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Regulation of tillering by apical dominance: 
Chronology, interpretivevalue, and current per- 
spectives 
JEFFREY S. MURPHY AND DAVID D. BRISKE 

Authors are Tom Slick graduate research fellow and professor, Dept. of Rangeland Ecology and Management, 
Texas A&M University, College Station, 7X43-2126. 

Abstract 

The range science profession has trnditionally relied upon the 
concept of apical dominance to explain tiller initiation in perennial 
grasses. The physiological mechanism of apical dominance is 
assumed to follow the direct hypothesis of aurin action, which was 
originally proposed during the 1930’s. This hypothesis indicates 
that the plant hormone auxin @AA), produced in the apical meri- 
stem and young leaves, directly inhibits sxillary bud growth. The 
direct hypothesis was, and continues to he, the sole interpretation 

of the physiological mechanism of apical dominance since the 
concept was initially adopted by the range science profession. 
However, the direct hypothesis was abandoned by plant physiolo- 
gists during the 1950’s because of experimental and interpretive 
inconsistencies and the demonstrated involvement of a second 
hormone, cytokbtin, in apical dominance. 

The cytokinin deficiency hypothesis has replaced the direct 
hypothesis as the current hormonally based interpretation of api- 
cal dominance. This hypothesis indicates that IAA produced in the 
apical me&em blocks the synthesis or utilization of cytokinin 
within axillnry buds inhibiting their growth. Despite wide nccep- 
tame, numwous issues remain unresolved concerning this hypo- 
thesis, suggesting that it may also be an incomplete interpretation 
of the physiological mechanism of apical dominance. 
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The interpretive value of the apical dominance concept is much 
less consistent than generally assumed. Apical meristem removal 
does not always promote tiller initiation in grasses and tillering 
may occur in phurts with hrtact apical me&ems. These inconsis- 
tencies demonstrate that the apical domhumce concept is an overly 
restrictive interpretation of the regulation of tiller initiation in 
perennial grasses. Numerous environmental variables including 
resource availability, radiation quality, and competition are known 
to exert strong influences on tiller initiation. The extreme spatial 
and temporal variability of environmental variables and resource 
distribution on rangelands increases the importance of these vari- 
ables by potentially overriding or constraining the physiological 
mechanism(s) regulating tiller initiation. 

Physiological explanations of apical dominance are currently 
inconclusive and the response of tiller initiation to apical me&tern 
removal is inconsistent. Therefore, the range science profession 
should reevaluate the inordinate emphasis currently placed on the 
hormonal mechanism of apical dominance as the predominant 
interpretation for the regulation of tiller initiation in perennial 
grasses. Alternative interpretations of the regulation of tiller initia- 
tion must integrate the contemporary physiological perspective 
with the effects of environmental variables to more effectively 
exphrin the magnitude and timing of tillering in grasses. 

Key Words: axillary bud, bud inhibition, correlative inhibition, 
defoliation, developmental morphology, plant hormones, plant 
physiology, tiller 

The perenniation and sustainable productivity of grasses and 
grasslands are dependent on successive tiller initiation from axil- 
lary buds of previous tiller generations. Although perennial 
bunchgrasses are relatively long-lived (Canfield 1957, Briske 199 I), 
individual tiller longevity does not exceed 2 years in most temper- 
ate species (Langer 1956, Robson 1968, Briske 1991). Conse- 
quently, tiller initiation must occur annually to offset mortality 
and maintain plant productivity, size, and competitive ability. 
Tiller initiation and mortality establish the density of live tillers 
within species populations, which collectively influence commun- 
ity composition and productivity. Tiller density establishes the 
basis for potential productivity because it represents the pool of 
meristematic tissues from which growth may occur. Therefore, 
insight into the processes regulating tiller initiation are essential for 
a thorough understanding of grassland ecology and the develop- 
ment of effective management strategies: 

The developmental morphology of tiller growth and initiation 
are qualitatively similar among species within the Poaceae. Indi- 
vidual tillers consist of a series of phytomers differentiated sequen- 
tially from a single apical meristem (Etter 1951, Hyder 1972). An 
individual axillary bud (i.e., rudimentary apical meristem) is dif- 
ferentiated as a component of each phytomer to form the basic 
structural unit of the tiller (Fig. I). Cells in the 2 outermost layers of 
the apical meristem divide to form leaf primordia (i.e., rudimen- 
tary leaves) while cell division in the third innermost layer of the 
apical meristem, on the side opposite each primordium, gives rise 
to axillary buds (Sharman 1945, Briske 1991). Although axillary 
buds are differentiated from the apical meristem, they are subordi- 
nate to the apical meristem in terms of position and time of 
development. Once axillary bud differentiation is complete, bud 
growth may continue giving rise to a new tiller or growth may be 
arrested (Dahl and Hyder 1977). 

Inhibition of axillary bud growth following bud formation is 
widely assumed to be imposed by the physiological mechanism 
responsible for apical dominance. Apical dominance refers to the 
control exerted by the apical portion of the shoot, which includes 
the apical meristem and young leaves, on axillary bud growth 
following bud formation (Sachs and Thimann 1967, Cline 1991). 

Fig. 1. TiUer in longitudinal view ihatrrting the apierl meristem, compo- 
nents of individual pbytomers, nnd an emerging leaf and tiller. A single 
rxillary bud (rudimentary spicai meristem) is differentiated with each 
phytomer from the rpicaI meristem. It is widely assumed by the range 
science profession that axihry buds may grow to form tiIlers if not 
inhibited by apical dominance. Modified from Etter (1951) and Jewiss 
(1972). 

The term “apical meristem”is used throughout this paper to collec- 
tively refer to the apical meristem and associated leaf primordia. 
The range science profession has traditionally relied upon the 
apical dominance concept to interpret the timing and magnitude of 
tiller initiation in grasses. Apical me&tern removal by defoliation 
is assumed to release axillary buds from hormonal inhibition and 
stimulate tiller initiation. 

This paper was developed to review the apical dominance con- 
cept as it is currently interpreted and applied to the regulation of 
tiller initiation within the range science profession. Specific objec- 
tives are to (I) develop a brief historical perspective of the physio- 
logical mechanisms responsible for apical dominance, (2) docu- 
ment the incorporation of the apical dominance concept into the 
range science literature, (3) examine the interpretive value of apical 
dominance in range science and management with specific refer- 
ence to tiller initiation, and (4) briefly summarize current perspec- 
tives of the physiological mechanisms responsible for apical 
dominance. 

Chronology of Apical Dominance Mechanisms 
Several excellent reviews have summarized the voluminous 

research literature addressing the physiological mechanisms of 
apical dominance which have been investigated since the early 
1900’s (Went and Thimann 1937; Phillips 1969, 1975; Rubinstein 
and Nagao 1976; McIntyre 1977; Hillman 1984; Martin 1987; 
Tamas 1987; Cline 1991). Initial investigations of the physiological 
mechanisms of apical dominance were conducted exclusively with 
dicots and this group of plants continues to receive major empha- 
sis. No less than 6 major hypotheses have been advanced since 1900 
to explain the inhibition of axillary bud growth by the apical 
meristem (Table I). Five of these 6 hypotheses were developed by 
1940, 3 years before the first reference to apical dominance 
appeared in the range science literature (Stoddart and Smith 1943). 
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Table 1. Chronological summary of the major bypothesea proposed to explain the physiological mechenism responsible for apical dominance. The 
seminal paper(s) for each bypotheaie is referenced. 

Hypothesis Reference Brief Description 

Nutritive 

Inhibitor 

Direct 

see Went and Thimann (1937) 
Gregory and Veale (1957) 
Hillman (1984) 

Reed and Hahna (1919) 
Harvey (1920) 
Snow (1925,194O) 

Thimann and Skoog (1933, 1934) 
Thimann (1937) 

Nutrient diversion Went (1938, 1939) 

Vascular connection Van Overbeek (1938) 
Sorokin and Thimann (1964) 

Cytokinin deficency Wickson and Thimann (1958) 

Apical meristems compete with axillary buds for nutrients and water 
inhibiting their growth. 

