Univcmity of Nevada, Reno 98512. The srmorauthor is 
currently with the Bureau of Land Management, Ely, Nevada 89301. 
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on 3 mountain ranges in western and central Nevada. Niie western 
Nevada macroplots were located on Peavine Mountain and 4 in the 
Carson Range. Twelve central Nevada macroplots were located in 
the Shoshone Range. Sampling occurred during May through 
August of 1985. 

Elevation of mahogany on Peavine Mountain varies from 1,529 
to 2,485 m. Annual precipitation averages 36-41 cm and occurs 
mostly as snow. The average frost-free period is 50-80 days. Cur- 
leaf mahogany stands are largely restricted to the Ticino gravelly 
fine sandy loam (SCS 1983). Effective rooting depth is 51-103 cm. 
Scattered mahogany occur near 1,890 m on west, east, and north 
aspects, but dominant stands are present only above 1,980 m. 
Mahogany stands on south facing slopes are found above 2,260 m. 
Stands vary in size from several to hundreds of hectares. Smaller 
stands are most common along rocky ridges, and as islands within 
low sagebrush (Artemisia arbuscula) communities. Large stands 
occur on hillsides and are commonly surrounded by mountain big 
sagebrush (Artemisia tridentata voseyana). 

Sampling in the Carson Range occurred between 1,550 and 
1,890 m. The mixed conifer zone generally occurs above 1,900 to 
2,090 m, with intermixed or isolated mahogany stands as high as 
2,590 m, but only on southerly aspects or rocky sites. Conifer 
species completely replace mahogany on north facing slopes above 
2,209 m. Sampled communities were in the 36 to 5l-cm precipita- 
tion zone with most of it occurring as snow during the winter 
months. Average frost free period is 50 to 80 days. Soils supporting 
mountain mahogany stands are Duckhill stony loam, Apmat gra- 
velly sandy loam, and the Fraval-Hirschdale-Jumbo association 
(SCS 1983). Effective rooting depth varies from 20 to over 154 cm. 

Mahogany in the Shoshone Range occurs as low as 2,159 m on 
north aspects, but, s&able stands are rarely present below 2,380 
m. Southern aspects have few mahogany stands below 2,690 m. All 
other aspects have abundant mahogany stands between 2,450 and 
3,050 m. Limber pine (Pinusjkxilus)is a common associate above 
2,900 m. Annual precipitation averages 41 to 51 cm. Unlike west- 
em Nevada, heaviest precipitation occurs during the early part of 
the growing season, March through June (Houghton et al. 1975), 
and summer rainfall is also more abundant. Frost free period is 30 
to 50 days. Stands tend to be restricted to the Foxmount soil series; 
speciftcalIy Foxmount gravelly loam (Carol Jett, personal com- 
munication). These are well drained, moderately permeable soils 
with an effective rooting depth of 51 to 103 cm and an 18 to 38 cm 
mollic epipedon. 

MethodS 
Field Sampling 

An initial field reconnaissance near Reno, Nevada indicated that 
mahogany stands are comprised of individuals that can be catego- 
rixed in 6 maturity classes. These maturity classes are: reproduc- 
tion, juvenile, immature, young-mature, and overmaturedecadent 
(Table 1). 

Sampling occurred in 30 X 30-m macroplots, each having at 
least one young-mature individual (Table 1) and placed as close as 
possible to a cardinal aspect. Ecotones with adjacent plant corn- 
munities were avoided. Upper, middle, and lower portions of the 
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Table 1. Mountain mahogany matmity cbnea developed from a recon- 
nabmocc of mabopny stab near Reno, NV. 

1. Reproduction 

2. Juvenile 

young plants; 2 to 7 mm basal diameter; smooth 
bark plants may be up to 30 cm in height. 

young plants greater than 7 mm basal diameter; 
smooth bark; plants to 60 cm tall. 

3. 1mmatun young plants greater than 1.25 cm basal 
diameter, smooth bark; plants to 1.5 m tall. 

4. Young-mature cracked krL; 1.5-3.0 m tall; crown broaden&, 
may be multistemmed from base, not suppressed 
by adjacent larger mahogany plants. 

5. Mature cracked bark, wide full crown; few dead 
branches; may have several stems from base, 
may be suppressed by adjacent larger mahogany 
plants; greater than 3 m tall. 

6. Overmature cracked bark, may be multistemmed; numerous 
dead branches; may be greater than 3 m tall, 
frequently suppresmd by adjacent larger 
mahogany plants. 

mahogany belt were sampled when the elevation range exceeded 
500 m. 

Mahogany density (live and dead) and maturity class distribu- 
tion were recorded in each macroplot (trees/900 mr). All maho- 
gany, except the smallest individuals (reproduction maturity 
class), were measured to obtain crown diameters (longest and the 
one perpendicular to it) and height. Crown height and crown 
diameter measurements were taken on individuals in the reproduc- 
tion class (Table 1) cut for growth ring analysis. Cover of plants in 
the reproduction class was estimated in the microplots used for 
understory sampling. 

Crown measurements were used to calculate mahogany percent 
cover and mahogany crown volume (mr) (Ludwig et al. 1975, 
Tausch 1980). All measurements were of the green leaf portion of 
the canopy, and were made to the nearest decimeter. Mahogany 
seedling density was also obtained in each microplot. Seedlings 
had 4 to 8 leaves and were usually less than an inch tall. 

A subsample of up to 4 individuals from each maturity class 
present in each macroplot was cut for aging and to determine 
relative growth rates using growth ring widths (Davis et al. 1972, 
Brotherson et al. 1980). Cross sections were taken from the largest 
living stem and as close to the ground as possible. 

Three randomly located 30-m belt transects were used to sample 
understory cover within each macroplot. Species were ocularly 
estimated in 15, 1 X 2-m (shrub) and 30,20 X 5O-cm (grass and 
forb) microplots. Crown cover (%) was estimated for shrub and 
forb species and basal area (%) for grasses. Density of plants in the 
reproduction class was also recorded in each 1 X 2-m microplot. 
Corners of the smaller frame were used as points to determine 
percent litter, bare ground, and rock (120 points). 

Data Analysis 
Crown diameter, crown height, crown area (mr), and crown 

volume (m3) were computed for each tree measured. Total crown 
area (mr) and total crown cover (%) values were calculated for each 
maturity class and macroplot. Average values were determined for 
each study area. Relative mahogany cover (mahogany cover 
divided by total mahogany cover) was calculated for each maho- 
gany and study area. 

Mahogany density was averaged for each study area. Density of 
dead mahogany was also summarixed. Seedling counts from each 
microplot were averaged to determine a mean value (densitylmr) 
for each macroplot and study area. 

Understory species cover (%) was summarized by plot and for 
the entire macroplot and averaged for each study area. Percent 
litter, bare ground, and rock were determined by the same process. 

Growth ring counts and measurements were made along 2 
sanded radii on each cross section. Growth rings were identified by 
a single row of larger vessels in the spring wood. Modifications of a 
technique using acetic acid and zinc oxide (Parker et al. 1976) were 
used to enhance the contrast between early and late wood in each 
annual ring. Time and funding constraints did not allow us to 
determine if false rings were present. A reference chronology was 
not available for cross dating. 

Yearly growth increments were measured to the nearest 0.01 mm 
for the 10 years before harvest using a Craighead-Douglas den- 
drochronograph and a binocular microscope. Age and ring width 
data for each radii were averaged for each cross section. Ring- 
width data were used to calculate the stem area increment (cmr/ 10 
years) of each cross section and were summarized by maturity 
class, macroplot, and study area. 

Past population growth rates were estimated from the relation- 
ship between the natural logarithms of cumulative stand density 
and the ages of the surviving stand members (Harper 1977). 
Because it was impossible to determine the age of every mahogany 
in each macroplot, a modified version of these growth curves was 
used. Mean maturity class age was substituted for the ages of the 
individual survivors. The resulting curve for each location dis- 
played the relationship between cumulative density (In) and the 
approximate ages of the survivors by maturity class. Mature and 
overmature mahogany were combined in each study area because 
of their similar mean age. 

Differences in mean understory cover, mean mahagony cover, 
mean mahogany crown diameter and crown height, mahogany 
crown volume, and mean ring widths between study areas were 
tested for significance (EO.05) with the students r-test (Steel and 
Torrie 1980). The Kolmogorov-Smimov test (Steel and Torrie 
1980) was used to compare study areas for their relative distribu- 
tion of mahogany density among the maturity classes. 

Results and Discussion 

Cover 
Largest mahogany plants were generally found on north and 

east aspects, and smallest plants on south and west aspects. Stand 
sire ranged from less than one to over hundreds of hectares. 
Smallest stands occurred along rocky ridge lines, and largest 
stands on sloping mountain sides and in bowls below the mountain 
crest. 

Average total vegetation cover was highest on the Shoshone 
Range (Table 2) with half of the macroplots reaching 100% vegeta- 
tion cover. Macroplots in western Nevada had substantially less 
total cover than macroplots in central Nevada. Mahogany cover 
(%) in the Shoshone Range averaged over 20% greater than in 
western Nevada. Differences in mahogany cover between Peavine 
Mountain and the Carson Range were small. However, relative 
mahogany cover was virtually identical in each population. 

Mature and/ or young-mature mahogany accounted for most of 
the mahogany cover in each study area. Their cover contribution 
was substantially greater than their relative proportion (%) of the 
population density (Figs. 1 and 2). Overmature mahogany pro- 
vided little cover (Fig. 1). Immature and younger mahogany also 
provided very little cover, even at high densities (Figs. 1 and 2). 

Conifer species had higher cover values in the Shoshone Range 
than in western Nevada, but their actual contribution was small. 
Pinyon pine (Pinus monophylla) was the most frequent tree, but 
limber pine, when present, provided substantially more cover. 
Pinyon seedlings were common in all but the highest elevation 
macroplots. 

Average understory cover was almost identical for each study 
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Table 2. Mean ve@&ion rod coil surface rlumcterbtka for 3 mabopny communitia in Nevada. 

Cover* 

Study area Shrub Grass Forb 
Under- Cllfllcaf Total Relative 
story mahogany vegetative mahogany Litter Rock Bareground 

____________________________-~~-______----------- % ~~~~~~~~_~~~_~___~~~~~~~-~~~~~~~-~~~~~~~~~~~~~~~ 
Peavine Mountain gal la 5a 14a 

E 
7oa 8oa 67a 23a loa 

Carson Range 7ab 7b 15a 68a 78a 61a 35a 4a 
Shoshone Range Ilb 2a :t 15a 79b 98b 78a 76b 14b IQa 

‘Means in the same column followed by the same letter do not di!Ter signifiintly at the .OS level. 

area, but varied widely among the macroplots (2 to 37%). The 
percent contribution of shrub, grass, and forb species also varied 
between study areas. Shrub cover was highest in the Shoshone 
Range and grass cover highest in the Carson Range. Forb cover 
was highest on the Peavine Mountain (Table 2). 

Litter cover (%) was abundant in all areas, but had substantially 
higher values in the Shoshone Range (Table 2), where litter depth 
was also greater. Surface rock was abundant in western Nevada, 
particularly in the Carson Range. Rare ground (%) was low in each 
study area. 

Mahogany Density 
Peavine Mountain had the highest mahogany density and the 

I 

Shoshone Range the lowest (Fig. 3). Mahogany density in individ- 
ual macroplots varied from 25 to 267 mahogany/ macroplot (278 to 
2,968 mahogany/ ha). Mahogany density in this study was substan- 
tially greater than that observed in Utah by Davis (1976) but less 
than in Montana (Duncan 1975). Few mahogany seedlings were 
present in macroplots on Peavine Mountain and none were 
observed in the Carson Range. Abundant seedlings (2.O/mr) were 
present in all macroplots in the Shoshone Range. 

Maturity Claim Distribution 
Maturity class distribution on Peavine Mountain was signifi- 

cantly different (P50.05) than maturity class distribution on the 
Carson and Shoshone Ranges (Fig. 2) based on the Kolmogorov- 

6: 

51 

4! 

14 

MATURITY CLASS 

unmn PEAVINE MOUNTAIN 

CARSON RANGE 

SHOSHONE RANGE 

Fig. 1. Average curlleaf mahogany cover for each maturity claes at 3 sites in Nevada. Maturity claee designations are defined in Table 1. 
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PEAVINE MOUNTAIN 
(134 years) 
(151 trseslmacroplot) 

I AMRAGE AVERAGE AVERAGE AVERAGE AVERAGE AVERAGE 

OVERMATURE 
B 

AGE DENSITY AGE DENSITY AGE DENSll-Y 
(Yea=) Wom2)_, (years) (moom2) 

329 7 

262 21 

CARSON RANGE SHOSHONE RANGE 
(440 years) (482 years) 
(64 trsss/macmplot) (57 trses/macroplot) 

ii 
3 MATURE 

0 

z 
it YOUNG-MATURE 197 

2 

; 
IMMATURE 60 

JUVENILE 49 

REPRODUCTION 

1 I 

30 17 

12 

26 

19 

1 

2 

3 

660 

26 

I m-s I I I I I I I I I I I I I 

0 10 20 30 0 10 20 30 40 50 0 10 20 30 40 50 60 

PERCENT OF POPULATION 

Fig. 2. Average curlleaf mahogany age, density, and relative contribution to total den&y for each maturity clase et 3 sites in Nevada. Maturity clees 
deslgnatione are defined in Table 1. 

Smimov tests. Maturity class distribution did not differ signifi- population structure (Fig. 2). Reproduction, juvenile, immature, 
cantly (EO.05) between mahogany populations in the Carson and and young-mature mahogany had significantly (P9.05) higher 
Shoshone Ranges. densities on Peavine Mountain than the other 2 locations. The 

On Peavine Mountain no one maturity class dominated the relative density of the juvenile and immature maturity classes were 

Stem Area 
Increment 

(cm2/10 years) 

24 

18 

6 

line Mountain 

Range 

Range 

MATURITY CLASS 
Fig. 3. Average curlleaf mahogany stem area increment values in each maturity clese at 3 eita in Nevada. Maturity cleeedesignetions are defined Table I. 
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Height crown Dieter 

Maturity class Peavine Mountain Carson Range Shoshonc Range Peavine Mountain Carson Range Shoshone Range 

d im 
Reproduction 2.6a’ 3.: 1.6b 5.8a 4.5ab 2.5b 
Juvenile 6.3a 6.la 5.2a ILla IO&b 8.6b 
Immature 11.3a 14.7a 10.7a 19.Oa 16.6b 15.6ab 
Young-mature 21.la 29.9ab 31.6b 37.la 42% 37.4a 
Mature 25.2a 35% 45.9 53.5a 55.98 73.lb 
ovelmaturc 22.4a 27.711 39.5b 39.la 35.Oab 54.Ob 
Mean 16.4a 31.4b 37.8b 28.8a 43.6b 57.4b 

lMcanr withii the same row and dimensional parameter followed by the same letter do not vary si@Iiatly at the 0.05 keel. 

also higher on Peavine Mountain (Fig. 2). The general lack of 
crown closure on Peavine Mountain (Table 2) has permitted a 
steady increase in density since establishment of the oldest individ- 
uals (Fig. 3). This includes high survival of juvenile and immature 
mahogany during the past 100 years. 

Reproduction mahogany were sparse, and their survival and 
recruitment into juvenile class appears to have been low on both 
the Carson and Shoshone Ranges (Figs. 2 and 3). Of the 16 
ticroplots sampled in the Carson and Shoshone Ranges 15 had 
fewer juvenile than reproduction mahogany, and 13 had fewer 
immature than reproduction plants. Juvenile mahogany, once 
established, appear to be recruit&l into the immature class with 
little mortality. 

Young-mature and older mahogany accounted for over 85% of 
the population on the Carson and Shoshone Ranges. Mature 
mahogany accounted for 43% and 55% of the Carson and Sho- 
shone populations, respectively. Significantly (pI.05) higher den- 
sities of overmature mahogany occurred in the Carson Range. This 
site was the only study area in which overmature mahogany 
accounted for a substantial portion of the population (19%). 

Greater numbers of young-mature compared to immature mah- 
ogany occurred in each study area (Fig. 2). Densities of immature 
mahogany were lower than those in the reproduction class on the 
Carson and Shoshone Rangers where mahogany were more domi- 
nate. Recruitment of young-mature mahogany into the mature 
class was also low on these 2 ranges, but not on Peavine Mountain. 
Many macroplots had larger numbers (Fig. 2) of large mature 
mahogany over topping fewer and smaller (Tables 3 and 4) young- 
mature individuals. Frequently these young-mature plants lacked 
a vigorous canopy and were straggly in appearance. 

Recruitment of immature mahogany into the young-mature 
class apears to be a critical point in the survival of plants as part of 
the overstory on sites dominated by large individuals. This is also 
reflected in the long time span that young-mature plants remain in 

the maturity class. Plarits now in the young-mature class may 
represent a period of plentiful establishment occurring about 350 
to 400 years ago possibly following some disturbance. 

Mahogany Size 
Largest mahogany were found in the Shoshone Range and the 

smallest on Peavine Mountain flables 3 and 4). Small differences 
in average mahogany height, average crown diameter, and average 
crown volume occurred between study areas for reproduction, 
juvenile, and immature classes, respectively. The young-mature, 
mature, and overmature classes usually had large differences in 
average height, average crown dieter, and average crown 
volume between study areas. 

Mature mahogany on all sites had average crown volumes sub- 
stantially larger than the other maturity classes (Table 4). Differen- 
ces in average crown volume contribution between mature maho- 
gany and each of the other maturity classes were greatest on the 
Shoshone Range. There the population structure was strongly 
skewed towards mature individuals. On Peavine Mountain the 
mahogany distribution was not skewed towards any one particular 
maturity class (Fig. 2). 

Total mahogany crown volume was substantially greater in the 
Shoshone Range than in western Nevada vable 4). Except for 
Peavine Mountain, mature individuals accounted for well over 
half of the crown volume. In the Carson and Shoshone Ranges 
mature mahogany contributed 65 and 90%, of the total crown 
volume, respectively, but only 45 and 55% of each population. 
Ovennature mahogany accounted for little crown volume in each 
study area, and were often simii in size to young-mature plants. 

Mahogany encountered in this study were substantially larger 
than those observed by Duncan (1975) and ranged from smaller to 
substantially larger than mahogany sampled in Utah (Davis 1976). 
Dealy (1975) and Davis (1976) found the largest mahogany on dry 
rocky sites. Our sampling found the largest individuals concen- 
trated on gentle, non-rocky slopes with north and east aspects. 

Tabk 4. Total and average mahogany crown volume (d) in each maturity cbn for 3 mahogany populatiott~ in NW&~. 

Total crown volume Average mahogany crown volume 

Maturity class Peavine Mountain Carson Range Shoshone Range Peavine Mountain Caraon Range Shoshonc Range 

-‘/macroplot -31 plant 
Reproduction 0.5al O.la Cab 
Juvenile 

3;; 
0.9 O.lb :2a t3 

tb 
O.lb 

1mmatuIc 
296:Oii 

0.8b 0.9b LOa 0.8a 0.7a 
Young-mature 252.3b lOl.OC 7.5a 13.3b 8.6nb 
Mature 309% 821.3s B63.Ob 14.6a 29.9b 66.lc 
ovcrmaturc 79.5a 193.6a 134.Oa 11.2a 14% 34.4b 
Mean 723.4a 1248.4b 2299.8b 5.8a 19.7a 39.5b 

‘Man valuer in the same maturity &IS and witbin the umc crown volume purrmter followed by the anme letter arc not ripnificrntly difTercnt at the 0.05 Lnl. 
Waluc is la8 thn .I. 
JToofcwMmplcsinthisatu4yarato c&ulatc wwistic. 
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These were sites that appeared to have greater effective moisture 
and better growing conditions than the other sites. 

Because smaller plants are out-competed by larger ones (Bella 
1971, Grace 1985, Weiner 1984), their mortality is higher than that 
of the larger plants (Westoby 1981). The resulting population 
structure becomes dominated by a few large individuals, as was the 
situation in the Carson and Shoshone Ranges (Fig. 2 and Tables 3 
and 4). On Peavine Mountain mahogany density has increased 
substantially during the past 200 years (Fig. 3). Most of the indi- 
viduals present have not lived long enough to reach the mature 
class. 

W-Y Ages 
Differences in mean mahogany age (Fig. 2) were only significant 

(B.05) between Peavine Mountain and the Carson and Sho- 
shone Ranges. Mahogany age ranged from 7 to 1,350 years. Max- 
imum ages are substantially older than those determined in pre- 
vious studies (Dealy 1975, Duncan 1975, Davis 1976, Brotherson et 
al. 1980). Part of this difference in mahogany age may be due to our 
technique of enhancing annual ring contrast. We were able to see 
faint or narrow rings that would have otherwise gone uncounted. 
Because cross-dating was not possible, some error may be present 
from false or missing rings. 

Ranges in age between the youngest and the oldest mahogany in 
the same macroplot were as much as 1,000 or more years. It was not 
uncommon for individuals within the young-mature, mature, and 
overmature classes, respectively, to have age differences of several 
hundred years. 

Reproduction mahogany in each study area did not have signifi- 
cantly different (EO.05) ages (Fig. 2) and were classified as repro- 
duction because of their size. It is now apparent that many were not 
always reproduction, but sometimes suppressed juveniles. Only 
after the cross sections were aged was it known that mahogany 10 
cm tall can be 30 or more years of age. Schildt and Tiiale (1970) 
observed a similar situation in Idaho. 

Juvenile and older mahogany classes on the Shoshone and Car- 
son Ranges were substantially older than the same maturity classes 
on Peavine Mountain (Fig. 2). The average age of each maturity 
class on Peavine Mountain was always older than the preceding 
maturity class (Fig. 2). In contrast, overmature mahogany in the 
Carson and Shoshone Ranges were often younger than mature 
individuals and frequently about the same age as young-mature 
plants. This indicates many plants in the overmature classes are 
often severely suppressed individuals that would have otherwise 
been in the young-mature class. 

Relative Plant Growth Rates 
Average ring width for the past 10 years was significantly greater 

on Peavine Mountain than in the other study areas (Table 5). Each 

Table 5. Mean ring width ol curlleaf mabogmy for the pnt 10 yeara in 
en& maturity class for 3 m&-y popolatioas In Nevada. 

Mean 10 year ring width 
Maturity Peavine Carson Shoshone 
class Mountain bagt Ransc 

______________-_-mm-- _____---- 
Reproduction 0.18b’ 0.09a 0.09a 
Juvenile 0.31a 0.092 0.12b 
Immature 0.36b 0.18a 0.14a 
YOUll~-llG4tUrC 0.4Ob 0.16a 0.14a 
Mature 0.36b 0.15a 0.17a 
overmature 0.3Ob 0.14a O.ISa 
Mean 0.32b 0.14a 0.14a 

‘Mean valuea in the same maturity clasn followed by the anme letter are not signiti- 
cantly differa at the 0.05 level. 
Too few sample in thin 6tudy area to calculate t-ltatiatic. 
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maturity class on Peavine Mountain also had signifxantly (KO.05) 
greater average ring widths. Both reflect the younger, more open 
condition of the stands on Peavine Mountain resulting from less 
dominance by larger, older individuals. These conditions permit- 
ted faster growth to occur. A simiir pattern exists for average stem 
anza increment (Fig. 3). 

Overstory cover in the Carson Range was patchy. Lower relative 
growth rates on the Carson Rcnge reflected the effect of intraspe- 
cific competition in the dense thickets where cover approached 
100%. 

Reduced growth rates in individual mahogany were common in 
the Shoshone Range because of the general crown closure (Fig. 4 
and Table 5). Average mahogany cover was almost 80% (Table 2) 

-= PEAVINE MOUNTAIN 
-I CARSON RANGE 
----= SHOSHONE RANGE 

-Y - -0.005934x + 5.1643 
r2 r 0.96 
P 5; 0.01 

- Y - -0.00063X + 4.2164 
r2 -0.72 NS 
PS 0.06 

- -- -Y = -0.0071X + 4.0342 
r2 - 0.94 
P 5 0.01 

I / 

t I I I I I I I 
700 600 500 400 300 200 100 0 

AVERAGE MATURITY CLASS AGE (years) 

Fig. 4. Approximate popalation powtb rate clawed for enrlkafmahogany 
at 3 dtea in Nevada. Maturity clam designationa of reproduction (R), 

Ime* (Jh immtumm,young-mtllreoIM),8lldm8ture-overmature 
(M-OM) ue de5ned lo Table 1. 

with many macroplots approaching 100%. Relative growth rates in 
the Shoshone Range were substantially less than those on Peavine 
Mountain, reflecting the higher average cover. Mahogany popula- 
tions on most of the sites sampled on the Shoshone Range have 
probably reached full site occupancy as defined by Long and Smith 
(1984). 

PopuIatIon Growth Rata 
The slope of a regression line fitted through each population’s 

growth curve (Fig. 4) can be used to provide an estimate of each 
study area’s population growth rate (Harper 1977). The growth 
rate of the Peavine Mountain population (0.59) was 7 to 8 times 
greater than that of the Carson Range population (0.08) and the 
Shoshone Range population (0.07). Regardless of initial density, 
each population’s growth curve appears to have remained rela- 
tively constant during the past 300 years. 

Recruitment of new individuals into the Shoshone Range and 
Carson populations has occurred slowly following the establish- 
ment of the current mature-overmature mahogany canopy. The 
estimated time it would take these two populations to double, 
assuming no mortality, is 1,028 years in the Shoshone Range, and 
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900 years in the Carson Range. In contrast, mahogany density on 
Peavine Mountain has shown a steady increase since the oldest 
plants were established, and has a doubling time of only 122 years. 
However, the increases in mahogany populations on Peavine 
Mountain may have passed their peak. Only 6 plants younger than 
20 years were aged, the youngest being 13 years old. 

conclusions 

Self-tolerance, the ability of a species to grow and survive under 
the stress of intraspecific competition (Zeide 1985), is apparent in 
curlleaf mahogany communities. Reproduction, juvenile, and 
immature mahogany have characteristics of tolerant species which 
can grow for decades under a dense overstory. These small maho- 
gany plants appear to live for 100 or more years as part of the 
understory (Fig. 2). Self-tolerant species also respond with imme- 
diate and rapid growth when the overstory is removed. 

Indirect evidence of self-tolerance is present when differences in 
age (Fig. 2), size (Tables 3 and 4), relative growth rates (Table 5 and 
Fig. 4) and mahogany cover by maturity class (Fig. 1) are com- 
pared. Macroplots on Peavine Mountain had substantially lower 
mahogany cover values. The immature, juvenile, and reproduction 
mahogany present, which generally were younger, were slightly 
larger and faster growing than similar plants in the Shoshone and 
Carson Ranges. This occurred despite ,deeper soils and greater 
annual precipitation in the Carson and Shoshone Ranges. 

Curlleaf mahogany is probably an intolerant plant when present 
with other tree species. Conifers, curlleaf mahogany’s most com- 
mon associate, are often considered intolerant species, but they 
exhibit growth forms of a species more tolerant than curlleaf 
mahogany. Relative growth rates are greater, their shape more 
tapered, and they reach greater heights. Consequently, conifer 
species invading mahogany sites eventually over top them. Because 
mature mahogany are shade intolerant their competitive ability is 
lost, and they become senescent. 

In communities dominated by curlleaf mahogany the individu- 
als present do not have to compete with a more tolerant species. 
Individual plants grow as large as site-specific environmental and 
genetic constraints allow. However, a small population of self- 
tolerant reproduction plants provide a continuous supply of young 
mahogany waiting to replace older individuals that die. Numerous 
researchers (Denslow 1980, Hartshom 1980, and Shugart 1984) 
have noted the importance of canopy gaps in forest succession. 

Scheldt and Tisdale (1970) felt that excessive utilization on 
reproduction mahogany was the cause for poor stand recruitment. 
Davis (1976) believed that succession was dependent upon habitat 
factors relating to soil moisture storage and soil development. 
Dealy (1975) observed rapid and elongated root growth in maho- 
gany seedlings, a characteristic that should improve establishment 
potential in xeric environments. Our results indicated that abund- 
ant mahogany reproduction only occurred where canopy closure 
did not exist (Peavine Mountain). Deer use on mahogany on 
Peavine Mountain was as heavy as on the Carson and Shoshone 
Ranges but the additional stress of intraspecific competition was 
not present. Young mahogany, particularly if abundant, appear to 
be able to overcome the stress of herbivory, but not the additive 
effects of herbivory and intraspecific competition. 

Suppressed plants not released from competition eventually die, 
and are probably replaced by a new wave of reproduction individ- 
uals. In essence, two mahogany populations occupy the same 
stand: one composed of dominant mature plants in the overstory, 
and the other of suppressed individuals in the understory. Sup 
pressed mahogany slowly recycle awaiting the opportunity for 
recruitment into the overstory when gaps become available. 
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Seedbed ecology of winterfat: effects of mother-plant trans- 
piration, wind stress, and nutrition on seedling vigor 
D. TERRANCE BOOTH 

AbStlWt 

The upward movement of &orbed salts within l plant ia innu- 
aced by the transpiration stream. This study tested the hypothesis 
that transpiration by winterfat mother plants effects seedling 
vigor. Mature plants, growing in a greenhouse, were exposed to 
forced air and measurements were made on water loss from the 
plants, concentrations of Ca*, MI’+, Na+, and K+ in the dias- 
pores, 8nd on offepring growth par8meters. The dixsporee pro- 
duced by the plants were germinated and grown under 2 identical 
temperature regimes, except that 1 regime included 1 hour of 
dark-period freezing strew. The forced-air treatment had no detec- 
table effect on mother plants, including no significant (pIO.05) 
effect on water loss or on cxtion concentrations in the diespore. 
However, it did signlflcantly decrease offspring vigor. Analysis of 
the total test-plant population revealed significant, linear relation- 
ships between water loss and: diespore yield, Ca* and K+ concen- 
trations in the &pore, seedUng dry weight, and seedling hypo- 
cotyl length. Liacu relationships between seedling variables and 
covariables provided evidence that Ca*, K+ and Na+ influence 
seedling weight, moisture, and hypocotyl length. It is concluded 
that mother-plant transpiration, windstress, and nutrition affect 
offspring vigor. 

Keywords: calcium, magnesium, potasshun, sodium, f&&g, 
growth model, environmental strm eeed production 

‘...one must become at the same time a comparative morphologist, 
a comparative physiologist, and an ecologist. ” G. Ledyurd Steb- 
bins (1974) on seedling ecology. 

Germination characteristics of winterfat [Eurotia hmatal (Pursh) 
Moq.; Cerutoides lunatu (Pursh) J.T. Howell], vary among genetic 
populations (Workman and West 1%7), among locations (Wilson 
193 1, Asay 1959, Moyer and Lang 1976), and from year to year at a 
given location (Springfield 1968,1972, Dettori et al. 1984). Nonge- 
netic variation has been attributed to general environmental condi- 
tions (Springfield 1972), but specific cause-and-effect relationships 
are not well understood. 
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lPropoaala for conservation of this long-used generic name have been invited (Bmm- 
mitt 1978). 
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The influence of the mother-plant environment on seed germina- 
tion and/ or subsequent seedling growth has been noted for such 
species as winter wheat [ l’kiticum uestivum variety Knox, (Biddell 
and Gries 195811, plantain [Plantago uristutu, (Stearns 1960)], and 
for Ononis sicula [a legume native to the Negev desert (Evenari et 
al. 19661. In reviewing maternal effects on seed germination, Gut- 
terman (1980) commented on the environmental stimuli of day 
length, temperature, and position. He cited evidence that these 
stimuli affect the plant hormonal system, and subsequently the 
level of hormones in seeds. Poovaiah (1985) has reviewed the 
functions of Ca++ in plant cells, including the role of that ion in 
cellular response to external and internal (hormones) stimuli. This, 
and other evidence (Booth 1989), indicate that Ca++, and perhaps 
other cations, influence seed germination. 

The upward movement of absorbed salts, especially Ca++, 
within a plant is influenced by, among other things, the transpira- 
tion stream (Biddulph et al. 1961, Mengel and Kirkby 1982, Devlin 
and Witham 1983). This study was conducted to test the hypothesis 
that transpiration by winterfat mother plants affects seedling 
growth by influencing cation concentrations in the diaspores. 
Diaspores are the seed-containing units of a plant which function 
in seed dispersal and in promoting the establishment and survival 
of the seedlings (Booth 1987). The study also provided the oppor- 
tunity to separate effects on the offspring of mother-plant transpi- 
ration and mother-plant wind stress. 

Methods 

Plant M&r&l 
Forty seed-producing winterfat plants were collected at Cheyenne, 

transplanted into 7.4 liter pots, and grown in the greenhouse where 
daytime temperatures were 40-45” C. Aluminum foil caps were 
fitted over the top of the pots and around the base of the plants to 
reduce soil evaporation. In separate tests the foil caps reduced soil 
evaporation by 63% in unshaded pots, and by 74% in unshaded 
pots exposed to forced air treatments. The tests used a simulated 
shrub stem with soil at field capacity. 

Beginning 8 July 1985, 20 of the 40 plants were randomly 
selected to be exposed once a week for 15 weeks to 8 hours of forced 
air (3.3 m/s). Treatment starting date was selected to avoid, as 
much as possible, treatment interference with seed set, and yet to be 
in effect throughout the period of diaspore growth and maturation. 
During the treatment period all pots were weighed weekly. Pots 
with treated plants were also weighed immediately before and after 
exposure to forced air. After each weighing, lost moisture was 
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replaced with Hoaglands solution so that nutrients would not be a 
limiting factor in plant growth or cation accumulation in dii- 
pores. At diaspore maturity (Nov. 1985), diaspore yield (weight of 
all diaspores harvested), total aboveground plant weight, and leaf 
weight were obtained for each plant. Diaspores were separated 
from seed stalks, allowed to afterripen at room temperature for 
about 2 months, and stored under refrigeration (Springfield 1974) 
until used in 1986. Diaspores were used in tiling growth tests and 
were analyzed for Ca++, Mgtt, Nat, and Kt. There is some bias in 
this study because low producing plants did not provide enough 
material for analysis. 

SeedBng Growth 
Diaspores harvested from treated and untreated plants were 

used to compare seedling growth under 2 temperature regimes. 
Each diaspore sample (100 diaspores representing 1 plant) was 
weighed, mounted on Cobb-Jones germination plates (Jones and 
Cobb 1963), then imbibed for 2 days at 0 f 2O C (Booth and 
Schuman 1983). Germination plates and reservoirs were isolated 
by sample. Diaspores were cultured for 10 days in germinators at: 
(a) 15’ C with light for 12 hours and at 5O C without light for 12 
hours or(b) as in (a), but with a mid-dark cycle temperature drop 
to -5’ C for 1 hour. Light readings at germination plate positions 
averaged 63 and 74 ME/S/~* for the freezing and nonfreezing runs, 
respectively. Samples were rotated daily to minimize variation due 
to location in the germinator. Samples with 60 or fewer diaspores 
were randomly assigned to 1 of the 2 temperature regimes rather 
than splitting the available diaspores between the 2 regimes. Data 
were collected for each mother plant on seedling hypocotyl lengths, 
and on seedling dry and fresh weights. Seedling samples were oven 
dried at 600 C for 24 hours. 

cation Analysis 
Dried samples were ground, weighed, then ashed at 5500 C 

(Jackson 1958). The ash was dissolved in 6 NHCL, evaporated to 
near dryness, rinsed into 25-ml volumetric flasks, and brought to 
volume with deionized water. Calcium, K+, Mgtt, and Nat were 
determined on the ash digest by atomic absorption spectro- 
photometry. 

SW&al Analysis 
Analysis of variance and analysis of covariance were used to test 

whether cation concentration was related to water loss and to 
analyze the relationship between seedling variables and cation 
concentration in diaspores (Table 1). Analysis of variance, using 
data from plants represented in both freezing and nonfreezing 
regimes (paired analysis), compared seedling growth variables 
(Table 1) with respect to the forced-air treatment of mother plants 
and to germination temperature regimes. Covariate analysis for 
seedlings used all data available from each temperature regime. 

The F-ratio probability value is reported as the Observed Sign& 
cance Level (OSL). The term “significant” is applied throughout 
this paper to findings with an OSL 50.05. However, that level is 
recognized as an arbitrary point on a continuous scale. 

Steel and Torrie (1980) describe analysis of covariance as, using 
the concepts of both analysis of variance and of regression with 2 or 
more measured variables, where any measured independent vari- 
able is not at predetermined level (i.e., water loss). Covariate 
analysis has been used here to control error and increase precision 
of tests, to adjust treatment means of dependent variables for 
differences in values of corresponding independent variables, and 
to detect relationships between dependent and independent varia- 
bles that are approximately linear. It has been particularly useful 
for separating effects of the forced-air treatments from water loss 
effects and for detecting relationships with water loss that exist 
across treatments and would otherwise be obscured by plant to 
plant variability. 

A significant regression line implies that x is of value in explain- 
ing the variability in y. The amount of variation in y that is 
explained by x is estimated by the coefficient of determination (rr). 
This coefficient is usually not reported in an analysis of covariance 
because the model contains factors from noncontinuous variables. 
For example, forced air was not a continuous variable since plants 
were either treated or not treated. However, in cases where treat- 
ment effects are not significant, and where the treatment sums of 
squares (SS~~) contribute an insignificant amount to the total 
sums of squares (S&M), a valid r2 can be calculated for a signifi- 
cant regression term. This paper will report some rr values together 
with the associated ratio of treatment to total sums of squares. 