An unidentified translocatable chemical inhibitor produced in the 
apical meristem directly inhibits axillary bud growth. 

IAA produced in the apical meristem is transported to axillary buds 
and directly inhibits their growth. A later revision stated that bud 
inhibition resulted from supraoptimal IAA concentrations. 

Root-produced substances critical for axillary bud growth are 
preferentially transported to the site of IAA production in the apical ’ 
meristem. Buds remain inhibited until a sufficient amount of these 
substances accumulate to promote bud growth. 

IAA adheres to the vascular traces of axillary buds blocking the entry 
of substances required for growth. This was originally termed the 
“blocking” hypothesis. 

IAA produced in the apical me&em is transported to axillary 
buds where it prevents cytokinin synthesis or utilization thereby 
inhibiting bud growth. 

The following chronology is intended to summarize what was 
known about the physiological mechanisms of apical dominance 
prior to the adoption of the apical dominance concept by the range 
science profession. 

ments, but the chemical identity of the putative growth-inhibiting 
substance remained unknown (Reed and Halma 1919, Harvey 
1920, Snow 1925). 

Dicots 
It was widely accepted during the late 1800’s that the orderly 

pattern of plant development could be explained on the basis of 
interactions between individual plant organs. These organs were 
presumed to be in direct competition for limited supplies of water 
and nutrients within the plant. This concept of internal competi- 
tion led to the development of hierarchies of dominance in which 
the oldest shoot garnered the bulk of available resources at the 
expense of younger shoots (Went and Thimann 1937, Martin 
1987). 

The earliest interpretation of physiological mechanism of apical 
dominance was an extension of the “dominance hierarchy” con- 
cept. The apical meristem, as the oldest shoot organ, was assumed 
to be the strongest sink for water and nutrients within the plant. As 
the apical meristem monopolized these resources, their availability 
fell below critical levels required for axillary bud growth (Hillman 
1984, Martin 1987). Consequently, axillary bud inhibition was 
assumed to result from the inability of buds to successfully com- 
pete with the apical meristem for limited supplies of water and 
nutrients within the plant. This interpretation was later termed the 
“nutritive” hypothesis (Phillips 1969,1975) and was the first major 
hypothesis advanced to explain apical dominance. 

The discovery of the plant hormone auxin (IAA) during the late 
1920’s undoubtedly provided an exciting candidate for the growth- 
inhibiting substance. Thimann and Skoog (1934), in a now classic 
study, demonstrated the involvement of IAA in apical dominance 
of bean (Viciu faba L.) seedlings. Agar blocks containing IAA 
placed atop a decapitated (removal of the apical meristem only) 
stem maintained bud inhibition while similar placement of agar 
blocks without IAA enabled bud growth to occur. This investiga- 
tion also demonstrated that IAA was produced in large quantities 
in the apical meristem and young, developing leaves while inhi- 
bited lateral buds and older plant organs contained only minimal 
quantities. This particular finding verified prior claims that the 
developing leaves and apical meristem were the organs responsible 
for bud inhibition (Snow 1929). On the basis of this evidence, IAA 
produced in the apical meristem was proposed to directly inhibit 
axillary bud growth establishing the “direct hypothesis of auxin 
action” (Thimann and Skoog 1934, Phillips 1969). 

Despite general acceptance of the nutrient hypothesis, there 
were contemporaneous suggestions that apical dominance may be 
caused by “internal plant secretions” (Went and Thimann 1937, 
Martin 1987). The existence of such substances in plants had 
previously been suggested in research conducted between 1870 and 
1880 addressing root gravitropism and shoot phototropism (Heslop- 
Harrison 1980). The potential production of a chemical signal in 
the apical meristem presented an alternative interpretation for the 
physiological mechanism of apical dominance. Bud growth could 
potentially be inhibited by the production of a translocatable 
growth-inhibiting substance in the apical me&em, rather than 
simply by the ability of the apical meristem to function as the 
predominant nutrient sink within plants. Indirect evidence for this 
“inhibitor” hypothesis was later produced from girdling experi- 

The direct hypothesis of auxin action (direct hypothesis) was not 
accepted unconditionally. Questions arose because elements of this 
hypothesis contradicted the widely accepted function of IAA in 
plants. IAA was regarded exclusively as a growth-promoting plant 
hormone at that time, but the direct hypothesis proposed that IAA 
produced in the apical meristem was translocated down the stem to 
the axillary buds where it suppressed bud growth (Thimann and 
Skoog 1933, 1934). Therefore, IAA must have had the enigmatic 
ability to both stimulate and inhibit growth depending on whether 
it originated in the apical meristem or axillary buds. Thimann 
(1937) suggested that this contradiction could be explained if bud 
inhibition resulted from supraoptimal IAA concentrations in the 
stem. It was known at the time that upon release from inhibition, 
axillary buds produced only one-half the IAA concentrations of 
the apical meristem (Thimann and Skoog 1933, 1934). This pro- 
vided the basis for a revised version of the direct hypothesis indicat- 
ing that the growth of each individual plant organ was promoted 
by distinct IAA concentrations (Thimann 1937). The highest IAA 
concentrations promoted stem growth, intermediate concentra- 
tions promoted bud growth, and the lowest concentrations pro- 
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moted root growth. 
Following revision, the direct hypothesis encountered addi- 

tional limitations. First, the amount of IAA in the agar blocks used 
to replace the apical meristem and maintain bud inhibition was 11 
times greater than that recovered from apical meristems by diffu- 
sion into agar blocks (Thimann and Skoog 1934). Second, subse- 
quent attempts to inhibit bud growth by replacing the apical meri- 
stem with an IAA source did not always maintain axillary bud 
inhibition (e.g., Jacobs and Bullwinkle 1953). Third, axillary buds 
furthest from the apical meristem were less likely to break inhibi- 
tion and grow than buds located closer to the apical meristem in 
some species (Went and Thimann 1937, Went 1939). This pattern 
of bud inhibition was believed at the time to be inconsistent with 
responses predicted by the direct hypothesis (Went 1939). Fourth, 
there was no satisfactory explanation of the mechanism by which 
supraoptimal IAA concentrations in the stem blocked bud growth. 

Limitations of the direct hypothesis led to 3 alternative pro- 
posals for the physiological mechanism of apical dominance. All 
were based on the premise that the role of IAA in apical dominance 
was indirect. The first of these was the “diversion” hypothesis 
(Went 1938, 1939). This hypothesis proposed that IAA transport 
down the stem caused root-produced substances required for bud 
growth to move toward the apical meristem bypassing the axillary 
buds. Bud inhibition was overcome when a sufficient amount of 
growth substances accumulated in the stem to “spill over” into the 
inhibited axillary buds. These root-produced substances were 
assumed to be hormonal, rather than nutritional, in nature. The 
mechanism by which IAA induced transport of the root-produced 
substances in the opposite direction and the identity of these com- 
pounds were unknown. 

The second alternative hypothesis was based on evidence sug- 
gesting that IAA must be directly introduced into the vascular 
system at a point above the bud to inhibit growth (Van Overbeek 
1938). Once in the vascular tissue, it was proposed that IAA 
adhered to cell walls and impeded vascular transport. This “block- 
ing” hypothesis specifically stated that IAA adhered to the inner 
cell walls of the vascular traces connecting the bud with the paren- 
tal shoot blocking the entry of nutrients, water, and other factors 
required for bud growth (Van Gverbeek 1938). 