Results and Discussion 
Effect of Forced-air Treatment on Mother-plnnt Variablea 

Exposing mother plants to forced air did not cause significant 
changes in mother-plant water loss, total plant weight, leaf weight, 
yield of diaspores, average weight of diaspores, or cation concen- 
trations in diaspores (Table 2). This was true even when the covar- 
iates were included in the analysis. This indicates that the measured 
variables were not affected by factors associated with the treat- 
ments, such as watering with Hoaglands solution. Lack of treat- 
ment differences is believed to be due to a stoma-closing response 
to wind by treated plants and to the variability in water loss. Water 
loss ranged from 3,300 to 11,200 g for the forced-air treated plants 
and from 5,100 to 11,800 go for the untreated plants. 

Since the forced-air treatment did not induce water-loss differ- 
ences between treated and untreated plants, regression analysis of 
variables with covariables for all plants (ie., across both treat- 
ments) was used for testing the hypothesis that transpiration by the 
mother plants affected cation concentrations in the diaspores. The 

Table 1. Winterfat variablen and covwiablw used for evaluating tbc effecta of air movement and tnnspiration on the cation concentration in diasporu 
8nd on offspring vigor. 

Mother-plant variables 

Forced air by: 
Water loss 
Total plant weight 
Leaf weight 
Diiporc yield 
Diiporc weight 
Coftcntration in diasporc of: 

Mg++ 
Nat 
K+ 

Mother-plant covariables for 
cation concentration 

water loss 
Total plant weight 
Leaf weight 
Diaspon yield 

Seedling variables 

Forced air on mother plant, and 
temperature regime, 
by: 
Seedling dry weight 
Seedling moisture 
Hypocotyl length 
SD. hypocotyl length 

Seedling covariablcs 

Concentration in the diasporc of: 

ca++ 
kig++ 
Na+ 
K+ 
Water loss 
All combiitions of above. 
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Table 2. Means for mother-plant variables ae affected by fonxd-air 
treatment. 

Variable 
Forced air 

Untreated treated OSL’ 

Water-loss (g) 
Total plant wt (g) 
Leaf weight (g) 
Diaspores (g/plant) 
Diaspores (mg/diaspom) 

Cation concentration 
in d&pores (ug/g) 

Calcium 
Magnesium 
Potassium 
Sodium 

12.8 
4.28 
2.49 
4.8 

6686 7493 .374 
22% 2425 .473 

22543 21406 .I39 
596 646 .473 

6777 
12.8 
3.69 
2.54 
4.4 

.821 

.969 

.951 

.951 
,851 

lObserved Significance Level 

effectiveness of regression analysis as a statistical test is enhanced 
by the range of water loss found to exist in the total test-plant 
population. 

Relationships between Mother-plant Variables and Covariables 
Covariate analysis across treatments revealed significant linear 

relationships between water loss and concentrations of Ca++ and 
of K+ in diaspores (Table 3). Calcium in diaspores increased by 
0.544 ug/g, and K+ increased by 0.352 ug/g of water used by the 
plant. The concentrations of Mg++ and of Na+ in the diaspores 
were not significantly related to water loss. Water loss was also 
significantly related to diaspore yield and to leaf weight (Table 3). 
Both increased by 0.4 mg/ g of water lost. 

Table 3. Stahtics describing significant relationships between winterfet 
mother-plant varhblee and covariablee. 

Variable Covariable OSL’ r2 ssh&l SStnUl 2 
______%______ 

Water loss Ca++ 0.003 21.5 2.7 
K+ 0.027 12.5 5.4 

diaspom yield 0.012 16.5 0.1 
leaf weight 0.008 18.4 1.6 

Total plant weight Mg++ 0.010 17.2 1.4 

lObserved Significance Level 
Walues indicate the degree of influence on r2 by noncontinuous factors of the covar- 
iance model. 

Diaspore yield is related to the amount of carbon assimilated by 
the seeds and to the number of diaspores produced. The relation- 
ship between water loss and yield is significant because transpira- 
tion and yield are both related to photosynthesis. Since green 
diaspore bracts contain stomata (personal observation), these 
bracts, and other axillary bracts and leaves associated with devel- 
oping d&pores, add to the photosynthetic capacity of the plant, to 
water loss, and to the significant relationship between water loss 
and yield. Also, phloem sap is probably 75 to 95% water (Salisbury 
and Ross 1969, Biddulph 1969, Hall and Baker 1972) and diffusion 
of water through d&pore epidermis may have contributed to 
water loss. Potassium enhances translocation of assimilates and is 
the most abundant cation in the phloem (Mengel and Kirkby 
1982). The concomitant linear relationships of yield and K+ with 
water loss is indicative of the link between transpiration, photosyn- 
thesis/ translocation, and yield. 

Total plant weight, leaf weight, and diaspore yield were used in 
covariate analysis of cation concentrations in diaspores. Usually 
the greater the plant or leaf weight the lower the diaspore cation 
concentration, indicating a dilution effect from plant material. 

This relationship was significant between total plant weight and 
Mg++ (Table 3). Magnesium decreased by 39 ug/g of plant mate- 
rial. The relationship between Mg++ and leaf weight was not 
significant (OSL = 0.094) and there were no significant relation- 
ships between diaspore weight and the concentration of any cation. 

Effect of Forced-air Treatment on Seedling Variables 
Offspring were significantly affected by the forced-air treatment 

of mother plants. Analyzed over both temperature regimes (using 
only paired data), the forced-air treatment resulted in a significant 
decrease in the dry weight and in the moisture content of seedlings. 
The OSLs for these variables were not improved by covariate 
analysis (Table 4). Also, the forced air probably (OSL q 0.109) 
decreased hypocotyl length (Table 4). The probability that the 
observed hypoctyl decrease was real is strengthed by the lack of 
treatment differences (OSL = 0.329) for the standard deviations of 
hypocotyl length (Table 3). 

Table 4. Winterfat seedling characteristics as affected by forced-air trert- 
ment of mother phts. 

Variable Untreated 
Forced air 

treated OSL’ 

Seedling dry weight (g) 
Seedling moisture (9) 
Hypocotyl length (mm) 
SD hypocotyl length (mm) 

‘Observed Significance Level 

0.1472 0.1172 0.004 
1.4882 1.1066 0.002 

41 37 0.109 
12.846 12.194 0.329 

Covariate analysis made no improvement in the OSL of treat- 
ment means with respect to hypocotyl length under the freezing 
regime; under the nonfreezing regime, treatment means adjusted 
for Na+ resulted in an OSL of 0.047. Further improvement was 
realized by using the best combination: Ca+++K++Na++water loss 
(OSL = 0.017). This indicates the importance of these factors to 
seedling growth. Since the forced-air treatment was not severe 
enough to produce real differences in water loss or in concentra- 
tions of cations in diaspores, the detrimental effects of forced-air 
on the offspring must be ascribed to factors not measured. 

The most likely reason for reduced vigor of offspring from 
treated mother plants is lower seed mass (as opposed to diaspore 
mass). This could result from interrupted photosynthesis if sto- 
mata closed during forced-air treatments. Although no difference 
was detected between treatments in the mean weight per diaspore 
(Table 2), it is likely that seed coverings, which are relatively 
inexpensive for the plant to produce, hid differences in seed mass. 
Lack of experimental material precluded measurement of seed 
mass. 

The threshold for wind-induced stoma closure is probably not 
uniform among winterfat ecotypes. Plants collected from Sterling, 
Colo. (1,220 m), Cheyenne, Wyo. (1,890 m), and Sheep Mountain 
near Laramie, Wyo. (2,440 m), averaged 18,700, 14,800 and 
11,400 g of water loss, respectively, under a forced-air treatment 
similar to that described for this study (Booth, unpublished data). 
Perhaps adaptation to higher, windier habitats was accomplished 
by changes in the balance between photosynthetic potential and 
water conservation. We may speculate that a breeze which closes 
stomata and interrupts transpiration and photosynthesis in the 
Sheep Mountain or Cheyenne ecotypes might have no effect on 
stomata in plants from Sterling. 

Analysis of covariance for seedlings, which used all the data 
available from each temperature regime, will be discussed for the 
freezing and nonfreezing regimes with respect to each variable. The 
linear models showing significant relationships with growth para- 
meters differ by temperature regime (Table 5). This difference 
might be indicative of real phenomenon, but could also be the 
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Table S. Effects of a l-boor dlunml freeze on llnar modeb’ of winterfrt- 
seedling vutabks w&b covsrhbks. 

Variable 

Dry weight 
Moisture 

HEzzyl 

Model without 
fruze 

K+Na+mtcr loss 
Ca+++Mg*+Na+ 
Ca+++K++Na+ 
water loss 

Model with 
OSLJ freeze OSL 

0.010 Ca+++watcr loss 0.035 
0.008 Ca+++watcr loss 0.019 

0.038 Ma++ 0.145 

i~cdc are the bat modek for each variable aa judged by the OSL of the models. 
*obselval siiicalnx Level 

result of nonlinear responses caused by the abrupt temperature 
changes in the freezing regime. Water loss was found to be an 
important covariable with all seedling variables. Its significance in 
these analysis appears best explained by assuming (1) that it is 
correlated with Ca* concentrations in the diaspore, and (2) that it 
is an indirect measure of photosynthesis. The latter is a valid 
assumption under arid conditions since leaf water potential has 
predominate control over stomata1 aperture. 
Seedling Weight 

Covariate analysis revealed a sign&ant (OSL = 0.039), positive, 
liiear relationship between seedling dry weight under the nonfreez- 
ing temperature regime, and water loss by the mother plant. Since 
carbon fuation by a lo-day-old seedling is relatively small, see- 
dling dry weight is primarily a function of the original seed weight. 
Therefore it is not surprising, given the significant relationship 
between water loss and diaspore yield, that water loss was related 
to seedling dry weight. The linear relationship was improved when 
the K++Na+ concentrations in the diaspore were considered in the 
model with water loss (OSL = 0.0 10 -Table 5). Potassium accounts 
for most of this improvement in the significance level. These find- 
ings support the interpretation that the forced-air treatment 
lowered seed mass by interrupting photosynthesis and the translo- 
cation of photosynthate. Under the freezing regime Ca* became 
important and Ca++ + water loss was the only covariable combina- 
tion that was significantly (OSL = 0.035) related to seedling dry 
weight. 

Seedling Moisture 
Diaspore concentrations of Ca* and of Na+ were most closely 

correlated with seedling moisture; the covariable combination 
Ca+++Mg+*+Na+ gave the best linear relationship under the non- 
freezing regime (OSL =0.008). The importance of Ca++ to seedling 
moisture content is explained by the known relationship between 
Ca++ and membrane integrity (Mengel and Kirkby 1982. Poovaiah 
1985). The importance of Na+ in the seedling-moisture model is 
supported by the findings of Booth (1989) and by the work of 
others (El-Sheikh and Ulrich 1970, Romo and Haferkamp 1987, 
Eddleman and Romo 1987), who have shown in other species of 
Chenopodiaceae that Na+ has a positive effect on the water regime 
of the plant. In this model, both Ca++ and Na+ were positively 
related to seedling moisture, while Mg++ was negatively related. 
Under the freezing regime Ca* +water loss was the best model 
(OSL = 0.019). 
Hypocotyl Length 

The best linear relationships among single covariables were with 
water loss (OSL = 0.059) and with Na (OSL = 0.169); the best 
combination was, Ca-+K++Na++water loss. The OSL of the 
combination model was 0.038 (Table 5). Under the freezing regime, 
Mg was the only covariable (single or combination) that showed a 
linear relationship with hypocotyl length (OSL = .145). The rela- 
tionship was negative. 
Standard Deviations of Hypocotyl Length 

Sodium was significantly related to standard deviations of 

hypocotyl lengths (OSL = 0.024), and the best combination, 
Na++water loss was a slightly better model with OSL = 0.022. This 
indicates that the concentration of Na+ in the diaspore and water 
loss from the mother plants account for a significant amount of the 
variation in hypocotyl length. It adds to the evidence of this study, 
and others (Hilton 1941, Booth 1989), that Na+ concentrations in 
the seed influence seedling moisture and hypocotyl length. Under 
the freezing regime only water loss was significant (OSL = 0.053). 

Conclusiona and Recommendations 
Increased transpiration, as indicated by water loss, increased 

diaspore concentrations of Ca++ and K+ but not of Na+ and Mg++. 
Evidence cited by Mengel and Kirkby (1982) support the conclu- 
sion of a dii relationship between transpiration and the C!a++ 
concentration in the diaspores. The relationship between K+ con- 
centration in the diaspores and transpiration may be indirect, such 
as the fact that both transpiration and K+ concentration are related 
to photosynthesis and to translocation of photosynthate. It may be 
argued that the significant relationships of Ca++ and K+ concentra- 
tions with transpiration are due to the fact that these cations were 
added in proportion to water loss. However, Na+ and Mg++ were 
also added in proportion to water loss. Therefore, it is concluded 
that the volume of water transpired by winterfat mother plants 
significantly affected seedling vigor by influencing, among other 
things, the diaspore concentration of Ca++. 

Wind stress on winterfat mother plants which occurred after 
seed set decreased offspring vigor. This occuned at a relatively 
mild, but steady, wind speed and is assumed to be due to an 
interruption of photosynthesis when stomata closed. The negative 
effects of wind stress were seen in reduced seedling dry weights, 
moisture, and hypocotyl lengths. 

Analysis of the relationships between seedling variables and 
covariables has provided specific evidence of the importance of 
Ca++, K+, and Na+ to winterfat seedling growth. These findings are 
an indication to seed producers, seed collectors, and to students of 
seedling growth, of the importance of mother plant nutrition with 
respect to these cations. Producers may wish to pay particular 
attention to soil Na+, since thii cation accounted for most of the 
variability in seedling hypocotyl length. The study also raised 
questions about the role of Mg’“+, particularly during seedling 
freezing stress. 

The maintenance of plant transpiration emerged as the single 
most important factor in seed production. Not only is transpira- 
tion a factor in moving Ca++ , and possibly K+, into the diaspore, 
but also interruptions to transpiration, as in stoma-closing responses 
to wind, will usually decrease yields (Waggoner 1969, page 356). 
For this reason seed producers and collectors may wish to avoid 
winterfat ecotypes that readily close their stoma, or, if wind toler- 
ant ecotypes are needed, that seed be produced or collected in 
protected places. 

A predictive model of early seedling growth will have at least 3 
major components: genetic effects, maternal effects, and effects of 
the seed environment during dormancy and early growth. If we 
apply to winterfat Gutterman’s (1980) list of environmental stimuli 
that may cause maternal effects (day length, temperature, and seed 
position), then to the list can be added transpiration, wind stress, 
and nutrition. 
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Herbage production-forest overstory relationships in two 
Arizona ponderosa pine forests 
LUIS A. BOJORQUEZ TAPIA, PETER F. FFOLLIOTT, AND D. PHILLIP GUERTIN 

AbShCt 
Utilizing source d8t8 for xnnuxl herboy production which bxd 

been obteined through repeated mewurements, tbougb not necew 
eerily Wren in a& ycu, in 2 Arixonx ponderoex pine (Pinus 
pondhro~) forate from 1959 to 1980,18 berbege production- 
forest overstory regression equxtiona were developed and stxtisti- 
cxlly uulyzcd. In xddition to logerithmic 8nd exponential trxns- 

criteri8. stratified for come berbagi compon& to 
improve eempling efficienda. The regwdon equxtione p-ted 
ue comidered more us&d for long-term pluming purpow then 
for predicting tbe level of berbxge production in 8 p8rtlcuhr yeu. 

Key Wordsr Plnus ponderoex, herbage production-forat over- 
story rel8tion&ipo 

Quantitative studies describing the growth of herbaceous plants 
as functions of forest ovcrstories have been conducted in many 
Arizona ponderosa pine forests (Ffolliott and Clary 1982, Bartlett 
and Betters 1983). In these studies, linear and nonlinear models 
generally expressed decreasing herbage production with increasing 
forest overstory densities (basal area, volume, crown cover) and 
growth rates. The production of herbaceous vegetation in ponder- 
osa pine forests also has been related to soil parent material (Ffol- 
liott and Clary 1975, Ffolliott and Baker 1977) and soil texture 
(Clary et al. 1966, Clary 1969), although these latter studies were 
relatively location-specific. Since the Arizona ponderosa pine 
forests are managed for both cattle and timber production, know- 
ledge of herbage production-forest overstory relationships is 
important. 

The objective of this study was to evaluate a set of regression 
equations relating annual herbage production to the overstories of 
2 Arizona ponderosa pine forests. As a result of this evaluation, 
equations meeting specified acceptance criteria were identified to 
assist land managers in understanding the joint production of 
herbage and timber in these forests. 

Materials and Methods 

Study Arena 
Source data sets from 2 study areas in Arizona ponderosa pine 

forests, the Beaver Creek sub-watersheds (Brown et al. 1974) and 
the Heber sub-watersheds (Ffolliott and Baker 1977), were utilized 
to develop the herbage production-forest overstory relationships 
described in this paper. 

The ponderosa pine forest overstories on both the Beaver Creek 
and Heber sub-watersheds represent a simple tree species compo- 
SitiOII, but a COmpkX spatial structure because of variations in 
elevation, topography, and soils, and the influence of fire. Ponde- 
rosa pine is dominant but intermixed with Douglas-fir (Pseudoz- 
suga menziesii) and quaking aspen (Populus tremuloides) at higher 
elevations, and alligator (Junipencs deppeana), Utah (Juniperus 
osteosperma), and Rocky Mountain juniper (Juniperus scopulo- 
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rum), and pinyon (Pinus edulis) at lower elevations. Gambel oak 
(Quercus gambelii) is found scattered throughout the study areas. 

The occurrence of specific herbaceous plants depends largely 
upon the forest overstory density, climatic patterns, physiographic 
characteristics, and past land use. Principal grasses and grass-like 
plant species on the study areas include Arizona fescue (Festuca 
arizonica), blue grama (Eouteloua gracilti), mountain muhly 
(Muhknbergia montana), muttongrass (Poa fendkriana), bottle- 
brush squirreltail (Sitanion hystrix), black dropseed (Sporobolus 
interruptus), and sedge (Carex spp.). Important forbs and half 
shrubs are western ragweed (Ambrosia psilostachya), fleabane 
(&igeron spp.), showy goldeneye (Viguiera multiflora), globcmal- 
low (Sphaeralcea spp.), and mullein (Verbascum spp.). Shrubs 
include buckbrush (Ceanothus fendkri), mountain mahogany 
(Cercocarpus spp.), cliffrose (Cowania mexicana), and New Mexi- 
can locust (Robinia neomexicana). 

Annual temperatures and precipitation on the 2 study areas 
range between 7 and 90 C and 536 and 635 mm, respectively, values 
which are similar to those observed generally in Arizona ponde- 
rosa pine forests (Schubert 1974). Two major precipitation seasons 
characterize the study areas. Sixty-five percent of precipitation 
falls from October through April, with the remainder falling in 
July through early September. 

The soils on the Beaver Creek sub-watersheds, developed on 
basalt and cinders, are mostly clay loam and loam-sandy loam in 
texture. They have been described in detail by Williams and And- 
erson (1967). Soils on the Heber sub-watersheds, developed from 
undivided materials, unnamed but with mineralogy simiir to that 
of the Coconico sandstone formation, are fine, sandy loam in 
texture. Elevations of the 2 study areas vary from 1,885 to 2,425 

Metbods 

To develop the herbage production-forest overstory relation- 
ships, annual herbage production, measured in kg per ha, and 
forest overstory density, measured in basal area per ha, specitically 
in terms of mr per ha, were measured, as described below. 

Annual herbage production was measured by weight estimates 
(Pechanec and Pickford 1937) on permanently located 0.90-mr 
circular sampling plots on the Beaver Creek and Heber sub- 
watersheds. These herbage production values, obtained through 
repeated measurements, were separated into 4 herbage compo- 
nents for analysis. These hcrbage components were total herbage, 
grasses and grass-like plants, forbs and half shrubs, and shrubs. 

Herbage production was measured on the Beaver Creek sub- 
watersheds from 1959 through 1980. Both permanently located 
clusters of herbage sampling plots and forest inventory plots com- 
prised the sampling basis. Ten clusters of 5 sampling plots each 
were distributed randomly to measure the herbage production on 7 
sub-watersheds, totalling 3,336 ha in area. The forest inventory 
plots were located in systematic sampling designs with multiple 
random starts (Shiue 1960) on 5 of the sub-watersheds, totalling 
2,089 ha in area, to sample the range of forest overstory conditions. 
All sampling points were not measured each year. The clusters of 
herbage sampling plots were measured a minimum of 3 years, while 
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differing combinations of the forest inventory plots were sampled 
1,2, or 3 years in the study period. The number of sample plots for 
herbage production measurement and the years of measurement 
are presented in Table 1. 

Tab&l. Nombarofmmpkpbobforherlmgeproduc.tbnmmspramentson 
the Beaver creek mlbwMeded& 

YCar Cluster sampling plota Forcat inventory plots 

1959 
1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1%8 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 

Measurements of herbage production on Beaver Creek were 
separated into 3 groups to develop and subsequently evaluate the 
herbage production-forest overstory relationships. One group of 
measurements represented soils of all textures sampled. The other 
2 groups of measurements, analyzed to determine whether sam- 
pling efficiencies could be improved through stratification, repres- 
ented soils of either clay loam texture or soils of loam-sandy loam 
texture; these are the 2 soil textures most commonly found in the 
ponderosa pine forests on the Beaver Creek sub-watersheds. 
Importantly, a subset of source data for all groups, representing 
nearly 15% of the source data, was set aside for subsequent valida- 
tion purposes. 

Herbage production on the Heber sub-watersheds was measured 
annually on 4 small watersheds, totalling 86 ha in area, from 1974 
through 1977. On each of the sub-watersheds, 30 clusters of 3 
sample plots were established randomly. Approximately 10% of 
the data were set aside for validation purposes. 

Although forest growth rates often are preferred as predictors of 
herbage production in ponderosa pine forests (Ffolliott and Clary 
1974), forest overstory density expressed in basal arra per hectare 
was selected as the independent variable in this study. Basal area is 
easily determined in the field and is utilized commonly as a basis 
for forest management planning. The basal area of ponderosa pine 
trees was estimated by variable-plot sampling techniques (Avery 
and Burkhart 1983) at the time of initial herbage production meas- 
urements and at the end of the study periods on the sub- 
watersheds. Changes in basal area throughout the study period 
were minor, averaging less than 3%. 

Y = a+b(X) 
logy = a+qX) ::; 
1ogY = a+qlogX) 

Y q  a+qX2) :; 
Y = a+qXj) 
Y = a+qX)+cQP) E 

logy = a+qX*) 
log Y = a+qX3) 
1ogY = a+b(X)+c(X3) 

8 

(X/Y) q  a*qX) 
(X/Y) = a+bOogX) I::; 

log(X/Y) = a+b(X) 
log (X/Y) = a + qlog X) ::i; 

(l/X) = a+qX) 
(l/Y) = a+qX)+c(X*) :z 

Y = a+qX)+c(l/X) 
Y = a+ql/X) I:; 

(l/Y) = a+ql/X) (18) 

Descriptive statistics were computed for all of the variables in 
the regressions and their respective transformations. Since normal- 
ity of the dependent variables was required for the “F”and “t” tests 
performed, Kohnogorov-Smimov “D” values (a = 0.5) were uti- 
lized to check the distributions when large kurtosis and skewness 
were detected for a dependent variable (Sokal and Rohlf 1979). 

The herbage production-forest overstory relationships devel- 
oped were evaluated by coefficients of determination (rr), stand- 
ard errors of estimate (S,J, and significance of linear regression 
coefficients (a = 0.05). Only the relationships with fl values greater 
than 60% were considered for subsequent evaluation. Covariance 
analyses and, when the dependent variables were not normally 
distributed, Mann-Whitney “U” tests were conducted to detect 
sign&ant differences in regression slopes among the models 
(Sokal and Rohlf 1979). 

For each herbage component in a data group, model validation 
entailed the following steps: observed average annual herbage 
production for the sampled basal area levels and the related stand- 
ard error were obtained from the subsets of source data reserved 
for evalution; observed basal area values were employed as inputs 
in the appropriate regression equation to estimate herbage produc- 
tion; average predicted herbage production and standard error 
were obtained from these estimations; and observed and predicted 
confidence intervals were computed (a = 0.05) and compared 
(Mankin et al. 1975). At least 70% of an observed confidence 
interval had to overlap the range of the predicted confidence 
interval for a regression equation to be accepted. If the dependent 
variable of a model was not normally distributed, that model was 
validated by the Mann-Whitney “U” test. All statistical computa- 
tions were carried out by the program SPSSPC (Norusis 1986). 

Analysis Results and D&mmsion 

Since herbage production generally differs from year to year, The herbage production-forest overstory relationships pres- 

average herbage production (by herbage component) in relation to ented in this paper were developed from source data collected in 

ponderosa pine basal area levels were obtained from the repeated cutover, but recently unthinned forests. It is known that herbage 

measurements of the sampling plots. Because a preliminary analy- production in recently thinned ponderosa pine forests can be 

sis showed that herbage production values were not related to 
annual precipitation, precipitation was not an independent vari- 
able in this study. 

Bivariate regression analyses were employed to derive relation- 
ships that fitted the data points (Draper and Smith 1966). Depend- 
ent variables were total herbage production, and production of 
grasses and grass-like plants, forbs and half shrubs, and shrubs. 
The independent variable was ponderosa pine basal area. The 
following regression models, many of which have been employed 
previously to define herbage production-forest overstory relation- 
ships (Ffolliott and Clary 1982, Bartlett and Betters 1983), were 
tested: 
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greater than that in unthinned forests at similar overstory density 
levels (Clary and Ffolliott 1966). It is not known, however, if the 
difference in herbage production-forest overstory relationships 
between thinned and unthinned forests is short in duration. If the 
difference is a function of the stocking arrangement and size class 
distribution of the residual trees (and, therefore, affecting the 
penetration of light), the difftrencc may be semipermanent in 
nature. Because herbage production-forest overstory relationships 
from unthinned ponderosa pine forests can be questionable in 
estimating the level of herbage production obtained by thinning, 
herbage production-forest overstory relationships should be re- 
determined when a forest overstory is reduced by thinning. 

For a given ponderosa pine basal area level, the herbage produc- 
tion on a sub-watershed did not differ significantly from year to 
year. It then was found that, at a given basal area level, the herbage 
production on the Beaver Creek sub-watersheds generally was 
different from that on the Heber sub-watersheds. As a result, the 
herbage production data were grouped to represent, as separate 
entities, the Beaver Creek sub-watersheds and the Hebcr sub- 
watersheds and averaged in terms of basal area for further analysis. 

Regression equations for shrub production were statistically 
meaningless on both study areas and, therefore, were not consi- 
dered. The relatively high variability in shrub production, both 
spatially and temporally, suggested that this herbage component 
was not influenced by forest overstory density. Shrub production, 
which often is relatively low in Arizona ponderosa pine forests, 
generally was higher at intermediate values of basal area and lower 
at the extremes of the basal area range. 

Btaver Creek Sub-Watersheds 

Of the 18 regression models tested for annual herbage pro- 
duction-forest overstory relationships on soils of igneous parent 
material, considering all herbage components and soil textures 
sampled, only the linear(l), semilogarithmic (2), polynomial (6,7, 
9), and hyperbolic (12, 13, 15) models possessed P values to war- 
rant further attention. All of the regression coefficients for these 
models were highly significant (a = 0.01). However, models (I), (6), 
(7), (12), and (15) subsequently were rejected because the overlap in 
the observed and predicted confidence intervals did not meet the 
70% criterion for acceptance. Model (13) was rejected for total 
herbage production for the same reason, although it was retained 
in the relationships for grasses and grass-like plant production and 
for forb production. 

Table 2 presents a summary of the selected regression equations 
relating herbage production to the overstories of ponderosa pine 
forests on the Beaver Creek sub-watersheds. The choice of which 
equation to use in studying the production of a particular herbage 
component in relation to forest overstories is largely an individual 
preference, as statistical differences among the equations were 
inconsequential, for the most part. 

It was not surprising that many of the variables in the regression 
equations shown in Table 2 involved logarithmic or exponential 
transformations. In previous studies of herbage production-forest 
overstory relationships in Arizona ponderosa pine forests, either 
logarithmic or exponential transformations also were common 
models selected (Bartlett and Betters 1983). However, a hyperbolic 
transformation, model (13), also met the acceptance criteria. To 
the knowledge of the authors, a hyperbolic model for herbage 
production-forest overstory relationships in Arizona’s ponderosa 
pine forests had not been reported previously. 

To determine whether sampling efficiencies could be improved 
through a stratification by soil textures, regression equations de- 
scribing herbage production-forest overstory relationships on soils 
of clay loam and loam-sandy loam were compared statistically to 
those presented in Table 2. 

Table 2. Annual herbage pmdnetion-forest overstory relation&@ on the 
Bava creek sub-ratsmheds. 

Regression equation r2 %r F 

Total herbage production: 
(2) log (Y) = 2.794 - 0.348 X 10-l (X) 0.703 
(9) log (y) = 2.711- 0.221 X 10-l (X) 

- 1.130 X lo+ (X3) 0.765 
Grass and gnu&kc plant production: 

(2) log(Y) = 2.517 - 0.294 X 10-l (X) 0.632 
(9) log (Y) = 2.513 - 0.285 X 10-l (X) 

- 9.981 X 10” (X3) 0.634 
(13) log (x/Y) = -2.681 + 1.5% 108 (x) 0.726 
Forb production: 
(2) log (Y) = 2.262 - 0.397 X 10-l (X) 0.647 
(9) log (Y) = 2.273 - 0.416 X 10-l (X) 

- 1.638 X 10d (X3) 0.646 
(13) log (X/y) = -2.363 + 1.728 log(X) 0.623 

where (Y) = production, kg/ ha 
(X) = pondcrosa pine basal area, m*/ha 

0.250 

0.231 

0.244 133.8 

0.245 
0.278 1::: 

0.322 141.4 

0.324 70.0 
0.373 96.6 

186.3 

127.0 

For total herbage production, the regression equations for soils 
of clay loam texture provided higher correlations than the equa- 
tions in Table 2. Therefore, a greater amount of the variation in 
total herbage production, as indicated by rz values, can be 
accounted for in the equations for these soils. As a result, the 
sampling efficiency for total herbage production could be improved 
through a stratification of soils on clay loam texture and the 
application of one of the regression equations for total herbage 
production in Table 3. Correlations of the equations for total 
herbage production on soils of loam-sandy loam were not different 
(a = 0.05) from those presented in Table 2. 

Table 3. Annual berbqe production-forest overstory rehthshipa on the 
Beaver Creek mb-w&dleda for mib of clay lo8m texture. 

Regression equation r2 

Total hcrbagc production: 
(2) log (Y) = 2.773 - 0.309 X 10-l (X) 0.854 0.143 164.3 
(9) log (Y) = 2.809 - 0.320 X IO-’ (X) 

+ 5.927 X lo6 (X3) 0.893 0.122 114.9 

Forb production: 
(2) log (Y) = 2.291 - 0.410 X 10-l (X) 0.805 0.216 119.5 
(9) log (Y) = 2.236 - 0.523 X 10-l (X) 

+ 1.592 X 10d (X3) 0.825 0.207 68.1 

where (Y) = production, kg/ha 
(X) = ponderosa pine basal arca, rnz/ ha 

Correlations of all regression equations for the production of 
grasses and grass-like plants, regardless of the soil texture sampled, 
were similar to those in Table 2. Therefore, there is no improve- 
ment in sampling efficiency through a stratification of soil texture. 

In terms of forb production, once again, the regression equa- 
tions for soils of clay loam texture possessed higher correlations 
than those presented in Table 2. Model (13) was rejected, because it 
failed to meet the criteria of acceptance. Therefore, sampling eff- 
ciency could be improved through a stratification of soils of clay 
loam texture and use of one of the regression equations for forb 
production in Table 3. Correlations of the regression equations for 
forb production on igneous soils of loamgandy loam texture were 
similar to those in Table 2. 

Hebar subw8temheda 
Model (13) was the only model of herbage production-forest 

overstory relationships on the Hcber sub-watersheds with P values 

JOURNAL OF RANGE MANAGEMENT 43(l), January 1990 27 



in excess of 60% that met the required overlap in the observed and 
predicted confidence intervals. This model satisfied the criteria of 
acceptance for all of the herbage components considered. 

Table 4. H&age product&m-forsat overstory reIatIomMps on the 
Heba su~watersbeds. 

Regression equation P SYS F 

Total herbage production: 
(13) log (X/Y) = 2.633 - 0.216 log fX) 0.841 0.252 554.1 

Grass and grass-like plant production: 
(13) log (X/Y) = -1.794 + 1.172 log(X) 0.774 0.293 373.2 

Forb production: 
(13) log (X/Y) = -1.601 + 1.254 log (X) 0.714 0.363 267.6 

where (Y) = production, kg/ha 
(X) = ponderosa pine basal area, m2/ ha 

Table 4 shows a summary of regression equations selected to 
relate herbage production to the overstories of ponderosa pine 
forests on the Heber sub-watersheds. 

Management Implications 
The simultaneous production of forage for cattle production 

and wildlife, and timber for the production of primary wood 
products represents one of the best examples of multiple resource 
management in Arizona ponderosa pine forests (Bartlett and Etet- 
ters 1983). However, to manage these forests properly for the joint 
production of forage and timber, an understanding of herbage 
production-forest overstory relationships, as described in this 
paper, is important. 

The estimated herbage production values represent averages for 
given basal area levels obtained from several years of measurement 
on the study areas. These estimated values, therefore, are more 
useful for long-term planning purposes than for predicting the level 
of annual herbage production in a particular year. Annual herbage 
production could not be predicted from knowledge of precipita- 
tion or the other variables considered in this study. 

Among the variables tested were annual precipitation amounts, 
and winter (from October through April) and summer (from May 
through September) precipitation. These precipitation variables 
were grouped to represent the current year’s precipitation, the 
previous year’s precipitation, and the accumulations of both in 
relation to the year of herbage production measurement. Other 
variables considered were topographic positions (specifically, con- 
cave swales, lower slope positions, and uplands) and elevation. 
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Responses of endophyte-bearing and endophyte-free varie- 
ties of Lolium perenne L. to fungicide treatment and simu- 
lated herbivory 
RALPH E.J.BOERNER,AMYJ.SCHERZER,ANDBLAKEG.STURGIS 

AbShCt 

The effects of tbe presence of fung8i endopbm treatment witb 
8 systemic fungicide, 8nd simuhted herbivory on growth urd 
biomrw 8iloAion were investig8ted in 2 v8rietiea of peremhi 
ryeyrw (Loliumperame): ‘Repeli’, 80 endopbyte-be8ring vuiety, 
8nd ‘Penafine’, 8 low-endopbyte vuiety. In the rbeence of berbi- 
vory or fungicide there were no significant difference3 lo tbe 
growth or pittern of biomioe allocation between v8rietiea. Treat- 
ment witb the syaemic fungicide benomyl reduced growth of both 
v8rietia by 8pproxim8tely 50% 8nd reduced root growth more 
tb8n sboot growth; fungkide effects were simih in tbe 2 v8rieties. 
Simuhted herbivory reduced root growth more in endopbyte- 
be8ring Repeii plants tb8n in endopbyte-free Pennfine phnts, 8nd 
rootaboot ratios of Repel1 phnts were ~gnific8ntiy lower tb8n 
those of Pennfine phnta following either modente or Mvere berbi- 
vary. SMstic8ily significant inter8ctiom between fhngicide treat- 
ment 8ad simul8ted berbivory were frequent in RepeU planta but 
8bsent in Pennfine phnte, suggesting that tbe fungicide hid botb 
direct phytotoxic effectn md indirect effecta medi8ted through tbe 
loss of endopbytea by tbe Repeii phntr. Wbiie the prosimrte coat 
to seedlings be8ring endopbyte seemed small, tbe presence of the 
endopbyttes altered the allocation pattern of biomass following 
herbivory in such 8 w8y 8a to h~cllse the prob8bUity Of IIIOrt8lity. 

Key Words: endopbytes, fungicide, rye- 

Many prairie and pasture grasses are infected by fungal endo- 
phytes that ramify throughout leaf and stem tissues (White 1987, 
Clay 1988). For example, perennial ryegrass (LoBunt perenne L.) 
and tall fescue (Festucu arundinaceue Schreb.) are infected with 
the imperfect fungi Acremonium lolii and A. coenophialum 
respectively (Latch et al. 1984, White and Cole 1985). These fungi 
do not produce spores with great dispersal and infection capability; 
rather the fungi are transmitted from one generation of grasses to 
another by vegetative growth of hyphae into developing ovules or 
seeds (Bacon et al. 1977, White and Cole 1986). Thus the persist- 
ence of this relationship in natural communities is dependent on 
the fitness of the host plant. 

A number of studies have recently established the toxicity of 
Acremonium in Festuca and L.olium spp. to a variety of animals 
(Hoveland et al. 1983, review by Clay 1988). Cattle, sheep, and deer 
grazing on infected ryegrass or tall fescue have experienced 
reduced mass gain, tremors, staggers, and even death (Mackintosh 
et al. 1982, Fletcher 1983). The tendency of ‘some mammals to 
avoid at least some infected grasses protects both the host grass and 
the fungus. 

Alkaloids produced by fungal endophytes of grasses have also 
been shown to reduce feeding rates and oviposition and increase 
mortality in a variety of insects (Clay 1988). Though these chemical 
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defenses are currently effective in reducing insect herbivory, there- 
by increasing plant yield and fitness, a wide range of studies suggest 
that insects often become tolerant or resistent to trace compound 
defenses more rapidly that they evolve de novo in plants (Hodkin- 
son and Hughes 1982). This then raises the question of what costs 
and/or benefits having the fungal endophyte will confer on the 
host grass once insect herbivores become resistent to the fungal 
alkaloids. 