Minor variations of the blocking hypothesis were proposed 
following the introduction of the original hypothesis (Sorokin and 
Thimann 1964, Panigrahi and Audus 1966). Collectively, these 
hypotheses, including the original blocking hypothesis, have been 
termed the “vascular connections” hypothesis (Phillips 1969, 
1975). The vascular connections hypothesis was eventually aban- 
doned during the 1970’s for 2 main reasons. First, bud growth 
following decapitation is detectable many hours before vascular 
connections become evident between the parental shoot and axil- 
lary buds (Cutter 1975). Second, axillary buds with well-developed 
vascular traces can remain inhibited while those with incomplete 
vascular traces can be released from inhibition following decapita- 
tion (McIntyre 1977). 

The third alternative suggesting an indirect role for IAA in the 
mechanism of apical dominance was a modified version of the 
inhibitor hypothesis. Snow (1940) suggested that IAA stimulated 
the production of a chemical inhibitor which was capable of mov- 
ing into the axillary buds to inhibit growth. No such inhibitor was 
isolated and, consequently, the revised inhibitor hypothesis gained 
only limited acceptance. 

Grasses 
Research information addressing the regulation of tiller initia- 

tion in perennial grasses was very limited prior to 1940. Essentially 
all investigations of the physiological mechanisms of apical domi- 

nance during the first half of the century were conducted with 
dicots. The extent to which the findings from this work could be 
extended to the regulation of tillering in grasses was unknown. The 
most commonly held perspective prior to 1940 was that tiller 
initiation was primarily correlated with nutrient availability, phe- 
nological development, and the occurrence of favorable conditions 
for growth rather than regulated by a hormonal mechanism (Olm- 
stead 1941, Gardner 1942). This perception was very likely pro- 
moted by the production-oriented agronomic research conducted 
with cereals early in the century (Bunting and Drennan 1966). 

Leopold (1949) conducted the first work investigating the possi- 
bility of a hormonal basis for the regulation of tiller initiation in 
grasses. Apical meristems of the annuals barley (Hordeurn vulgare 
L.) and teosinte (Euchlaena mexicana Schrad.) were destroyed in 
situ with a needle in 20 plants of each species. A synthetic auxin 
(o-naphthalene acetic acid) was injected in the position of the 
detroyed apex in one-half of the plants witha hypodermic needle at 
weekly intervals for 3 weeks. The limited data from this experiment 
were interpreted to indicate that IAA diffusing from the tiller 
apical me&tern directly inhibited the growth of axillary buds 
(Table 2). Although Leopold (1949) based his interpretation 
entirely on the direct hypothesis developed with dicots 16 years 

Table 2. Data from Leopold (1949) addressing the role of the apical 
me&em in the regulation of tillering in barley (Hordeurn vulgare L.) 
and teosinte (Euchkwta mexicana S&ad.). These data provided the 
basis for accepting the direct hypothesis of auxin action as the physiolog- 
ical mechanism responsible for apical dominance in grasses. 

Treatment 
Barley Teosinte 

Tillering Not tillering Tiller& Not tillering 
____ ___-____(Numberofplants)-_ __________ 

Untreated 0 10 3 7 
control 
Apex 8 2 9 1 
destroyed 
Apex destroyed, 0 10 3 7 
IAA added 

earlier, the data do not clearly exclude the possibility of an indirect 
role for IAA or that the amount of injected IAA was simply toxic 
(Bunting and Drennan 1966, Williams and Langer 1975). Never- 
theless, the limited data derived from these 2 annualgrasses appar- 
ently established the current perception that tiller initiation in 
perennial grasses is regulated by a hormonal mechanism. 

In summary, 5 major hypotheses had been advanced by 1940 to 
explain the physiological mechanism of apical dominance in dicots 
(Table 1). No single hypothesis was accepted unanimously, but 
none had been convincingly refuted either. The physiological 
mechanisms of apical dominance were largely unexplored in 
grasses until Leopold (1949) suggested that tillering was directly 
regulated by IAA produced in the apical meristem. 

Adoption of the Apical Dominance Concept by Range 
Science 

The apical dominance concept has long been invoked by the 
range science profession to explain the regulation of tillering in 
grasses and especially tiller initiation in response to defoliation. 
Apical meristem removal is assumed to stimulate axillary bud 
growth and promote tiller initiation. The stimulation of bud 
growth presumably occurs because the direct inhibitory influence 
exerted by the apical meristem is removed. This interpretation of 
the regulation of tiller initiation in perennial range grasses has been 
exclusively presented in all major range science texts (Stoddart and 
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Smith 1943, Sampson 1952, Stoddart and Smith 1955, Heady based on empirical observation rather than on experimental evi- 
1975, Stoddart et al. 1975, Holechek et al. 1989). dence developed with dicots during the previous decade. 

The apical dominance concept was introduced into the range 
science profession quite early and predated the experimental work 
on grasses by Leopold (1949). Anecdotal statements asserting api- 
cal meristem control over axillary bud growth in grasses appeared 
in the first major range management text (Stoddart and Smith 
1943, p. 132, 142). Neither citations nor experimental evidence 
were provided, making it difficult to verify the origin or assess the 
validity of this concept to grasses. The concept of apical dominance 
appears to have been initially incorporated into the profession 

The initial physiological interpretation of apical dominance in 
grasses in the range science literature emphasized a hormonal 
mechanism. Branson (1956) was the first to formally introduce the 
direct hypothesis to the range literature based on the research of 
Leopold (1949). Rechenthin (1956) also briefly described the phy- 
siological process of axillary bud growth following defoliation or 
apical meristem removal in terms of the direct hypothesis. How- 
ever, neither citations nor experimental evidence were provided by 
Rechenthin (1956). Jameson (1963) concluded from a review of the 

Table 3. Summery of selected literature demonstrating the inconsistent response of tiller initiation in various perennial grasses following grazing, clipping, 
or decapitation. 

Species Reference Treatment 

Little bluestem 
Schirochyrium scoparium (Michx.) Nash 

Italian ryegrass 
Lohum muhz~orum (Lam.) 

Arizona cottontop 
Trichachne califomica (Benth.) Chase 

Little bluestem 
Schizachyrium scoparium var. frequens Hubb. 

Red oatgrass 
Themedo triandra Forsk. 

Guineagrass 
Panicum maximum Jacq. var. trichoglume Eyles 

Tanglehead 
Heteropogon contortus (L.) P. Beauv. ex Roem. 
Schult. 

Crested wheatgrass 
Agropyron desertorum (Fisch. ex Link) Schult. 

Bluebunch wheatgrass 
Pseudoroegneria spicata (Pursh) A. Love 

Blue grama 
Bourelouu gracihs (H.B.K.) Lag. ex Steud. 

Western wheatgrass 
Pascopyrum smithii (Rydb.) A, Love 

Kentucky bluegrass 
Poa pratensis (L.) 

Bluebunch wheatgrass 
Pseudoroegnerta spicata (Pursh) A. Love 

Needleandthread 
Stipa comata Trin. and Rupr. 

Big bluestem 
Andropogon geradii Vitman 

Little bluestem 
Schizachyrium scoparium (Michx.) Nash 

Indiangrass 
Sorghastrum nutarts (L.) Nash 

Pinegrass 
Calamagrostis rubescens Buckl. 

Fine thatching grass 
Hyparrheniafilipendula stapf. 

Red oatgrass 
Themeais triandra Forsk. 

Crested wheatgrass 
Agropyron desertorum (Fisch. ex Link) Schult. 

Bluebunch wheatgrass 
Pseudoroegneria spicata (Pursh) A. Love 

Crested wheatgrass 
Agropyron desertorum (Fisch. ex Link) Schult. 

Tillering stimulated 
Jameson and Huss (1959) 

Laidlaw and Berrie (1974) 

Cable (1982) 

Butler and Briske (1988) 

Richards et al. (1988) 

Elongated culms clipped to 6 or 12.5 cm 

Removal of the two youngest expanding leaves and 
decapitation 
Decapitation at several phenological stages 

Plants grazed by cattle leaving the apical meristem 
intact. Stimulation was short-lived because total 
tiller numbers did not differ from ungrazed plants 
at the end of the growing season. 
Decapitation or defoliation 

Richards et al. (1988) 

Tillering not stimulated 
Branson (1956) 

Vogel and Bjugstad (1968) 

Defoliation. 

Defoliation to various heights and frequencies 

Defoliation without decapitation 

Stout et al. (1981) 

Coughenour et al. (1985a, 1985b) 

Biweekly defoliations to 3 heights over 4 growing 
seasons 
Defoliation with high nitrogen levels 

Richards et al. (1988) Decapitation 

Olson and Richards (1988a) Moderate and heavy grazing by cattle 
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early literature that IAA produced in the apical meristem directly 
inhibited axillary bud growth, based on the evidence presented by 
Thimann and Skoog (1933, 1934) and Leopold (1949). He also 
inferred that the apical meristem or rapidly elongating leaves must 
be removed to stimulate tiller initiation in grasses. Jameson (1963) 
appears to have provided the last critical assessment of the physio- 
logical mechanisms of apical dominance in grasses in the range 
science literature. 

Interpretive Value of the Apical Dominance Concept 
The essential feature of the apical dominance concept to the 

range science profession is its interpretive value concerning the 
timing and magnitude of tiller initiation in grasses. Apical meri- 
stem removal should release axillary buds from inhibition irrespec- 
tive of the specific physiological mechanisms responsible for apical 
dominance. The apical me&tern is assumed to be the source of the 
principal signal inducing bud inhibition in all of the mechanisms 
which have been proposed. Consequently, apical meristem remo- 
val should consistently stimulate tillering by eliminating the source 
of inhibition. 

However, a large amount of evidence demonstrates that tiller 
initiation is not consistently stimulated following clipping or graz- 
ing. In extensive reviews of the early literature, both Ellison (1960) 
and Jameson (1963) concluded that grazing generally suppressed 
tillering in perennial grasses. Jameson (1963) suggested that min- 
imal tiller initiation in response to defoliation probably resulted 
from failure to remove the apical meristem. In a test of the applica- 
bility of the direct hypothesis to 5 perennial grasses, Branson 
(1956) found no evidence that tillering was stimulated in response 
to clipping to various heights and frequencies (Table 3). Data from 
more recent investigations also demonstrate inconsistent tillering 

Undefoliated control plants 

0 1 2 3 4 
Years 

Fig. 2. Number of pinegrass (Co&rmagrostis rubesceus Buckl$ tillers mm*, 
expressed es a relPtivc percentage of the number of tillers rn- in undefoi- 
iated populations, in response to biweekly clipping to $10, end 15 cm 
stubble heights over 4 successive years. Data demonstrate that tillering in 
this species population was not stimulated by defoliation over the long- 
term. Redrawn from Stout et al. (1981). 

responses following defoliation of individual plants (Table 3) and 
species population (Fig. 2). 

Inconsistent tillering responses to defoliation may partially be 
explained on the basis of whether or not the apical meristem was 
actually removed by defoliation or grazing (Jameson 1963). Phe- 
nological stage of plant development at the time of defoliation is an 
important factor in this regard because internode elongation 
increases the probability of apical meristem removal (Branson 
1953, Jewiss 1972, Westoby 1980). However, available data con- 
cerning tiller initiation in response to defoliation at various stages 
of plant development are also inconsistent and difficult to interpret 
(e.g., Jameson and Huss 1959; Langer 1959; Vogel and Bjugstad 
1968; Cable 1982; Olson and Richards 1988a, 1988b). Selective 
removal of the apical meristem, while the leaves remain intact, does 
not consistently stimulate tiller initiation in all grass species (Laid- 
law and Berrie 1974, Richards et al. 1988, Fig. 3). Conversely, 
tillering can occur in response to defoliation or grazing even if 
apical meristems have not been removed (Butler and Briske 1988). 

I Undefoliated 
m Defoliated 
0 Decapitated 

PAMA HECO THTR AGDE PSSP 

Species 
Fig. 3. Total number of tiiiers initiated treatmenfl 4-5 weeks following 

defoliation to 7-10 cm stubble height (removal of leaves end apical 
me&stems) or decapitation (removal of apical meristems only) in com- 
parison with undefoliated plsnts for 5 peremdai grsss species. Species are 
PAMA, Panicum maximum Jacq. var. tricho&utteEyles; HECO, Here- 
ropogou coutortus (L.) P. Beauv. ex Ram. and Sclmit.; THTR, 
Them&x triandra For&; AGDE, Agropyron descrtorum (Fisch. ex 
Link) Schult. end PSSP, Pstwdoroegneria spicata (Pursh) A. Liive. 
Redrawn from Richards et al. (1988). 

Traditional emphasis on the direct hypothesis as the sole physio- 
logical mechanism of apical dominance in grasses may be partially 
responsible for the widely held perception that defoliation consist- 
ently stimulates tillering despite considerable evidence to the 
contrary. 

Another potential source of confusion concerning tiller initia- 
tion in response to defoliation is the time interval during which 
tillering is monitored. Tillers are frequently initiated within 2 to 3 
weeks of defoliation and are much more obvious following partial 
canopy removal (Olson and Richards 1988b). However, this short- 
term “flush” of tiller initiation following defoliation may be mis- 
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leading if not evaluated for one or more growing seasons. For 
example, tiller recruitment of crested wheatgrass (Agropyron 
desertorum (Fisch. ex Link) Schult.) following spring grazing did 
not increase tiller replacement the following growing season 
because of greater overwinter tiller mortality in grazed plants than 
in ungrazed plants (Olson and Richards 1988a). Similarly, tillering 
increased immediately following grazing of little bluestem (Schiz- 
achyrium scoparium var. frequens Hubb.), but the total number of 
tillers was not significantly greater in grazed than in ungrazed 
plants at the end of the growing season (Butler and Briske 1988). 
Although grazing extended the season of tiller initiation in grazed 
plants, these plants produced significantly fewer tillers during 
periods of maximal tiller recruitment in ungrazed plants. There- 
fore, defoliation may simply alter the timing of tiller initiation 
rather than increase the total number of tillers initiated over the 
long-term. These data collectively demonstrate that the interpre- 
tive value of the apical dominance concept is insufficient to explain 
tiller initiation in perennial grasses. 

Environmental Influences on Tiller Initiation 
Radiation quantity, photoperiod, water availability, mineral 

nutrition, and temperature, acting singly or in combination, have 
long been recognized to influence tillering (Table 4). In general, 

Table 4. Generalized effects of major abiotic vuiebiea on tiiier initiation in 
perennial gesses. Rediation quality effects are from Deregibus et ei. 
(1985) and Casai et al. (1987) end the effects of ail other vartabiea ere 
summarized from Lancer (1963). 

Abiotic variable Response of tiiiering 

Radiation quantity 

Radiation quality 
Photoperiod 
Temperature 

increases with increasing photosynthetic photon 
flux density. 
increases with increases in the red/far-red ratio. 
Decreases as natural photoperiod increases. 
increases as temperature approaches an optimum 
for growth, but further increases reducing tillering. 
Interactions with other environmental variables are 
important. 

Water Increases with increasing soil water availability. 
Soil nitrogen Increases with increasing nitrogen availability. 

tiller initiation increases as environmental variables become more 
conducive to overall plant growth. Considering the temporal and 
spa&l variability of climate and resource distribution on range- 
lands, the regulatory influence of environmental variables on tiller 
initiation are undoubtedly substantial. 