Little information is currently available on the proximate effects 
of fungal endophytes on plant growth or biomass allocation (Latch 
et al. 1985). Two approaches to investigating fungal effects on 
growth are available: (1) comparisons of endophyte-bearing and 
endophyte-free varieties of a given species of grass, and (2) compar- 
isons of endophyte-bearing individuals with ones in which the 
fungus has been killed either by fungicides or by lengthy seed 
storage (Latch et al. 1985). In this study, we compare those 2 
approaches as means of determining how endophyte-bearing and 
endophyte-free plants will recover from simulated herbivory. Our 
specific objectives were to: (1) compare the growth of endophyte- 
bearing and endophyte-free varieties of L&urn perenne under 
controlled conditions, (2) compare the growth of endophyte- 
bearing L&urn perenne plants to plants of the same variety in 
which the endophytes have been removed by fungicide treatment, 
and (3) compare the effects of simulated herbivory on an endophyte- 
bearing variety, an endophyte-free variety, and plants of an 
endophyte-bearing variety in which the endophytes have been 
removed by fungicide treatment. 

MethOdS 

Cohorts of 2 varieties of Loliumperenne: ‘Repell’, a variety with 
100% of its seed infected with Acremonium lolii, and ‘Pennfine’, a 
variety with less than 25% of its seed infected (Halisky and Funk 
1984) were established in flats under an intermittent mister in a 
greenhouse. Single cuhns were transplanted to IO-cm pots of 80:20 
sand:perlite at 3 wk of age; half the plants of each variety were 
treated every other day for 2 weeks with a 1.2 g/l solution of 
benomyl (methyl I-butylcarbamoyl, 2-benximidazolecarbamate), 
systemic fungicide shown to be effective against fungal endophytes 
of grasses (Clay, Personal communication). Thii fungicide inhibits 
mitosis in all fungi except Oomycetes by binding to tubulin and 
preventing spindle formation (Griffin 1981). All plants were fed 
weekly with 100 ml of Peters’ 20-29-20 complete fertilizer and 
randomized weekly to minimize bench position effects. 

After 4 wk of _yo”)h in the greenhouse at ambient light (maxi- 
mum 800 rE m set ‘) and temperature (range lO-29O C), each 
variety-by-fungicide combination was divided into 3 groups: (1) 
control, (2) moderate simulated herbivory: clipping of each cuhn to 
3 cm height, and (3) severe simulated herbivory: clipping to 1 cm 
height. Each variety-by-fungicide-by-herbivory combination was 
replicated 6 times. The clipped portions of each plant were dried at 
700 C for 24 hrs and dry mass determined to the nearest 0.1 mg. 
After 2 wk of postclipping growth (9 wk total growth) all plants 
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were harvested, divided into root and shoot, and dried and 
weighed. Leaves from extra fungicided and control plants were 
cleared, stained, and examined for the presence of fungal endo- 
phytes using the trypan blue method of Phillips and Hayman 
(1970). No endophytes were present in fungicided Repell plants or 
Penntime (fungicided or control); all examined nonfungicided 
Repell plants had endophytes present. 

Differences among treatment groups in total plant mass (shoot + 
root at harvest), total plant yield (mass at harvest + clipped bio- 
mass), root mass, shoot mass and yield, and root:shoot ratio were 
analyzed by analysis of variance and Tukey’s Student&d Range 
Test (S.A.S. 1986) using the 0.05 significance level unless otherwise 
noted. 

RC!SUltS 

In the absence of either herbivory or fungicide, there were no 
significant differences in the growth or yield of the 2 Lolium 
varieties (Table 1). Growth of both varieties were reduced by 

Table 1. Comparison of biomam (mg dry mass) and root&mot ratio of 
RepeN arrd Pennzinc varktia of LoHamtp after 9 weeks of growth. 
Standard errors of tbe means are given in ~ntbeam. 

Parameter var. Repell 

Total Plant Mass 240.4 (29.3) 
Shoot Mass 137.5 (13.1) 
Root Mass 102.9 (18.2) 
RootShoot Ratio 0.737 (0.102) 

var. Pennfine 

243.3 (33.2) 
124.7 (14.6) 
118.5 (20.5) 
0.936 (0.122) 

FUNQICIDE m 

REPELL !NNFINE REPELL PENNFINE 

Fig. 1. Total, shoot, androot mass (mgdry mass)at harvest androot:shoot 
ratio of Repel1 and Pennji%e plants, with and without fungicide tmat- 
ment. Means and one standatd error aregiven. SigntQ7cant dtyferences at 
p = 0.05 from analysis of variance are indtcated by an asterisk. 

fungicide treatment by an average of 49% in total plant mass, 34% 
in shoot mass, and 66% in root mass (Fig. 1). As a result of the 
greater effect of the fungicide on roots than shoots, the rooqhoot 
ratio decreased by an average of 82% following the fungicide 
treatment (Fig. 1). There were no significant differences between 
varieties in the effect of the fungicide treatment. 

As there were no significant differences in the growth of the 2 
varieties in the absence of fungicide treatment, we chose to assess 
the effect of the presence of endophytes on recovery from simu- 
lated herbivory by comparing recovery in non-fungicided Repel1 
and Pennflne plants. Total plant mass, total yield (total mass at 
harvest + clipped biomass), shoot mass, and shoot yield all 
decreased with increasing simulated herbivory, but with no differ- 
ences between varieties (Table 2). Root mass also decreased signifi- 
cantly with increasing simulated herbivory; the root mass of Repell 

Table 2. Total and shoot growth (mg dry mass) of 2 Lo&m perenne 
varieties expo8ed to moderate 8nd severe dmtd8ted herbivory. Within 8 

row, mean8 followed by different lower case letters were different 8tp = 
0.05 follow@ 81ulysia of v8ri8nee mod Tukey’s Studenthed Range test. 
Standard errors of the means are given in puentbeaes. 

Moderate severe 
Parameter/- simulated simulated 
variety Control herbivory herbivory 

var. Rcpell 
var. Pennfine 
Combined 

var. Repell 
var. Pennfine 
Combined 

var. Repcll 
var. Pennfine 
Combined 

var. Repell 
v8r. Pennfine 
Combined 

var. Repell 
var. Penn!ime 

var. Rcpcll 
var. Pennfine 

Total Mass at Harvest 
240.4a (29.3) 133.7b (20.4) 
243.3a (33.2) 191.5b (32.1) 
241.8a (21.1) 162.6b (20.1) 
Total Yield 
240.4a (29.3) 140.2b (21.3) 
243.3a (33.2) 1%.3b (31.9) 
241.8a (21.1) 168.2b (20.2) 
Shoot Mass at Harvest 
137.5a (13.1) 94.6b (15.6) 
124.7a (14.6) 107.5b (13.7) 
13l.la (9.5) lOl.lb (13.6) 
Total Shoot Yield 
137.5a (13.1) lOl.la (16.4) 
124.7a (14.6) 112.3a (13.7) 
13l.la (9.5) 106.78 (10.3) 
Root Mass at Harvestl,* 
IO2.9a (18.2) 39.1 b (5.2) 
118.6a (20.5) 83.9b (21.2) 
Root:Shoot Ratio*$ 
0.737a (0.102) 0.43Ob (0.036) 
0.936a (0.122) 0.75Ob (0.162) 

82.9~ (7.5) 
78.3~ (12.6) 
80.6~ (7.0) 

92.6~ (8.5) 
85.7~ (13.9) 
89. lc (7.9) 

58.k (6.2) 
48.1~ (6.1) 
53. lc (4.4) 

67.7b (7.1) 
55.5b (7.5) 
61.6b (5.2) 

24.9~ (2.0) 
30.2~ (6.7) 

0.4461, (0.041) 
0.603b (0.057) 

~diffennce between ~ricties signiticant at p = 0.074. 
‘no results for combined varieties arc given because of significant or marginally 
sipificant differences between varieties. 
Ulffennce between varieties significant at p = 0.008. 

plants was lower than that of Pennfine plants, though the differ- 
ence was only significant at the 0.074 level (Table 2). Overall, 
root:shoot ratio d ecreased by an average of 29.5% and 37.3% 
following moderate and severe clipping, respectively. However, the 
root:shoot ratios of Repell plants were significantly lower than 
those of Pennllne plants at both levels of herbivory (Table 2). 

Fungicide treatment reduced the recovery from simulated herbi- 
vory in both varieties. For Pennfine, this effect was presumably 
due only to direct toxic effects of the fungicide since we observed 
no endophytes in this variety. Total plant mass at‘harvest, total 
yield, shoot mass, and shoot yield of Pennfine plants were all 
significantly lower in heavily clipped plants than in moderately 
clipped or unclipped plants, regardless of fungicide treatment (Fig. 
2). The root mass of heavily clipped Pennfine plants was signifi- 
cantly lower than that of unclipped plants in both fungicided and 
control groups, but the moderately clipped plants root mass did 
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PENNFINE 
0 CONTROL 

400 1 

m FUNQICIDE 

NO CLIP LIGHT HEAVY NO CLIP LIDlIT HEAVY 

Fig. 2. Growth of Pennfrn plants in relation to fungicide treatment and 
clipping. Significant dgferences betweenfingicided and control plants 
within a clipping treatment are indicated by an asterisk. Means labelled 
with the dyferent upper case letters (A,& for control plants; X, Y for 
fungicided plants) were signt@xantly d@-rent. Standard errors of the 
means are plotted; all significant dflferences wem at fl.05. 

not differ significantly from that of the other 2 groups (Fig. 2). The 
root:shoot ratios of Pennfine plants were lower in fungicided 
plants than controls, but did not change significantly as a function 
of simulated herbivory. Simulated herbivoty and fungicide treat- 
ments did not display a significant interaction for any growth 
parameters in the Pennfine variety. 

In contrast, statistically significant interactions between fungi- 
cides and simulated herbivory were frequent in the Repell variety, 
suggesting that the fungicide had both dii phytotoxic effects and 
indirect effects mediated through the loss of the endophyte. Total 
mass at harvest and total yield decreased with increasing clipping 
intensity in control Repel1 plants, whereas only the severe clipping 
affected these parameters in fungicided plants (Fig. 3). Shoot mass 
and shoot yield also decreased with increasing clipping intensity in 
both control and fungicided plants, but only the heavily clipped 
plants were significantly smaller than the unclipped plants (Fig. 3). 
Both moderate and severe clipping resulted in lower root mass and 
rootzshoot ratio in control plants but not in fungicided plants (Fig. 
3). Thus, 2 wk was insufficient for even moderately clipped plants 
to recover in biomass or yield, and the effects on belowground 
tissues were greater on the Repel1 (endophyte-bearing) plants than 
on the Pennfine (endophyte-free) plants. 

Of the 4 fungicide-variety combinations, only the Repell-control 
combination had fungal endophytes. In that combination, simu- 
lated herbivory caused a decrease in relative biomass allocation to 
roots compared to shoots (Fig. 3). In all 3 endophyte-free treat- 
ment combinations, the pattern of biomass allocation (as mea- 
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REPELL 

400 

13 CONTROL 

m FUNQICIDE 

6 
* 

Y k 

0 

ND CLIP LIQHT HEAVY NO CLIP LION1 HEAVY 

Fig. 3. Growth of Repel1 plants in relation to fimgicide treatment and 
clipping* SymboLc follow PigWe 2. 

sured by root:shoot ratio) remained constant over the recovery 
period no matter what the level of simulated herbivory (Figs. 2 and 
3). 

Discussion 

Some studies of the effect of fungal endophytes on host growth 
have demonstrated higher growth rates in endophyte-bearing hosts 
than in endophyte-free plants (Gaynor and Hunt 1983, Clay 1987); 
in contrast, other studies have found no difference in growth 
related to the presence of endophytes (Neilll941,1952, Siegel et al. 
1984). Greater growth in endophyte-bearings hosts has been 
related to reduced herbivory and to possible production of phyto- 
hormones or phytohormone analogues by the fungus (Porter et al. 
1985). We have demonstrated that the method used to remove 
endophytes may induce toxic effects producing differences between 
endophyte-bearing and endophyte-free plants. 

Assessing the cost of the endophyte to the host is a difficult 
problem because unlike mycorrhiie, which colonize plants after 
germination, these fungal endophytes are present in the seed even 
before dispersal. Two methods for removing the endophytes have 
become available: removal of the endophyte by fungicide applica- 
tion or longterm seed storage and comparative studies of naturally 
endophyte-bearing and endophyte-free varieties of a species. Our 
data demonstrate that the fungicide benomyl may be phytotoxic. 
Renomyl application to a variety of L.. perenne which lacked 
endophytes produced a growth decrease of approximately SO% 
relative to non-fungicided plants, and thii growth difference per- 
sisted over at least 8 weeks. Others using this method to remove 
endophytes have resorted to holding the plants for a length period 
of time after fungiciding before beginning experiments; for exam- 



pie, Latch et al. (1985) held their plants for over 12 months after 
fungiciding. Though this method seems to help obviite the phyto- 
toxic effects of the benomyl it does constrain studies of the physi- 
ology and ecology of endophytes to those with mature, overwin- 
tered plants with a perennial life history. At the very least, our 
results demonstrate that using benomyl to remove endophytes 
from young grasses has effects beyond the simple removal of the 
fungus. 

One alternative is to store ungerminated seed for a lengthy 
period of time. As endophyte viability decmases more rapidly than 
seed viability, longterm storage reduces endophyte infection (Sie- 
gel et al. 1985). This process will also reduce seed mass as the seed’s 
carbohydrate reserve is respired. It is clear from a number of 
studies that seedlings originating from seeds with larger mass are 
more competitive than those from smaller seeds, at least over the 
first few weeks of growth (e.g., Black 1958, Stanton 1984). No data 
are available comparing growth of seedlings rendered free of endo- 
phytes by longterm storage with endophyte-bearing seedlings from 
fresh seed. 

A third possibility exists for exploring the costs and benefits of 
these endophytes: comparative studies of endophyte-bearing and 
endophytafree varieties of a given species. We assume this 
approach has been less popular because it becomes impossible to 
separate effects due to endophytes from those caused by the genetic 
differences among cultivated varieties. Clay (1987) reported that 
aboveground growth of Repel1 plants was greater than that of 
plants of Yorktown, another endophyte-free variety of Lperenne, 
though those differences were restricted to aboveground tissues 
and decreased over time. In contrast, our data suggest that the 
growth rate and biomass allocation pattern of L.diumperenne var 
Pennfiie (a lowendophyte or endophyte-free variety) was indis- 
tinguishable from that of the endophyte-bearing var Repell, at 
least over the initial 8 wk of growth, despite any genetic differences 
which might exist between cultivars. If such similarities in growth 
continue throughout the life of the plant, this experimental 
approach to assessing the effects of endophytes may be superior to 
the more common ones discussed above. 

In the absence of direct enhancement of growth by, for example, 
phytohormone production (e.g., Porter et al 1985), an increase in 
yield and fitness of endophyte-bearing plants will likely result from 
decreased herbivory. For this to be a longterm advantage to the 
plant, the losses of carbon and other nutrients to fungal feeding 
must be small compared to the potential losses to herbivory. In 
plants which synthesize their own herbivore-inhibiting chemicals, 
heavily defended plants often produce fewer leaves and are less 
competitive than plants with lower levels of defensive compounds 
in the absence of herbivory (Windle and Franz 1979, Coley 1986). 
When subjected to insect herbivores, however, the growth advan- 
tage shifts to the more heavily defended plants. Thus the benefit of 
synthesizing defensive compounds only outweighs the cost when 
herbivores are present. Insect herbivores, however, have a ten- 
dency to become tolerant or resistent to chemical deterrents, both 
natural and man-made. Once this occurs with the alkaloids the 
endophytes produce, the question becomes: what cost will the 
fungus have to the plant in the absence of any potential benefit? 

In 3 of our 4 variety-fungicide treatment combinations, the level 
of simulated herbivory we applied did not change the relative 
allocation of photosynthate to root vs shoot; only in endophyte- 
bearing plants did we observe a decrease in the allocation of 
biomass to the root system. Though in established grasslands 
grazing may result in a shift of allocation to leaves and leaf meri- 
stems (e.g., Ryle and Powell 1975, Detling et al. 1979), such a 
change may not be beneficial to a seedling. As seedlings of peren- 
nial grasses often allocate a large proportion of their first year 
carbon gain to developing an effective root system, the combina- 

tion of a reduction in total plant mass by herbivory and a reduced 
allocation to roots may decrease the likelihood of that individual 
successfully overwintering after that fmt growing season. Whether 
this endophytarelated change in allocation is due to phytohor- 
mone production by the fungus or to utilization of photosynthate 
before that photosynth+e could reach the roots cannot be deter- 
mined from our experiment. It is clear, however, that the presence 
of the endophyte does alter the biomass allocation pattern of 
clipped Ldiumperenne seedlings and may affect plant fitness even 
if the total cost in photosynthate to support the fungus is small. 
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Control of honey mesquite with herbicides: influence of 
plant height 
P.W. JACOBY, CM MEADORS, AND R.J. ANSLEY 

AbSWCt 

Stands of honey mesquite (I’rosopisg- Wr.ghnchbrc) 
were treated witb aerially applied berbkidee at 16 locatiom in 
western and northwestern Teur over ao S-year period to deter- 
mine influence of plant beigbt on b&hide efficacy. Plant beigbt 
was not found to aipdficantly (KO.05) influence effectivenem of a 
particular herbicide, but taller plants were found condetently to be 
more reeietant. No bada wee foamd for delaying control of honey 
mesquite with berbkida mtil plente reacb a putkulu beigbt. 

ItcJWordr: chmWMelopJr,W$-T,pielorun,~- 
Honey mesquite (Prosopis gliandulosa var. ghndulosa) has 

maintained essentially the same distribution and density on 22 
million ha of Texas rangeland for over 4 decades despite substan- 
tial control efforts (Rechenthin et al. 1964). Although mesquite has 
a proven ability to reproduce in large numbers from seed, such 
events are mainly episodic, occurring after periods of drought and 
overgrazing have weakened the competitive ability of native 
grasses (Fisher et al. 1959, Bovey and Meyer 1981). Reestablish- 
ment of mesquite following control by aerial application of herbi- 
cides or mechanical top removal may relate more directly to the 
degree of plant mortality achieved with the treatment than any 
other factor. Honey mesquite vigorously resprouts from dormant 
buds at the stem base when apical dominance is broken (Fisher et 
al. 1946). 

The herbicide 2,4,5-T [(2,4,5+ichlorophenoxyl)acetic acid], 
which was widely used for mesquite control until its production 
and sale were discontinued in the early 1980’s, was highly variable 
in producing mortality of honey mesquite (Meyer et al. 1972). 
Much of this variability in control has been attributed to environ- 
mental factors; however, growth type and plant height have been 
suggested as variables which may infhtence mortality (Fisher et al. 
1956, Dahl et al. 1971, Meyer et al. 1972). After considerable 
observation, Fisher et al. (1956, 1959) concluded that regrowth 
must reach a height of 1.5 m or more to provide sufllcient foliage to 
intercept and translocate enough herbicide to produce complete 
plant mortality of honey mesquite. These reports led subsequently 
to the recommendation in Texas that aerial spraying on mesquite 
be delayed until plants were at least 1.5 m tall and 4 to 6 years old 
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with dense foliage (Hoffman 1975). 
We found little published data to support the concept that honey 

mesquite can be more effectively reduced or killed as it attains 
increased age or height. Therefore, our objective in this study was 
to determine the influence of plant height on degree of mesquite 
stand mortality in order to test our hypothesis that height of plants 
has little, if any, influence on degree of mortality following aerial 
application of herbicides. 

Materials and Methods 

Herbicides were applied to honey mesquite at 16 locations in 
western and northwestern Texas from 1797 to 1983. Herbicides 
included 2,4,5-T, triclopyr [[(3,5,6-trichloro-2-pyridinyl)oxylacetic 
acid}, clopyralid (3,&lichloro-2-pyridinecarboxylic acid) and equal 
part [acid equivalent (at)] combinations of each with picloram 
(4-amine-3,5,6trichloro-2-pyridinecarboxylic acid). All compari- 
sons for this study were made at the 0.6 kg ha-’ rate of application 
in a total volume of 9 or 18 L ha-’ of a diesel oikwater emulsion [ 1:6 
(v:v)]. Treatments were applied by fixed-wing a&raft to two or 
three 24 ha plots in a randomized complete block design. Some 
herbicide treatments were omitted from specifii locations and 
these missing values were addressed in the analyses. 

Evaluations were conducted after 3 growing seasons to allow 
sufficient time for herbicide activity to be completed and resprout- 
ing to occur. Individual plants (200 to 300 per plot) were examined 
for presence of live stem or leaf tissue and assigned to one of 3 
height classes: <Im = Class I; 1 to 2 m= Class II; and >2 m = Class 
III. 

Data were processed by analysis of variance using percent plant 
mortality in each height class and lot as a data point. Percentage 
data were transformed (arcsin P x ) prior to analysis. Level of 
significance for mean separation was CO.05 and significantly dii- 
fering means were separated by Tukey’s procedure (Steel and 
Torrie 1980). Herbicides were compared within and among loca- 
tions, and mortalities evaluated by height class within and among 
locations and herbicides. Significant interactions between herbi- 
cides, height classes and locations were not found and these sources 
of variation were incorporated into the general error term for the 
analyses (Steel and Torrie 1980). 

Treatment locations incorporated a broad geographical region 
typical of rangeland on which honey mesquite poses a major 
management problem to landowners (Table 1). Although treat- 
ments were applied during the recommended 40 to 90 day period 
following budbreak (Fisher et al. 1959). differences in growth 
conditions among locations and years of study provide sources of 
error that are difficult to isolate and partition for statistical anaIy- 
sis without a large number of observations. 
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Fkological 
Region 

Treamwnt Range soil Temp 
Date Site Clas8ification Soil Air R.H. Precipitation 

Rolling 
Pkins 

Limestone 
Prairie 
Jzdwards 
Pktcau 

Trans Pccos 
South Plains 
High Plains 

Vemon 
Vernon 
Vernon 
Vernon 
Vernon 
Vernon 
Guthrk 
Baird 
Albany 
Bamhalt 

E 
ozona 
CRinC 
Post 
Dumas 

20 June 1977 clay loam 
6 July 1979 

Typic Pakustolls 
clay loam 

19 June 1981 
Typic Pakustolls 

clay loam 
7 July 1981 

Typic Pakustolls 
clay loam 

2SJune 1982 
Typic Pakustolls 

clay loam 
14 July 1982 

Typic Paleustolls 
clay loam 

7 June 1983 
Typic Pakustolls 

clay loam 
29 June 1979 

Typic Pakwolls 
clay loam 

27 June 1981 
Typic Paleustolls 

clay loam 
27 June 1979 

Typic Pakustolk 
clay loam Pctrocalcic Calciustolls 

26 June 1980 clay loam Pctrocalcic Calciustolls 
IS June 1983 clay loam Pctrocalcic Calciustolls 
8 July 1982 clay loam Pctrocakic Calciustolk 

26 May 1977 _dY 
2S May 1983 

Uetalfk Haplargida 
deep hardland Aridic Paleustolls 

7 July 1983 shallow upland Calciorthidic Paleustols 

OC 
30 
27 
26 
27 

z 
19 
27 

ii 
26 
28 
22 
2s 

OC 
26-28 
23-33 
21-26 
21-29 
19-21 
18-27 
IO-14 
24-27 
21-29 
N-22 
21-30 
26-29 
23-27 
22-29 
16-22 
20-33 

7959 
96-62 
99-76 

E 
99-7s 

7471 
74-67 
9&7s 
72-62 

E: 

z: 
72-65 

RHWltS 
For most locations, mortality of honey mesquite within a herbi- 

cide treatment either remained constant or decreased with increas- 
ing plant height (Table 2). Exceptions were found at Albany and 
Ozona with the combination of 2,4,5-T and picloram, at Dumas 
with triclopyr, and at Ozona with the combination of clopyralid 
and picloram. These data, while failing to establish any clear 
patterns of plant susceptibility by height, illustrate why confusion 
may exist regarding this relationship. Considering the data for 
2,4,5-T alone, there appears to be little basis for suggesting that 
taller plants are more susceptibk than shorter ones. 

A more consistent trend was apparent when data were pookd 
across locations for the individual herbicide treatments (Tabk 3). 
Even though mortality of honey mesquite consistently decreesed 
with increasing plant height, rarely were the differences significant. 
Degree of stand mortality was mon consistent for clopyralid or its 

mixture with picloram than found with the other herbicides. Being 
more effkacious against honey mesquite than the other herbicides, 
clopyralid consistently produced high mortality; whereas 2,4,5-T 
and triclopyr, applied alone or in combination with picloram, 
produced practically no mortality on occasion. Picloram reduced 
the variation in mortality achkved by either 2,4,5-T or triclopyr 
alone by increasing efficacy of those herbicides. However, piclo- 
ram mixed with clopyralid increased variability over clopyralid 
alone and was less efficacious against small to medium height 
plants. 

Comparing herbicides across all locations and height classes 
reiterates the improved effkacy of clopyralid over other herbicides 
for controlling honey mesquite (Table 3). Relative effectiveness of 
these herbicides is similar to those reported in other studks (Bovey 
and Mayeux 1980, Bovey et al. 1981, Jacoby et al. 1981, Jacoby 
and Meadors 1983). 

Table 2. Perientagc mortality ol boncy maqalte et ucb location according to herbklde end belgbt chu. Mhrlng vhea UC dedgnated by deebed llnee. 

Herbicidea 
2,4,S-T + Triclopyr + Clopyralid + 

2.4.5-T picloram Triclopyr picloram Clopyralid picloram 
_____________________________________(Heigh~~~)------------------------_______ 

Location and Date I II III I II III I II III I II III I II III I II III 

_____________________-_____-______--------- -------------------------------_--___ (%) 
Vernon 2OJune 1977 7 6 1 20 16 6 8 2 : 61 37 37 79 73 73 - - - 
Vernon 6July 1979 36 5 27 48 26 16 3 26 16 9 90 54 41 62 53 
Vernon 19 June 1981 40 30 23 59 37 21 

4;: 
- - - 7s 60 

E 
60 

Vernon 7 July 1981 1s 22 2S - - 23 
:: 

77 71 67 
:F 

60 38 63 80 
Vernon 25 June 1982 37 30 26 58 52 45 - - - - I 63 60 49 74 61 40 
Vernon 14 July 1972 4 10 7 34 37 34 ; 32 26 63 55 48 52 48 66 65 44 

Guthrie 7 June 1983 10 9 10 24 IS Baird 29 June 1979 - - - 53 SO 4: $ 21 23 

:A 

10 22 58 :: 5: 99 99 70 38 44 85 73 : 
Albany 27June 1981 3 1 5 17 27 41 2 8 8 - - - 89 71 71 41 SO SO 
Barnhart 27 June 199 16 4 10 49 45 28 24 19 10 38 22 14 52 77 44 74 70 48 
Barnhart 26 June 1980 8 8 6; :: 32 2 42 70 36 29 24 2 99 83 37 SO 40 45 
Barn&t 15 June 1983 59 68 35 38 23 27 33 86 91 82 82 83 
OZOIU 8 July 1982 10 14 14 49 : 62 - - - - - - 62 74 : 73 7s 85 
Crane 5 May 1977 10 7 4 38 31 24 IS 11 7 - - - 84 76 61 - - - 
Post 25 May 1983 19 16 7 20 30 13 30 25 7 29 20 6 - - - SE 62 28 
Dumas 7July 1983 76 60 54 89 85 90 31 16 87 93 91 85 - - - 87 96 91 
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Table 3. Mean mortaIity of honey meaquite summarized for aN1ocah~ 
by herbicides or equaI part mixtures l ppUed at 0.6 kg Id aad evakuted 
3 post-trutment. 

Pooled 
Height Class Height 

Herbicide I II III z 

m- (%) 
2.45-T 25.5 al 24.4 a 21.5 a 23.1 2s 
2,4,5-T + Picloram 40.4 a 38.3 a 29.9 b 36.2 y 
Triclopyr 25.7 a 23.1 a 21.5 a 23.4 z 
Triclopyr + Picloram 44.7 a 40.6 a 31.9 b 31.9 y 
Clopyralid 76.4 a 74.0 a 58.6 b 69.7 x 
Clopyralid + Picloram 67.9 a 66.8 a 56.7 b 63.8 x - - 
Pooled Herbicide 0 44.8 a 42.5 a 35.3 b 

1Meaaa within a row followed by the same lctter(s,b) arc not significantly different at 
the 0.05 level of probability. 
Means within a column followed by the same letter (x,y,z) arc not significantly 
different at the 0.05 level of probability. 

Pooling mortality data by height class across all locations indi- 
cates a stronger difference than shown in previous comparisons 
(Table 3). Height of honey mesquite plants in this grouping indi- 
cates plants become more resistant to herbicides with increasing 
height, but efficacy was not significantly reduced until plant height 
exceeded 2 m. 

Lack of significant interactions indicates that differences in mor- 
tality among herbicides, height classes, or locations were not 
strongly influenced by one another but rather, each variable 
responded independently. Therefore, the influence of height would 
be equally applicable to all herbicides and locations. 

Diacuasion 

These data, which are based on observed responses of more than 
40 thousand individual honey mesquite plants to aerially applied 
herbicides, presents a sound basis for rejecting the concept that 
herbicidal treatments should be delayed until plants reach a partic- 
ular height. In contrast, these data indicate that honey mesquite 
may become increasingly resistant to herbicidal control measures 
as they become taller. 

Our data fail to explain why taller plants may be less susceptible 
to herbicides than shorter plants, leaving the reasons open to 
speculation. Intuitively, several possibilities can be enumerated. 
Shorter plants, after absorbing herbicide, have less distance to 
translocate the material to the basal bud zone. These shorter stems 
may not absorb or metabolize as much herbicide during transloca- 
tion as would taller stems. Younger stem tissue, prior to the devel- 
opment of thick bark, may actively absorb herbicide spray and 
contribute to total herbicide uptake. Taller plants may also 
develop sufficient foliage to provide a shielding effect on a portion 
of the canopy, especially on the lower or leeward side of the tree 
during treatment. Taller plants may be deeper rooted, responding 
more slowly to soil warming, a factor linked to herbicide sus- 
ceptibility. 

Regardless of the causative factors, implications of this study fail 
to support the decision for a landowner to delay treatment of 
honey mesquite with aerially applied herbicides because of plant 
height. Delaying treatment provides mesquite additional time to 
grow and become more resistant, to compete with forage plants 
and reduce production of rangeland, and to interfere with livestock 
handling. 

This study also indicates that risk avoidance can be accomp- 
lished by selection of a herbicide which is capable of producing 
high efficacy with consistency. Current recommendations for 

retreating mesquite every 5 to 7 years are based on the low efficacy 
achieved with 2,4,5-T (Whitson and Sciires 1981, Van Tassel and 
Conner 1986). While this recommendation is still valid for tri- 
clopyr, more effective products such as clopyralid create new pos- 
sibilities through higher degree of stand mortality. It has been 
noted that forage response associated with mesquite control may 
be lost 1 to 3 years after treatment unless a high degree of stand 
mortality is achieved (Dahl et al. 1978, Tore11 and McDaniel 1986). 
Achieving high levels of plant mortality would appear to be more 
advantageous than merely removing top growth, considering cur- 
rent prices for herbicides. 

summary 

Height of individual honey mesquite plants was evaluated as 
influence on the effectiveness of aerially applied herbicides. Plant 
height was not found to influence the efficacy of any particular 
herbicide, although taller plants generally showed greater resist- 
ance. There does not appear to be any rationale for delaying 
herbicidal treatment until honey mesquite plants reach a specific 
height. 
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Control of honey mesquite with herbicides: influence of stem 
number 
P.W. JACOBY,R J.ANSLEY,C.H.MEADORS,ANDCJ.CUOMO 

AbShCt 
Following aerial application of herbicides, stands of honey mea- 

quite (Prosoph #lwuii&sa vu. gwbsa) were evaluated to 
determine the influence of individual plant stem number on herbi- 
cide efficacy. A highly algnifiant (PCO.01) relationship was found 
between stem number and plant mortality, with berbidde resist- 
8nce increasing dmrply in plants with greatest numbers of stems. 
This relationship wan consistent among all herbiddcs and plant 
heights, wbicb suggests that atem number may be usdul in selecting 
the type of control method employed on spedfic sites. 

Key Words: clopyralid, Mclopyr, 2,4,5-T, picloram, brush con- 
trol, redknee 

Honey mesquite (Prosopis glandulosa var. gkwuiulosa) a domi- 
nant shrub on approximately 22 million ha of Texas rangeland, has 
been targeted for control efforts during the last half century. 
Aerially applied herbicides have been used extensively to control 
mesquite because of the ease of application to large areas of range- 
land and cost advantages over mechanical alternatives. As with 
mechanical methods such as chaining, herbicides often kill only the 
topgrowth, allowing mesquite to resprout as a multi-stemmed 
plant. The difficulty with controlling multi-stemmed plants in 
contrast to more naturally occurring few-stemmed plants has been 
mentioned in other studies (Fisher et al. 1959) but has not received 
any specific study as a potential factor of plant resistance to herbi- 
tidal control. 

The objective of this study was to quantify the influence of stem 
number of individual honey mesquite plants in aerially applied 
herbicide treatments. 

Materials and Methods 

Honey mesquite were aerially sprayed with herbicides near Ver- 
non, Texas, in June 1981 and July 1982. Additional sites were 
treated near Albany in 1981 and near Ozona in 1982. All sites had 
been subjected to earlier control efforts involving either aerial 
spraying, chaining, or both. All sites supported mesquite stands 
containing plants having a range of height and stem number. All 
sites were characterized as clay loam range sites with Vernon and 
Albany having Typic Paleustoll soils and Ozona having a Petro- 
calcic Calciustoll. Topography at all locations was flat to gently 
rolling. 

Herbicides included clopyralid (3,6-dichloro-2-pyridinecar- 
boxylic acid), triclopyr {[(3,5,6-trichloro-2-pyridinyl)oxylacetic 
acid}, picloram @-amino-3,5,6-trichloro-2-pyridinecarboxylic acid), 
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and 2,4,5-T [(2,4,5&chloro_phenoxy)acetic acid], which were 
applied by fmed-wing aircraft at 0.6 kg [acid equivalent (ae)] ha-’ in 
18 L ha- of a diesel oil and water emulsion [1:6 (v:v)]. At each 
location, treatments were applied in a randomized complete block 
design (Steel and Torrie 1980). Each treatment (herbicide) was 
applied to 2 or 4 individual plots 4 ha in size. 

Evaluations were conducted after 3 growing seasons to allow 
sufficient time for herbicidal action to be completed and resprout- 
ing to occur. Within each plot, 200 to 300 individual honey mes- 
quite plants were examined for the presence or absence of live 
stems or leaves and grouped into one of 3 height classes: < lm q  
Class I; 1 to 2m q  Class II; and > 2m = Class III. The number of 
basal support stems were counted for each plant. Stems were 
considered independent if branching occurmd within 15 cm above 
ground level. Trees were grouped arbitrarily into 3 stem number 
categories for statistical analysis: 1 to 2 stems = single stemmed, 3 to 
5 stems = few-stemmed, and > 6 stems = many-stemmed. 

Data were processed by analysis of variance using percent plant 
mortality for each stem number class by height class and plot 
within a treatment as a data point. Percentage data were trans- 
formed (arcsin fi) prior to analysis. Interactions were evaluated 
for stem number class X height class, stem number class X herbi- 
cide, and height class X herbicide, stem number class X height class 

X herbicide, and each combination by location; however, no 
significant (KO.05) interactions were found, including block X 
treatment interactions. Absence of significant interactions among 
partitioned sources of variation permitted each source to be exam- 
ined individually and variation attributed to interactions to be 
incorporated into the generalized error term. Level of significance 
for mean separation was PCO.05, and significantly different means 
were separated by Tukey’s procedure (Steel and Torrie 1980). 

Results 

Mesquite mortality varied with the herbicide formulation (Table 
1). Over all locations, clopyralid was almost twice as effective as 
picloram and 3 times as effective as either triclopyr or 2,4,5-T, 
concurring with previous studies (Bovey and Mayeux 1980, Bovey 
et al. 1981, Jacoby et al. 1981, Jacoby and Meadors 1983). Plant 
height did not influence mesquite mortality produced by any spe- 
cific herbicide or for herbicides as a group, indicating plants of all 
heights were qually susceptible to a given herbicide. 

Mesquite susceptibility to herbicides was strongly influenced by 
individual tree stem number. Resistance increased proportionally 
with increasing stem number, averaging 55,35, and 1% for single-, 
few-, and many stemmed trees across all herbicides (Table 1). 
Similar trends were found for each herbicide, despite the difference 
in efficacy. 

Likewise, within each height class by herbicide, resistance 
increased with increasing stem number, illustrating why interac- 
tions among herbicides, height, and stem number were insigniti- 
cant (Fig. 1). 

Although efficacy for any particular herbicide fluctuated among 
the 6 tests, single-stemmed trees were consistently more susceptible 
than either few- or many-stemmed mesquite (Table 2). Although 
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Tabk 1. Mortality ofboaey maquite standa aummuhd nuon all locationa by berbkide, hei@, and atezn ~~umbes and across alI bsrbkkla for height 
and dam rttttnbsr. 

Height 
Herbicide Mean mortality <lm I-2m >2m 1-2 
Clopyralid 64 a’ 642ns. 66 62 85 ar 
Picloram 35 b 33 38 34 53 a 
Triclopyr 21 c 24 22 37 a 
2,4,5-T 21 c 

zl 
23 21 38 a 

All herbiciies (F) 35 34a 39 a 36 a 55 a 

lMcaas withii the wrtical column followed by the same letter arc not ~i@kantly dierent at the 0.05 level of probability. 
*NO sign&ant differc~~~~ were found among means for hei t claascr wxhin a herbicide treatment. 

kJh Weans within row followed by the same letter UC not (11 scantly different at the 0.05 level of probability. 

Stem number 
3-5 

63 b 
32 ab 
18b 
18 b 
35 b 

6+ 

41 c 
rnb 
8b 
6b 

19 c 

Tabk 2. Mean mortality o honey mesquite witbin arbitrary groupa based on number of burl support atenn after 3 powins sewom followtng treatment 
with foikr applkd kbicida on western Tcur rangeknd. 

Herbicide 
2,4,5-T Triclopyr Picloram Clopyralid 

_____________________-_-______---------- 
Location Date l-2 3-5 6+ l-2 3-5 6+ 

(St~_2N”‘~s)______~_____.1-2_____3-5__...6+”. 
3-5 

_____________________________________________~ ~~~__~~~~~~-~~~~~~~~~~~~~~~~~~~~~~~~~~ - (%I 
Vernon 6/81 71at 28b lob 80a 26b 6c - - - 1OOa 76b 61c 
Vernon 7181 53a 33b 14c 18a 25a 13a 65a 49ab 36b 9oa 71b 46c 
Vernon 6182 61a 3ob llc - - - - - - 83a 50b 38b 
Vernon 7182 16a llab 3b 37a 18b 7c 41a 15b 4b 73a 58b 22c 
Albany 6/81 8a Oa 12a 4a 6a - - - 81a 66b 4Oc 
OZOlM 7182 2la 2 Ob - _ - - _ - 81a 59b 41c 

lMcans followed by the same ktter within a row for B spektic herbicide arc not signikantly different at the 0.5 level of si@kn~~ aocording to Duncan’s new multiple range 
test. 

this study focused on comparisons among particular herbicides, Any one or all of these possibilities could contribute to differen- 
similar trends in the stem number infhtence on resistance occurred tial survival of honey mesquite and each presents research oppor- 
for equal part mixtures of herbicides (data not shown). tunities for understanding plant resistance to herbicides. 

Discussion Management Implications 
While a significant relationship between the stem number and 

herbicide efficacy was found, precise reasons for this effect were 
not identified. Other researchers have suggested the presence of 
independent vascular systems from the basal stem area which serve 
each stem could promote herbicide resistance (Sosebee et al. 1973). 
Multi-stemmed plants, by the nature of their growth form, may 
produce a greater canopy area which could impede herbicide pene- 
tration of coverage and also shade the soil more than a single- 
stemmed tree. Soil temperature has been related to herbicide sus- 
ceptibility of honey mesquite (Dahl et al. 1971). 

Numbers of stems arising from a resprouting stem base may be 
reflective of the physiological vigor of the plant or the amount of 
carbohydrate reserves. More importantly, stem numbers may 
influence carbohydrate source/ sink relationships which are directly 
related to translocation of foliar applied herbicides. If stem car- 
bohydrates are sufficient to provide for initial canopy develop 
ment, a multi-stem tree might have less demand on root carbohy- 
drates and create a weaker sink than a single-stemmed tree. 

From a management perspective, our findings should allow a 
landowner to anticipate lower degrees of control on many- 
stemmed growth forms of honey mesquite compared to stands 
supporting mainly single- to few-stemmed plants. Many-stemmed 
stands, being highly resistant to foliarly absorbed herbicides, could 
be treated with another form of brush control such as prescribed 
fire or rootplowing. If aerial spraying is desired, use of a highly 
effective herbicide such a clopyralid would offer a higher potential 
for control of honey mesquite. As more information is collected 
regarding the causative factors for herbicide resistance by woody 
plants such as honey mesquite, landowners will be able to better 
plant and conduct their brush control operations. 
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Effects +of manual application method on application time, 
thoroughness, and tebuthiuron outlays 
NICHOLAS S. VAN PELT AND NEIL E. WEST 

small-plot tri8lm of effectlve herbkldu for manu8l woody-weed 
treatmenta should be validated on large trade where rapidity, 
tborougbna& 8nd effkiency of l ppliation are hltegr8l to op- 
er8tion8l-ec8le recommendations. A 7.9 bectue woodland cbain- 
inginUtab,witb248JunQrnuo~ Ton. (Little) and 
Ptnur monophyilu Torr. & Frem. saplinga per ba, was divided into 
niac2mby35(kndriprfortimcdtcbutbiunm~~~l,l_dimetbyl- 
~byI)_l,3,CtntatzoC~yl~~~~~ylur) manual rpplia- 
tion bids in fdll986 and 8ummer 1987. About 1 ba wae treated per 
hour, and 6 to 15% of the treee were missed. Three application 
metbode differed in total and aggregate time outlays, accuracy, and 
tediousness, but were bigbly similar in fornudated tebutbiuron 
expenditures of 1.5 to 2.0 kg/ha (0.21 to 0.28 kg/ha tebuthiuron 
r.i.). Time expenditures were moderately predictable (rZ = 0.62) 
from treated tree dendty and mean tree hdgbt, whereas percent 
tms missed wae unrelated to dendty or method. Placing herbidde 
particlem at the etem hue and baeing doeagea on stem height are 
preferable to dripline appliatione and crown-volume based doa- 
age estimations. 

Key Words: Jun@rus osteospemq Pinus monophylla, range 
improvement plan&q, brush removal, woody weed control 

Large areas of western U.S. rangeland support woody vegeta- 
tion that hinders forage production or livestock management. 
Thousands of hectares have been manually treated with individual- 
plant herbicide methods (Johnsen and Dalen 1984). Research on 
herbicide formulations, dosage rates, and manual placement is 
usually conducted on small plots, resulting in substantial time 
devoted to each target plant relative to its size. Treatments on 
larger, more heterogeneous areas minimii time spent in travel and 
at each target plant. Plot-based recommendations to brushland 
managers need validation on large areas, where rapidity, thor- 
oughness, and efficiency of treatments are crucial to treatment and 
enterprise success. Mediocre control or ambiguous outcomes are 
often due to application shortfalls, rather than to ineffective herbi- 
cide formulations (Johnsen and Dalen 1984, Ueckert and Wbisen- 
ant 1982). Thoroughness is closely tied to the need for repeated 
attention (‘reweeding’) and reinvestment. 

Previous studies have used hired labor. Fitness, training, moti- 
vation, and supervision must affect outlays, thoroughness, effr- 
ciency, and consistency, but these factors are rarely controlled 
experimentally. In extreme cases, shirking means that practically 
no control results from some of the man-hours nominally invested 
(Johnsen and Dalen 1984). When ranchers or others with an eco- 
nomic stake in the results have treated brush or trees on foot or 
horseback, outcomes are more favorable and less ambiguous 
(Evans and Young 1986). 

Our study objectives were: (1) to develop preliminary estimates 
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of the labor time and herbicide quantities required to treat a 
representative tract of tree-dotted Intermountain rangeland; (2) to 
test time and quantity differences among 3 effective application 
methods; and (3) to assess thoroughness of first-time treatments, as 
percent trees left untreated. The research goal was to improve 
tactical planning for tree reduction and forage rejuvenation (Sci- 
fres 1987). 

Study Area and Methods 

A 7.9 ha (19.4 ac) rectangular plot was established on a west- 
facing bajada of the East Tintic Mountains, 58 km (32 mi) SW of 
Provo, Utah. The privately owned site, known as the Jordan 
macroplot, lies on a gentle, almost planar slope at about 1,858 m 
(6,100 ft) elevation. The soil is Borvant gravelly loam, class&d as 
a fine-loamy, mixed, mesic shallow Aridic Calcic Palexeroll. The 
mountain front was double-chained in 1964, but tree control was 
poor. Major plant species present were Juniperus osteosperma 
(Torr.) Little (Utah juniper), Pinus monophylla Torr. & Frem. 
(singleleaf pinyon), Artemisia tridkntata spp. tridentata Nutt. 
(basin big sagebrush), Purshia tridentata (Pursh) DC. (antelope 
bitterbrush), and Tetradymia canescens DC. (spiny horsebrush) 
(Welsh et al. 1987). 

Nine 25-m by 350-m strips, simiir to those used in aerial appli- 
cations, were demarcated, running downhii. Strips were tempo- 
rarily outlined with mason’s line and removable posts. All trees 
were then tallied by species. The height in decimeters (dm) of every 
other tree was measured. Tree stem aggregation for the whole plot 
was quantified using the Pielou index (Goodall and West 1979), 
based on a stratified-random sample of 210 tree coordinates. Tree, 
understory vegetation, and soil surface cover were estimated from 
frfty 40-m line intercepts randomly established and oriented through- 
out the macroplot (Cantield 1941). 

Equally effective treatment methods (rate and placement choi- 
ces) were derived from results of nearby tebuthiuron (N-(5-(1, ldi- 
methylethyl)-l,3,4-thiadiaxol-2-yll&V’dimethylurea) research 
(Van Pelt and West 1989). Method 1 consisted of applying one 
GraslanTM Brush Bullet (1.8 g clay briquettes; .25 g tebuthiuron 
a.i.) per 3 dm (1 ft) of total tree height to the stem base. In Method 
2, one briquette per 3 dm height was also used, but briquettes were 
placed at equal intervals at the crown margin or “dripline”. 
Method 3 used the same placement as Method 2, but with one 
briquette per 100 dmr estimated crown volume. Each method was 
randomly assigned to 3 strips. Timed tebuthiuron application trials 
were conducted on 10 and 11 Oct. 1986, and repeated on 29 and 30 
July 1987. Ambient temperatures were 0 to 2“ C (32 to 36” F) in 
1986, and 25 to 32’ C (78 t 890 F) in 1987. The applicator traversed 
the length of a strip top to bottom, using one of the methods for all 
trees encountered therein. Briquettes were dispensed from a tree- 
planter’s belt bag containing 2.0 kg (4.4 lb) of Graslan (1986) or a 
placebo (1987). Each strip was only treated once with tebuthiuron, 
and no strip was given a particular minimum, ideal, or maximum 
total dosage. The applicator maintained a brisk pace, with primar- 
ily diagonal and lateral movement between single trees or clumps. 
Some backtracking occurred, but no “hunting” of trees within or 
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just off the strip was permitted. All treated trees were marked with 
spray paint. Time elapsed was recorded after the applicator had 
traveled midway into the strip and after completion of the strip. 
After all strips had been treated,’ missed trees (unmarked) were 
tallied on both occasions by species and size (seedling or sapling) 
while the applicator slowly walked uphill through each strip. Tho- 
roughness was expressed as percent of trees missed by method and 
strip or half-strip. 

After the number of treated trees per sector was determined, 
times elapsed were calculated and expressed as total time for all 
sectors and strips allocated to each method, and as average time 
per area by method. An identical procedure was followed for 
herbicide outlays in 1986. Supplemental data were obtained on 
time spent treating and traveling between individual trees with 
Methods 1 and 2 (n=lOO). 

To assess differences between prescribed and actual dosages 
applied to trees treated with Method 3,35 trees of all sires were 
relocated and the briquettes beneath them were counted. Crown 
volume of each tree was estimated from crown height and the 
average of 2 perpendicular crown width measurements (Tausch 
1980). The median amount that should have hem applied (one 
briquette per 100 dmr) to each tree was compared with the actual 
median amount using the two-sample rank sum test at p = 0.05 
(Steel and Torrie 1980). Either or both the 1986and 1987 treatment 
occasions and all macroplot strips were used in 5 linear and nonlin- 
ear multiple regressions of time spent against tree density and 
estimated mean tree height (SAS Institute, Inc. 1982). 

Results 

The 9 strips allocated to herbicide treatments contained a total 
of 1,960 trees (1,307 juniper, 653 pinyon), with from 161 to 280 
trees per 25- by 350-m strip. The macroplot supported 165.4 
juniper per ha (67.4/ac) and 82.7 pinyon per ha (33.6/ac), for an 
overall density of 248.1 trees/ha (lOl.O/ac). Live tree cover was 
estimated as 3.3% (Table 1). Trees allocated to Method 1 (stem 

Table 1. Cover e&mates obtained ftotu 50 4&m&a lint intcrccpts wIthin 
the entire m8uoplot. 

Estimated 
cover pammeter Mean (1 SE) 

__________($) __________ 
Bare ground 25.6 (1.3) 
Plant litter 22.2 (1.3) 
Grass CrOwIll 12.5 (1.1) 
Big sagebrush 13.0 (0.8) 
Bitterbrusb 16.7 (1.4) 
Spiny horsebrush 0.4 (0.1) 
Live Utah juniper 2.1 (0.4) 
Live singleleaf pinyon 1.2 (0.3) 
other plant species 1.9 (0.3) 
Tree debris 3.9 (0.5) 

base/ scaled to height) had a mean height of 18.7 dm (CV = 38.4%; n 
= 315), trees allocated to Method 2 (dripline/scaled to height) 
averaged 17.5 dm (CV = 41.5%; n = 304); whereas trees for Method 
3 (dripline/ scaled to crown volume) had a mean height of 17.9 dm 
(CV = 44.7%, N = 298). These means were not significantly different 
@X.05). The height distributions of the populations for each 
method were similar (Fig. 1). The macroplot dispersion index 
(1.01) for the species combined was not significantly @X.05) 
different from random. 

The cover of big sagebrush and antelope bitterbrush plants was 
uniform (Table 1). Maximum heights of these shrubs were about 
1.2 m (x = 0.7 m) and 1.1 m (x = O.S), respectively. These and other 
understory species and debris made foot travel somewhat indirect. 
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APPLICATION METHOD 

lm DL/CWN VOL 

DL/HT 

izizzl SB/HT 

<3 6-9 12-18 24-30 

3-6 9-l 2 18-24 >50 
Tree Height Class (dm) 

Fig. 1. The utimntcd bei@t structure of Lc sapllag stand in the Jordaa 
mmoplot, showing the contributions of trcea &pled to acb of the 3 
application metboda (DL = drl@c; HT = belglrtl SB = stem base). Top of 
ban, Method 3; middk, Method 2; bottom, Mctbod 1. 

The times required to work through 9 strips were 8 hours, 7 min 
in Oct. 1986 and 8 hours, 49 min in July 1987. Numbers of trees 
treated and times spent per strip and sector were variable (Table 2). 
The number of trees treated differed little among methods, and the 
differences within a method between the 2 occasions were slight 
(Table 3). Differences between methods in time expenditures were 
small and mostly not signilicant @X.05). Similar amounts of 
herbicide were used in all methods, but appeared to be slightly 
greater for the methods 2 and 3, which utilized the dripline place- 
ment (Table 3). In all methods, from 0.21 to 0.28 kg/ha (0.18 to 
0.25 lb/ ac) of active ingredient was expended, corresponding to 1.5 
to 2.0 kg/ ha (1.3 to 1.8 lb/at) of formulated tebuthiuron. The trees 
missed were usually seedlings and small saplings with crowns that 
did not extend above shrubs (Table 2). Those and larger trees 
missed were mostly at the sides of the strips. No species bias was 
evident. The methods were indistinguishable in thoroughness, and 
percent missed was unrelated to density (Table 2). 

In the supplemental individual-tree applications, Method 2 was 
slightly but not significantly @X.05) more time+onsuming than 
Method 1 (8.2 set vs. 7.1 set; CV = 38.7 and 44.0% respectively). 
This difference was very similar to that revealed by the main timed 
trials (Table 3). Using Method 1, about 54% of the applicator’s 
time was spent in treating and painting the trees, whereas about 
46% was consumed in inter-tree travel. 

Relocating briquettes beneath trees treated with Method 3 
showed that applicator-in-motion estimates of tree volume resulted 
in severe underestimates of the briquettes to apply, particularly for 
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Table 2. Trees treated and missed, the incidence of missed trees, end time 
expenditures by application method and strip sector. October 1986 
occasion. Means and times rounded to the nearest integer. One SE in 
parentheses. 

Sector TXeS Number Percent Total time 
and striu treated missed missed used (min) 

Strip A 
upper 
lower 

strip c 
upper 
lower 

strip G 
upper 
lower 

Total, all 
sectors 

Mean, all 

% 6 5.8 23 
73 8 9.9 21 

118 16 11.9 31 
114 20 14.9 24 
568 71 138 

95 (8.8) 12(2.2) ll.l(l.2) 23(2.6) 
sectors 

Strip D 
upper 
lower 

Strip F 
upper 
lower 

Strip H 
upper 
lower 

Total, all 
sectors 

Mean, all 
sectors 

__________ 
Strip B 

upper 
lower 

Strip E 
upper 
lower 

strip I 
upper 
lower 

Total, all 
sectors 

Mean, all 
sectors 

.__ ______ _______ Methd3_- 

61 7 
83 10 

75 9 
132 15 

124 14 
119 14 
594 69 

99(12.1) ll(1.3) 

73 9 
69 13 

76 9 
111 18 

125 11 
131 13 
585 73 

98(11.5) 12(1.4) 

1o.qo. 1) 28(3.0) 

21 
21 

22 
29 

35 
38 

166 

10.9 
15.8 

10.5 
13.9 

8.0 39 
9.0 48 

- 183 

ll.O(l.2) 

28 
238 

20 
25 

30(4.4) 

Grand total I747 213 ,487 
Grand mean 97(5.9) 12fO.9) 10.910.5) 27(2.0) 

larger trees. The amounts put out in Method 3 were not signifi- 
cantly different @X.05) from the amount prescribed by height 
(Methods 1 and 2). These results agree with the finding of no 
differences in herbicide quantities (Table 3) among methods des- 
pite contrasting tree-dimension “cues”. 

The correlation between treated-tree density and time spent was 
significant (r = 0.56 to 0.62; p < 0.05; n = 18 to 36). A log e 
transformation of tree density did not improve the equations* 
predictive value, nor did mean tree height. The resultant multiple 
regression equations tended to overpredict time outlays in sparse 
sectors, and both over- and underpredicted times for the most 
dense sectors. Mean time per tree appeared to decrease with 
increasing density because less travel time was needed between 
application motions. 

Discussion and Conclusions 
The study site was not easy to traverse, and contained many tall 

Table 3. A comparison of time and tebutiuron (8.i.) expenditures among 
methods and occasions. 

Application Method 
Comparison and occasion Method 1 Method 2 Method 3 

Total time, min 
Oct. 1986 138 166 183 
July 1987 156 167 206 

Mean time/ ha, min 
Oct. 1986 51.8a 61.8ab 69.2b 
July 1987 59.3a 61.8b 79.Oc 

Mean time,tree, set 
Oct. 1986 l4.6a 16.8ab 18.8b 
July 1987 16.4a 16.8b 21.2c 

Total A.I. 
Expended, 1986 

KG 0.6a 0.7a 0.7a 
Lb 1.4a 1.5a 1.5a 

lMcans in a row having the same letter are not significantly different @X.05). 

saplings. Nonetheless, all strips were readily treated, about 10% of 
the trees were consistently missed, and overall cool and warm 
season time outlays only differed by 9%. About 1 hectare could be 
treated per hour. Tebuthiuron outlays were conservative for all 3 
methods and did not vary significantly among them (Table 3). The 
amounts would have been smaller had the stand not been domi- 
nated by trees 1.5-2.7 dm (5 to 9 ft) tall. Most Intermountain and 
southwestern chainings are occupied by shorter trees (Dalen and 
Snyder 1987). 

Excluding marker setup time, the macroplot could have been 
treated by 1 person in an arduous day, or by 2 persons in about 5 
hours. An equivalent tract with few or no shrubs would have 
required an hour or 2 less, as would a project that only utilized the 
least tedious method (stem base/scale to height, Method 1). An 
adult applicator on foot or horseback can comfortably carry 10 kg 
(22 lb) of herbicide, enough to last until a lunch break or to the end 
of the workday in stands this dense. Walking briskly with a 10 kg 
load requires about 3.5 kcal of output, less than the level (5.0 kcal) 
necessitating rest periods (Oglesby et al. 1989~247-248). 

Applicators should be afforded a simple, effective method and 
encouraged to work rapidly through strips, not searching for every 
tree. Even carrying 10 to 15 kg of herbicide, fit persons will not 
exceed 35% of their maximum aerobic power, and they can main- 
tain that pace for several hours without discomfort (Levine et al. 
1982). Because thorough applications are more mentally than 
physically taxing, psychologically encouraging conditions should 
be selected: well-demarcated areas for each crew member, minimal 
obstacles (including debris windrows), clear sight lines, and cool 
and/or cloudy weather. Spot-painting trees adds to a sense of 
accomplishment. It also enables followup work, which a supervi- 
sor could do (Herbel et al. 1958). Followup is optional, depending 
on the miss rate, the character of the untreated trees, and the 
desired future stand condition. Total control (no initial misses, or 
thorough followup) is rarely economicaly justifiable (Scifres 1987). 

Time outlays, thus labor costs, are not tightly predictable from 
an exact knowledge of tree density and mean tree height. More 
terrain and stand variables would be needed in a valid multivariate 
predictor, but the cost of isolating and measuring them may be 
worthwhile only in research contexts (e.g., Hazard and Pickford 
1984). Approximate coefficients for undergrowth and slope may 
suffice in adjusting cost estimates to a project setting. 

Future rangeland researchers could work with labor specialists 
to devise ways of training and motivating hired seasonal, semi- 
skilled, and/ or youthful workers. Productivity and worker com- 
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Creosotebush control and forage production in the Chihua- 
huan and Sonoran Deserts 
HOWARD L. MORTON, FERNANDO A. IBARRA-F, MARTHA H. MARTIN-R, AND JERRY R. COX 

AbStUCt 
Creosotebush (Lurrea tridrntato [Sesse & Moe. ex DC.] Cov) 

8nd other shrubs have spre8d into semidesert gmssl8nds of the 
southwestern United States urd northern Mexico; and 8s creo- 
sotebush increases, perennial gmssea decre8se. This study evalu- 
8ted 3 rates of tebuthiuron 8nd 4 mechanierl treitments in 1981 
and 1982 for creosotebush coqtrol at 4 locations, 3 in Chihuahu8, 
Mexico, and 1 in Arizona, U.S.A., md compared forage produc- 
tion 8fter treatment with untreated checks. Creosotebush mort8li- 
ties 8veraged across ioc8tions 8nd ye8rs were 75,87,93,3,33,68, 
and 66 for the 0.5,1.0, and 1.5 kg ri/hr tebuthiuron (N-(5-(l,l-di- 
methylethyl)-1,3,4-thi8dlazol-2-yl~N,N’-dhnethylurea), l8nd lm- 
printing, 2-way r8iling, disk plowing, 8nd disk plowing with con- 
tour furrowing treatments, respectively. Forage production averaged 
across locations and years was 529,524,606,303,344,290,330, 
8nd 302 kg/ha for the 0.5,1.0, nnd 1.5 kg rijhr tebuthiuron, land 
imprinting, 2-W8y railing, disk plowing, disk plowing with furrow- 
ing, and untreated check tre8tments, respectively. Precipitation 
~8s below long--term me8ns at rli Chihuahuan lo&ions in 1983, 
and forage production was significantly greater on most treated 
plots where brush was controlled thrn on untre8ted checks. At the 
Arizon8 location precipit8tion ~8s above the long-term meln in 
1983 8nd ail plots treated in 1981, except the disk plowing 8nd disk 
plowing with furrowing which destroyed perennirl gnsses, pro- 
duced signific8ntly more grass for8ge than the untreated checks. 
Precipitation was 8bove the long-term me8ns rt all loc8tions in 
1984 and about hrlfof the plots tre8ted with tebuthiuron produced 
significantly more forage than the untre8ted checks but not any 
mechanic8lly treated plots. When treatments reduced shrub den- 
sity and remnants of native forage grasses were present, forage 
production increased in both wet and dry years. 

Key Words: tebutbiuron, miling, disking, land imprinting, tar- 
bush, whitethorn 8~138, mesquite, Larrea tridentata 

Creosotebush (Larrea tridentatu [Sesse & Mot. ex DC.] Cov) 
and associated desert shrub species dominate approximately 19 
million ha in the United States (Platt 1959) and approximately 45 
million ha in northern Mexico (Leopold 1950). Studies by Buffing- 
ton and Herbei (1965) indicate that creosotebush continues to 
spread onto desert grasslands. It is important to control creosote- 
bush and other shrubs because as they increase in density, perennial 
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grass production decreases (Anderson et al. 1957). 
Proper grazing management has no effect on creosotebush den- 

sity and no biological control methods are available. Tebuthiuron 
has been the most effective selective broadcast treatment for creo- 
sotebush control on rangelands in the Southwestern United States 
(Bovey and Meyer 1978, Scifres et al. 1979, Herbel et al. 1985). 
Jacoby et al. (1982) reported that 0.5 and 1 .O kg/ ha of tebuthiuron 
reduced the density of creosotebush near Ft. Stockton, Texas, by 
86 and 99%, respectively, and grass production 32 months after 
treatment was 257 kg/ ha on an untreated area and 702 and 1,039 
kg/ha on plots treated at 0.5, and 1 .O kg/ ha, respectively. 

Root plowing and disking are among the oldest methods for 
controlling woody vegetation. However, these operations destroy 
existing herbaceous vegetation and should be limited to areas 
where plant removal will be followed by reseeding. Effective 
mechanical treatments cut off the shrub below the crown. Chain- 
ing, railing, roller chopping, land imprinting, and rotary mower 
reduce cover but do not kill shrubs which sprout from roots and 
crowns. Thus, native grass growth is enhanced for only 2 to 5 years 
(Scifres 1980). Previous studies have evaluated either chemical or 
mechanical methods for their effectiveness in controlling creosote- 
bush and effects on forage production but have not directly com- 
pared both chemical and mechanical methods. This study was 
conducted to evaluate 3 chemical and 4 mechanical treatments for 
control of creosotebush and other woody species, and compare 
native grass production on treated and untreated areas at 4 sites in 
southwestern United States and northern Mexico. 

Materials and Methods 

The study was conducted at Ranch0 La Reforma, 60 km east of 
Hidalgo de1 Parral, Chihuahua; Ranch0 Los Pozos, 30 km nor- 
theast of Villa de Aldama, Chihuahua; and Ranch0 El Toro, 100 
km east of Villa Ahumada, Chihuahua, all within the Chihuahuan 
Desert; and the Santa Rita Experimental Range (SRER), 40 km 
south of Tucson, Arizona, in the Sonoran Desert. Elevation was 
1,500 m at La Reforma; about 1,400 m at Los Pozos and El Toro; 
and 970 m at SRER. Long-term mean annual precipitation at La 
Reforma, Los Pozos, El Toro, and SRER is 430,224,227, and 320 
mm, respectively, and occurs primarily from June through Sep 
tember at the Chihuahuan locations, but is bimodal at SRER, with 
about 60% occurring June through October (Fig. 1) (COTECOCA 
1978, Green and Martin 1967). Slope inclination varies from 2 to 
16% at La Reforma, and from 0 to 5% at the other 3 sites. Surface 
soil textures at the 4 sites are sandy loams underlain by a caliche 
hardpan that ranges from 5 to 100 cm below the soil surface. 
Physical and chemical properties of the soils are shown in Table I. 

Creosotebush was the dominant shrub species at all locations 
except La Reforma, where it shared codominance with whitethorn 
acacia (Acucia constricta Benth.), tarbush (Flourencia cernua 
DC.), and shrubby senna (Carsiu wblenizeni Gray). Mariola 
(Purthenium inconum H.B.K.) and whitethorn acacia were abund- 
ant at Los Pozos; javelina brush (Condulia ericoides [A. Gray] 
M.C. Johnston) and honey mesquite (Prosopis gkmdulosa Torr.) 
at El Toro; and velvet mesquite (Prosopis velutina Woot.) and 
desert zinnia (Zinniupumilu Gray) at SRER. The most prevalent 
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Fig. 1. Monthly precipitation (mm) from 1981 to 1984 and long-term mean (L.T. mean) at Ranchos La Reforma, Los Pozos, and El Toro, Chihuahua, 
Mexico; and Santa Rita Experimental Range (SRER), Arizona, U.S.A. 

native grasses at the 4 locations were fluffgrass (Erioneuron pul- 
chellum [H.B.K.] Tateoka) at all locations; black grama (Boure- 
loua eriopodu Torr.) at La Reforma and El Toro; spike pappus- 
grass (Enneupogon desvuuxii Beauv.) at La Reforma and Los 
Pozos; threeawns (Aristidu spp.) at Los Pozos and SRER; and 
bushmuhly (Muhlenbergiupoterii Scribn.) at Los Pozos, El Toro, 
and SRER. 

Study sites (about 30 ha) were fenced to exclude livestock in 
summer 1981 and divided in half with treatments placed on one 
side in 1981 and on the other in 1982. Each part was further divided 
into 24 plots, each 50 by 1OOm. The experimental design was a 

randomized block with 3 replications. The following 8 treatments 
were applied: broadcast applications of 20% pellets of tebuthiuron 
at (1) 0.5, (2) 1 .O, and (3) 1.5 kg ai/ ha, (4) land imprinting, (5) 2-way 
railing, (6) disk plowing, (7) disk plowing with contour furrowing, 
and (8) untreated check. Tebuthiuron pellets were distributed by 
hand and the plot was covered 4 times: twice lengthwise on 10 
swaths spaced 5 m apart and twice crosswise on 20 swaths, spaced 5 
m apart. The clay pellets were 3.2 mm in diameter and approxi- 
mately 4.8 mm in length. 

Mechanical treatments were applied between 15 June and 17 
July 198 1, and between 26 May and 27 June 1982. Land imprinter 

Table 1. Physical and chemical properties of the upper 20 cm of soilsat Ranchos La Reforma, Los Pozos, and El Toro in Chihuahua, Mexico and at Santa 
Rits Experimental Range (SRER) in Arizona, U.S.A. 

Location 
Percent soil particles 

>2mm umm Sand Silt Clay 
Organic Electrical 
Matter ph Conductivity Series Classificationl 

La Reforma 

Los Pozos 

El Toro 

SRER 

29 

23 

17 

71 

77 

83 

60 

66 

58 

29 

24 

28 

3.6 

I.5 

1.1 

0.7 

(dslm) 
6.9 

7.2 

7.9 

7.9 

2.9 

1.3 

1.1 

1.1 

Kimbrough 

Jerag 

Algerita 

Anthony 

loamy, mixed, thermic 
shallow, Petrocalcic, 
Calciustoll 
loamy, mixed, thermic 
shallow, Petrocalcic 
Ustollic Paleargid 
loamy, mixed, thermic, 
coarse, Ustolhc Typic 
Calciorthid 
loamy, thermic, Typic 
Torrifluvent 

Soil classification is from Soil Survey Staff (1975). 
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Brush species 
TPXitllX”t Tebuthiumn kg ai/ha Land Twmvay Disk Disk plowing “ntnated 
year 0.5 1.0 1.5 imprinting railing pIOWing with furrowing check 

Whitethorn 
acacia 

Tarbush 

Shmbby 
Se- 

Creosotebush 

Whitethorn 
acacia 

MZUiOla 

,981 
1982 
,981 
1982 
,981 
,982 
,981 
,982 

1981 
,982 
,981 
,982 
,981 
,982 

,981 
,982 
,981 
,982 
,981 
1982 

,981 
,982 
1981 
,982 
,981 

73f8 59f7 
60+5 a9f5 
33f6 53f6 
82f4 88f4 
9813 96f4 

lOOf ,OQ+4 
9Qf6 93k6 

lOOf, SO+8 

83f4 84*4 
66f6 9O*4 
95*,5 89f18 
95f6 91f6 
94+6 88f7 
9514 92f3 

<% mortality f 95% CI)’ 
(Ranch0 La Reform@ 

82f6 - 55f5 81f6 76f10 4f2 
97*3 of2 42f3 44*5 55f6 If, 
89+5 - ,,*4 14*4 36zt6 O+l 
98ti 48f5 18f5 32f5 69*4 of0 
99*, - 38fIO 68f9 97f2 4+5 
98i6 Of2 88f13 74*,0 97f5 4*4 
98f5 - 64*,0 47f10 73f14 M2 
s,*,s Of3 97f5 76f14 62fll 7*,0 

(Rancho Los Pozos) 
9of3 34f3 79f4 6af3 OM 
98f2 Ok2 62f3 48f3 43f4 6f2 

,OOf9 - 27f14 58f,, Z&k,4 19f14 
97f5 42+6 3**,0 5,flO SO+8 Of, 

1cQf2 - 66f8 74zt9 4lf10 9f4 
IOQnl 48f6 8lf5 95*3 96f2 of0 

(Ranch0 El Tom) 
78f6 94f4 %i2 - 27f6 82f5 89f4 OM 
91f4 lOok 98f2 ,3*4 IZf4 87f4 83f5 OH 
39*,0 53*,0 77f12 - 2,+7 5lflO 67f,O Of, 
74f6 9OilO 93f6 MI ISi6 55*9 68f9 Of2 
98f7 ,00*4 95*,0 - Of3 94i16 94f8 9f8 
98+4 ,00+4 IWf4 ,2*7 30*,0 7kt9 Wf8 Of2 

-58f5 
(SRER))---- 

92f5 98f4 Of, 7f2 38f6 47f6 o-t, 
70f6 87f6 88f5 Of1 26f6 88f4 87f4 OfI 

treatments wexe applied only at SRER in 1981 and at all sites in 
1982. Tebuthiuron was applied in May both years. 

Shrub populations were estimated before treatment and in the 
fall of 1984 on IO randomly placed 44-m’ quadrats, excluding a 
5-m perimeter. Brush mortality was calculated by species on each 
plot from densities at the time of treatment and the fall of 1984. 
Confidence intervals for binomial distribution (95%) uwe calcu- 
lated for each mortality value based on the sample size (Steel and 
Torrie 1960). Confidence intervals were used to show mean differ- 
ences rather than analyses ofvariance because ofshrub population 
variability at each location. 

The rail consisted of three 2.65-m lengths of railroad steel bolted 
together to form a triangle and weighted with rocks (approxi- 
mately 770 kg). The rail was pulled over the plot twice in opposite 
directions. A standard 3-bottom disk plow on a 3-point hitch 
weighing 500 kg was used at the Mexican sites, and a pull-type 
3-bottomdiskplow weighing 1,000 kgwas used at theSRER. Both 
disk plows had 64-cm disks which penetrated soils to 30 cm. A 
border disk constructed contour furrows at 10-m intervals. 

The land imprinter, fabricated from 1.27-cm steel plate, con- 
sisted of 2 nondirectional geometric forms (V-pitter and pit- 
digger) welded on separate I- by I-m cylinder capsules. Capsules 
were linked on an axle shaft. Capsules were filled with water, and 
iron boxes located at the front and rear were tilled 
improve soil penetration (Dixon and Simanton 

weight was approximately 4 metric tons (Fig. 2). 
Native perennial grass forage production was estimated in the 
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fall of 1983 and 1984 using a weight estimate technique (Pechanec 
and Pickford 1937). Twenty 30.5 by 61-cm quadrats were ran- 
domly placed in each plot excluding a 5-m band on the perimeter to 
eliminate treatment effects from adjacent plots, and forage weights 
visually estimated. Plants in 5 quadrats were clipped at the soil 
surface. Clipped forage was dried at 40° C for 48 hours in a 
forced-draft oven, and dry weights from unclipped field samples 
calculated using regression techniques (Campbell and Cassady 
1949). We hypothesized that the treatments would increase forage 
production above that on untreated plots. When F values were 
significant, the forage on treated plots was compared with the 
forage on untreated check plots by Dunnett’s one-sided procedure 
(Steel and Torrie 1960). 

Brush control programs are expected to increase forage produc- 
tion. To test this assumption we calculated linear correlation coef- 
ficients (r) and linear regression equations between shrub density 
and forage production in 1984 on all plots at each of the 4 loca- 
tions. At Los Pozos and El Toro 43 degrees of freedom were used 
to evaluate the significance of correlation coefficients because land 
imprinting treatments were not applied in 198 1. At La Reforma 42 
degrees of freedom were used because the land imprinting treat- 
ments and 1 disking with furrowing treatment were not applied in 
1981. At SRER 46 degrees of freedom were used because all 
treatments were applied in both years. 

Results and Discussion 

Total precipitation at all Chihuahuan locations was below long- 
term means in 1981, 1982, and 1983 (Fig. 1). Precipitation was 25 
and 59% of long-term means during summer 1982 at La Reforma 
and Los Pozos, respectively. At El Toro total precipitation was 
7% of long-term mean in 1983, but July and August precipitation 
was near normal (117 mm versus 120 mm). Precipitation was above 
average at all Chihuahuan locations in 1984. At SRER precipita- 
tion was above average in all years. 

Creosotebush Mortality 
Tebuthiuron usually killed about 60% or more of the creosote- 

bush plants at all rates and locations (Table 2). Across all locations 

and years creosotebush mortalities averaged 72,87, and 93% at 0.5, 
1 .O, and 1.5 kg ai/ ha, respectively. Creosotebush mortalities from 
all tebuthiuron rates averaged across both years at La Reforma, 
Los Pozos, El Toro, and SRER were 77,85,93, and 82%, respec- 
tively. Land imprinting killed 13% or less of the creosotebush and 
was the least effective control method. Average creosotebush mor- 
talities across all locations from 2-way railing treatments in 1981 
and 1982 were 31 and 36%, respectively. Highest mortality of 
creosotebush from 2-way railing was 62% at Los Pozos from the 
1982 treatment and least mortality of creosotebush was 7% at 
SRER in 1981. Disking and disking with furrowing across all 
locations and years each killed an average of 68% of creosotebush 
plants. Disking treatments were more consistently effective at El 
Toro than at the other locations (Table 2). In 1981 mechanical 
treatments at SRER were applied immediately after 20 mm of 
rainfall to moist soil, but in 1982 they were applied before summer 
rains to dry soil. The higher soil moisture content in 198 1 prevented 
desiccation of roots and crowns and contributed to the lower 
mortality rate of creosotebush in 1981 than in 1982 at the SRER 
location. 