Radiation quality has been demonstrated to influence tiller initi- 
ation in several grasses. Tillering is reduced by a decrease in the 
ratio of red/far-red radiation independent of the availability or 
interception of photosynthetically active radiation (Deregibus et 
al. 1985; Casal et al. 1987, 1990). Reductions in the red/far-red 
ratio (ratio of spectral photon flux in IO-nm bands centered on 660 
nm for red and 730 nm for far-red radiation) commonly arise under 
natural conditions as wavelengths under 700 nm are selectively 
attenuated as radiation passes through plant canopies (Smith 
1982). Alternatively, the red/far-red ratio may be reduced by far- 
red radiation reflected from leaves of neighboring plants (Ballark et 
al. 1987,199O). Changes in the red/far-red ratio are detected by the 
pigment phytochrome, which provides a sensitive photosensory 
mechanism for monitoring the red/far-red ratio within the imme- 
diate vicinity of the plant. The physiological processes associated 
with phytochrome-mediated reductions in tiller initiation and api- 
cal dominance are not clearly understood. 

Defoliation may promote tillering without disturbing the apical 

meristem by partially removing the plant canopy and increasing 
the red/far-red ratio (Deregibus et al. 1985, Deregibus and Trlica 
1990). In this context, the red/far-red ratio may function as an 
environmental signal indicating increased resource availability 
within the immediate vicinity of the plant. However, canopy remo- 
val by defoliation simultaneously alters radiation quantity, temper- 
ature, plant water relations, and other microenvironmental and 
physiological variables important to plant growth. Any of these 
variables, either singly or in combination, may be as important as 
radiation quality in affecting tiller initiation following defoliation. 
Although radiation quality has been demonstrated to influence 
tiller initiation in several grasses, considerable research is required 
before definitive ecological and managerial conclusions can be 
established concerning its relative importance. 

Intra- and interspecific plant competition also influences tiller 
initiation by affecting resource availability. Tiller initiation in indi- 
vidual bunchgrasses increases following the removal of conspecific 
neighbors (Brislce and Butler 1989, Olson and Richards 1989) and 
nitrogen fertilization (Olson and Richards 1989). Competitive 
interactions also exert a substantial influence on tiller initiation in 
defoliated plants (Mueggler 1972). Defoliated big bluestem (Andro- 
pogon gerardii Vitman) and switchgrass (Panicum virgatum L.) 
plants initiate fewer tillers when grown at medium and high plant 
densities than defoliated plants grown at low plant densities (Fig. 

(A) 
25 

C 
I Undefoliated 
EJ Defoliated 

L M H L M H 

Plant density 

Fig. 4. Tiiier number pienft recorded at the end of the growing season for 
(A) big bluestem (An&mgon gerardfi Vitman) and (R) switchgrese 
(Panieum vbgatwr~ L.) grown at 3 plant dens&a end subjected to I 
single early season defoliation to a 4-cm stubble height. L = low density 
(56 pi&s m”), M = medium density (226 piants mm’) end H = high 
density (452 pients mm’). Redrawn from Hertnett (1989). 

4). Despite demonstrations of the substantial influence of competi- 
tion on tiller initiation in perennial grasses, it has traditionally 
received far less attention than other environmental variables. 

Current Perspectives on the Mechanisms of Apical Domi- 
nance 

The physiological mechanism of apical dominance is currently 
thought to have either a hormonal or nutritional basis. However, 
hormonal interpretations have traditionally received greater empha- 
sis and attention. This indicates greater acceptance of the hormo- 
nal interpretation for the mechanism of apical dominance, but also 
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reflects the discovery of new classes of plant hormones since 1960 
and recent technological advances in hormone quantitation. How- 
ever, these methodological advances have not contributed to a 
clearer understanding of the mechanism of apical dominance 
(Cline 1991). This section briefly describes the current perspectives 
concerning the hormonal and nutritional mechanisms of apical 
dominance. 

Hormonal Mechanism 
Before the 1950’s, IAA was the only growth-promoting plant 

hormone known to western science and was believed to regulate all 
plant growth processes. The discovery of a second category of 
growth-promoting plant hormones in the late 1950’s introduced 
the possibility for alternative explanations for plant growth regula- 
tion. Wickson and Thimann (1958) were the first to demonstrate 
that a synthetic cytokinin, the generic name for compounds that 
promote cell division in plants in the presence of IAA, applied 
directly to inhibited axillary buds could transiently reverse IAA- 
induced growth inhibition. This finding was interpreted to indicate 
that cytokinins, in addition to IAA, have a fundamental role in the 
apical dominance mechanism. 

More recent studies confirm the conclusion of Wickson and 
Thimann (1958) suggesting that bud inhibition is induced by a 
cytokinin deficiency. The direct application of cytokinin to inhi- 
bited buds promotes bud growth in dicots (Panigrahi and Audus 
1966, Sachs and Thimann 1967, Schaeffer and Sharpe 1969, Ali 
and Fletcher 1970, but see Tucker and Mansfield 1973, Nagao and 
Rubinstein 1975) and grasses &anger et al. 1973, Johnston and 
Jeffcoat 1977, Harrison and Kaufman 1980, Isbell and Morgan 
1982). Cytokinin concentrations have also been shown to increase 
in sorghum (Sorghum bicolor M.) crown sections with attached 
axillary buds 1 day after defoliation (Nojima et al. 1985). Axillary 
bud growth began within 2 days of defoliation, suggesting a causal 
relationship between bud growth and elevated cytokinin levels. 

Demonstrations that cytokinins can release axillary buds from 
inhibition have provided the foundation for a sixth hypothesis of 
apical dominance (Table 1). The “cytokinin deficiency” hypothe- 
sis, as termed here, indicates that IAA transported down the stem 
from the apical meristem blocks cytokinin synthesis or utilization 
in axillary buds thereby inhibiting growth (Phillips 1975). The 
cytokinin deficiency hypothesis has incorporated and replaced the 
direct hypothesis as the most current hormonally based interpreta- 
tion for the mechanism of apical dominance (Cline 1991). 

Despite wide acceptance, many aspects of the cytokinin defi- 
ciency hypothesis remain unresolved. For example, it is not known 
how IAA blocks cytokinin synthesis or utilization in axillary buds. 
One suggestion is that IAA stimulates that catabolism of cytokinin 
during transport to axillary buds from the site of cytokinin synthe- 
sis in roots (Harrison and Kaufman 1984). However, disagreement 
exists as to whether cytokinins are synthesized exclusively in roots 
(cf. Lee et al. 1974, Skene 1975, Wang and Wareing 1979, Kuiper 
and Kuiper 1988). For example, apical meristem removal stimu- 
lated growth of inhibited buds on rootless plants, suggesting the 
occurrence of an alternative source of cytokinins to those produced 
in the roots (Wang and Wareing 1979). If cytokinin synthesis is 
limited to roots as is generally believed, then some bidirectional 
transport mechanism involving IAA and cytokinins must operate 
to prevent root-produced cytokinins from entering the buds to 
initiate growth (Woolley and Wareing 1972). 

Plant hormones other than IAA and cytokinin have been postu- 
lated to function in apical dominance (Table 5). Direct application 
of the growth-inhibiting hormone abscisic acid (ABA) to growing 
axillary buds on decapitated plants inhibits bud growth (Arney 
and Mitchell 1969, Harrison and Kaufman 1980). Conversely, 
ABA concentrations in inhibited buds decline significantly within 
hours after apical meristem removal in several plant species 
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Table 5. Putative roles of plant hormones in apical dominance summar- 
ized from Tamaa (1987). Date indicates the year during which each 
hormone was first isolated from a vascular plant source. 

Plant hormone Date Role in apical dominance 

Indole3acetic 
acid 

1944 

Cytokinins 1963 

Abscisic acid 1963 

Gibberellins 1960 

Ethylene 1934 

Principal chemical signal inhibiting 
axillary bud growth by blocking cyto- 
kinin synthesis or utilization in the 
axillary bud. 

Release axillary buds from inhibition. 

Inhibits axillary bud growth, but 
information is limited. 

Associated with bud elongation following 
release from inhibition, but direct 
involvement in apical dominance is 
questionable. 

Inhibits axillary bud growth in the 
presence of IAA, but evidence is limited 
and contradictory. 