Associated Shrub Mortality 
At La Reforma whitethorn acacia was less susceptible to low 

rates of tebuthiuron in 1981 than was creosotebush, but at Los 
Pozos whitethorn acacia populations declined by 89% or more on 
tebuthiuron plots (Table 2). All rates of tebuthiuron killed nearly 
all of the tarbush, shrubby senna, javelina brush, mariola, and 
desert zinnia plants. Honey mesquite was less susceptible to tebu- 
thiuron than creosotebush at El Toro; however, at SRER tebuthi- 
uron caused higher mortalities of velvet mesquite than creosote- 
bush (Table 2). 

Land imprinting in 1982 killed 48 and 42% of the whitethorn 
acacia plants at La Reforma and Los Pozos, respectively; but land 
imprinting was not an effective control measure for tarbush, 
shrubby senna, and honey mesquite. Both mariola and desert 
iinnia appeared to be marginally susceptible to land imprinting if 
treated when the soil was dry. 

Two-way railing was less effective in controlling whitethorn 

Table 3. Forage production ln 1983 and 1984 after 3 tebutbhron l nd 4 mechanicrl treatments were sppkd in 1981 and 1982 at 4 toe&ions IO the 
Cbthunhuan 8nd Sononn Deserts. 

Location 
Treatment 
year 

La Refonna 1981 
1982 

Los Pozos 1981 
1982 

El Tore 1981 
1982 

SRER 1981 
1982 

Tebuthiuron kg ai/ ha Land Two-way Disk Disk plowing Untreated 
0.5 1.0 1.5 imprinting railing plowing with furrowing check 

kg D.M./ha 
(Production in 1983) 

182. 248. 258. -I 162 290.2 409+* 104 
166*+ 2&s** 117 89 190** 142’5 149** 105 
94.. 101++ KM** - 62 65 56 
95++ 78 77 107” 73 84. 

1s. 
70 

575 411 402 - 313 311 388 665 
427 371 301 236 106 118 186 334 
393+* 308++ 270’. 280++ 404.. 137 171 104 
422 297 289 280 411 117 120 380 

XProduction in 1984) 
La Refonna 1981 842’ 1127*+ 1414’. - 60”: 

1982 986. 1263++ 1376” 448 
Los Pozos 1981 488 747+ 868. - 147 

1982 545 351 556+ 255 211 
ElToro 1981 731 766 898 

1982 1028. 583 
1% 

;6 154 
SRER 1981 554 11385 778 153 509 

1982 938 392 1091 699 1177 

l Significantly grcatcr than check (p10.05) according to Dunnat’s one-sided procedure. 
l *Signifiitly greater than check (EO.01) accordiig to Jhnnett’s one-sided procedure. 
ITreatment not applied at these locations in Ml. 

295 253 279 
689 636 390 

80 308 135 
230 380 133 
899 805 1029 
186 376 501 
283 199 213 
709 730 330 
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acacia, tarbush, shrubby senna, and mariola in 1981 than in 1982 
due to low rainfall in 1982. This low rainfall probably contributed 
to desiccation of the plants and higher mortality of these species in 
1982 than in 1981. 

Disking and disking with furrowing gave erratic control of 
whitethorn acacia, velvet and honey mesquite, and shrubby senna; 
but they consistently controlled javelina brush, mariola, and desert 
zinnia when applied to dry soil. 

Forage Production 
Forage production in 1983 on untreated plots at La Reforma 

and Los Pozos was between one-third and one-half what it was in 
1984 due to low June to September precipitation in 1983. In 1983 
forage production on most treated plots at La Reforma and Los 
Pozos was significantly greater than on untreated check plots, but 
not at El Toro (Fig. 1 and Table 3). Total precipitation at El Toro 
was 70% of long-term mean in 1983; July and August precipitation 
was near normal. This indicates that competition for moisture 
between shrubs and forage grasses was not a factor at El Toro in 
1983. At SRER all plots treated with tebuthiuron in 1981 and some 
plots mechanically treated in 1981 produced significantly more 
forage than the untreated check plots. 

Forage production in 1984 was significantly greater on one half 
of the plots treated with tebuthiuron than on untreated check plots 
but not on any plots treated mechanically (Table 3). Figure 3 shows 
that because tebuthiuron caused high mortality rates, shrub densi- 
ties at all locations were reduced to less than 4,000 plants/ ha, but 
the mechanically treated plots often supported shrub densities only 
slightly lower than untreated check plots. 

Linear correlation coefficients between shrub density and forage 
production were significant (I50.01) for La Reforma and Los 
Pozos but not for El Toro and SRER (Table 4). The lack of a 
significant correlation between shrub density and forage produc- 
tion at El Toro and SRER in 1984 is attributed to low shrub density 

Table 4. Correktion coeffkknte (r) end llneer regradon eqoetioru for 
shrub density (X=pknte/be) end forage producrion @=kg D.M./ha) lo 
1984 on plota treeted wltb 3 tebnthiuron and 4 meclunkal treahwh et 
4 locationa ln the Cblbuebuen end Sonomn Deserte. 

Location 
CorIcktion 
coeffwient Linear regression equation 

La Refomm -0.607++ P=1128d.o96X 
Los Poms -0.459- P= 51 l-0.063X 
El Toro -0.158 P= 729-0.024x 
SRER -0.119 P= 667-0.010x 

**SignScant at the 1% level of probability. 

and timeliness of summer rains. All but 3 plots at El Toro had 5,000 
or fewer shrubs/ ha; consequently, the effect of high shrub density 
was not measured. Forage production was highest at all locations 
only where shrub density was less than 3,000 plants/ ha (Fig. 3), but 
forage production was not always high where shrub densities were 
low. On some of the plots forage plants were not present when the 
study began. On other plots mechanical or chemical treatments 
injured or destroyed forage grasses so that they were unable to 
respond significantly to reduced competition from shrubs. July 
and August rains in 1984 at both El Toro and SRER apparently 
were sufficient to fulfill the needs of both grasses and shrubs. 
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Conclusions 

We found that mortalities of creosotebush from tebuthiuron at 
0.5 and 1 .O kg ai/ ha were often 60% or more, and at 1.5 kg ai/ ha 
tebuthiuron always killed 8% or more of the creosotebush plants. 
Whitethorn acacia and honey mesquite mortalities from the 2 low 
rates of tebuthiuron were often less than 65% but at 1.5 kg ai/ h 
tebuthiuron usually killed 80% or more of these shrub species. 
Mortality of tarbush, shrubby senna, mariola, javelina brush, and 
desert zinnia were at least 8% from all rates of tebuthiuron. Land 
imprinting and 2-way railing seldom gave shrub mortalities greater 
than 60%. Disking and disking with furrowing each killed an 
average of 68% of creosotebush plants and destroyed perennial 
grasses. 

When shrub density was less than 3,000 plants/ ha grass forage 
production was highest at all locations. Low shrub density and 
high forage production were more consistently achieved with tebu- 
thiuron than with mechanical treatments, because the most effec- 
tive mechanical treatments destroyed perennial grasses as well as 
shrubs. We conclude that forage production on semiarid grassland 
in northern Mexico and southwestern United States with shrub 
densities greater than 6,000 plants/ ha and a remnant of perennial 
forage grasses will increase after shrub removal. Forage produc- 
tion on semiarid grasslands with shrub densities below 6,000 
plants/ha probably will not increase significantly after shrub 
control. 
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If you read or write. . . 

in the field of range management, you need theThird (1989) Edition of A 
G/ossary Of Terms US& /n /?8nge dbf8n8g8m8fIt. Compiled and 
edited by the Glossary Revision Special Committee of the Society for 
Range Management, this new edition presents current definitions of 
range management terms as well as references to earlier terminology. 
The Glossary is designed to help students and others entering the field of 
range management as well as those currently using the literature. Copies 
are $5.00 (US) from the Society for Range Management, 1839 York 
Street, Denver, CO 80206. Telephone: (303)355-7070. 
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Nitrogen accumulation and acetylene reduction activity of 
native lupines on disturbed mountain sites in Colorado 
S.T. KENNY AND ILL. CUANY 

AbSWCt 

Lupila88repioneeringpinm8ny dbhrbed mount8in lmbi- 
t8tr in Color8do. The purpo8c of thb work wu to determine if 
Lupinus qenteus, L. cad&us, and L. a&a&& could be useful 
revegewion pl8ntN in 8 recl8m8tion proglmm. P8ired roil s8mple8 
from 33 dbtwbed sitea supporting 118th lupine8 were used to 
determine if lupines incrwcd the nitrogen content of the soil. Soil 
urnplea collected 10 cm from lupiae t8p roots 8ver8ged 13.8 mg 
kc’ more excb8ngerble ullmonium 8nd 2.7 mg kr1 more nhte 
tb8n soil mmpks collected 3 m from lupine phnts. Field mcrrured 
8cetylene reduction ntea of dehched lupine nod&s 8venged 10.0 
pmol ethylene rl nodule dry weight b-1 for L. urge&us ,and 17.3 
pmol ethylene tl noduk dry weight b-1 for L. a~sfr&. Soil rdj8- 
cent to lupines lmd higher kveb of inorg8nic nitrogen tb8n soila 3 
m from lupine pl8nt118nd lupines b8d tbe rbility for biologhl 
llihgell dX8th 86 SbOWIl by the 8Cetyhe redllcth 8#88y, Wl_ 
gesting tbrt n8tive lupines 8re potentirlly useful reveget8tion 
phnts in 8 rechm8tion progr8m. 

Key Words: Lupinus aipatris, Lupinus argenteua, L&nus cau- 
&us, dinitrogen fix8tios soil nitrogen, nodule rctlvity 

Soil disturbances in mountain regions require revegetation to 
reduce environmental degradation. Disturbed soils often have low 
soil fertility with nitrogen and phosphorus deficiencies most com- 
mon (Bauer et al. 1978). Bauer et al. (1978) report several studies 
which show that annual applications of nitrogen fertilizer result in 
more efficient utilization of nitrogen. Legumes are plants capable 
of symbiotic biological dinitrogen fixation associations which 
convert atmospheric nitrogen into a form of nitrogen used by the 
plant. Establishing legumes may be beneficial to a revegetation 
program because of their ability to biologically fm dinitrogcn and 
thereby possibly increase soil nitrogen levels, which could reduce 
the necessity for annual applications of nitrogen fertilizer. 

Crockett and Becker (1976) studied the dinitrogen futation 
potential of 5 native North American grassland legumes and found 
that pioneering legumes had potential dinitrogen fixation rates 8 
times greater than the species that occupied primarily climax 
communities. Johnson and Rumbaugh (1986) reported that L.. 
cr&WZrs~ in Utah and Montana had specific nodule acetylene 
reduction activities between 8 and 37 pmol ethylene 8-l nodule dry 
weight h-r. They also found that lupines growing on disturbed sites 
had larger nodule mass and higher specific nodule acetylene reduc- 
tion activity compared to lupines growing in undisturbed sites. 

As part of a study on the use of native lupines for revegetation 
programs (ICeMy 1981), a study was undertaken to determine if 
native stands of Lupinus argenteus Pursh, L caudatus Kellogg, 
and L alpestris A. Nels. growing in disturbed sites in Colorado are 
capable of biologically fixing atmospheric nitrogen. The first part 
of the study measured soil nitrogen content around lupine plants 
and the second measured in situ acetylene reduction. 

Authors are research assistant (currently assistant agronomist, Irrigated Agricul- 
ture Raearch and Extension Center, Washington State University, Presser 99350); 
and profcsso:, De rtmcnt of Agronomy, Colorado State University, Fort Colbns 
80523. Fundmg rom the High Altitude Rcvegctation Committee is gratefully $ 
acknowlaQcd. Contributed from the Colorado Agricultural Experiment Station. 
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Materials and Methods 

Soil Nitrogen Content 
The Kjeldahl method has been used for estimating soil nitrogen 

accumulation near nitrogen fting plants (Palaniappan et al. 1979). 
Two soil samples were collected from a IO cm depth 10 cm from 
lupine tap roots and an additional 2 samples were obtained at a 10 
cm depth 3 m from lupine plants. As the samples were taken, root 
fragments, nodules and dead plant fragments were removed. The 
paired samples were taken in July 1978 from 33 disturbed sites 
which had lupines as the dominant vegetation. All samples were 
airdricd and ground to pass a 2-mm sieve. The paired samples 
from each location were analyzed for exchangeable ammonium 
and nitrate by stcamdistillation (Brcmner l%5a) and for total 
nitrogen by a semimicro-Kjeldahl method (Bremner 1%5b). The 
replicate soil sample nitrogen values were averaged, the pairs 
grouped by species and the differcnccs between pairs analyzed by a 
paired z-test. 

Acetylene Reduction 
The reduction of acetylene to ethylene and subsequent mea- 

surement by gas chromatography of the ethylene produced is a 
sensitive, but indirect, measurement of dinitrogen fixation (Burris 
1972). Acetylene reduction measurements enable both estimates of 
potential dinitrogen fixation and comparisons of potential for 
dinitrogen furation among plants to be made. Twelve of the 33 sites 
in the soil nitrogen content study were sampled in early August 
1979 when all sites were in mid-flower. Plants were excavated, and 
a segement of root with intact nodules was cut from the plant, 
trimmed to within 1 cm of the nodules, and placed into a 60-ml 
serum bottle. After the bottle was sealed with a rubber serum 
stopper, a l-ml volume of acid-washed acetylene was injected into 
each bottle. The bottles were buried in the soil to simulate nodule 
depth and to maintain in situ temperature during incubation. Two 
bottles representing each plant were prepared. To determine any 
nonrhizobial dinitrogen fixation, bottles containing soil and root 
segments without nodules were similarly prepared. None of the 
bottles with soil or root segments without nodules had measurable 
ethylene production. Samples were incubated on site for 1 hour. 
The bottles were transferred to a chest fflled with dry ice and kept 
frozen until returned to the laboratory for analysis. To determine 
any loss of ethylene during transport to the laboratory, known 
volumes of ethylene were injected into empty stoppered serum 
bottles and handled similarly to the bottles with nodules. Later 
analysis of the ethylene-only bottles demonstrated that no loss of 
ethylene occurred. 

Analysis of ethylene production was by gas chromatography 
using a flame ionization detector. One-half milliliter volumes were 
withdrawn from the reaction bottle and injected into the gas chro- 
matograph. The operating parameters included an oven tempera- 
ture of 1000 C, 20 cc min-’ Ns carrier gas flow rate, injection port 
temperature of 185” C, detector temperature of 220° C, and a 
1.8-m X 3.2-mm stainless steel column packed with 80-100 mesh 
Porapak N. Peak heights were measured and ethylene concentra- 
tion in each sample was calculated by reference to an ethylene 
standard. After the acetylene reduction assay, nodules were 
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SpeCies 

NWlbCr Exchangeable Ammonium Nitrate Total Nitrogen1 
of sites 

sampled 
Soil Sample Distance from Lupine Tap Roots 

10 cm 3m IOcm 3m 1OCm 3m 

L argenleus 24 
mg kg-’ 

32.7 f 34.4 19.9 f 25.1 7.6 f 5.8 5.3 f 4.6 
Paired 

1056 f 
t-value 

1001 1016 f 1032 
4.70’. 6.22’. 

L. alpesrris 
0.86NS 

5 38.2 f 9.1 20.4 f 9.1 11.3 f 5.1 7.7 f 3.1 
Paired 

l%Of 
t-value 

609 885 f 491 
9.18++ 2.97. 

L cau&rus 
1.6ONS 

4 20.7 f 10.5 9.7 f 8.2 6.8 f 1.4 4.6 f 2.6 
Paired 

1325 f 
t-value 

983 1241 f 859 
4.13. 3.55. O.%NS 

Wan f Standard Deviation. l and l * indicate signifiant diicrcaa betmen paira for nitrosen kvclot P = 0.05 mui P ~0.01, respectively. NS idiita no signifiint diieremx 
between pairs for nitrogen 1eveL 

removed from the root segments, washed, dried at 60° C, and 
weighed. 

Results and Discussion 
The nitrogen analysis results from 33 disturbed habitat soil 

collection sites are summarized by lupine species in Table I. The 
sites with a range in elevation between 2,130 and 3,350 m were 
located throughout the Rocky Mountain region of Colorado. The 
sites were road construction disturbances, abandoned mine tail- 
ings, open meadows created by past fires, ski slope construction or 
logging operations, and a sand dune. Most of the soils were loam or 
sandy loam in texture. Lupines were the dominant vegetation with 
grasses and sometimes small shrubs growing at the sites. A com- 
plete description of each site is listed in Kenny (1981). The sand 
dune soil was the only one without measurable exchangeable nit- 
rogen. Exchangeable ammonium levels ranged between 0 and 
117.5 mg kg-‘, nitrate between 0 and 97.4 mg kg-‘, and total 
nitrogen between 69 and 4,808 mg kg-‘. The highest nitrogen levels 
were on a ski slope that had been fertilized. Significant differences 
(KO.05) in exchangeable nitrogen were detected between the 
paired samples, with exchangeable ammonium being 13.8 mg kg-’ 
higher and nitrate being 2.7 mg kg-’ higher in samples obtained 
adjacent to lupine roots compared to samples obtained at a 3-m 
distance. No significant differences were found between the paired 
samples for total nitrogen. The higher inorganic nitrogen levels 
around lupines could be due to either their large tap roots, which 
could extract nitrogen from greater soil depths than plants without 
tap roots, or the lupines using symbiotically fixed atmospheric 
nitrogen to meet their nitrogen needs, thereby extracting less inor- 
ganic nitrogen from the soil than other plants. For whatever rea- 

son, the soil around lupines had more inorganic nitrogen than soil 
3 m from lupine plants, suggesting that lupines increase the level of 
inorganic soil nitrogen. 

A site description, the field conditions at the time of sampling, 
and the mean ethylene production rates for 8 of the 12 sites 
sampled for acetylene reduction are presented in Table 2. Not all 
the nodules from a plant were collected, so it is not possible to 
calculate an acetylene reduction rate on a per plant basis. At the 
other 4 sites, no measurable ethylene production was recorded. 
The soil at these 4 sites was dry. Soil moisture for these 4 sites was 
estimated by feel and appearance to be about 40% of field capacity 
whereas soil moisture at the other sites was estimated to be 75% or 
more of field capacity. Dry soil conditions are known to depress 
dinitrogen fixation (Sprent 1973). The acetylene reduction rates 
ranged between 0.9 and 42.0 rmol ethylene g” nodule dry weight 
h-‘. The North Sand Hills site had the highest rate of acetylene 
reduction and the nodules found were individual small nodules. 
The nodules collected at the other locations were large intercon- 
nected masses of small nodules. Pate (1977) suggested that such 
perennial nodules probably exhibit low dinitrogen fmtion per 
unit of nodule mass. The difference in size may account for the 
higher rates of acetylene reduction by the North Sand Hills 
nodules. Except for the Climax site, the highest rates of acetylene 
reduction were from those sites which were sampled on a sunny 
day. Nodules sampled on a cloudy day had low rates of acetylene 
reduction, which indicates that photosynthetic activity likely influ- 
ences the rate of acetylene reduction, but carbohydrates stored in 
the plant or nodules might be available for dinitrogen fmation 
during times of low photosynthetic activity. Trinick et al. (1976) 
found that several lupine species have no diurnal rhythm for acety- 

Table 2. Fkld meawed acetylene redwctio~~ by native hqhes growing on dbtwbed mountain sita in Cdomdo. 

Species and site 

W 
L argenteus 

North Sand Hills 
Dumont Lake 
Blue River 
Tenncssce Pass 

2926 
2896 
3048 
3048 

Hoosier Pass 3109 
Climax 3353 

Site dcscrimion 

Sand dune 
Roadside with grasses 
Roadside with grasses 
Clearing in lodgepok 
pine m-growth forest 
Roadside with grasses 
Molybdenum tailings 

L aipesfris 
Hideaway Park 
Hot Sulfur Springs 

2682 Roadside with grasses 1530 26 17 Clear 18.0 f 0.4 
2347 Roadside with grasses 1730 21 15 Clear 16.6 f 5.5 

Time 

(MDT) 

1315 
0915 
1230 
1800 

1m 
0945 

Sampling conditions 
Tempemtun Ethylene 

Aii soil Sky production’ 

4:” c)- rmol g-’ nodule dry wt h-l 

26 17 clear 29.6 f 7.6 
:: 11 Clear 16.9 f 9.4 

14 Cloudy 7.4 l 0.5 
22 14 Cloudy 6.7 f 2.4 

: 
10 Cloudy 4.3 f 2.2 
11 Ckar 1.2 f 0.4 

Wan f Standard Deviation. 
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lene reduction; only “long periods of dull weather” and extreme 
shading reduced overall activity in lupine nodules. Since previous 
weather conditions at our sites were unknown, further study is 
warranted to determine any diurnal response to acetylene reduc- 
tion in these lupine species. The one-time measurements reported 
in Table 2 indicate that additional studies are necessary to estimate 
the contribution of biologically fixed atmospheric nitrogen to the 
lupine’s nitrogen requirements during the growing season since soil 
moisture, nodule size, and sunshine were shown to influence acety- 
lene reduction. 

Lupines are colonizers of disturbed soils and other eroded areas. 
L a1pestri.v and L argenteus reduce acetylene and therefore have 
the potential for biological dinitrogen furation. The native lupines 
studied increased mineral nitrogen concentrations in the soil 
around their roots. It is likely that their improvement of the soil’s 
nitrogen status prepares the way for later succession. This suggests 
a role for lupines in revegetation and reclamation of disturbances. 
Plummer et al. (1968) suggested that native lupines were well 
adapted for game range improvements, but an end use of a 
reclaimed area might also include grazing by domestic livestock. 
Lupines contain alkaloids poisonous to livestock (Kecler et al. 
1977), but the Colorado study (Kenny 1981) and a study by Davis 
(1982) showed significant variation between lupine collection sites 
for alkaloid content. In the Colorado study, lupine accessions 
ranged in total alkaloid content from less than 1 .O g kg-’ dry weight 
to 23.2 g kg-’ dry weight. It should therefore be possible to select 
low alkaloid germplasm for use in reclamation programs. 
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Clipping and long-term grazing effects on biomass and car- 
bohydrate reserves of Indian ricegrass 
APOLLO B. OBODHO AND MJ. TRLICA 

AbShCt 
Long-term heavy grazing bad little effect on root and crown 

biomass of Indian ricegrass (Oryropsis hymmoiks [Roem. and 
Scbuit.] Ricker), nor did it signi5cantiy affect the total noastructu- 
ral carbohydrate (TNC) reserve levels or the seasonal cycle of 
reserves in this grass. Fifty years of protection from livestock use 
bad not resulted in ecotypic differentiation In Indian ricegrass for 
the variables. Cllpplng reduced crown biomam more than root 
biomass and removal of 90% of the aboveground biomass resulted 
in more than a 50% reduction in crown biomass and reserve 
carbohydrate pool. 

Two commercial shim of Indho ricegrass (‘Nezpar’ and 
‘Paloma’) were compared with native Cbaco Canyon strains in a 
uniform garden study. The Nezpar strain was superior to Palomn 
and tbe Chaco Canyon strains in production of crown biomass and 
TNC reserve at the more meGc garden site. The native strains 
from the more arid Chaco Canyon site were superior to both 
cultivated strrlns ln production of roots. The native Cbaco Canyon 
strains were little affected by clipping and have promising genetic 
potential for tolerance of drought and heavy grazing. 

Key Words: Indian ricegrass, Orywps& hymenoides, heavy graz 
ing, ecotypic differentiation, belowground biomass, carbohydrate 
reserves 

A plant is considered to be a source-sink system where active 
photosynthetic tissue produces compounds which are used for 
maintenance and growth, stored in situ, or translocatcd to other 
sites of utilization or storage (Burt 1964, Maggs 1964, Neales and 
IncolI 1968). Deregibus et al. (1982) stated that a reduction of 
carbohydrate reserves resulting from defoliation after the peak 
growth period might be caused by a reduction in the leaf area and 
assimilate production after active aboveground growth had ceased, 
when meristematic activity was low, and when there were other 
demands for assimilates below ground. They pointed out that this 
was at a time when carbohydrates were normally being produced in 
excess of demand, hence they could be transported to below- 
ground structures for root growth or maintenance, or be converted 
to long&am carbohydrates for future growth demands. 

Labile carbohydrate reserves are a major source for carbon for 
regrowth after defoliation (Graber 1931, Cook 1966, Youngner 
1972, White 1973, Trlica 1977, Deregibus et al. 1982). However, 
some researchers have been critical of the role of reserve carbohy- 
drates for regrowth following defoliation (May and Davidson 
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1958, Moore and Biddiscomb 1964, Davidson and Milthorpe l%S, 
Caldwell et al. 1981). Studies that utilized radioactive carbon have 
given some supportive evidence for the use of storage carbohy- 
drates in regrowth (Pearce et al. 1969, Smith and Marten 1970, 
Chung and Trlica 1980) but reserves may only be needed for a 
short time to produce the first few leaves. 

Several researchers have found that carbohydrate reserve stor- 
age in grass species was not significantly affected by grazing or 
defoliation treatments if the grazing or defoliation was discon- 
tinued in time to allow plants to grow up and replenish reserves 
before fall quiescence (Sampson and McCarty 1930, McCarty and 
Price 1942, Hyder and Sneva 1963, Paulsen and Smith 1968, 
Menke and Trlica 1983). This was partially true in the case of 
Indian ricegrass (Trlica and Cook 1971). 

Effects of grazing or defoliation may not only be seen interms of 
total nonstructural carbohydrate (TNC) concentration, but also in 
terms of weight of the storage organs per se (Weinmann 1952). 
Therefore, determination of total amount of carbohydrate pools in 
the storage organs (pool q  % TNC X biomass of the plant part 
analyzed), rather than just the concentration of TNC reserves, may 
be important in assessing regrowth potential of plants (Buwai and 
Trlica 1977b, Santos and Trlica 1978). Some researchers have 
contradicted the traditional view that grass crowns represent the 
major organ for storage of soluble reserves based on determination 
of soluble carbohydrate pools in crowns (Caldwell et al. 1981, 
Richards and Caldwell 1985, Richards et al. 1987). These researchers 
have found little correlation between crown and stem base TNC 
concentration or carbohydrate pools with regrowth following 
defoliation. 

Crowns of Indian ricegrass (Oryzopsis hymenoides [Rocm. and 
Schult.] Ricker) may provide a better indication of TNC storage 
reserves and defoliation effects than do roots, if crown mass and 
reserve levels are large. Coyne and Cook (197 1) found that crowns 
of Indian ricegrass had higher TNC concentrations than did roots. 
Trlica and Cook (1971) found that crown TNC concentration in 
Indian ricegrass was usually more affected by defoliation than was 
root TNC concentration. 

The main objective of this study was to determine effects of 
previous long-term heavy grazing and clipping on root and crown 
biomass and nonstructural carbohydrates in crowns of Indian 
ricegrass. Another objective was to compare biomass and TNC 
variables of native and commercial strains of this species in a 
uniform garden environment to assess the genetic potential of the 
strains. 

Methods and Materials 

Root and Crown Biomass 
Chaco Canyon In Situ Study 

An experiment was conducted within and adjacent to the Chaco 
Canyon Culture National Historical Park (Chaco Canyon) in 
northwestern New Mexico. Plots were located on a hilltop, hill- 
side, and in a swale on both heavily grazed and protected 
(ungrazed) pastures at about 580 m elevation as described by 
Orodho et al. (1990) and Trlica and Orodho (1989). The O&ha 
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plots located outside the National Park on lands managed by the 
Bureau of Land Management (BLM) were fenced in April 1984 to 
prevent livestock grazing during 1984 and 1985, when the study 
was conducted. National Park Service and BLM records indicated 
that this afea had been heavily grazed year long by cattle, sheep, 
goats, and horses for more than 50 years. The area within the 
National Park was fenced 50 years ago to prevent livestock use 
within the Park. Two adjacent plots with similar soils, slope, 
exposure and vegetation were selected at each of the 3 topographic 
positions. One of the plots at each site was located within the 
protected area of the National Park, while the other was located on 
the adjacent, heavily-grazed area managed by the BLM. Plots were 
located at least 200 m from the Park boundary fence in both the 
grazed and protected areas at each of the 3 sites to reduce genetic 
exchange among the grazed and protected sites. 

The long-term average annual precipitation recorded at the 
headquarters of the National Park was 240 mm. Precipitation at 
the Chaco Canyon site was 110 and 130% above normal in 1984 
and 1985, respectively. Most of the precipitation comes during the 
summer and fall months. The mean monthly temperature ranges 
from 5 to 35O C and the monthly mean minimum temperature 
ranges from -11 to 1 lo C. Soils at the study area are a sandy loam. 

Two shrubs, winterfat (firotiu Zuuoru [Pursh] Nutt.) and four- 
wing saltbush (ArripZex cunescem [Pursh.] Nutt.) were dominant 
in the overstory vegetation at the Chaco Canyon study site. The 
most common grasses were Indian ricegrass, galleta (Hikzriujume- 
sii [Tom] Genth.), blue grama (Boutelouu grucilis [H.B.K.] Lag. 
ex Steud.), and bottlebrush squirreltail (Situnion hystrix [Nutt.] 
J.G. Smith). Eriogonum spp. and Russian thistle (Sulsofu kuii L.) 
were common forbs in the area. Orodho et al. (1990) found that 
previous heavy grazing at this research area had resulted in a 
reduction of fourwing saltbush, however, there had been little 
effect on grass cover, density or production. Density of Indian 
ricegrass at the Chaco Canyon study site was only 1.5 plants/m2, 
whereas density of plants in the uniform garden study were 6-9 
plants/ m2. However, Indian ricegrass plants were much larger and 
grew in association with a number of other species at the Chaco 
Canyon study site, so competition within the community could 
have affected results of the in situ field study (Mueggler 1972). 

The experiment was a randomized block design which consisted 
of 2 former grazing intensities (heavily grazed and ungrazed for 50 
years) and 4 defoliation intensities (0,30,60, and 90% removal of 
photosynthetic tissueestimated). The 3 topographic sites served as 
replications. Four plants within each plot assigned to each defolii- 
tion treatment were randomly selected at each date of sampling. 
Four additional plants were selected from each defoliation inten- 
sity for sampling in 1985 at the quiescence stage. Defoliation was 
done at anthesis in either early June 1984 or late May 1985 for 
those plants that would be sampled at quiescence in late November 
1985. The 4 selected plants were excavated and only crown mate- 
rial was retained during the 1984 sampling. These plants were 
collected at the second leaf stage (late April), anthesis (early June), 
maturity (late July), and quiescence (late November) phenological 
stages in 1984. The fifth sample period was at quiescence in late 
November of 1985, when roots as well as crowns were sampled with 
a 13- X 24-cm coring device. These last samples were collected 
using the same technique and equipment described in the next 
section to assess root and crown weights in the Cortez uniform 
garden study. 

Cortez Uniform Garden Study 

The Cortez study site used for the uniform garden experiments 
was located at the Southwestern Colorado Research Center near 
Yellow Jacket, Colorado, which is about 24 km north of Cortez. 
The Center is located in the dryland farming region of the south- 

western comer of Colorado at about 2,130 m elevation. The Center 
receives annual precipitation of about 360 mm, half of which falls 
as snow during the winter months. Precipitation in 1984 and 1985 
was 105 and 120% of normal, respectively. There is a frost-free 
period of 120 days. The monthly mean maximum temperature for 
thii area is normally under 33” C, while the monthly mean min- 
imum temperature is above -12O C. This is quite similar to the 
temperature regime at Chaco Canyon, but precipitation is much 
greater at the Cortez site. 

The principal soil series at the Cortez study site is representative 
of major acreages of the agricultural land in the area and is silty 
clay loam soil. These soils have a high water-holding capacity and 
store winter moisture upon which success of agriculture in the 
basin is dependent. Topography of the region consists almost 
entirely of rolling hills and the dominant vegetation types are 
grassland and pinyon-juniper woodland. 

Two strains of Indian ricegrass were obtained from the Chaco 
Canyon study site. Transplants were excavated from 3 heavily 
grazed sites adjacent to exclosures on the hilltop, hillside, and 
swale locations. The transplants from each of the 3 topographic 
locations were combined in equal proportions to constitute the 
grazed strain. Similarly, transplants from sites adjacent to plots 
within the Chaco Culture National Historical Park were combined 
in equal portions from similar topographic positions to constitute 
the ungrazed strain. 

Grazed and ungrazed plots were located approximately 400-m 
apart to reduce pollen and seed transport between the 2 popula- 
tions. Two other strains tested in the uniform garden experiments, 
‘Paloma’ and ‘Nezpar’, are commercially released cultivars of 
Indian ricegrass. Paloma transplants were obtained from agro- 
nomic plots at the Cortez study site, while Nezpar transplants were 
obtained from a seed production field near Dolores, Colorado, 
approximately 25 km northeast of the Cortez study site. 

All transplants were excavated in April of 1984, reduced to 
approximately the same basal area (135 cmr), and potted before 
being transported to the Cortez study site. Each plant was subdi- 
vided into 4 equal-sized bunches and immediately planted into a 
well-prepared seedbed at 30cm plant and row spacings. Weeding 
was done periodically by hand. We assumed that little intra-plant 
competition would occur during the 2 years of study. 

The uniform garden experiment was a split-split-plot design 
having factorial arrangement of treatments with 4 replications. 
Two nitrogen (IV) treatments (0 and 50 kg/ha) composed the main 
plots, 2 clipping treatments (90% of active photosynthetic material 
clipped and unclipped) made up the sub-plots, and the 4 strains of 
Indian ricegrass were the sub-sub-plots. Five transplants of each 
strain of Indian ricegrass were planted in a row within each treat- 
ment. Nitrogen was applied in early June of 1984 and in late May of 
‘1985, while clipping was done at the anthesis stage of phenological 
development in both years. The nitrogen fertilizer application had 
no significant (m.05) effect on any measured parameter; there- 
fore it will not be discussed further in this paper. 

Root and crown samples were collected in early August at the 
end of the growing season immediately following the 1985 above- 
ground biomass harvest. One of 5 plants was selected at random 
from each treatment in each replication to be collected. A cylindri- 
cal sampling core of 13cm diameter and 24-cm long, with a sharp 
cutting edge, was placed directly over the selected plant crown and 
hammered into the ground. We estimate that thii core would 
sample approximately 60-80% of the individual plant root bio- 
mass and 100% of the crown biomass, with little contamination of 
root biomass by neighboring plants. The roots and crowns within 
the core sample were obtained by digging around the metal core 
and excavating it. The crowns were separated from the roots, with 
obvious decayed materials being discarded, and the live crown 
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tissue was washed with tap water and placed into a glass jar. The 
crown tissue was covered with 95% ethanol immediately following 
washing to reduce enzymatic activity, and then sealed tightly. 

Crown samples were taken to the laboratory where jars were 
placed, with their lids open, in a forced-draft oven at 60“ C. 
Ethanol was evaporated and the samples completely dried before 
they were weighed and then ground in a Wiley mill to pass through 
a 0.5mm screen. The ground samples were kept in sealed polyethy- 
lene bags prior to laboratory analysis. 

Plant roots were separated from crowns immediately after they 
were obtained from the field. Roots were removed from soil by a 
floatation method (McICell et al. 1961) using 0.0~mm screens. The 
root samples were oven-dried at 60“ C and weighed. 

Carbohydrate Analysh 
The prepared crown samples from the Cortez and Chaco 

Canyon study sites were taken to a laboratory for TNC analysis. 
TNC was extracted from each 0.5-g plant sample with 0.2 N 
sulphuric acid (Smith et al. 1964). The extracts were then used to 
determine TNC concentration on a glucose-equivalent basis by 
using an iodometric titration developed by Heinze and Mumeek 
(1940), but using modified reagents as suggested by the Association 
of Official Analytical Chemists (1965). Standard curves were 
determined for each stock solution. The TNC percentages were 
multiplied by the weight of the plant organ to determine carbohy- 
drate pool quantity. 

Data Analysis 
All data on root and crown weights, TNC concentration, and 

carbohydrate pools were analyzed using analysis of variance 
procedures (Steel and Torrie 1980). The calculated F-values were 
tested at the a = 0.05 level of probability, and if significant (m.05) 
interactions were found, then analysis within levels of a factor were 
conducted. When significant (m.05) differences were detected, 
Duncan’s New Multiple Range Test was used to separate signiti- 
cant (KO.05) means. 

ReauIts and Diacusdon 

Root and Crown Biomass 
Long-term heavy grazing (i.e., greater than 50 years) did not 

significantly affect root biomass of Indian ricegrass in the top 24 
cm of soil at the Chaco Canyon study site (data not shown). There 
were, however, significant differences in root biomass (Fig. 1) 
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Fig. 1. Root biomem for 4 strains of Indh ricegram at UK Cortez eom- 
moo gardcrsitc lo August 1985. Values are the average overreplicationa, 
fertilization, and clipping treatments. Means labeled with simller letters 
ere not dgnifkently dtfferent (PX.OS). 

among the 4 strains of Indian ricegrass transplanted into the uni- 
form garden at the Cortez site. No significant differences in root 
biomass among the grazed and ungrazed strains of Indian ricegrass 
from the Chaco Canyon study site were found. It should be noted 
that these 2 strains had greater root biomass than did either of the 2 
cultivated strains of Paloma and Nezpar (Fig. 1). Paloma had the 
lowest root biomass among the 4 strains of Indian ricegrass tested 
in the transplant garden at the Cortez study site. Greater root 
biomass for the 2 native strains of Indian ricegrass should be 
advantageous under droughty conditions. 