(Tucker and Mansfield 1973, Nojima et al. 1989, Gocal et al. 199 1). 
The release of ethylene, a gaseous hormone often associated with 
senescence and fruit-ripening processes, has been reported to peak 
at the time of bud swelling in oat (Avena sativu L.) stem segments 
(Harrison and Kaufman 1982). Foliar-applied synthetic ethylene 
compounds also appear to stimulate bud elongation in barley 
(Woodward and Marshall 1988). Although the significance of 
these correlative data concerning ABA and ethylene remains to be 
demonstrated, the potential involvement of hormones other than 
IAA and cytokinin suggest that the cytokinin deficiency hypothesis 
may also be an incomplete assessment of the actual apical domi- 
nance mechanism (Phillips 1975, Hillman 1984, Tamas 1987). 

Nutritional Mechanism 
Despite the large amount of emphasis on hormonal regulation of 

bud growth, a renewed interest in nutritional interpretations for 
the mechanism of apical dominance has occurred over the last 30 
years. Gregory and Veale (1957) were among the first to resurrect 
the nutritive hypothesis following its decline during the early 
1900’s. Their data suggested that the degree of apical dominance 
exhibited by common flax (Linum usitatissimum L.) was depend- 
ent on the nitrogen and carbohydrate status of the plant. They 
concluded that competition occurred among axillary buds and the 
apical meristem for these limiting resources within the plant. 

Numerous investigations since Gregory and Veale (1957) have 
implicated resource limitations as the cause of axillary bud inhibi- 
tion (McIntyre 1972, Fletcher and Dale 1974, Prasad et al. 1989, 
McIntyre and Cessna 1991). For example, Aspinall(l961) demon- 
strated that tiller initiation in barley was reduced by low nitrogen 
levels, but that tillering could be stimulated at any time by nitrogen 
addition. Nitrogen availability can also influence tiller initiation in 
response to decapitation. Decapitated ryegrass plants grown with 
high nitrogen availability produced significantly more secondary 
tillers than decapitated plants with low nitrogen availability. The 
total number of primary tillers did not differ between plants with 
decapitated or intact apical meristems, but decapitated plants 
initiated tillers earlier than plants with intact meristems (Laidlaw 
and Berrie 1974). Other researchers have demonstrated that in 
addition to nutrient limitations, water (Cottignies and Jennane 
1988, McIntyre and Damson 1988) and carbohydrate supply (Mit- 
chell 1953; McIntyre 1967, 1970; Fletcher and Dale 1974) exert 
important influences on axillary bud growth. 

The nutritional interpretation for the mechanism of apical dom- 
inance is based on the correlative relationship between bud growth 
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and nutrient availability. For example, bud growth has been 
observed to increase within 6 hours following the addition of 
nitrogen (McIntyre and Cessna 1991). However, as Phillips (1975) 
has pointed out, it is impossible to conclude from such evidence 
that apical dominance is purely a nutritionally regulated response. 
Bud growth in response to increased nutrient availability may 
simply be 1 component of an overall increase in plant growth as 
opposed to a specific growth stimulation of inhibited buds. Sim- 
ilarly, higher nutrient concentrations have been found in buds 
released from inhibition in comparison with their inhibited coun- 
terparts (McIntyre 1972, 1977), but these correlative data do not 
necessarily imply a causal relationship. Greater nutrient concen- 
trations in growing buds may more accurately reflect the result, 
rather than the cause, of axillary bud growth (Jewiss 1972, Rubin- 
stein and Nagao 1976). Additionally, it is not known whether bud 
growth following apical me&tern removal, exogenous cytokinin 
application, or nitrogen addition promote bud growth by similar 
physiological processes (Rubinstein and Nagao 1976). Conse- 
quently, it is difficult to deny the partial involvement of resource 
availability in apical dominance; but it has yet to be established 
that axillary bud growth is purely a nutritionally regulated 
response. 

Nutritional and hormonal interpretations for the mechanism of 
apical dominance have traditionally been viewed as mutually 
exclusive alternatives. Experimental information necessary to dis- 
tinguish between these 2 interpretations must establish whether the 
apical meristem functions primarily as the predominant sink for 
available resources within the plant or site of synthesis for IAA 
which may directly or indirectly inhibit bud growth. The absence of 
this information in the literature is not surprising considering the 
technical difficulties involved. However, it may be inappropriate to 
assume apriori that hormonal and nutritional regulation of apical 
dominance are mutually exclusive. Hormones play critical roles in 
plant growth and development which may indirectly affect nutrient 
requirements and distribution and, in turn, nutrient availability 
may affect hormone biosynthesis and metabolism (e.g., Salama 
and Wareing 1979, Thorsteinsson and Eliasson 1990). Therefore, it 
seems plausible that nutritional and hormonal mechanisms may 
interact to influence bud growth in apical dominance, but only 
limited evidence exists to support this suggestion (Phillips 1975). 

Conclusions 
The physiological mechanisms responsible for apical dominance 

have been investigated in plant physiology and various applied 
fields for nearly a century. Although 6 major hypotheses have been 
proposed, none is totally satisfactory and a definitive understand- 
ing of the mechanism of apical dominance remains elusive. ‘Ihe 
cytokinin deficiency hypothesis is currently the most widely 
accepted interpretation for the physiological mechanism of apical 
dominance. This hypothesis suggests that bud inhibition results 
from IAA blockage of cytokinin synthesis or utilization in axillary 
buds. However, numerous aspects of this hypothesis remain unre- 
solved, suggesting that it may also be an incomplete interpretation. 

The apical dominance concept was introduced into the range 
science literature in the first range management text published in 
1943 as anecdotal statements asserting apical meristem control 
over axillary bud growth in grasses. The experimental information 
addressing the physiological mechanisms of apical dominance in 
dicots published prior to 1940 did not appear to have directly 
influenced concept adoption by the profession. Consequently, it is 
difficult to verify the origin or assess the validity of the concept as it 
was initially applied to grasses because neither citations nor exper- 
imental evidence were provided. 

The first physiological interpretation of apical dominance in 
grasses appeared in the range science literature (Branson 1956) 

13 years after the apical dominance concept was introduced to the 
profession by Stoddart and Smith (1943). The range science pro- 
fession appears to have adopted the direct hypothesis of auxin 
action proposed during the 1930’s and still relies exclusively on this 
hypothesis to interpret tiller initiation in grasses. However, the 
direct hypothesis was abandoned by plant physiologists during the 
late 1950’s based on experimental and interpretive inconsistencies 
and the demonstration of cytokinin-induced axillary bud growth. 
Although the direct hypothesis is outdated, the apical me&tern 
and IAA still assume pivotal roles in the cytokinin deficiency 
hypothesis because IAA produced in the apical meristem is 
assumed to prevent cytokinin synthesis or utilization in axillary 
buds, thereby inhibiting their growth. 

Regardless of the particular mechanistic interpretation invoked 
to explain apical dominance, the validity of the concept must be 
based on consistent stimulation of tiller initiation following apical 
me&tern removal. However, apical meristem removal does not 
consistently explain tiller initiation in perennial grasses as is com- 
monly assumed. Numerous examples have been documented 
where tillering was not promoted by apical meristem removal and 
others have substantiated the occurrence of tillering following 
defoliation even though apical meristems were not removed. These 
inconsistencies demonstrate that the apical dominance concept is 
an overly restrictive interpretation for the regulation of tiller initia- 
tion in perennial grasses. 