Defoliation at 30,60, or 90% removal of photosynthetic tissue at 
anthesis in early June had little effect on root biomass of in situ 
Indian ricegrass at the Chaco Canyon study site. Clipping Indian 
ricegrass at anthesis in the Cortez uniform garden also had little 
effect on root biomass and there was no significant clipping-x- 
strain interaction. The present research supported earlier work 
reported by Buwai and Trlica (1977a), who found no change in 
total root weights of blue grama and western wheatgrass (Agro- 
pyron smirhii Rydb.) after defoliation. Results of this research did 
not support that reported by Deregibus (1983), who found a reduc- 
tion of root biomass in Paspalum dilatum (Poir) as a result of 
defoliation. Santos and Trlica (1978) also found that the biomass 
of crowns and roots of blue grama and the root biomass of western 
wheatgrass were reduced by frequent defoliation. A number of 
other researchers have also reported reduction or stoppage of root 
growth following defoliation (Crider 1955, Oswalt et al. 1959, 
Jameson 1963, Davidson and Milthorpe 1965). 

Any defoliation caused significant reductions in crown biomass 
of Indian ricegrass at the Chaco Canyon study site compared with 
unclipped plants (control) (Fig. 2). Although there were no differ- 
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Fig. 2. Crown biomess for in slto Indian ricegresr et the Chaeo Canyon 
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ences in crown weights of plants defoliated at 30 and 60%, plants 
defoliated at 90% had significantly lower crown weights. 

Clipping of Indian ricegrass at anthesis resulted in a significant 
increase in crown biomass of Nezpar, but did not cause any sign& 
cant change in crown weights of Paloma or the 2 native strains 
taken from the Chaco Canyon study site (Fig. 3). This significant 
clipping-x-strain interaction was caused mainly by the reaction of 
the Nezpar strain to the single defoliation. These findings were not 
in agreement with results obtained from the defoliation treatments 
at the Chaco Canyon study site, where several intensities of defolia- 
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tion resulted in a decrease in the crown weights of a grazed and 
ungrazed strain of Indian ricegrass. This may have resulted from 
possible differences in soil moisture and plant competition (Meuggler 
1972) at the 2 study sites. Plants grown at the Cortez uniform 
garden site had higher soil moisture and relatively less competition 
from other plants and exhibited more growth, tillering, and 
increase in crown biomass as compared with in situ plants at the 
Chaco Canyon study site. The Chaco Canyon study site had low 
soil moisture after plants were defoliated, which also affected plant 
growth (Orodho et al. 1990). 

Total Nonstnretuml Carbohydrate CaneentratIons and Pools 
The seasonal TNC concentration trend of depletion during 

initial growth followed by replenishment of reserves in crowns was 
shown for both grazed and ungrazed strains of Indian ricegrass at 
the Chaco Canyon study site (Fig. 4). There were no significant 
differences in seasonal trends in crown TNC between grazed and 
ungrazed plants, which indicated that long-term heavy grazing had 
not significantly affected these trends. There was also. no signifi- 
cant interaction for TNC among grazed and ungrazed plants with 
different phenological stages of development. Similar seasonal 
trends in carbohydrate reserves have been described for other 
range species by a number of authors (Sampson and McCarty 
1930, Troughton 1957, Hyder and Sneva 1959, Weinmann 1961, 
Coyne and Cook 1971, TrIica and Cook 1972, Menke and Trlica 
1981). However, no previous work was found on seasonal trends in 
carbohydrate reserve cycles of grasses under different grazing 
histories. 

Results of this study did indicate that there were significant 
differences in TNC concentrations among in situ Indian ricegrass 
plants within the different intensities of defoliation at Chaco 
Canyon. There were no differences in TNC concentrations of 
plants in the 30% and 60% defoliation intensities (Fig. Sa). Greatest 
TNC concentrations were found in the crowns of these plants as 
compared with plants from either the control or 9% defoliation 
intensity. As expected, plants that had been subjected to 9% 
defoliation had the lowest TNC concentrations. Cook and Child 
(1971) noted that Indian ricegrass that had undergone previous 
defoliitions showed good recovery with rest, except for those 
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clipped at 90%. Trlica and Cook (1971) reported that TNC reserves 
in both roots and crowns of Indian ricegrass were usually higher 
among control plants than they were for heavily defoliated plants. 
They noted that TNC concentrations were significantly lower 
when defoliation occurred during late spring or near maturity in 
the summer. 

The total carbohydrate pools in crowns of Indian ricegrass at the 
Chaco Canyon study site following defoliations are illustrated in 
Fig. Sb. Defoliation at 90% resulted in the lowest total carbohy- 
drate pool in crowns of Indian ricegrass, whereas the greatest 
carbohydrate pools were found in control plants. There were no 
significant differences in total carbohydrate pools among plants 
from the 30 and 60% defoliation treatments. 

There appeared to be littk correlation between TNC concentra- 
tion and the total carbohydrate pool in crowns of Indian ricegrass 
(Fig. Sa & b). The trend observed for total carbohydrate pools in 
crowns was more correlated with crown weights following defolia- 
tion (Fig. 2) than with TNC concentrations (Fig. Sa). Santos and 
Trlica (1978) found that TNC concentration in blue grama was 
little affected by clipping, but that total carbohydrate pools were 
less because of a reduction in mass. 

A single clipping in the uniform garden study had no sign&ant 
effect on TNC concentrations in crowns of grazed and ungrazed 
strains of Indian ricegrass from the Chaco Canyon study site (Fig. 
6a). On the other hand, clipping resulted in a significant increase in 
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TNC concentration in crowns of the Paloma and Nezpar strains. 
Clipped Nezpar plants had more than twice the TNC concentra- 
tion as the other 3 strains studii. No differences were found for 
TNC concentrations between the clipped and unclipped plants for 
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the grazed and ungrazed strains of Indian ricegrass. 
Clipping resulted in a signiticant increase in the total carbohy- 

drate pool in crowns of Nezpar, but had no sign&ant effects on 
the other strains of Indian ricegrass tested (Fig. 6b). Carbohydrate 
pools among grazed, ungrazed, and Paloma strains were quite 
similar. Nezpar had the greatest carbohydrate pool in crowns of 
both clipped and unclipped plants compared with any of the other 
3 strains tested in the uniform garden. The carbohydrate pool 
averaged about 5 times greater for this strain and the carbohydrate 
pool more than doubled with clipping. Again, carbohydrate pool 
size was affected more by crown weight than TNC concentration. 
There was a lack of correlation between TNC concentration and 
total carbohydrate pool in Paloma following clipping. Clipping 
resulted in a signiticant increase in TNC concentration in crowns of 
Paloma (Fig. 6a), but did not affect the total carbohydrate pool 
size of this strain (Fig. 6b). 

Summary and Conclusions 
Long-term heavy grazing had no significant effect on root and 

crown biomass of Indian ricegrass at the Chaco Canyon study site, 
nor did it significantly affect TNC reserves in this grass. Thii 
indicated that 50 years of protection from heavy livestock grazing 
pressure had not resulted in significant selection and differentia- 
tion of Indian ricegrass into an ecotype with different root and 
crown biomass or TNC reserve concentrations. We also found that 
other morphological and chemical characteristics of thii grass had 
not been affected by long-term protection from livestock grazing 
(Trlica and Orodho 1989). Either long-term heavy grazing in this 
area has eliminated or greatly reduced nonresistant genotypes, or 
Indian ricegrass employs high regrowth capacity rather than 
defense mechanisms to overcome intense herbivory (Meijden et al. 
1988, Olson and Richards 1988). 

Crown biomass of Indian ricegrass was affected more by defolia- 
tion than was root biomass. Defoliation intensities affected TNC 
concentration and carbohydrate pools in crowns of Indian rice- 
grass. A 90% defoliation intensity resulted in more than a 50% 
reduction in the carbohydrate reserve pool. A seasonal trend of 
carbohydrate reserve depletion during initial growth and subse- 
quent replenishment of reserves at a later growth stage was evident 
in Indian ricegrass. This pattern of the TNC cycle and amount of 
carbohydrate reserves were not affected by long-term heavy 
Llrazing. 

Significant variations in root and crown biomass and in TNC 
concentrations existed among the 4 strains of Indian ricegrass and 
in response to clipping. Nezpar was superior to all other strains of 
Indian ricegrass tested at the more mesic Cortez uniform garden 
site with respect to crown biomass and carbohydrate reserves. 
Clipping resulted in greater crown biomass and TNC concentra- 
tion of Nezpar, while clipping had little effect on the Chaco 
Canyon strains. This indicated that Nezpar was a better strain of 
Indian ricegrass to be recommended in the Cortez area with higher 
elevation and annual precipitation above 360 mm. 

The 2 strains of Indian ricegrass from Chaco Canyon were not 
different from each other but were superior to Paloma. Their 
superiority was particuarly evident in their greater root biomass. 
These 2 strains from Chaco Canyon have promising genetic poten- 
tial in their tolerance to drought and long-term heavy grazing. It is 
recommended that these Chaco Canyon strains be further evalu- 
ated for these traits and constituted into a single improved cultivar 
for use in revegetation of more arid regions (precipitation less than 
250 mm) and at lower elevations in the western United States. 
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Comparative photosynthetic responses of big bluestem to 
clipping versus grazing 
L.L. WALLACE 

AbSbU!t 
Tbe w exchange reqmwaiof big bluestem (Andiopobon p 

md&‘) were followed after defoliation by eitba cattle ping or 
clipping and compared witb the response of nondefoliated (con- 
trol) plants. Grazed plants had significantly bigber rates of pboto- 
synthesis tbao either clipped or control plants. The photosynthe- 
sis/transpiration rrtio as well ti stomatal sensitivity to luunidity 
indicate that leaves of grazed plants may have developed in a 
higher ligbt 8nd lower moisture envirhunent than that of their 
clipped caunterputs. Altbougb tbe experimental dedgn could not 
precludC any indirect effects of animal l cttvtty (s8livq waste pro- 
ducts, or trampling) on the grazed plants, the microenvironmental 
dtfferences caused by grazing may be crucial in determining the 
respo- of gmssfis to clipptng versus gmzlng. 

Key Words: Au&opogon guru&f, OkIahoma, stomata1 sensItIv- 
By, photosynthesis/tr8nspir8tion ratio 

A great deal of interest has been expressed in graminoid 
response to defoliation. Studies have focused on herbage produc- 
tion, plant morphology, and plant growth in response to defolia- 
tion, as well as responses to the method of defoliation, clipping 
versus grazing (Robinson et al. 1937, Vickery 1972, Reardon et al. 
1974, Howe et al. 1982, King et al. 1984). The consensus appears to 
be that clipping or mowing a sward at a given height does not 
adequately mimic grazing. The primary reasons for this difference 
are: (a) grazing does not remove uniform amounts of forage from 
all tillers, hence removal of herbage from all tillers is unrealiitically 
severe (Stroud et al. l985), and (b) graxing animals have substan- 
tial indirect effects such as soil compaction and recycling of nut- 
rients via dung and urine (Bauer et al. 1987; Wallace 1987a, b) that 
are not mimicked by clipping. Unfortunately, there have been few 
explicit tests of these mechanisms. 

In this study, I attempted to ascertain some of the mechanisms 
which account for the differences that have been shown between 
clipping and grazing. By examining the photosynthetic responses 
of grazed, clipped, and nondefoliated (control) plants, I wished to 
determine which factors were not most closely correlated with 
plant response to these forms of defoliation. I expected that 
changes should be found in plant physiology that may precede 
changes that have been noted in plant morphology and productiv- 
ity. Thus, the data presented here represent a preliminary assess- 
ment of the differences in the responses of big bluestem (An&u- 
pogon gerardii) to either clipping or grazing. 

Methods 

Three 40 X 40-m plots were established adjacent to one another 
in tallgrass prairie at the USDA Livestock and Forage Experiment 
Station at El Reno, Okla. The plots were located on a upland 
prairie site on fine, mixed thermic Udertic paleustolls (USDA 
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1976). Dominant plants in 3 plots included Andropogon gerardii, 
Schizachyrium scoparium, Sporobolus asper, Sorghastrum nu- 
tans, Panicurn, virgatum, Vemonia spp. and Ambrosia psilosta- 
chya. Nomenclature follows Correll and Johnston (1979). 

Each of the 3 plots was delineated using 3 strands of electrical 
fencing. Within each plot were two 2.5 X 2.5-m exclosures, also 
constructed of electrical fencing. No microclimatic differences 
were found in the plots due to the presence of the fence. Half of 
each exclosure was left undefoliated while the other half was used 
for the clipping treatment. 

Plants were graxed for 3 days with 20 steers during the third week 
in June, 1987, and the third week in July (the equivalent of 14 
animals/ ha as opposed to the recommended stocking rate of 0.5 
animals/ ha; S. Coleman, pers. comm.). This extremely hi stock- 
ing rate was used to ensure that all plants within each plot were 
equally &razed. This was found to be the case since sward height 
was approximately 40 cm prior to grazing in June and 5-10 cm 
after grazing. Sward height was approximately 15 cm prior to 
grazing in July and was approximately 5 cm afterwards. Each plot 
was graxed to the extent that there was no litter and bare ground 
was exposed between plants. Sward height in the control plots 
averaged 52 cm prior to the July defoliation sequence. Litter 
accumulated to a depth of approximately 5 cm in both the clipped 
and control plots. 

Clipping was done on the day that the animals were removed 
from a given plot and was done to the same height as the grazed 
plants. A nyion string “weed-eater” was used for clipping. Leaf 
blades remaining after each clipping and graxing were approxi- 
mately 2 cm long. Therefore, most of the photosynthetic area of 
these plants was sheath tissue immediately after defoliation. Fol- 
lowing animal removal from 1 plot, animals were rotated onto the 
adjacent plot for 3 days of grazing. Following that, animals were 
rotated onto the final plots for 3 days. This yielded a time series of 
measurements with sequential plots each having 3 days less time 
for recovery from graxing or clipping. Gas exchange measurements 
were taken 1 week and 2 weeks (in the first defoliation sequence 
only) following cessation of grazing in the first plot. 

Gas exchange measurements were taken on the youngest, fully 
expanded leaves of big bluestem in grazed, clipped, and nondefol- 
iated (control) treatments using a LiCor 6000 (LiCor, Lincoln, 
Neb.) portable, closed gas exchange system. Eight plants were 
measured per treatment per plot, yielding a total of 8 leaves per 
treatment in a plot. Four leaves of each treatment were measured 
inside each exclosure, yielding 8 leaves per treatment for the 2 
exclosures. Leaves were held horizontally by the chamber during 
the 3O-second measurement period. Stomata1 conductance, trans- 
piration rates and net photosynthesis were determined along with 
measurements of relative humidity, quatum flux, leaf temperature, 
air temperature, and vapor pressure deficits (VPD). Chamber air 
was well-stirred so that the boundary layer remained constant and 
negligible during measurements. All gas exchange measurements 
were taken between 1100 and 1330 CST on each measurement day. 
All samples were measured within this time frame to minimize 
variation due to diurnal environmental change. 
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Prior to gas exchange measurements, 4 samples per treatment 
per plot were taken for gravimetric determination of soil moisture 
(10-15 cm depth). In addition, in July, samples were taken for 
determination of soil bulk density. 

Tests for significant treatment and data effects were run using 
ANOVA’s. Statistical significance was assumed at p1.05. 

Results 
Abiotic Parameters 

There. were no significant differences in quantum flux, leaf 
temperature, relative humidity, or soil bulk density between treat- 
ments at any date (Table 1). Minor differences in VPD were found 

Table 1. Average valuea of incident light ~mole+), leaf temperature 
(” CL r&the humidity (46) ami vapor presewe de&it (mbue) at each 
sampling date. Vahws in a row followed by the same letter are not 
signifkatily different at p 5.05, Dunaos Multiple Range Test. 

Parameter 

Light 

Temperature 

Humidity 

VPD 

Date Control ChPped Gm?Xll 

6124 992’ 991’ 11w 
7/l 1623’ 1597. 1684’ 
g/4 1591’ 1560’ 1452’ 
6124 32.8’ 33.2’ 32.6’ 
7/l 37.1. 35.Y 35.6. 
g/4 37.7. 38.2’ 37.2’ 
6124 30.1. . 29.1. 
7/l 28.7’ ;$ .31.1. 
g/4 24.5’ 23:sa 24.2’ 
6124 34.2’ 35.8. 34.7. 
7/l 45.8. 43.6’b 40.6b 
g/4 49.0. 52.6’ 49.3’ 

in July. Significant differences w.05) were found in soil moisture 
in the July and August samples with clipped plots having signifi- 
cantly more moisture than the other treatments (July clipped = 
10.48%“, control = 9.6@Zb, grazed = 9.03sb; August clipped = 
0.21%‘, control = 0. 17b, grazed = 0.14%9. Values for each month 
followed by the same letter are not significantly different. It is 
unlikely that the differences noted in August were biologically 
important because they were so dry. 

Gas Exchange 
Plants in both defoliation treatments had rates of photosynthe- 

sis which were initially depressed relative to the control leaves, but 
rates increased by day 5 (Fig. 1). After day 3 of the first defoliation 
sequence, photosynthesis of leaves on the grazed plants was always 
higher than that of clipped leaves. This difference was significant 
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Fig. I. Time coume of photoeyntbwls after defolhtioa for both defoliation 
sequences. Signlfkant (p5.05) differences between clipped and graze+ 
planta are denoted by ao asterisk. Rus represent one etandard error of 
the mane plotted for each date and treatment (n = C). 

on days 12 and 15. However, following day 5, the photosynthetic 
rate of the clipped leaves was never significantly different from the 
controls. The second defoliation sequence occurred during a sea- 
sonal drought. Although rates were ‘much lower than in the fast 
sequence, clipped leaves had the lowest rates of all of the treat- 
ments, with this difference being significant on days 11 and 13. 

There were fewer differences between defoliation treatments in 
stomata1 conductances or transpiration rates (Fig. 2). Grazed 
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Fig. 2. Time course of stomata1 conduti end transpiration after defo- 
liation. Treatment coda and legends are M in Figure 1. 

leaves had significantly greater stomata1 conductance than clipped 
leaves only once. However, both defoliation treatments tended to 
have greater stomata1 conductance values than the control treat- 
ment. Transpiration rates were also greater in the defoliated leaves. 
However, there was no consistent pattern of difference between the 
clipped and graxed treatments. 

Stomata1 sensitivity to humidity (transpiration/VPD) was sig- 
nificantly affected by treatments, with control leaves being signifl- 
cantly less sensitive than either defoliation treatment (grazed mean 
= 0.65, clipped = 0.64, control = 0.48). There was also a significant 
date effect, with leaves in July being more sensitive than leaves at 
other measurement dates. There were no significant interactions 
between date and treatment. 

Multiple regression analysis was conducted on photosynthetic 
rates for all 3 treatments at all dates to ascertain what factors 
appeared to be the most highly correlated with photosynthetic 
rates (Table 2). Grazed leaves showed little correlation with trans- 
piration whereas both clipped and control leaves had negative 
correlations with transpiration in July. All treatments showed 
positive, strong correlations with stomatal conductance. Correla- 
tions with incident light were always positive but were of less 
importance to the model than were correlations with stomata1 
characteristics and indications of water availability (soil moisture 
and VPD). Thus differences between treatments appear to be how 
the clipped and control leaves respond to moisture availability. 

Discussion 

Increased rates of photosynthesis following graxing and clipping 
were reported in several studies (Vickery 1972, Detling et al. 1979, 
Painter and Detling 1981, Detling and Painter 1983, Wallace et al. 
1984). Some of these studies correlated increased photosynthesis 
with increased stomata1 conductance (Gifford and Marshall 1973, 
Painter and Detling 198 1, Detling and Painter 1983, Wallace et al. 
1984). In this study, photosynthesis was also found to be positively 
correlated with stomatal conductance similar to these cited results. 
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Table 2. Factors w&h dgatficmtly @<.es) comlated with photosynthis in each treatment. CorrelatJon coefhhts are given for ack factor as well es 
the signifbnce terms for the whole model determined by stepwtse multiple regrash. 

Date 

6124 

7/l 

814 

Control+ 

-34 VPD 
39 Tran 
.Oll QU 
42.4 CM 

-.9 Tran 

-18.2 CM 
-427 Smst 

R2 P 

.901 .OOOl 

.878 .OOOl 

.740 .OOOl 

Clipped R2 

9.1 CM 
-1.8 Smst 
.006 QU .562 
33.6 CM 

-1 Tran 
.006 QU .613 
5.6 CM ,367 

P 

.ooll 

:E 

Grazed R2 

25.4 CM 
.OlOl QU .808 

-1.4 VPD 
8.0 CM 
2.4 LT .671 
NS 

P 

.oool 

.ooOl 

*CM = stomata1 conductance (cm s-l), Tmn = trans~kation (mmole HnO m*s2’), Smst = soil moisture (%), QU = quantum flux (mmole m%-I), VPD q  vapor pressure deficit 
(mbars), LT = leaf tempemture (’ C), NS = no sigmticant model found. 

However, the increase in photosynthesis over time in the first 
defoliation sequence was not mirrored in the response of stomata1 
conductance (Figs. 1,2). The difference in photosynthesis can not 
be ascribed solely to differences in conductance. Thii may be 
partially explained by the low soil moisture content in the grazed 
plots since litter may have acted as a mulch in the clipped and 
control plots. This is contrary to expected results (Wraith et al. 
1987). 

In the few studies that have explicitly tested the differences 
between clipped and grazed plants, the greater production or 
growth of the grazed plants was attributed to differences in leaf 
display, leaf population age structure, and the nonuniform nature 
of herbivory (White 1973, King et al. 1984, Parsons et al. 1984). In 
grazed plants, increases in photosynthesis following grazing have 
also been attributed to increased incidence of light on previously 
subtending leaves (Mcnaughton et al. 1981, Caldwell et al. 1983). 
Caldwell et al. (1983) found that leaves near the interior of bunch- 
grass canopies exhibited extreme saturation-type light response 
curves with very low light saturation points. They attributed thii to 
the fact that these leaves developed in a very low light environment. 
In this study, leaves of the grazed plants were the least shaded since 
there was extreme canopy reduction and bare ground exposed 
between plants. 

Another method of evaluating the physiological status of a leaf is 
to examine the ratio of photosynthesis to transpiration (P/T) 
(Caldwell et al. 1983). They found that leaves that had developed in 
the sun had higher P/T ratios than did leaves that had developed in 
the shade. However, I found no such pattern of change in P/T 
ratios over time following either clipping or grazing (Fig. 3). Unlike 
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Fig. 3. Time course of the ratio of photosynthesis to tnnspiration after 
defolintion. Trutment coda are es in Figure 1. 
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Nowak and Caldwell (1984), I did find that leaves of grazed plants 
had the highest P/T ratios 4 of the 6 measurement days of the first 
defoliation sequence and were significant greater than leaves of 
clipped plants 5 out of 6 measurement days. More data will be 
necessary for a definitive discussion of plant response to canopy 
structure changes, but these differences indicate that the microcli- 
matic changes in light intensity that accompany ungulate herbi- 
vory may be important in plant response. 

Additional studies have quantified the defoliation probability 
for tillers exposed to grazing ungulates (Briske and Stuth 1982). 
The proportion of tillers defoliated after 33 days of moderate 
grazing was not 100% as it would be in the clipped or mowed 
systems. Although most tillers were defoliated once or twice during 
this period, plants were not completely defoliated nor were all 
tillers on a plant grazed at any one time. This would allow for the 
canopy to be much more open in patches with a greater penetration 
of light to the base of the plant in those areas. Light penetration 
models (Sheehy and Cook 1977) have shown increased light inten- 
sities in grass canopies with canopy gaps that would occur in 
differentially grazed systems. Several authors have cited increased 
light as the reason for high productivity and/ or tillering of grazed 
swards (McNaughton et al. 1981, King et al. 1984, Parsons et al. 
1984). In mowed swards, light penetration was actually found to bc 
decreased in one study (Ludlow and Charles-Edwards 1980). In 
this study, the extremely intense grazing opened the canopy to the 
point that bare ground was exposed between plants. It would be 
reasonable to expect, then, that leaves in the grazed plots, would 
have developed in high light conditions. 

In this study, greater rates of photosynthesis may be due to 
changes in the abiotic environment of the individual leaf. This 
study was not designed to separate any other effects of grazing 
animals, i.e., saliva or trampling. Mechanisms do exist for more 
closely imitating the grazing process via clipping (Stroud et al. 
1985), and these should be utilized to test for the effects of animal 
saliva on plant growth and physiological responses to herbivory. 
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Comparison of actual and predicted blue oak age structures 
MITCHEL P. MCCLARAN AND JAMES W. BARTOLOME 

AbStNCt 
There is increasing interest in understanding tbe role of man- 

agement on the current lack of blue oak (Quercus &ughsti H. & 
A.) recruitment on CaHfornia footbill rangelands. Age structure 
analysis has been suggested to relate when and bow much recruit- 
ment occurred under past management as ~JI indication of current 
management effects on recruitment. Previous estimates of blue oak 
age structure were based on unquantified correlations between age 
and diameter. Using regression analysis we found tbat diameter at 
breast beigbt (DBH) accounted for 42-715 of the variation in tree 
age at 2 sites. Actual age structures were significantly different than 
age structures predicted from all regression eqtutions at both sites. 
We suggest tbat tbe use of age structurea to infer tbe role of 
management on blue oak population dynamics requires direct age 
measurement. 
Key Words: Quercus h@aviJ age-six relationships, California 
foothill rangeland 
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Blue oak (Quercus doughii H. & A.) recruitment since the 
1920’s has been described as rare on most of its 1 million hectare 
distribution on California foothill rangelands (Bartolome et al. 
1987). As the dominant and often only woody species in the oak- 
annual grassland savanna, blue oak is considered desirable because 
it can provide important browse, mast, and cover for wildlife and 
livestock (McClaran 1986) and increases herbaceous understory 
production in low rainfall areas (Bartolome 1987). Unliie the more 
common situation of increased woody species density on western 
rangelands in the past century and concomitant emphasis on man- 
agement to curtail recruitment, the lack of blue oak recruitment 
has stimulated interest in management that is compatible with 
recruitment. Increased interest in the role of management on 
recruitment problems of this California endemic have helped stim- 
ulate 2 symposia in the last decade (Plumb 1980, Plumb and 
Pillsbury 1987), proposals for state regulation of fuelwood cutting 
(Walt et al. 1985), suggestions for reduced livestock grazing, and 
solicitation of State sponsored research (Bartolome 1987). 

Griffin (1977) suggested that current low blue oak recruitment 
can best be understood by using age structures to describe when 
and how much past recruitment occurred. Previous age structure 
studies used unquantified relationships between tree age and 
diameter, calculated from a subsample of the population, to pre- 
dict tree ages in the remaining sample population (White 1966, 
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Site 

Campbell 

Koch 

N 

95 

278 

Indepeudent variable(s) 

DBH 
DBH + DBH’ 
log&BB 

DBH 
DBH + DBH2 
1ogloDBH 

Regression E%imates 
r a 

0.66 (0.08) 48.3 (4.3) 
0.71 (0.07) 28.4 (6.3) 
0.70 (0.07) 41.6 (13.1) 

0.84 (0.03) 22.9 (1.8) 
0.84 (0.03) 22.3 (3.0) 
0.74 (0.04) -14.6 (4.4) 

bt 

0.6 (0.1) 
I.5 (0.2) 

75.1 (8.0) 

3.2 (0.1) 
3.3 (0.4) 

78.1 (4.2) 

Goedneas-of-tit 
ba Smimov P-value 

CO.001 
0.01 (0.01) <O.ool 

<O.ool 

<O.ool 
-0.01 (0.01) <O.ool 

<O.ool 

Vanlcat and Major 1978). This approach was taken because incre- 
ment core samples were believed to be too difficult or time consum- 
ing to obtain. Unfortunately, these authors did not include correla- 
tion coefficients, predictive equations, or goodness-of-fit estimates 
for the relationship between age and size for reference or review. 
Predicting age structures from size structures through the use of 
predictive equations from population sub-samples is common, but 
it has also been criticized for being too inaccurate to reliably 
describe actual age structures (Harper 1977, Lorimer 1985). 

diameter2 as independent variables in a multiple regression analy- 
sis. We restricted our sample to trees less than 200 yr because there 
were only 8 trees older than 200 yr, and these outliers had a 
significant effect on the regression estimates. We also excluded 
approximately 10% of the trees from the analysis because they had 
rotten centers or multiple trunks. 

Because current and future research in the role of management 
on blue oak recruitment will likely focus on age structure analysis, 
our objective is to evaluate the predictive relationship between blue 
oak age and size by comparing actual age structures with age 
structures predicted from age-size relationships. 

To compare the actual and predicted age structures we assessed 
the goodness-of-fit for these regression equations. We used the 
Smimov test (Lehmann 1975) to evaluate the goodness-of-lit for 
each equation. 

Results and Discussion 

Materials and Methods 

We studied blue oak age structures and predictive age-size rela- 
tionships on 2 sites within the University of California Sierra 
Foothill Range Field Station (390 N, 121’ W) 30 km east of 
Marysville, California, in the Sierra Nevada foothills. Station 
rainfall and temperature patterns are typical of a mediterranean 
climate, with hot dry summers and cool wet winters that average 73 
cm precipitation annually. The two 5-ha study areas were approx- 
imately 5 km apart on (loo slopes, with the Koch site at 500 m 
elevation and the Campbell site at 300 m. Soils on both sites are 
Sobrante rocky loam, a mollic haploxeralfdeveloped from granitic 
parent material. Blue oak cover (from ocular estimates) and basal 
area on the Koch site was 25% (SE = 4.3) and 13.5 mr ha-’ (SE = 
1.5), and 22% (SE = 3.3) and 62 mr ha-’ (SE = 8.8) on the Campbell 
site. On both sites tree height was I12 m, and over 90% of the trees 
were blue oak. The pattern of spatial arrangement of the trees was 
not measured, but we estimated that it was between a contagious 
and random pattern. Introduced herbaceous annuals, %l m tall 
and l,OOO-3,000 kg ha-‘, dominated the understory and savanna 
openings. 

Diameter at breast height (DBH) proved to be more strongly 
related to tree age than diameters taken at lower heights, therefore 
we will restrict our presentation to results of analyses using DBH. 
All correlation coefficients (r) were different @_v),Ol) from zero, 
but only 42-71% (R1) of the variation in age was associated with 
DBH. The highest r values were with DBH, and DBH + DBHr as 
the independent variables on the Koch site (Table l), where all 4 
simple regression equations (age = a + bixi) were different for each 
independent variable at each site. The curvilinear equation, how- 
ever, was different from the simple DBH equation only at Camp 
bell (Table 1). 

All 6 regression equations produced predicted age structures 
significantly different from the actual age structure (Table 1). In all 
cases, predicted age structures from the regression equations were 
more continuous and broadly uneven than the actual age struc- 
tures at both sites (e.g., Fig. 1). 

Low correlation coefficient values and poor goodness-of-fit sug- 
gest that blue oak age or age structure cannot be aCCUratdy esti- 
mated from tree diameter. In addition, our results suggest that blue 
oak age and diameter relationships vary geographically. 

In July 1983 and 1984, we measured diameter to the nearest 
centimeter at 135 cm (breast-height, DBH), 60 cm, and 5 cm 
aboveground, cut, and removed the cross section at 5 cm above- 
ground from all blue oak trees in nine 0.05-ha plots on Campbell 
(N = 95 trees) and six 0. l-ha plots on Koch (N = 278 trees). Plots 
were located randomly on both study sites. Trees were cut to 
maximize dating accuracy. We dated each cross-section by count- 
ing annual increments along 2 radii (Stokes 1980) after sanding 
with 200 grit paper. 

Lorimer (1985) suggested that correlation between tree. age and 
diameter would be better if the stand was broadly uneven aged. 
Our results agree; we found a higher correlation between blue oak 
age and diameter in the stand with a greater range of ages (Koch). 
The lack of improvement in the r values when using a curvilinear 
(DBH + DBH2) equation agrees with Leak’s (1985) study of age 
and diameter relationships in 10 taxa. 

To describe blue oak age-size relationships at each site, we 
calculated regression equations and correlation coefficients (Steel 
and Torrie 1980) with age as the dependent variable and diameter 
as the independent variable. After assessing a scattergram of the 
size and age data, and in reference to previous studies (e.g., Leak 
1985) we decided to evaluate the age-size relationship using actual 
diameters and logro transformation of diameter in separate simple 
regression analyses, and a curvilinear description with diameter + 

Difficulty in predicting tree age from tree size is not surprising 
(Harper 1977, Lorimer 1985), but ramifications of this problem 
have focused on accurate dating without much attention to age 
structure shape. Accurate dating along with relative abundance in 
each age class (age structure shape) are critical to describing the 
timing, duration, and reoccurrence of management practices and 
natural events that might affect an age structure. Therefore the 
search for management and natural events that affect an age struc- 
ture will be led astray by both inaccurate dating and shape of age 
structures. In the case of blue oak, previous age structure estimates 
generated from agediameter relationships suggested abundant 
recruitment occurred between 1880-1920, and management and 
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Fig. 1. Actual (solid bar) and predicted (open bar) nge structures at both sites as a measure of goodness-of-fit for the linear regression equation with 
diameter at breast height as the independent variable. Actual and predicted distributions are different for both sites (Tabk 1). 

natural events occurring throughout that 4&yr period, such as 
increased livestock grazing, decreased fire frequency, or deer popu- 
lation decline were considered to have affected that age structure 
(White 1966, Vankat and Major 1978). We found that blue oak age 
structures generated from predictive equations depict a more con- 
tinuous and broadly uneven age structure than actually occurred. 
This result suggests that the search for coincident management and 
natural events should instead focus on events of shorter duration 
and more sporadic reoccurrence than previously considered. 

We conclude that accurate estimates of blue oak age structure 
cannot be based on predictive age and diameter relationships. 
Therefore we suggest that future studies of blue oak age structure 
should be based only on direct measure of tree age from increment 
cores or tree cutting. 
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Herbage production of Mediterranean grassland under sea- 
sonal and yearlong grazing systems 
MARIO GUTMAN, NOAM G. SELIGMAN, AND IMANUEL NOY-MEIR 

AbShCt 

Data from 2 consecutive grazing experiments conducted over 7 
years on a Medfterranean type grassland were used to calculate 
forage consumption by herds of beef cattle maint&ed at different 
stocking rates and in dffferent grazing systems. In the first experi- 
ment the 8nfm8ls were on the experimental rnnp for 8 months of 
the year; in the second, grazing was yearlong. Total production of 
berbrge mass was estimated from these data and from the residual 
litter in the paddocks at the end of the dry season. Production of 
dry herbage mass varied between 2,600 and 3,800 kg/ha, with a 
mean and SD of 3,060 f 300 kg/ha. While variation between 
years was relatively small but sfgnificant Cp <.Ol), the effect of 
stocking rate or grazfng system (seasonal, yearlong) was smaller 
and not significant. It fs concluded that the attained level of her- 
bage productfon of Mediterranean grassland on relatively shallow 
basaltic protogrumosols is not sensitive to tot8l precipitation over 
a very wide range or to grazing system. It may be dependent on the 
availablity of nutrients, especially nitrogen, and the seasonal dfs- 
tributfon pattern of available soil moisture in a restricted rooting 
zone. 

Key Words: conthmous grazing, rotatfonal grszing, forage con- 
sumption, supplemental feeding 

In order to determine herbage production of rangeland under 
grazing, it is necessary to solve methodological and logistic prob- 
lems encountered in estimating long-term intake of forage by the 
herd and in sampling herbage on large, heterogeneous range units. 
It is therefore not easy to determine quantitatively the degree to 
which environmental and management factors limit rangeland 
productivity in different situations. Annual herbage production 
has been shown to depend on various environmental factors, in 
particular precipitation and soil moisture (Le Houerou and Hoste 
1977, Murphy 1970), radiition and temperature (Wallach and 
Gutman 1976), temperature indices like accumulated degree days 
(George et al. 1988), soil nitrogen, and phosphorus (van Keulen 
1975, Penning de Vries and Djiteye 1982, Benjamin et al. 1982). 
Effects of stocking rate or grazing system on annual herbage 
production are superimposed on the environmental effects and 
may interact with them. The effect of defoliation by grazing is 
dependent not only on the severity of the grazing, but also on the 
ecology of the habitat (Nay-Meir and Walker 1986). In seasonal 
ranges, the end of the season can be abrupt when it is caused by 
photoperiodically induced maturity or by drastic weather change, 
like the hot, searing winds in the Mediterranean region; or it can 
depend on the availability and rate of depletion of a resource. like 
water or nutrients. In the first case, increasing grazing pressure 
should, in theory, reduce primary production; in the second case, 
not necessarily so (Nay-Meir 1978). 

Data obtained over 7 years from grazing trials conducted on 
rocky basaltic foothill range in a typical Mediterranean type envi- 
ronment were used to analyze effects of grazing system (seasonal 
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and yearlong), grazing method and stocking rate on estimates of 
herbage production. The objective of the study was to determine 
the sensitivity of herbage production at the experimental site to 
differences in grazing management over a period of years. Detailed 
analysis of animal performance in these experiments is reported 
elsewhere (Seligman and Gutman 1979, Gutman et al. 1989). 

Materiala and Methods 

Experimental Site 
The trial was conducted at the Karei Deshe Experimental Range 

in the lower Galilee of Israel, situated near the Jordan River and 
the Kinneret Lake (Sea of Galilee), lat. 32O 55N, long. 35’35’E, alt. 
150 m. The topography is hilly, with slopes generally less than 10%. 
The soils are brown basaltic protogrumosols with variable depth 
but seldom deeper than 60 cm and with a rock cover of about 30% 
(Gutman 1977, Gutman and Seligman 1979). The vegetation is 
dominated by hemicryptophytes (forbs and grasses that have a 
perennial root system but lose most of the shoot during the dry 
summer) that include Hordeum bulbosum L., Echinops spp., and 
Psorulea bituminosu L. (Zohary 1972). There are also many annual 
species, some of which are palatable pasture plants (Avena sterilis 
L., Bromusspp., Trifolium spp., Medicago spp., and many others) 
while others are palatable for only short periods during the early 
vegetative stages (e.g., Scolymus maculatus L., Brassica nigra L., 
Echium plantagineum L.). Annual legumes comprise between 5 
and 25% of the herbaceous cover, Hordeum bulbosum and annual 
grasses often account for more than 40% of cover (Seligman and 
Gutman 1979). 

The rainy season begins in October or November and ends in 
April. Mean annual precipitation (*SD) during the experiment 
was 554 f 169 mm, fluctuating between extremes of 322 and 761 
mm. Monthly precipitation is highly variable during the early and 
late months of the season, less so between December and March 
(Table 1). Seasonal growth of the range vegetation begins in 
November to December soon after the first rains. The herbage 
biomass exceeds 600 kg/ha DM usually by end of January. 
Growth continues in dependence on moisture and temperature 
conditions until it peaks during April. By mid-May the herbaceous 

Table 1. Monthly precipitetion st Kuei De&e daring the experimental 
pcdod (-0. 

cv 
YCXlr 75176 16177 77178 78179 19180 80181 El/82 Mean (%) 

Month’ 
act 0 34 46 18 18 105 
Nov 32 180 3: :: 12 3 440 58 100 
Dee 145 41 202 89 215 163 17 125 62 
Jan 77 104 139 66 122 263 30 114 60 
Feb % 53 67 39 128 153 187 103 53 
Mar 102 114 136 52 121 107 69 100 30 
Apr 51 90 16 10 57 20 11 36 83 
Total 503 616 599 322 761 727 358 554 31 

Qurinz May to September inclusive, there was no signitiant rain during the study 
period. 
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Table 2. Energy ce ofpasmrsforageandsuppIemeataryfseds 
(Meal/kg DM). 

Metabolizable 
energy Net energy 
CME CNE, 

Feed source Wm) (IMint) :z 

Green pasture forage 2.3 1.43 0.84 
Dry pnsture forage 1.6 0.76 0.23 
Poultry litter (PL) 1.56 
Wheat Straw (ST) 1.45 
Barley grain (BG) 3.04 
Energy expenditure grazing factor for grazing activity 
(GBZ) = 1.6 

species are dry. During the green season the herbage is of high 
quality and animals gain rapidly. In the dry seasson, quality is 
sufficient for maintenance only during the first few months (Table 
2). 
Experimental Design 

Six paddocks, in 2 blocks of 3 each, were available for the 
experiment. The paddocks were 25.5 to 33.0 ha in size and fenced 
so as to include equivalent proportions of the different range 
habitats in each paddock (Gutman and Seligman 1979). Through- 
out the experimental period, there were 3 grazing treatments. 
These were replicated twice, once in each block. The data for this 
study were taken from 2 consecutive experiments conducted at the 
same site. The first experiment (19761977) compared stocking 
rate and grazing method (continuous and rotational) during a 
season that began when the germinating pasture reached 500-700 
kg/ ha green herbage DM usually during January, and terminated 
at the end of the dry season in September. For about 4 months, 
between September and January, the animals were removed from 
the experimental paddocks. The herds for each paddock were 
reassembled each year, but the paddocks used for each grazing 
treatment were the same. The grazing treatments were seasonal 
continuous heavy (SCH), seasonal continuous light (SCL), and 
seasonal rotational heavy (SRH). The heavy treatments were 
stocked at 0.9 cows/ha; the light treatment at 0.6 cows/ha. In the 
rotational system, the paddocks were subdivided into 3 fenced 
subsections that were rotationally graxed with 3-5 week grazing 
periods, depending on the herbage growth (Gutman and Seligman 
1985). The second experiment (1978 to 1982) used yearlong con- 
tinuous grazing to compare 3 stocking rates: high (0.83 cows/ ha), 
moderate (0.67 cows/ha), and light (0.50 cows/ha), designated 
YCH, YCM, and YCL, respectively. The second experiment 
(1978-1982) began in January 1978 and was terminated at weaning 
on 19 July 1982. The herds in each stocking rate treatment stayed in 
their paddocks throughout the experiment except when taken to a 
central corral for weighing or veterinary treatment. 

The cows were crosses and backcrosses between local (Ralady) 
cows and Brahman, Hereford, and Simmental bulls. They were 
small and weighed on the average of 340 kg. They were allocated 
between treatments so as to achieve evenly composed herds with 
equivalent initial weight and age structure. During the ‘seasonal* 
grazing experiment, the herds were randomly assembled each year 
so that there was no carry-over effect of animal response from one 
year to the next. During the ‘yearlong’ grazing experiment, herds 
remained in the paddocks throughout the 5-year grazing trial. 
From July onwards, cows were supplemented ad libitum with 
poultry litter fed from large troughs to which all animals had free 
access. After the early rains, barley grain was mixed with poultry 
litter (24& barley) and straw was given in daily rations that varied 
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Table 3. Daily energy rsqnirsments (MuI/cow/d) and forags intake 
(kg/cow/d), desivsd &III NRC (19M). 

W = live&ght, k& G = daily EBW gain, kg/d, t = days after conocption 

Variable 
NE for maintenance 
NE for gain 
ME for maintcnancc 
ME for gain 
Forage DM intake/cow/day 

Daily ME intake from PL 
and ST 

Daily ME intake from BG 
PtegnanCY 

ca1vcs 

Equation 

:: 
= 0.077 Ww GIU 
q  6.2sG 

:2 
= NE,,, CME/CNE,,, 
= NE, CME/CNE, 

DMI q  (ML+ W&-SUP=- 
SUP&CME 

SUP, = PL intake + ST intake 

SUP, = BGintake 
NE, = aexp(b) 

a q  0.028 (O.O149+.OOOO4O7t) 
b = 0.05883t-0.OOOO8O4t~ 

Variable 
NE for maintenance 
NE for gain, medium frame, 

male 
NE for gain, medium frame, 

female 

= 0.0493 w.” Glae? 

with stocking rate. Supplementation ceased when green pasture 
became well established, usually between the middle and end of 
January (Tables 2 and 4). No supplements were given in the last 
year because the experiment terminated at weaning before the 
supplementary feeding period. In the seasonal experiment all cows 
were with calf at least at the beginning of the year. 

In the yearlong experiment cows were all with calf only in the 
first year, after which the calving rate depended on the breeding 

Table 4. Supplementary feed given to experimental he& (kg/ha). 

Supplementary feed 
Poultry litter Barley glain straw 

Seasonal grazing system 
Treat- 
ment’ SCH SCL SRH SCH SCL SRH SCH SCL SRH 
1976 

:‘: 2 :‘: 8 8 : 
0 0 0 

1977 0 0 0 
Mean 20 15 20 0 0 0 0 0 0 

Yearlong grazing system 
Treat 
mentl YCH YCM YCL YCH YCM YCL YCH YCM YCL 

1978 1130 690 570 21 240 29 1979 860 5% 400 : 48 :: 310 0 t 

1980 960 720 610 140 110 91 330 85 1981 1280 730 580 140 64 45 370 100 : 
19822 0 0 0 0 0 0 0 0 0 
Mean 1060 680 540 96 60 46 310 54 1 

Analysis of variance (CH and CL treatments only) 
Variable Poultry litter 
soulce F-value PR>F - @” PR>F F-value 

System 1284.7 .OoOl - 
stocking rate 87.2 .ooOl 21.6 .ooo7 

r2 0.99 0.62 
CV (%) 7 31 
n u 16 

‘See Study Area wd Method% 
Bx rimcut tcmtinated on 19 July 1982. before my suppkatent~ were @Wt. 
‘19 k St0 1981 
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performance of the cows in each experimental paddock. Bulls 
(grade Simmental) were with the cows between November and 
May. Calves generally were weaned between July and August. 
Pregnancy tests (by rectal palpation) were conducted after the last 
weaning and about 3 months after the bulls were removed from the 
herds. Cows in the yearlong experiment were replaced to maintain 
stocking rates only after skipping 2 consecutive breeding seasons 
or because of mortality. 

Estimate of Forage Consumption and Herbage Production 
The cows and calves were weighed during the experiment at l-to 

2-month intervals after withdrawal from water or feed for 18 
hours. The normative consumption of pasture forage was calcu- 
lated from net energy requirements of cows and calves for mainte- 
nance, physiological status, and live weight gain according to NRC 
standards (NRC 1984) using the equations shown in Table 3. 
Maintenance requirement was corrected to account for grazing 
activity by multiplication with a grazing factor (GRZ) of 1.6, as 
obtained in an experiment with sheep (Benjamin et al. 1977). The 
energy requirements used to calculate dry range forage consump- 
tion in the dry season were corrected for supplementary feed 
consumed during the period (Table 4). Forage intake was then 
calculated from net energy concentrations for maintenance and 
gain for green and dry range forage. These values were derived 
from estimates of metabolizable energy of local range vegetation 
(Table 2). 

Amount of remaining dry herbage in each paddock was esti- 
mated at the end of the dry season in October before the first rains 
of the following rainy season. Estimates were based on calibrated 
ocular estimates (Tadmor et al. 1975) along permanent transects in 
the experimental paddocks; the herbage mass in 300 25 X 25-cm 
quadrats in each paddock was estimated and 30 (every tenth quad- 
rat) were clipped for calibration. 

Statistiul Andy& 
The comparison between seasonal and yearlong grazing systems 

in this experiment cannot be conclusive because the systems were 
studied consecutively on the same range and not in parallel. Con- 
sequently, year effects overlap grazing system effects. Despite this 
problem, the grazing system is analysed as a separate factor 
because of the large differences between the systems: seasonal 
pasture utilization vs. yearlong, newly assembled herds each year 
vs. permanent herds, negligible supplementation vs. heavy sup 
plementation. In addition, the 2 systems were compared on the 
same range in the same paddocks. Therefore, in the analysis of 
herbage consumption and production, year effects and system 
effects were analyzed separately. In order to facilitate the analysis, 
only systems that were comparable in both systems were included: 
SCL, SCH, YCL, and YCH. Data from the SRH and YCM 
treatments that were excluded from the statistical analysis are 
presented in Tables 3 to 5 for comparison. 

Analysis of variance was calculated with the SAS (1985) general 
linear model (GLM) procedure. In the analysis, systems (seasonal 
and yearlong), stocking rates (high and low), year, and interactions 
were taken into account. Several versions of the model were tried 
but most interaction terms were not significant. In the final model 
only significant interactions and interactions of special interest 
were included. For each variable analyzed, the coefficient of 
determination (r*), the coefficient of variation of the residual sum 
of squares (CV), and the number of observations(n) are presented. 
In the analysis of animal responses, each individual animal in a 
year is an observation; hence, n is in the hundreds. In the analysis of 
herbage consumption and production, each paddock in a year is an 
observation; hence n=28. 

Table 5. Animal performme e under aeasoml and yearlong gmzlng 
Srtmu* 

cow live weight* Calf weaning wt weaned LW 
Wcow) (41 calf) production (kg/hay 

Seasonal grazing system 
Treat 
mentl SCH SCL SRH SCH SCL SRH SCH SCL SRH 
1976 326 315 306 211 200 190 108 61 91 
1977 331 338 312 211 214 200 

Mean 329 327 309 211 207 195 

Yearlong grazing system 
TreatmentYCH YCM YCL YCH YCM YCL 
1978 342 362 391 211 206 217 
1979 333 339 377 187 190 215 
1980 328 322 349 166 178 202 
1981 349 334 365 176 165 184 
1982 349 321 348 182 151 182 
Mean 340 336 366 la4 178 200 

Analysis of variance (CH and CL treatments only) 

116 79 95 
112 70 93 

YCH YCM YCL 
92 74 60 

136 89 83 
104 93 85 
99 77 55 
88 79 a2 

104 82 73 

Variable Cow live weight Calf weaning wt. weaned LW/ha 
source F-value Pr>F F-value Pr>F F-value Pr>F 

System 17.5 0.001 18.2 .OOOl 0.1 .7533 
stocking 

&?SYST 11.3 6.1 BOO1 .0136 2.4 6.7 .1200 .0102 23.8 0.6 BOO1 .4625 

h 0.06 (%) 
n 5z 

0.07 18 0.51 21 
4664 285 

‘See Study Area andMethods. 
Cow livewe’ 

T 3111 years 197 
t at waning. 

,I977 and 1978, weaned LW production on range = weaningwt. -wt on 
entry into the experiment. 
%hidual animal observations. 
‘Whole paddock observations. 

Results 

In the seasonal grazing experiment, the cows consumed only 
small amounts of supplement (poultry litter in summer) while in 
the yearlong experiment, massive supplementation with poultry 
litter, barley, and straw were required, particularly in autumn and 
early winter. The amounts consumed increased with stocking rate 
(Table 4). 

Mean cow weight per treatment at weaning varied between 
extremes of 310 and 390 kg/cow (Table 5). The cows in the sea- 
sonal experiment were slightly smaller than those in the yearlong 
experiment. The mean calf weights at weaning were similar at the 
beginning of each experiment, but on the average were lower in the 
yearlong experiment (Table 5). This can be ascribed to the fact that 
during the seasonal experiment the cows with calves were all 
pre-selected for early calving whereas in the yearlong experiment, 
later birth dates led to lower weaning weights. Overall, grazing 
treatment differences accounted for only 6 to 7% of the variation in 
cow and calf weight at weaning. Consequently, weaned calfweight 
per unit area was determined largely by stocking rate, which 
accounted for more than 50% of the variation. Differences between 
systems were not significant. During the driest year (1979), herbage 
production was average and animal production per unit area was 
the highest it had been during the whole experimental period 
(Table 6). An important factor that determined weaned liveweight 
production per unit area was the weaning rate. This, together with 
the fact that pasture inadequacy was partially made up with sup- 
plementary feed, contributed to the poor correlation between calf 
liveweight per unit area and herhage production or precipitation. 

In each year the animals were in the paddocks for a shorter 
period during the seasonal experiment compared to the yearlong 
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experiment. Consequently, the calculated mean annual pasture 
consumption per ha for equivalent stocking rates (CH and CL) was 
lower (P<O.Ol), and unused herbage at the end of the grazing 
season was higher (X0.05) during the seasonal graxing experi- 
ment (Table 6). The mean total dry herbage production from the 
range, calculated by summing the forage consumption and residual 

Table 6. AMUBI forage coneumptlon, reeidual herbage at the end of tbe 
dry eeeson end total dry matter production ln the experimental treet- 
mente (kg/he DIM). 

Forage consumption Residual litter Total production 

Seasonal grazing system 
Treat- 
ment’ SCH XL SRH 
1976 2200 1420 2020 
1977 2270 1720 2190 

Mean 2240 1570 2100 

Yearlong grazing system 
Tnat- 
mentl YCH YCM YCL 
1978 2840 2670 2280 
1979 2610 2360 2169 
1980 2710 2170 1960 
1981 2060 1820 1930 
19822 1960 1460 1320 

Mean 2440 2100 1930 

SCH SCL SRH 
900 1610 1130 
660 1230 1000 

780 1420 1070 

SCH SCL SRH 
3100 3030 3150 
2930 2950 3190 

3010 2990 3170 

YCH YCM YCL 
810 1080 1570 
500 560 820 
400 540 1010 
550 770 1280 

1020 1170 1500 

650 820 1230 

YCH YCM YCL 
3650 3750 3850 
3110 2920 2980 
3110 2710 2970 
2610 2590 3210 
2980 2630 2820 

3090 2920 3160 

Analysis of variance (CH and CL treatments only) 
Variabk Forage consumption Residual litter 
source F-value 

Total production 
Pr>F F-value Pr>F F-value Pr>F 

System 16.2 .0012 7.6 .0154 1.5 .2416 
stocking 

rate 76.6 .0001 134.7 .OOOl 0.3 6018 
Year 15.9 .OOOl 14.8 BOO1 7.1 .0017 
SR l SYST 1.8 .I788 1.3 .3050 1.3 .3170 

:v(%) 0.93 0.94 0.76 

n 

‘See Study Arus aud Methods 
‘Grssed up till 19 July 1982. 

herbage, was strikingly similar in both experiments at about 3,000 
kg/ ha (Table 6). Differences between treatments were very small 
and not significant. Differences between years were significant, 
mainly because of a particularly productive year in 1978, the first 
year of the yearlong, continuous grazing experiment. 

Discussion 
Herbage production as estimated in the present study does not 

include plant material that was lost by decomposition or removed 
by other herbivores (insects, rodents, game). The calculation of 
herbage consumption by the beef herd, even though validated at 
the experimental site, is based on assumptions, such as the grazing 
factor, that add an element of uncertainty to the estimate. In 
addition, the measurement of residual herbage is subject not only 
to sampling error but is also affected by weathering and trampling 
of the dry material. An independent estimate of herbage produc- 
tion on the site during 1969-1973 was published by Gutman (1977). 
The vegetation was harvested from plots that were undisturbed by 
grazing or clipping until the end of the growing season. The mean 
dry matter yield (SD) for the 5 years was 3,100&503 kg/ ha. The 
yields ranged between 2,490 and 3,650 kg/ha. These data do not 
account for leaf death and non-domestic herbivory, so they too are 
probably underestimates. However, they are direct measurements 
of above-ground ungraxed herbage production and at least con- 
firm that the calculated data from the grazed plots are reasonable. 

Studies in a drier Mediterranean site but where the soil is deep 
and there are no rocks, have shown that herbage production from 
native annual vegetation with 400 mm of annual precipitation, and 
with adequate plant nutrients, can produce 9,000 kg/ha (van 
Keulen 1975, Benjamin et al. 1982). This would indicate that 

potential, climate-limited production in the study region is much 
higher than that observed in the present study. It must be con- 
cluded that soil resources, including restricted soil depth, are prob- 
ably the dominant factor determining growth. This conclusion is 
supported by the fact that in the study area, fertilizer application, 
particularly nitrogen, has been shown to increase herbage produc- 
tion by almost 3 tons/ha dry matter, i.e., nearly double that mea- 
sured in the present study (Gutman 1977). Basaltic protogrumosols 
are not deficient in phosphorus (Koyumdjisky and Dan 1%9), but 
nitrogen availability can vary with mineralization, leaching, and 
N-fmation by the highly variable annual legume component 
(Se&man and Gutman 1979). 

The CV of the yields (uncorrected for treatment or year effects) 
from the clipped plots was 16.2% compared with 11.2% for that 
estimated from the grazed paddocks. Both these values are low 
when compared with other similar regions (Murphy 1970, Duncan 
and Woodmansee 1975, Le Houerou and Hoste 1977, Noy-Meir 
and Walker 1986). The CV of precipitation was 31% for total 
annual precipitation and between 30 and 105% for monthly precip 
itation (Table l), values that are much larger than the variation in 
herbage production. In addition, correlation between total annual 
precipitation and total annual herbage production was low and not 
significant, even though the pattern of growth and the timing of the 
beginning and end of each season was determined mainly by pre- 
cipitation distribution. The observed variation in total herbage 
production could also be explained by the seasonal distribution of 
precipitation and the duration of dry spells in the rainy season. 
These factors determine for how long a period in each season both 
soil moisture and soil nitrogen in a restricted rooting zone are 
optimal for plant growth. George et al. (1988) have shown that 
inter-annual variation in herbage production of California annual 
grasslands is related to accumulated degree days during the grow- 
ing season. This relationship may explain the variation in the 
current experiment but could not be checked because of insuffi- 
cient data. Degme days would not explain why the maximum 
herbage production at the study site is so much lower than poten- 
tial herbage production under prevailing climatic conditions. 

The lack of sensitivity of primary production to stocking rate 
and to graxing system needs clarification. If growth under the study 
conditions is determined mainly by a limited soil resource such as 
plant nutrients or moisture in a restricted rooting zone then it could 
be relativey independent of graxing regime because slower growth 
will cause a slower resource use and a longer growing season. This 
would be true unless growth rate and leaf area accumulation was 
reduced by grazing to so low a level that the growing season would 
be terminated before the vegetation utilized the available growth 
limiting plant nutrients (or moisture) in the soil (Nay-Meir 1978). 
For the latter to happen, stocking rates would have to be consider- 
ably higher than those that were imposed. At the heaviest stocking 
rate, 0.9 cows/ha, and with mean green season herbage consump 
tion rates of 11 kg/cow/d (Holzer, unpublished data), the maxi- 
mum defoliation rate of about 10 kg/ ha/d would be reached when 
green herbage availability ceased to limit intake at about 600 kg/ ha 
DM, usually about 6 to 8 weeks after germination (Gutman 1977). 
With a relative growth rate of 4%, which is common during the 
early growth stages, the absolute growth rate at this stage is already 
24 kg/ ha, and increases as herbage accumulates. Hence, for most 
of the season, growth rate of the vegetation considerably exceeds 
defoliation rates even at the heaviest stocking and leaf biomass 
should always be well above the critical threshold for net growth 
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(Noy-Meir 1975). Thus, even though the total amount of forage 
consumed by the herd varied with stocking rate, the total amount 
of herbage produced, did not. 

Conclusion 
We conclude that in the study area, where mean annual precipi- 

tation is more than 500 mm per ammm, the interannual variability 
of herbage production of native Mediterranean-type grasslands 
growing on relatively shallow, rocky soil, was much lower than the 
variability of precipitation. Total annual herbage production was 
not particularly sensitive to total annual precipitation, grazing 
system, or to stocking rates between 0.5 and 0.9 small cows per ha. 
The highest herbage production achieved was much lower than 
potential production under prevailing climatic conditions, so pro- 
duction level must have been determined mainly by the seasonal 
patterns of nutrient and soil moisture availability in a restricted 
rooting zone. 
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Comparison of the 
ling steers grazing 
J.F. KARN AND L. HOFMANN 

AbStrrrct 

copper and molybdenum status of year- 
reclaimed mined-land and native range 

Spoil materhi repheed after 8trip mining for lignite co8l may 
differ from the origirui top soil with respect to concentrations of 
copper (Cu) and molybdenum (MO), consequently levels of these 
elements may be affected in plants grown on tbis soil. The objective 
of tbe study was to compare tbe Cu and MO status of yea&g steers 
grazing mined-land and native raoge forage to determine wbetber 
mined-land gazed steers were more prone to molybdenosis and/or 
Cu deficiency. Vegetation samples were collected from both 
mined-land and native range pasturea. Copper was marginai and 
MO was sligbtiy bigb, for beef cattle, in forage obtained loom both 
study sites. Blood serum and liver biopsy samples were taken from 
yearling steers at the initiation and termination of gr8zing on 
reclaimed mined-land and native range in 1978,1979,1982, and 
1983. For the 4 years, there WNI no significant difference between 
forage sourcea with respect to Cu and MO levels in tbe liver or MO 
levels in tbe serum. However, serum Cu wn slightly (JY.10) lower 
in steers grazing on mined-land. Liver Cu levelr were marginal in 
steers grazing on either mined-land or native mnge. Initial liver MO 
levels were Igbtly above normal but did not increaae to levels 
expected if animals were consuming a diet excessively bigb in MO. 
No symptoms of Cu deficiency or molybdenosb were observed 
during tbe course of tbe study. However, ma&al serum, liver and 
forage Cu levels measured suggest that central North Dakota 
ranchers should be alert to the poesibiiity of a Cu deficiency, 
whether cattle are grazing reciaimed mined-land or nntive range. 

Key Words: strip mining, copper d&ciency, molybderuwis 

Strip mining for lignite coal is an on-going activity in North 
Dakota and other northern Great Plains states. Following recla- 
mation, the land, in many cases, is seeded to a perennial forage 
crop and used for grazing. Because spoil material with unsuitable 
concentrations of copper (Cu) and molybdenum (MO) is within 
reach of the plant’s roots, it has been suggested by Erdman et al., 
(1978) that a potential exists for molybdenosis in cattle and sheep 
grazing these forages. Sweet clover (Melilotus oJkina1~) sampled 
by Erdman et al. ( 1978) contained >S mg/ 1 MO at 5 of 8 mine sites 
sampled in the northern plains. Copper and MO levels in individual 
forage species reported by Newman and Munshower (1984) were 
highest in forage grown on bare spoils. Molybdenum levels were 
higher for legumes than for grass, but no values were reported >lO 
mg/ 1, the level suggested by Kubota ( 1975) above which molybde- 
nosis may occur. Underwood (1977) reported that connective 
tissue changes occurred in sheep grazing pastures containing from 
5-20 mg/l MO, but Ward (1978) indicated the minimum toxic MO 
level on fresh pasture was 20 mg/ 1. Ward (1978) also suggested that 
molybdenosis may occur when the Cu:Mo ratio is less than 2: 1. 

Soils containing high concentrations of MO are generally found 
in Nevada and California (Kubota 1975). However, metabolic 
problems similar to molybdenosis were reported in cattle graxing 
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forage grown on spoil materials containing high MO and Cu levels 
exposed as a result of a clay mining operation in Missouri (Ebens et 
al, 1973). Molybdenosis also has been reported in southwest North 
Dakota resulting from soil contamination by a uraniferous lignite 
coal ashing plant (Christianson and Jacobson 1970). While forage 
MO and Cu levels may be indicative of the potential for a toxicity 
problem, the Committee on Mineral Nutrition (1973) indicated 
that liver and, to a lesser extent, serum were the most appropriate 
materials to examine for molybdenosis or Cu deficiency. 

Although Cu and MO levels in forage grown on reclaimed 
mined-land have been reported, animal data assessing the potential 
for molybdenosis are lacking. Thus, the objective of this study was 
to measure Cu and MO levels in yearling steers graxing reclaimed 
mined-land forage and adjacent native range to determine whether 
mined-land forage presented a health hazard to grazing cattle. 

Materials and Methods 

The study area, located near Center, North Dakota, consisted of 
a reclaimed strip mined-land site and adjacent native range, The 
mined site had been stripped for lignite coal during the late 1960’s. 
Pre-mining soils were classified as Cabba (loamy, mixed, calcare- 
ous, frigid, shallow Typic Ustorthents) and Sen (fine-silty, mixed 
Typic Haploborolls). Spoil materials were characterized physically 
and chemically by Bauer et al. (1976). Five years before initiation 
of the Cu-MO study, the mined area was reshaped and covered with 
clay loam topsoil to a thickness of 9.7 cm. The area was seeded to a 
mixture of ‘Lincoln’ smooth bromegrass (Bromus inermis Leyss.), 
‘Nordan’ crested wheatgrass [Agropyron desertorum (Fiich. Ex 
Link) Schult.], intermediate wheatgrass [Agropyropyron intermedium 
(Host) Beauv.], ‘Vernal’ alfalfa (Medicago sutivu L.), and yellow 
sweetclover (iUelilotw officinalis Lam.) Vegetation on the native 
range site was primarily blue grama (Boulelouugrucilis L.agas~a ex 
Griffiths) and sedges (Curex spp.). 

In 1978 and 1979,3 steers were assigned to graxe on reclaimed 
mined-land and 3 on native range each year, for a total of 12 steers 
(3 steers/pasture for 2 years). Utilization of both pastures was 
approximately 80%. In 1982 and 1983 a different set of pastures 
consisting of 4 mined-land, and 2 native range, were used to 
facilitate replication of pastures. Two of the mined-land pastures 
had previously been lightly utilized (35%) and 2 had had a combi- 
nation of moderate (47%) and heavy (93%) use (Hofmann and Ries 
1988). These grazing treatments resulted in species and forage 
production carryover effects among pastures, thus, in the study 
reported here, light and heavy utilization mined-land pastures 
refers to previous grazing treatments. In 1982 and 1983, all mined- 
land and native pastures were stocked at the same rate. Drinking 
water for the cattle used in the study was not available at the study 
site, thus it was hauled as needed from the Northern Great Plains 
Research Laboratory 50 km away. 

In 1982, one steer was assigned to each of the 6 pastures for a 
total of 6 steers, while in 1983 two steers were assigned to each of 
the 6 pastures for a total of 12 steers. Steers were blood sampled 
and liver biopsied at initiation and termination of each grazing 
period: on 22 May and 8 August, 19781 June and 3 August, 1979, 
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Table 1. Copper and molybdcnun levels averaged over sampling dater lor forage grown on reclaimed mined-land and &the mnge ln 1982 and 191u. 

Year 

1982’ 
1983 

COppCr Molybdenum 

Native Mined-LU* Mined-HU2 Native Mined-LU Mined-HU 

----_____mg/l(drybasis)_________ _-_..__...mg/l(~~b~si~)--------- 
2.8’ 3.0’ 4sb 1.3 I 1.4 
3.2 3.2 3.6 1.6 1:4 1.6 

CUM0 Ratio’ 

Native Mined-LU Mined-HU 

. 
2.6’ 3.7b 
2.7 2.7 

‘All ratios show only the fti value of the ratio, the second value is I in all cases. 
shfined-LU q  mined-land previous history light utilization (35%). 
Mined-HU = mined-land previous history moderate (47%) and heavy utilization (93%). 

~partttre means averaged owr sampling dates for an element or ratio with different letters, differ (K.10) according to Student-Nuwenuu+fktb’ Tmt. 

24 May and 24September, 1982, and 19 May and 3 October, 1983. 
No data were collected in’ 1980 and 1981. Serum was separated 
from whole blood samples and froxen until it could be analyzed. 
Liver samples were kept on ice as they were collected, then rinsed 
with deionized water and frozen until analysis could be completed. 

Forage samples were obtained in July, 1978, and June and 
August, 1979, by hand-clipping plants and plant parts similar to 
those being grazed. Random grab samples of forage were obtained 
from 0.9 by 3.0-m cutter bar mower strips (l/pasture) on 15 June, 
21 July, 18 August, and 4 October in 1982 and on 1 June, 2 August, 
and 27 September 1983. Samples were also collected from 
ungrazed exclosures in the pastures at the same time by the same 
method. Forage samples were dried at 700 C and ground through a 
l-mm screen prior to analysis. Serum, liver, and forage samples 
were prepared for analysis according to procedures outlined by 
Fick et al. (1976). Copper was determined by atomic absorption 
spectrophotometry and MO was analyzed by flameless atomic 
absorption spectrophotometry using a graphite furnace. Changes 
in serum and liver Cu and MO levels between initial and final 
samples were analyzed in order to correct for differences in initial 
values between animals. 

Animal data for 1978 and 1979 were analyzed together as a 
randomized complete block by analysis of variance, with pastures 
considered fixed and years random. Data for 1982 and 1983 and 
for all 4 years together were analyzed in the same manner. Utilii- 
tion rates were most comparable between native range and lightly 
utilized mined-land pastures in 1982 and 1983; thus only data from 
these pastures were used when all 4 years were analyzed together. 
Forage data were analyzed for 1982 and 1983 separately as a 
randomized complete block with pastures considered fixed and 
sampling times considered random. Treatment means, when there 
were more than 2, were compared with the Student-Newman- 
Keul’s Test. Data were considered significant at the 10% level of 
probability. 

Results and Discussion 
Forage 

In July 1978, Cu and MO levels in forage from grazed mined- 
land and native range were 6.2 and 1.6 mg/ 1, and 7.8 and 0.6 mg/l, 
respectively. In 1979, forage Cu from grazed mined-land and 
native range was 10.0 and 10.7 mg/l, respectively, in June and 11.4 
and 2.8 mg/ 1, respectively, in August. Forage MO on mined-land 
was 2.7 and 3.0 mg/ 1 in June and August 1979, respectively, but on 
native range it was only about 1 / 4 as high. 

Forage Cu and MO levels did not vary significantly (p>o.l) 
among sampling dates in either 1982 or 1983; thus only pasture 
means are presented in Table 1. However, the Cu:Mo ratios did 
differ significantly among all 4 sampling dates averaged over pas- 
tures (June, 3.7:1, July, 2.9:1, August, 1.41 and October, 4.2:1) in 
1982. The Cu:Mo ratio for August was well below the 2:l ratio 
suggested by Ward (1978) as a threshold was well below which CU 
deficiencies were likely to occur. In 1982 the forage Cu levels and 
the Cu:Mo ratio (Table 1) were higher on the heavily utilized 
mined-land pasture than either native range or the lightly utilized 
mined-land pastures. Forage Cu and MO levels averaged over 
sampling dates from the exclosures were 3.9 and 1.2 mg/ 1 and 2.4 
and 1.0 mg/ 1, respectively, from mined-land and native range. 
These values were comparable to levels in grazed forage (Table 1). 

In 1983 there were no significant differences in Cu or MO levels 
or in Cu:Mo ratios among pastures (Table 1) or sampling dates 
(data not shown). Molybdenum levels tended to be higher and the 
Cu:Mo ratios lower than in 1982. Forage Cu and MO levels were 
only about 60% as high as levels reported by Erdman et al. (1978) 
for yellow sweet clover collected at a mine site near Ikulah, ND. 
Forage Cu levels for 1982 and 1983 ranged from 1.6 to 6.6 mg/l, 
with most values in the 3 mg/l range (Table 1). The National 
Research Council (1984) suggests that diet Cu levels lower than 3 to 
5 mg/ 1 may result in subnormal plasma and liver Cu levels. 

Table 2. Copper and molybdenum levels in the serum and liver of yearUng Steen grazing on mined-land and native mnge, average of 1978 and 1979 
s8mples. 

Pasture 

Mined 
Native range 

Initial 

0.87 
0.85 

Serum Liver’ 

Final Change SE2 Initial Final Change SE 

Copper (W 1) 
0.65 -0.22 0.02 34. I 24.1 -10.0 0.3 
0.78 -0.07 0.02 41.1 20.5 -20.63 0.3 

37.6 22.3 

Molybdenum (mg/ 1) 
Mined 0.09 0.04 -0.05 0.002 4.9 4.8 -0.1 0.4 
Native range 0.08 0.01 -0.07 0.002 5.1 3.9 -1.2 0.4 

Mean 0.08 0.02 5.0 4.4 

~Lmels src expressed on a dry matter basis. 

x&z 
?Qandard error the mean = , where EMS = error mean square used to test pastums and N = the number of values/mmn. 

N 
Weans in the same column for the same element differ (X.10) according to Student-Newman-Keuls’ Test. 
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Table 3. Copper and molybdenum levels in the serum and liver of yeargag steers grazing on mined-land and native range, 8vmp of 191)3 and WI3 
=apkr. 

Pasture 

Mitral-LU3 
Mined-HU3 
Native range 

Mean 

Mined-LU 
Mii-HU 
Native range 

Mean 

Initial 

0.42 
0.52 
0.54 
0.50 

0.03 
0.04 
0.04 
0.04 

Strum Liver’ 

Final Change SE2 Initial Fiil Cl=ngc SE 

copper (mg/ 1) 
0.30 -0.12 0.04 27.0 19.0 - 8.0 4.6 
0.50 -0.02 0.04 27.2 16.8 -10.4 4.6 
0.58 +0.04 0.04 29.4 48.9 +19.5 4.6 
0.46 27.9 28.2 

ow/l) 
0.09 +0.06 ygwcnum 

0:02 
6.4 6.8 + 0.4 0.7 

0.04 0.00 5.1 7.4 + 2.3 0.7 
0.12 +0.08 0.02 5.2 5.7 + 0.5 0.7 
0.08 5.6 6.6 

Uveh arc exprmsed on a dry matter basis. 

4-G 
Wandard error the mean = _, where EMS = error mean square used to test pasture8 and N = the number of values/ mean. 

‘Mined-LU = mined-land pmviof: history light utilization (35%). 
Mined-HU = mined-land prcviotu history moderate (47%) and heavy utilization (93%). 

AIlbUd sive levels of MO were removed from the diet. This suggests that 
Mean serum Cu levels for 1978 and 1979 were not significantly liver MO for steers used in this study may have been slightly above 

different between steers grazing on mined-land and steers grazing normal, but that forage MO was not high enough to cause a further 
on native range (Table 2). Initial and final serum Cu levels were in increase in liver MO levels. 
the adequate range 0.65 mg/l) according to the Committee on In 1982 and 1983 (Table 3) serum Cu in steers did not change 
Mineral Nutrition (1973). Mean initial liver Cu levels for steers signitkantly among pastures during the approximately W-day 
grazing on both mined-land pastures and native range were margi- graxing season. Liver Cu also did not change significantly between 
nal (GO mg/ 1) Committee on Mineral Nutrition 1973). During the steers grazing mined-land and native range, but there was a trend 
approximately 70day grazing season, liver Cu declined for steers for liver Cu to increase in steers grazing native range and to decline 
in both pastures, but decline was greatest (X.10) for steers on in steers grazing on mined-land. Mean final liver Cu levels from 
native range. Final liver Cu levels for steers on both mined-land steers grazing on mined-land were below the 20 mg/l level sug- 
and native range were near the severe deficiency level (GO mg/ 1) gested by the Committee on Mineral Nutrition (1973) as the level 
(Committee on Mineral Nutrition 1973). The average liver Cu level below which severe deficiency and usually clinical Cu deficiency 
for mature cattle is 200 mg/l with a range of 23 to 409 mg/l, signs appear. In 1978 and 1979 serum and liver MO appeared to 
according to Underwood (1977), with liver Cu ranging from 3 to 32 decrease slightly during the 70day grazing period, but in 1982 and 
mg/l with a mean of 11.5 mg/l for mature cattle that are Cu 1983 over a 124day grazing season, the reverse appeared to be 
deficient. Tejada (1984) reported that the critical liver Cu level true. However, there was no sign&ant difference among pastures, 
ranged between 25-75 mg/l. and liver MO levels were in the same range as in 1978 and 1979. 