Several environmental variables are known to influence tiller 
initiation either singly or in combination. Tillering generally 
increases as abiotic variables collectively become more conducive 
to plant growth. Biotic variables, including grazing and competi- 
tion, also exert a substantial influence on the timing and magnitude 
of tiller initiation. In spite of the evidence documenting the regula- 
tory role of abiotic and biotic variables, these variables have 
received far less emphasis than hormonal explanations of tillering. 
The extreme spatial and temporal variability of environmental 
variables and resource distribution on rangelands increases the 
importance of these factors in the regulation of tillering by poten- 
tially overriding or constraining the physiological mechanisms of 
apical dominance (Harper 1964, Archer and Smeins 1991, Briske 
1991). Consequently, environmental variables may play an equal 
or greater role than the physiological mechanisms responsible for 
apical dominance in establishing the timing and magnitude of tiller 
initiation in grasses. 

Molecular and biochemical plant research will undoubtedly 
provide a more definitive interpretation of the mechanism of apical 
dominance. Major advancements will likely occur in hormone 
physiology and the genetic regulation of plant growth and devel- 
opment. However, advances in the molecular and biochemical 
mechanisms of apical dominance may not directly translate to a 
greater understanding of apical dominance within the whole plant. 
In addition, the consequences of apical dominance in species popu- 
lations and grassland communities are influenced by a variety of 
abiotic and biotic variables which are beyond the scope of plant 
molecular biology and biochemistry. Consequently, researchers in 
the applied sciences must continue to reevaluate and revise models 
of apical dominance appropriate to the objectives of their specific 
professions. 
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Viewpoint: Range site/ecological site informa- 
tion requirements for classification of riverine 
riparian ecosystems 
STEPHEN G. LEONARD, GEORGE J. STAIDL, KARL A. GEBHARDT, AND DONALD 
E. PRICHARD 

Abstract 

Few ecological sites have been described sufficiently to interpret 
the specific functions and processes unique to riverine riparian 
areas. The utility of using ecological site’concepts for riparian 
classification has also been debated due to the dynamic nature of 
the systems and the paucity of unaltered vegetation. We evaluated 
riparian sites associated with streams or rivers in 9 western states to 
determine the feasibility of using ecological site concepts in des- 
cribing and evaluating riverine riparian ecosystems. Associated 
water features must be described in riparian site descriptions to 
establish relationships and understand “process pathways." A con- 
cept of “site progression” is proposed to differentiate between 
secondary succession associated with vegetation changes within a 
given physical environment and physical “state” changes that lead 
to a “new” or different potential natural plant community (i.e., a 
change in ecological site and secondary succession sequences). We 
have concluded that ecological site classification and inventory 
techiques utilized on uplands can be used on riparian areas with 
some enhancements to maintain consistency in evaluations at a 
“management unit* level. 

Key Words: riparian classification, site progression, water features 

Increased attention to riparian area values and management 
have generated a need for additional and more specific inventory 
information. Past inventory efforts to classify the vast majority of 
upland areas have often overlooked or at least minimized the 
information gathered on the small proportion of land that can be 
classified as riparian. Map scales appropriate for depicting upland 
sites relegated many of the narrow bands of riparian vegetation 
along small streams and rivers as “inclusions” within soil mapping 
units or merely identified bodies of water or streams with spot or 
linear symbols. The limited ecological site information existing for 
riparian areas can be attributed in part to the scale at which 
information was gathered. In accordance with the scale of observa- 
tion, many sites and associated soils have not been described and 
the environmental factors responsible for their development have 
not been adequately documented. 

If we assume that the increased attention to riparian areas will 
result in more specific inventory information at an appropriate 
scale, the question arises as to whether the same classification and 
inventory methods utilized for uplands are appropriate (Platts et 
al. 1987, Winward 1984). Riparian areas can undergo a great deal 
of change compared to uplands. Indeed, many riverine riparian 
sites can undergo sudden and/ or extreme physical changes effected 
by associated stream dynamics. Furthermore, the absence of unal- 
tered or undisturbed vegetation in most riparian areas makes the 
determination of climax vegetation difficult, if not impossible at 
times. 

Investigations are a cooperative effort between the &DA, Soil Conservation 
Service and USDI, Bureau of Land Management. 

Manuscript accepted 29 Jan. 1992. 
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We are assigned by the Bureau of Land Management (BLM) to 
evaluate the use of ecological site concepts in riparian stream 
systems. We were to determine if any additional information was 
needed to describe or interpret sites and site dynamics. Initial 
investigations on streams in 9 western states (Arizona, New Mex- 
ico, Wyoming, Montana, California, Idaho, Oregon, Nevada, and 
Colorado) indicated that site classification in the traditional range 
site context is an appropriate base for riparian inventory, interpre- 
tation, and evaluation. However, there are additional information 
requirements, particularly water information, necessary to effec- 
tively describe the environmental factors characterizing the site. In 
addition, processes affecting physical changes and subsequent 
vegetation responses must be interpreted to understand and evalu- 
ate site dynamics within the total riparian area. We have limited 
our observations to stream systems but recognize the need to 
address additional information requirements for nonstream wet- 
land systems. 

We are using the term “ecological site” as synonymous with 
“range site” as defined in the National Range Handbook (USDA 
1976) with the provision that concepts also apply to other natural 
terrestrial ecosystems (USDI 1990). The term “site” will be used 
hereafter with indifference to agency terminology. The Soil Con- 
servation Service (SCS), BLM, and other agencies and institutions 
have successfully used site classification and description as the 
basic component of natural resource inventories over millions of 
acres in the western U.S. Analysis and interpretation of inventory 
information requires a knowledge of physical and biological inter- 
actions and functions that affect ecological relationships and suc- 
cessional sequences. Traditionally, the comparison of present 
resource inventory information relative to site characteristics asso- 
ciated with the potential natural plant community of a site have 
proven satisfactory for management evaluations. 

Vegetation Succession and Site Progression 
Succession usually represents an orderly progression (in the 

absence of disturbance) of plant community change toward a 
steady state often termed the climax or “potential natural plant 
community”. These changes in plant composition may also 
accompany adjustments in certain site characteristics, such as 
physical properties (e.g., accumulation of soil organic matter), soil 
chemistry, soil moisture, understory solar radiation, root distribu- 
tion, populations of insects and animals, and physiognomy. The 
changes are often predictable because of the similar behavior of the 
site’s environment. The ability to discern these environmental fac- 
tors from one site to another is a basis for site classification. Often, 
the potential natural plant community is used as an indicator of 
these integrated environmental factors. 

Neiman and Hironaka (1989) present a conceptual model (Fig. 
1) of seral plant communities in 2 closely associated sites and their 
relationship to site specific soil units. We have substituted the term 
“site” for “habitat type-phase” in the illustration because Hironaka 
(1989) has equated the 2 as he uses them. Even in closely associated 
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I Site 
Specific 
Soils 
(Horizonstion) 

Fig. 1. Conceptual model of seral plant communitiee in 2 cloeely eeeociated 
renge sites end their relationship to range site specific soil units. Early 
seral communities 4 end 5 occur in botb climax successions but occur 
over different soil units (Neiman, Jr., and Hironaka 1989). 

upland sites, soil characteristics seldom change sufficiently to 
induce a change from potential I to potential II in time frames 
considered in most management applications. There are excep- 
tions induced by extreme conditions such as accelerated erosion 
and mass wasting. 

In many riparian areas, however, there is a high potential for 
physical environments to undergo sudden and/ or extreme changes 
because of the potential for soil erosion, soil deposition, and 
changes in water availability. To help emphasize that these changes 
are the rule rather than the exception in riparian environments, we 
have introduced the term “site progression,” which denotes major 
physical state changes within a site (Gebhardt et al. 1990). Site 
progression is not intended to diminish or replace any of the 
community succession concepts. It is a term to help those less 
familiar with the dynamics of riparian systems focus on the expec- 
tation for site change. Generally, site progression can be thought of 
as a site change which may result in a different potential natural 
plant community for the site (i.e., a “new” site). 