Serum and liver MO in 1978 and 1979 tended to decrease during Combined data for the 4 years (Table 4) show a significantly 
the grazing period, but there was no significant difference between greater decline in serum Cu in steers grazing on the mined-land 
steers grazing on mined-land and native range (Table 2). The than in steers grazing on native range. Mean liver Cu over the 4 
critical liver MO reported by Tejada (1984) was 4 mg/ 1. Initial and years tended to decline more for steers on mined-land during the 
final liver MO levels ranged from 3.9 to 5.1 mg/l for steers on both grazing period, but results were not significant. In 1978 and 1979 
pastures. Underwood (1977) stated that adult sheep and cows the decline in liver Cu was greatest for steers on native range, while 
retained MO concentrations to 25-30 mg/l in their livers when they in 1982 and 1983 liver Cu appeared to increase in steers grazing on 
were ingesting moderately large amounts of the element. These native range and decrease in steers grazing the mined-land pas- 
levels rapidly returned to a normal range of 24 mg/ 1 when exces- tures. Liver Cu was quite variable in our study: levels for individual 
Table 4. Summary of copper ettd molybdenum leveb in the eerum and liver of yearling steers gluing on mined-land l ttd native range, avemge of 1978, 

1979,1!X32,8nd 1983 sampks. 

Pasture Initial 
Serum Liver’ 

Final Change SE2 Initial Final Change SE 

Mined 0.64 0.48 
Native range 0.70 0.68 

Mean 0.67 0.58 

Mined 0.06 0.06 
Native range 0.06 0.07 

Mean 0.06 0.06 

-0.16 
-0.02’ 

0.00 
+0.01 

Copper @cl 1) 
0.02 30.6 
0.02 35.3 

32.9 

Molybdenum (mg/l) 
0.01 5.1 
0.01 5.2 

5.4 

21.6 -9.0 4.6 
34.7 -0.6 4.6 
28.1 

5.8 +O.l 0.4 
4.8 -0.4 0.4 
5.3 

lLcvels arc expmsscd on a dry matter basis. 

G 2Standard error the moan = _, where EMS = error mean square used to test pastures and N = the number of values/mean. 
N 

‘Means in the same column for the same element differ (K.10) according to Student-Newman-Kculs’ Test. 
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animals ranged from 17 to 73 and from 8 to 82 mg/l at the initial 
sampling times in 1978 and 1979 and 1982 and 1983, respectively. 
Termination values were only slightly less variable. The range in 
liver Cu was greater than had been anticipated and no doubt 
contributed to the variability of the results. However, the values 
were all on the lower end of the concentration scale reported for 
normal liver Cu and the range in values reported in the literature 
suggest that these results may not be unusual. Mean initial and 
final liver Cu values for the 4 years were in the area considered 
marginal (GO mg/l) by the Committee on Mineral Nutrition 
(1973), regardless of the pasture grazed. 

Data suggest that yearling steers in this study had liver Cu and 
MO levels that, according to literature, were in the marginal range 
with respect to prevention of Cu deficiency. However, the change 
in serum or liver Cu or MO levels during the grazing periods used in 
the study were not consistent among years, even though forage on 
both mined-land and native range was marginally low in Cu and 
marginally high in MO for beef cattle. The relatively constant liver 
MO levels, however, suggest that dietary MO levels on either mined- 
land or native range were not excessive. 

High concentrations of dietary sulfur (S) may enhance the 
adverse affect of MO on Cu availability (Smart et al. 1981). Lang- 
lands et al. (1981) indicated that with sheep, when MO concentra- 
tions exceeded 10 mg/l, S had a greater adverse affect on the 
availability of Cu than when MO concentrations were less than 5 
mg/l. In the study reported here forage MO concentrations were 
generally in the l-3 mg/ 1 range; thus it is unlikely that S played any 
significant role in Cu availability. 

No animals used in this study showed any symptoms of Cu 
deficiency, molybdenosis or impaired performance, and the rancher 
whose land was used for the study had never observed Cu deli- 
ciency symptoms in his animals. However, Cu deficiencies have 
been documented with cattle grazing native range in North Dakota 
and the marginal nature of Cu levels in forage and animal tissues 
reported in this study suggest that ranchers in central North 
Dakota should be alert to the possibility of a Cu deficiency, 
whether their cattle are grazing on native range or on reclaimed 
mined-land. 
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Estimates of critical thermal environments for mule deer 
KATHERINE L. PARKER AND MICHAEL P. GILLINGHAM 

AbShd 

Mule deer (O&w&us ha&onus hanhus) can be tberm8lly 
stremed under a wldcrange of ambient conditions. We developed a 
model that provides examplea of the cobhtiom of wind, sohr 
radiation, and air temper&we that may reeult ln tberm8lly critical 
environmente for stand& full-fed adult mule deer during winter 
lo enow-covered end mow-free, open b&it&, end in meadow8 ln 
summer. Critical thermal comblnetlone of environmental vui- 
abler are shown ae 34imeneional eurfacee end tebla. Animal she, 
8ge, pelage cbuwterhtlce, and ground cover (lwlgbt end albedo) 
further affect the energy coats for thermoregulatlon by mule deer. 
Tbe need for habitat managera to coneider the provleion of thermal 
cover to reduce beat or cold strewa ln mule deer depende on the 
combinatione of cnvlronmental verlablee in a putkuhr habitat 
and geograpbk location. Impllcatlona, llmltatiom, and manage- 
ment cone&r&lone of our esthuteu 8re dhcumed. 

(LCT), it increases the thermal resistance of the hair coat by 
piloerection and that of the tissue by peripheral vasoconstriction. 
When physical regulation of body temperature reaches a maxi- 
mum, chemical regulation occurs. Energy metabolism must increase 
to maintain acceptable body temperature and prevent impairment 
of tissue function. Above the upper limit of the thermoneutral 
zone, or upper critical temperature (UCT), metabolic rate increases 
and is usually associated with hyperthermia. To minimize energy 
costs for thermoregulation by a wildlife species, habitat manage- 
ment could provide thermal cover to ameliorate environmental 
conditions when standard operative temperatures are less than 
LCT’s and greater than UCT’s. 

Key Wordez energetlcs, Odoedkus, etendud operative tempera- 
- tbermel cover, tbermoregul8tion 

Field observations suggest that wild ungulates select cover, bed- 
ding sites, and postures for apparent thermal benefits (Beall 1974, 
Leckenby 1977). Thermal cover now is considered an important 
component of ungulate habitat (Black et al. 1976), although few 
studies have quantified the thermal enviromnents experienced by 
animals and much of the information on movements or habitat 
selection cannot be used to distinguish between animal preference 
and requirement. Bioenergetics research on captive animals has 
identified physiological mechanisms that allow wild ungulates to 
cope with climatic stress and has defined many of their energetic 
requirements (e.g., Parker and Robbins 1984, Renecker and Hud- 
son 1986). Increased knowledge of the interactions between 
weather variables and animal responses is needed if thermal condi- 
tions are to be considered in habitat-management (Thomas et al. 
1979). 

In most studies, air temperature (7”) alone has been used to 
describe the thermal environments experienced by animals. Stand- 
ard operative temperature (7”) (Bakken 1980, 1981), however, 
more appropriately describes the effective temperature expe- 
rienced by animals outdoors by integrating effects of air tempera- 
ture, wind speed, and incident radiation into a single variable 
describing the animal’s thermal environment. Thermal conditions 
of different habitats for a species may then be compared with a 
common thermal index. Effects of precipitation, however, are not 
included in this index. 

Although the concept of critical thermal environments has 
aheady been proposed (Moen 1%8a), wildlife managers currently 
place little emphasii on thermal constraints. Our specific objectives 
are to: (1) present a model that provides examples of thermally 
critical environments for mule deer in winter and summer based on 
standard operative temperature; and (2) describe these environ- 
ments in tabular and graphical format. With this information, 
managers will be better able to determine whether thermally criti- 
cal environments are commonly experienced by mule deer in spe- 
cific habitat conditions. 

Methods md Theory 

To examine the effects of weather on ungulates in the wild, we 
generated a thermal model to assess physiological responses of 
mule deer to various combinations of micrometeorological varia- 
bles (see Appendix 1 for general equations). 

Calculation of Operative Tempsrature 
Thermal environments of mule deer initially were quantified 

using the equation for operative temperature (T.), presented by 
Campbell (1977394): 

T. = T. + re (R.b, - e.a T.‘) (1) 

PC, 

Thermoregulation is an animal’s ability to regulate body tempera- 
ture within acceptable limits despite large variations in ambient 
conditions. Over a thermoneutral range of environmental temper- 
atures, an animal’s resting metabolic rate remains relatively con- 
stant and independent of environmental conditions (e.g., Parker 
and Robbins 1985). As the animal approaches the lower limit of 
this thermoneutral zone (TNZ) or lower critical temperature 

where the temperature experienced by the animal (T’.‘.) includes air 
temperature and the effects of wind and radiation. These effects 
incorporate r, the animal’s resistance to convective and radiative 
heat transfer; R.b, the solar and thermal radiation absorbed by the 
animal; WT.‘, thermal emittance of the animal’s surface at air 
temperature; and pt$, the volumetric specific heat of air. Prelimi- 
nary estimates of T. for mule deer (Parker and Gillingham 1987) 
incorporated the influence of wind on coat resistance but underes- 
timated the effects of high wind speeds. Therefore, a wind-chill 
corrected or standard operative temperature ( Ta), based on theory 
developed by Bakken (198 I), was used to better estimate the anim- 
al’s thermal environment: 

T,= Tb-Tms+ra*(fi- T.) 

mb+r. 

(2) 

Authon arc assistant scientists. Wildlife Biology Progmm. Wtdington State Uni- 
versity, Pullman 99164. At the time of the research, both authors were research 
assoctata. Faculty of Forestry, University of British Columbii, Vancouver, B.C. V6T 
1ws. 

Research wu fded in part b 
grant to F.L. Btmndl. The 

the Science Cod of British Columbia through a 
insi& .nd contribution8 by OS. Campbell am greatly 

ap 
R 

m&&d. Helpful commenti on this manwxipt were provided by R.T. Bowyw. 
anuscript accept4 16 Much 1989. 

where Tb is the animal’s body temperature, rnt, is the thermal 
resistance of skin and pelage to heat flow under natural outdoor 
wind speeds (u), and rut,, and r, are the values of rub and r. under 
low convective conditions (u 5 1 m/s). 
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PhysIologleal Maauremedr 
Using the energetic measurements made on animals under out- 

door conditions from Parker (unpubl.) and Parker and Robbins 
( 1984), we employed nonlinear regression techniques (Dixon 198 1) 
to describe the relationships between ambient conditions and body 
temperature, and thermal resistance of mule deer at low wind 
speeds (u I 1 m/s). Animal whole body resistance was partitioned 
into tissue and coat components. Tissue resistance was assumed to 
be an inversely linear function between vasoconstriction at lower 
critical temperature (170 s/m) and vasodilation at upper critical 
temperature (50 s/m) (Webster 1974). Coat resistance was calcu- 
lated as the difference between whole body and tissue resistances. 
At wind speeds greater than 1 m/s, we assumed that coat resistance 
decreased 8% with each ml s increase in wind speed, as noted for 
caribou, wolf, and rabbit (Campbell et al. 1980). 

Adult animals were assumed to weigh 67 kg (Parker 1983). In 
winter, LCT was fixed at -19“ C and upper temperature was +2.5” 
C (Parker and Robbins 1984: 1418). In summer, lower and upper 
critical limits were +S’ and 23.Y C, respectively (Parker and 
Robbins 19841419). 

Effects of Wind 
Wind speeds, standardly measured at 3 m above the ground, 

were extrapolated to animal height (Campbell 1977:38). This 
height was assumed to be the height of mid-rib cage, which varies 
as a function of body weight for mule deer (Parker 1987). The 
average ‘crop’ height (grass, shrubs, snow) in which the animal was 
standing was fmed at 0.1 m for this analysis. A characteristic 
dimension, or representative distance over which the wind travels 
on the animal’s surface (Campbell 1977~65) was computed as the 
average of the animal’s length and diameter (Parker 1987). 

Effects of convection, forced (resulting directly from wind 
speed) and free (occurring because of thermal gradients between 
the animal and its environment), were assessed prior to determin- 
ing the animal’s resistance to convective heat transfer. Usually one 
or the other process dominates, and we used only the resistance for 
the dominant process (Campbell 197170). Resistance to free con- 
vection was calculated from the temperature difference between 
the air and the animal’s skin surface in the sun or shade; this 
resistance occurred over the characteristic dimension of the 
animal. 

Effects of Solar and ThermaI RadIatIon 
We separated short-wave irradiance into direct and diffuse com- 

Fig. 1. Three-dimensional surfacea of PredictG lower (T, q  490 C) and 
upper (T, = 2.9 C) thermally critical environments for full-fed, adult 
mule deer standing in snow-covered, open habitats in winter. 

74 

Fig. 2. Three-dimensional surfacea of predicted lower (TI. 49°C) and 
upper (T, = 2.9 C) thernuiiy critic8i environments for full-fed, 8duit 
mule deer st~~Iing in mow-free, open h8bitaQ in winter. 

ponents using factors to incorporate differences between potential 
and measured direct radiation and the amount of absorption of the 
solar beam by atmospheric moisture and ozone (Wesley and Lip- 
schutz 1976, Campbell 1981). Reflected short-wave radiation was 
estimated using surface albedos of 0.80 for snow, 0.20 for a field in 
summer, and 0.26 for matted grass in winter (Lowry 1969133). 
Angle of solar elevation was defined by the interaction among solar 
declination, geographic latitude, time of day, and time of solar 
noon (Paltridge and Platt 1976, Campbell 198 1). Total short-wave 
radiation absorbed by the animal was then calculated assuming a 
shadow area equal to 1 / 3 of the animal’s surface area and short- 
wave absorptivity values of 0.7 and 0.8 in summer and winter 
pelage, respectively (W. Porter, pers. comm.). 

In the calculation of long-wave radiation absorbed by the 
animal, we employed a clear sky emissivity based on air tempera- 
ture (Moen 1%8b:340), a ground emissivity of 0.97 (K.L. Parker, 
unpubl. data), and an animal emissivity of 1 .O, as demonstrated for 
caribou (Rang@& tarandus) (Monteith 1973). Because of the 
extreme variability of thermal energy flux from animal surfaces 

Fig. 3. Tbrecdimensionai surfacea of predicted’lower (T, = 9C) and 
upper (T- q  23.5’ C) thermally critical environments for fuii-fed, adult 
mule deer standing in meadowed habitats in summer. 
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when exposed to ambient conditions (Moen 1973:88,1974, Moen 
and Jacobsen 1974) and because these interactions between envi- 
ronmental variables and surface temperatures have not been thor- 
oughly quantified, we assumed that the animal’s outer surface 
temperature equalled air temperature. 

Model Inputs ad Outputs 
T, was determined for combinations of air temperature (-20 to 

+uP C in winter, 0 to 40° C in summer), wind speed (0 to 15 m/s), 
and short-wave radiation (0 to 400 W/ mr in winter, 0 to 800 W/ mr 
in summer) at 46.83’N, 117.200 W (Pulhnan, Washington). Predic- 
tions were made under no sun conditions and at a maximum angle 
of solar elevation (time of day = time of solar noon) in midsummer 
(Julian day = 200) and midwinter (Julian day = 49) under condi- 
tions with and without snow. These predictions and planes of lower 
and upper critical temperatures are presented in tabular and 3- 
dimensional formats. Graphical output was produced using Dis- 

spla Integrated Software System and Plotting Language (ISSCO 
1987). 

Rt!SUltS 

Predicted Standard Operative Temperatures 
Incident solar radiation raises the standard operative tempera- 

ture ( Tw) experienced by an animal and wind speed decreases the 
effective environment (Tables l-3). In winter, the high reflectance 
of solar radiation from snow increases standard operative temper- 
atures up to 9’ C from those experienced on bare ground at midday 
under the same air temperature, still air, and high solar level 
conditions (Table 1,2). Wind speeds of 5 m/s can eliminate most of 
the thermal effects of maximum solar levels. In summer, incident 
solar levels may be twice as high as those occurring in winter (Table 
3). The relative effects of these high solar loads at midday with 
minimal wind, however, are comparable to those in snow-covered 
winter habitats and may raise standard operative temperatures 30” 

Table 1. Predicted standard operative temperatures (T& for full-fed, adult mule deer standing in snow-covered open habitats in winter. T, is air 
temperrture; u is wind speed 8t 3 m; 4 im wind speed 8t 8nhui height; SW is short-w8ve r8dMon. 

lg) u a3 SW T.. T. u u. SW 
(m/s) (m/s) W/m21 PC) (“C) (m/s) (m/s) W/m*) (0% (Zj (Z/s) (m/g (WSE) c$ 
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-25 
-25 
-25 
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-20 
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-20 
-20 
-20 
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-20 
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-20 
-20 
-20 
-20 
-15 
-15 
-15 
-15 
-15 
-15 
-15 

0 
0 
0 
0 
0 
5 
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10 
10 
10 
10 
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15 
15 
I5 
15 
15 
0 
0 
0 
0 
0 
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: 
5 
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10 
10 
10 
10 
10 
15 
15 
15 
15 
I5 
0 
0 
0 

1 
5 
5 

0.0 
0.0 
0.0 
0.0 
0.0 
3.7 
3.7 
3.7 
3.7 
3.7 
7.5 
7.5 
7.5 
7.5 
7.5 

11.2 
11.2 
11.2 
ii.2 
il.2 
0.0 
0.0 
0.0 
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Tabk 2. Predicted standard operative temperatures (?‘a) for full-fed, adult mule deer tiding in MOW-lra open lubitrtr h winter. T,is & temperature; 
ukwindspecdat3m;u,k~rpecdrt~lbci~;SWkrbort-mve~on. 

U Ua SW T, T. U b SW 2” 
(m/s) (m/s) (W/m? P-1 Pc> (m/s) (m/s) (W/m21 PC) 
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-38.5 
-35.6 
-32.8 

-23.3 
-17.0 
-10.8 

4.7 
1.5 

-38.5 
-34.8 
-31.4 
-28.0 
-24.1 

200 
300 
400 
0 

100 
200 0 
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5 
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-53.6 
-18.4 
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-6.1 
-0.1 

6.0 
-32.2 
-28.9 

300 9.2 
400 15.1 

iii 
0 

100 
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-20.2 
-16.9 
-13.6 
-10.3 

-6.3 
-31.6 
-28.8 
-25.9 
-23.0 

0 
100 

C from nighttime conditions. Under the same environmental con- 

ditionsin bothseasons(e.g., T.=O” C, u=Om/s, SW ~400 W/mr), 

the standard operative temperature experienced by the animal is 

greater in winter because of the greater insulation and absorptivity 

to solar radiation provided by its winter pelage. 

Lower and Upper CMtieaI Temperature 
Environmental conditions between the predicted surfaces of 

lower (LCT) and upper critical temperatures (UCT) represent 
optimum thermal environments for mule deer (Figs. l-3). Increased 
energy expenditures for thermoregulation would occur above and 
below these surfaces. Variations in the steepness of the surfaces 
represent the sensitivity of the boundary between an animal’s 
critical and noncritical thermal environment to different weather 
variables. In winter, the range of air temperatures in which animals 
exist most comfortably (i.e., the width of the thermoneutral zone) 
under conditions of minimal wind is -22” C with no solar gain and 
24-25O C with full solar loads (400 W/ms; Figs. l-2). Increasing 

wind speeds to 15 m/s decreases the thermoneutral zone to 4 lo C, 
regardless of incident solar levels. In summer, high wind speeds (15 
m/s) reduce the thermoneutral zone by g-100 C from still air 
conditions (Fig. 3). 

Discussion 
Impliations of Predicted Tbermd Environment8 

Predicted thermal environments for mule deer provide insight 
into the contributions of solar radiation and wind to the standard 
operative temperatures experienced by animals, seasonal differen- 
ces in these contributions, the importance of snow relative to solar 
reflectivity and the wind speed profile, and the importance of 
reduced radiative heat input from a clear sky at night. 

Particular importance of solar radiation to mule deer at cold 
temperatures on snow-covered surfaces during winter is demon- 
strated by animals that are not thermally stressed until T.‘s fall to 
approximately -53” C when solar radiation levels are high (400 
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Table 3. Predkted standard operative temperaturw (T&for full-fed, adult mule dew standing In open habitats in summer. T, is air temperaturq a is wind 
speed at 3 m; u, la wind speed at animal height; SW is short-wave radiation. 
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17.4 
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0 25.5 

34.9 
43.1 

600 51.6 
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2: 
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29.9 

0 22.8 
200 21.9 
400 33.0 
600 37.7 
800 39.1 

2: 
21.4 
26.6 

iii 
31.7 
36.3 

800 31.4 

W/m*) and effects of wind are minimal (Fig. 1). Even at T.‘s of 
-30” C, the first direct beam radiation at sunrise will stop shivering 
by mule deer almost immediately and elevate skin temperatures 
equal to those at +300 C in summer (Parker and Robbins 1984). 
Radiant temperatures of the surface of mule deer pelage may 
change 18” C between shaded and unshaded conditions (Parker 
and Harlan 1972). In contrast, upper critical temperatures actually 
may be exceeded at -2S” C (T.) for animals on snow surfaces with 
minimal wind speeds and high solar levels (400 W/m2) (Fig. 1, 
Table 1). 

In high elevation mountain habitats when air temperatures fall 
to freezing (00 C) in late summer, solar levels must exceed 175 
W / m2 for adults to remain in thermoneutral environments (Fig. 3). 
As such, nighttime poses lower thermally critical conditions in still 
air. In the extreme case, when freezing air temperatures occur at 
midday, solar radiation levels greater than 550 W/m* may induce 
heat stress. Hence, a singular change in solar radiation from min- 

imal to average daily loads will cause standard operative tempera- 
tures for mule deer to range from cold-stressed to heat-stressed 
environments. 

In both seasons, under conditions of dark, calm, and no wind, an 
animal radiates more heat to the environment than it gains. It 
consequently senses the environment to be colder than air tempera- 
ture (e.g., Table 1, adult in snow in winter: T. = -20° C, u q  0, SW = 
0, T.. = -23.3O C). In the model, this occurs because-the long-wave 
radiation absorbed by the animal is less than its long-wave emit- 
tance. Data for white-tailed deer (Odocoileus virginianus) suggest 
that animal surface temperatures ( Tr) are greater than air tempera- 
tures under still, no wind conditions (T. = 0.0 to -30.0’ C, T, = 6.6 
to -21.8’ C; Mocn 1968b). Because thii model assumed an outer 
coat temperature equal to air temperature, net radiative heat loss 
and an estimate of the resistance of free convection by mule deer 
may be slightly greater than predicted here and their operative 
thermal environment would be even colder. 
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Wind also signiticantly affects the mule deer’s thermal environ- 
ment. The range of temperatures within the thermoneutral zone 
under no wind conditions in winter declines 5m when wind speeds 
reach 15 m/s; similarly, in summer a 43% decrease occurs. Increas- 
ing wind speeds (0 to 15 m/s) have the greatest effect on lower 
critical environments with high solar radiation levels, effects are 
least on upper thermally critical limits during no sun conditions 
(Figs. l-3). 

predicted by this model and standard operative temperatures at 
wind speeds greater than 11 m/s would be much colder. Unfortun- 
tely, actual micrometeorological measurements of high wind 
speeds have not been related to metabolic requirements of mule 
deer. 

The wind speed experienced by an animal is slightly less when it 
stands in snow (or a meadow) that is 0.1 m deep than when on bare 
ground because the wind speed profile, which increases exponen- 
tially with increasing height above the ground (Campbell 1977:39), 
does not begin until 0.1 m above the substrate. Standard operative 
temperatures experienced by fawns would be slightly colder than 
those experienced by adults (Tables l-3). Even though smaller 
animals (with lower rib-cage heights) have the advantage of being 
in the lower-velocity portion of a wind speed profile (Moen and 
Jacobsen 1975), their characteristic dimension relative to body 
weight (Parker 1987) and larger surface area to volume ratio result 
in higher susceptibility to convective heat losses. 

Llmltatlons of Estimating Tbermdly Critical Environments 
Critical temperatures for mule deer were determined for stand- 

ing, full-fed, healthy animals. Thermal stress for animals in the 
field may be adjusted slightly by behavior, diet, and body condi- 
tion. For example, lying postures potentially reduce heat loss 
through the extremities and may decrease LCT’s for moose (Alces 
&es) by more than 100 C (Renecker et al. 1978). In contrast, 
locomotory costs in reindeer may substitute for some thermoregu- 
latory expenditures (Nilssen et al. 1984), even though convective 
heat losses would be greater for moving than for stationary anim- 
als. Fasting pronghorn (Antilocapra americana) reach critical 
thermal environments at air temperatures 12-Ho C higher than 
those on ad libitum intake (Wesley et al. 1973). For free-ranging 
mule deer in poor body condition or on limited food intake in 
winter, lying postures would minimize energy expenditures for 
activity, and, because of the insulative qualities of snow, reduce 
thermoregulatory costs. A reduced food intake or quality-limited 
diet, however, also would reduce heat produced by the animal. 
Therefore, lower critical temperatures for free-ranging mule deer 
would probably approach -19“ C, as used in this model, and also 
determined by Mautz et al. (1985), by accumulative effects of food 
and posture. Regardless of the absolute value chosen to represent 
the boundary between thermoneutrality and thermally critical 
environments, the relative effects of air temperature, wind speed, 
and solar radiation should be as shown in the surfaces generated by 
our analysis. 

Conductive heat losses have not been included in this model. In 
snow-covered habitats in winter, the insulation provided by the 
animal’s winter pelage and the snow may minimize heat losses. For 
animals lying on cold, poorly insulated ground without snow or 
during early spring and summer conditions, conduction may 
aggravate cold stress and may be one of the more important ways 
of heat loss (Gatenby 1977). Standard operative environments 
would be colder than predicted herein ifthe heat lost by conduction 
(but conserved by lying) exceeded heat lost by convection (and 
expended during standing). 

The transitions between different thermal environments (the 
animal’s transient state) is a more difficult variable to incorporate 
in thermal models (Campbell 1977:96, Parker and Robbms 1985). 
Animals are not static components of their environment. Because 
of activity patterns and movements, a variety of non-uniform 
microsites are encountered. Large animals, with low surface area 
to volume ratios and a large thermal resistance, are able to endure 
long exposures to environments outside acceptable operative con- 
ditions before significant changes in body temperature occur. 
Smaller animals respond more quickly to environmental changes 
and consequently may benefit to a greater degree, at least in the 
short term, by the provision of thermal cover. 

Idluencea of Vegetative Cover 
We have modelled the interactions of weather variables as they 

affect the operative temperatures experienced by adult mule deer. 
The animal’s metabolic response to a given 7” is the same no 
matter what habitat it is in. It is unliiely, however, that abiotic 
variables measured in open areas are equivalent to those measured 
simultaneously under forested canopies. Vegetative structures 
(and hence, the concept of thermal cover) modify the abiotic 
components of open areas (temperature, windspeed, radiation) 
and have been addressed by Bunnell et al. (1986). 

Weight-specific metabolic rates of fawns may be significantly 
higher than those of adults depending on age of the animal (Parker 
and Robbins 1984). As such, feed intake per unit weight must be 
higher for fawns. Young animals would be affected indirectly to a 
greater extent by thermal constraints than would adults. 

Convective heat losses, as estimated in this model, are based on a 
static nature of the animal’s hair coat. For animals in winter, wind 
speeds up to 15 m/s reduce coat resistance to -35% of still-air 
values, which is only slightly more than the insulation determined 
for deer pelts by Moote (1955). Winter pelage of deer provides poor 
insulation from wind, particularly in comparison to arctic species, 
because it is less dense and easily compressed. At some undeter- 
mined wind speed, however, this maximum protective insulation 
of the hair coat, regardless of its relative quality, will be disrupted. 
Studies using animal models with sheep and cattle pelts indicate 
that external insulation is partially destroyed because of a break- 
down and/ or separation of the hair fibers at wind speeds greater 
than 11 m/s (Ames and Insley 1975). If these data are applicable to 
live animals, coat resistance would be reduced greatly from that 

From a very general standpoint, compared with an open area, a 
forested habitat is often cooler (-2O C) in summer and warmer (+2O 
C) in winter, may reduce windspeeds by 85% receives only 20% of 
total incoming short-wave radiation, and traps more long-wave 
radiation at night (Bunnell et al. 1986). Recognizing that there are 
additional complexities (e.g., changes in albedo, snow depths, and 
turbulence factors), but simplistically assuming only the above 
differences between open and forested areas, we compared esti- 
mates of TI between the 2 areas during winter and summer. TI was 
significantly altered in these simulations. For example at -100 C 
with windspeeds of 10 m/s under snow conditions during winter, 
mule deer are thermally stressed regardless of solar radiation level 
(Table 1). T, in forested habitats would be 15” C warmer than in 
open habitats because of reduced windspeeds, thereby eliminating 
thermal stress. Similarly in summer, under calm conditions and 
20° C, forested areas may provide shaded areas that are 20” C 
cooler than open areas by reducing high solar levels. Shrub-steppe 
communities will have less profound global effects on altering 
weather variables, but scattered trees or shrubs, rocks, or topologi- 
cal formations may, nonetheless, provide improved microclimates 
for deer. 

Further studies are needed to compare concurrent measure- 
ments of micrometeorological variables in open and forested areas; 
modelling efforts to predict the environmental conditions imposed 
by vegetative structures from weather measurements in open areas 
would be extremely valuable and could then be linked with this 
model to predict whether or not an animal is thermally stressed. 
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conclusions 

Management of mule deer and their habitats should integrate 
the behavioral, physiological, and microclimatic factors that cause 
changes in habitat use over the year. Maintaining a healthy, pro- 
ductive deer population depends on how well and how often the 
physiological needs of the individuals are met or exceeded (Leck- 
enby 1977). This model has addressed only one component of the 
individual’s energy balance-thermoregulation. Effective man- 
agement also must consider the relative contributions of activity, 
diet, and sociality to energy requirements and subsequent popula- 
tion status. 

An animal’s habitat choice may not directly reflect thermal 
conditions (see Bunnell et al. 198617-24). During summer, the 
thermomgulatory cost of remaining in the open may be counter- 
balanced by opportunities for increased energy intake from 
abundant and high quality forage. In winter, however, at a time of 
decreased forage resources and increased locomotory costs in 
snow, it is less likely that animals will leave thermal cover on the 
comparatively rarer chance of finding sufficient energy intake to 
meet additional thermoregulatory requirements. Thermal cover 
serves to reduce heat loss or gain and becomes physiologically 
important when its presence is necessary to maintain a positive 
energy balance (Moen 1%8b). Daily thermoregulatory costs dur- 
ing winter are often of longer duration than periodic locomotory 
costs and can be a constant drain on an individual’s reserves. The 
energy expended during thermal stress in summer may reduce what 
is available for lactation, growth, fattening, and movement (Leck- 
enby 1977). Thermal stress in both seasons, therefore, may influ- 
ence immediate survival of the individual, and production and 
future survival of its offspring. 

Management guidelines for the provision of thermally neutral 
habitats for mule deer should delineate the range of standard 
operative temperatures that occur in habitats occupied by deer. 
Specifically measured micrometeorological variables are necessary 
for a better understanding of habitat influences on weather condi- 
tions and for the prediction of standard operative temperatures. 
The calculations of TI should incorporate region-specific geogra- 
phical coordinates, average snow depths and vegetation heights, 
and average size of animals. Physiological responses of the animal 
to T, are incorporated in this model to determine if animals are 
thermally stressed. Two questions should then be asked: (1) how 
often do animals encounter thermally critical environments during 
each season? (or to what degree could thermoregulation influence 
habitat selection?), and (2) if critical environments are often 
encountered, is thermal cover available to ameliorate existing 
thermal conditions or are food and water resources adequate to 
offset heat losses and gains? (or should silvicultural or manage- 
ment prescriptions be used to generate suitable thermal cover, 
food, or water resources?). Habitat management for thermal cover 
would be helpful under those conditions in which individuals are 
without large energy reserves and for which added energetic con- 
straints would negatively influence population status. 
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Book Reviews 
From Sagebrush to Sage: Tbe Making of a Natural 

Rwurcc Economist. by Marion Clawson. 1987. Ana 
Publications, 4343 Garfield St., NW Washington, D.C. 
20007.476~. $20.00 (Paper). 
“From Sagebrush to Sage” is an extremely enjoyable book to 

read which should be of interest to many individuals within the 
resource management profession. For those who have pondered 
the ideas expressed by Marion Clawson in his numerous papers 
and books, this autobiography provides an opportunity to gain a 
better understanding of this unique man who has contributed so 
much to natural resource policy and natural resource economics. 
All readers, including those who have known the man for a number 
years, will enjoy reading this book and learning more about him 
and his work as well as his philosophy of life. 

The book is divided into two sections-recollections and reflec- 
tions. Recollections is composed of 12 chapters which chronicle the 
many and varied aspects of Marion Clawson’s life from his roots in 
turn of the century towns and mining camps of Nevada through his 
life in the 1980’s. Each chapter covers roughly a decade in his life or 
a specific period within his professional career. Early chapters are 
devoted to discussions of growing up in the early 1900’s. Many of 
the discussions within these chapters will remind readers of the 
reflections of their own parents and grandparents. Subsequent 
chapters focus on a combination of Clawson’s professional and 
personal life. The author includes a variety of information about 
himself and his family, his interactions with others and his man- 
agement style. Specific chapters are devoted to his years with the 
Bureau of Land Management (BLM), Resources for the Future 
(RFF) and the Society for International Development (SID). Each 
of these chapters includar an introduction to these organizations as 
well as discussions of Clawson’s role in their evoh&on. 

In part two of the book-reflections-Marion Clawson com- 
ments on a wide range of topics including “Life and Death”, 
“Comforts of Living and Concepts of Poverty”, “Sex”, “Science”, 
“Government”, “More for Me”, “Optimum Inequality” and “Is 
there a Purpose To It All”. These chapters provide additional 
insights into this unique individual, while adding an element of 
humor and a taste of his personal philosophy to the book. 

In summary, Marion Clawson’s autobiography is an excellent 
book, well worth the time required to read it. It is interesting, 
informative, and makes a meaningful contribution to the history of 
resource policy.-Keith A. Blatner, Department of Forestry and 
Range Management, Washington State University. 

Cyprus: A Chronicle of Its Forests, Land and People. By 
J.V. Thirgood. 1987. University of British Columbia Press 
(Cloth). 371 p. 
In his foreword to this meticulous history of the forests of 

Cyprus, a former Conservator says it all: 
The author has traced in considerable detail the earlier forest 

history of Cyprus and the progress, through the eighty years of the 
British Administration and the first twenty-five years of the Repub- 
lic, of forest protection and management, starting with the demarca- 
tion of forest reserves and the gradual elimination of forest misuse.. . . 

Dr. Thirgood has indeed compiled a detailed, scholarly and 
thoroughly researched account of the administration, environ- 
ment, politics and sociology of the forests of the island of Cyprus. 
From the verdant beginnings in the early mists of their history, the 
Cyprus forests have suffered over-use, neglect and, particularly 

with the advent of the omnivorous goat, abuse to such an extent 
that the first forester employed there could write: 

Summing up: the forests of the island are in a deplorable state, 
and their ruin is hastened daily from the fact that the action gets 
more destructive on account of its yearly being concentrated on a 
narrower area, There is no more time to remedy the situation by 
simple remedies, only energetic measures may be of some use, and 
there must be no hesitation in their application, as the whole future 
prosperity of the island depends on this. 

Just 110 years ago a British colonial administration set about 
halting further destruction and instituting a programme of rehabil- 
itation. Bedevilled by inadequate surveys; complex, archaic and 
dishonest tenures (“Be he Christian or Mussulman, the Cypriot 
peasant is convinced that wood, like air and water, has no other 
master than the God who made it. It seems as natural to him to go 
where he will and cut wood as to drink in the brook hard by when 
he is thirsty”); meagre funding, and the ubiquitous goat, it was no 
easy or straightforward task. Slowly, patiently and persistently 
progress was achieved despite many setbacks. Applied silviculture 
control of arson and natural fires, grazing management and, above 
all, strict control of goats meant that when, in 1960, officials of the 
nearly independent Republic assumed office, they took over a 
forest-in- being and on the mend if not yet fully restored. Their 
predecessors had, wisely, addressed the social and economic chal- 
lenges as well as the simply technical ones. 

This tradition of thoughtful management of the whole forest 
resource for the continuing good of the local community has been 
zealously continued by a succession of dedicated Cypriot foresters 
despite political obstacles, some of them huge. Tourism has lately 
become an increasingly important use of the forest estate which 
must be accommodated along with more traditional practices. 

While details of the Cyprus experience may not hold fascinating 
interest for the North American forest or range manager, the 
underlying significance is real and pertinent. A forest nearing total 
destruction has been recovered by sensitive application of a well- 
constructed consistent and long-term policy, despite early opposi- 
tion. It has gained acceptance and support by a majority of the 
local populace; the grass-roots without which sustained health is 
impossible. 

Are we going to take Dr. Thirgood’s message to heart or must we 
too reach the brink of disaster before mending our profligate ways? 
The lesson is clearly spelled out-now we must respond.-RX 
Strung, White Rock, B.C. 

Natural vegetation of Oregon and Washington. 1988. Jerry 
Franklin and C.T. Dyress. Oregon State University 
Press, Corvallis, OR 97331-6407. $22.95 plus $2 shipping. 
(paper) 452~. 
Originally published by the U.S. Forest Service in 1973, it 

quickly became the “classic volume on regional ecology” for these 
Pacific Northwest States. The original printing soon was exhausted, 
and it has remained out of print for several years. Oregon State 
University has undertaken reprinting to fill the current need. This 
is an excellent reproduction, limited almost entirely to the original 
volume in content, but with the addition of new preface, com- 
ments, and bibliographic supplement. The authors note that signif- 
icant contributions have been made to the ecologic understanding 
of the region since 1973, but their workload in new directions has 
precluded a complete updating of the volume at thii time. The 
bibliographic supplement provides help to the reader by adding 
100 recent citations to the more than 400 listed in the original. 

The authors divide the region into major physiographic and 
geologic provinces as background information to the reader, and 
major vegetational areas (forest and steppe) are subdivided into 
zones for individual treatment. Environmental features, species 
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