The prominent factor leading to site progression is a change in 
soil-water status of sufficient extent as to favor a different potential 
natural plant community, either in kind, amount, or proportion of 
plants. Changes in soil-water status affect the amount, timing, and 
distribution of water available for plant growth and consequently 
the plant species that are physiologically adapted. These adjust- 
ments may be followed by modification of other soil properties 
such as aeration, salt accumulations, and pH that further affect the 
kinds of plants adapted. Depending on the relative stability of the 
site over time, changes in organic matter accumulations, nutrient 
status, and their affects on the potential plant community can be 
observed in relatively short time frames compared to upland sites. 

For a classification or site description to be very useful to man- 
agement, it should recognize and discuss vegetation succession, site 
progession, and factors that make them occur. The concept of site 
progression is demonstrated by Figure 2. The physical site is shown 
relative to its water and soil conditions. Each “state” (and related 
site) is connected by pathways to other possible ‘states”of different 
sites. We refer to this as “process pathways”. These pathways are 
identified triggering mechanisms affecting the riparian site. Once 
the process pathways are recognized, management can better 
understand cause and effect relationships. Vegetation successional 
stages within each “state” will differ similar to the model presented 
in Figure 1. 

Site progression and relation to soil-water status can be illus- 
trated with 3 potential plant communities described by Kovalchik 
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(1987). Each of these would represent a site as we are using the term 
and they can occur in contiguous positions. A sagebrush/cusick 
bluegrass (Artemisia tridentata-Artemisia canal Poa cusickii)poten- 
tial occurs on inactive floodplains and river terraces with a water 
table within a depth of 2 feet of the soil surface in May and June, 
dropping to 4 to 5.5 feet deep in July through September. A 
willow/ wooly sedge (Salixl Carex lanuginosa) potential can occur 
on adjacent active floodplains that are periodically flooded during 
April or May. The soil is saturated to the soil surface during this 
period. The water drops well down in the lower rooting zone by 
mid July. The third community of inflated sedge (Carex vesicaria) 
potential occurs on active channel shelves or other landforms 
within the floodplain that remain moist to saturated throughout 
the growing season. 

As long as stream dynamics remain reasonably constant, the 
proportion of these sites in the riparian area will also remain quite 
constant even though positions may be gradually changing with 
natural meander migrations. However, any event or activity that 
changes stream dynamics and associated soil-water relations can 
have long-term effects on the extent of each site and their relative 
proportions within the riparian area. 

Stream widening or incisement reduces the extent of the active 
floodplain by carrying more of the high flows within the channel 
itself. Reduced surface wetting and floodplain recharge expands 
the aerial extent and progression of the sagebrush/cusick bluegrass 
site at the expense of the other 2 sites. In cases of extreme incise- 
ment, the willow/ wooly sedge and inflated sedge sites may be 
eliminated; they will have progressed entirely to the sagebrush/ cus- 
ick bluegrass site potential. Long-term geomorphic processes are 
then required to reestablish site characteristics capable of support- 
ing the wetter potential plant communities. 

On the other hand, stream narrowing or blockages, such as 
beaver dams, induce higher water tables and promote shallow 
flooding and saturated soil conditions for extended periods. This 
condition will increase the aerial extent and relative proportion of 
the area capable of producing an inflated sedge potential and/ or 
willow/ wooly sedge potential depending on valley bottom mor- 
phology. Parts of the willow/ wooly sedge site will have progressed 
(changed) to an inflated sedge site and so on. 

Additional Information Requirements for Individual Sites 
Closely related sites may produce similar plant communities in 

early seral stages (Fig. 1). Therefore, site descriptions must contain 
descriptions of soils and other environmental factors that ade- 
quately distinguish between each individual site’s capability to 
produce a characteristic potential natural plant community even in 
the present absence of that community. Site descriptions used by 
the SCS and BLM identify the physiography (or landscape), cli- 
mate, and soils components associated with a perceived potential 
natural vegetation. Contrasting conditions in 1 or more of the 
environmental components are used as a means of identifying the 
site in the absence of the original native vegetation (USDA 1976). 
Our observations indicate certain water features are equally impor- 
tant in distinguishing individual riparian sites as well as establish- 
ing relationships between groups or complexes (Winward and 
Padgett 1989) of sites. 

The relationship to water is inherent in defining riparian areas. 
The interaction of both surface and ground water hydrology with 
other environmental factors is a dominant factor affecting site 
potential to produce vegetation and induce state changes. 

We suggest including associated water features as a subsection of 
the physiography/landscape section of the site description. These 
relationships between stream characteristics, landscape features, 
and cottonwood gallery forests of Arizona have been described by 
Asplund and Gooch (1988) and Brady et al. (1985). Kovalchik 
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Fia. 2. Conceut of site uromeseion. The boxes reuresented as “States” include different sites end may be found associated with stream types (i.e., B4, B6, 
&.) as d&;ibed by kc&en (1985). * 

(1987) has also documented potential natural vegetation asso- 
ciated with specific fluvial surfaces as related to soil and water 
characteristics in the Pacific Northwest. 

Major stream type characteristics have an established relation- 
ship with geomorphic development and dynamics of adjacent land- 
form (Leopold et al. 1964). Description can include individual 
morphological stream characteristics such as gradient, sinuosity, 
width/depth ratio, channel materials, and confinement. We have 
also successfully used a stream classification system described by 
Rosgen (1985) to characterize stream segments of similar mor- 
phology. 

relation to kind, depth, and timing. This can be related to a 
description of the annual pattern of soil-water states that provides 
a monthly distribution of soil moisture available at incremented 
depths for plant growth (USDA 1981). 

Site interpretations include the potential importance of the site 
for major uses such as grazing, wildlife habitat, and recreation. 
Because secondary succession and site progression are often asso- 
ciated with and affected by use and management, we suggest that 
these processes be described in the site interpretations. 

Flow regime and associated streamflow discharge characteris- 
tics influence the distribution of plant communities in relation to 
frequency, intensity, and duration of flooding (Harris et al. 1985). 
General flow regime (ephemeral, perennial, etc.) (Lowe et al. 1986) 
in association with seasonal position of the water column (Fenner 
et al. 1985) and probability of extreme flow events over time (l-, 5-, 
IO-year events, etc.) can be used to evaluate these relationships. 
Flooding frequency, duration, and timing should also be docu- 
mented in relation to landscape features, soil properties, and inter- 
pretative values for plant growth (USDA 1983). 

Common patterns of retrogression have been broadly discussed 
in relation to increaser, decreaser, and invader species associated 
with common perturbations of the site (grazing and fire) and range 
condition class. We suggest that a presentation of present vegeta- 
tion community types would provide several benefits. 

Presentation of known successional community types helps 
users recognize processes associated with secondary succession 
and changes that may be leading toward site progression. Koval- 
chik (1987) and Hansen et al. (1989) describe community types 
such as Kentucky bluegrass (Poa pratensis) as an indication of 
drying conditions that may change site potential on some sites. 

Drainage area and stream size are related to the streamflow 
discharge characteristics described above. Drainage area has also 
been directly correlated with site characteristics in west-central 
Arizona (Asplund and Gooch 1988). 

Special modifiers such as organic debris (Heede 1985), presence 
and frequency of beaver dams (Parker et al. 1985), depositional 
and adjustment features, or other modifiers are often needed to 
characterize a site and evaluate possible state changes. 

Ground water factors (Groeneveld and Griepentrog 1985), 
including system extent, source type, and recharge or loss charac- 
teristics, can provide information to evaluate spatial relationships 
with adjoining landscapes as well as characterizing individual sites. 

Water table characteristics (USDA 1983) should be described in 

There are many ongoing riparian inventories using other classi- 
fications based on either present vegetation characteristics (Win- 
ward 1984) or present and potential (climax) vegetation character- 
istics (Hansen et al. 1988, Swanson et al. 1988, Kovalchik 1987) in 
association with other environmental factors. Description of suc- 
cessional community types allows comparison with other classifi- 
cations for technology transfer. 

Finally, departures from climax can enhance or depreciate the 
value of the resultant plant community for various uses (USDA 
1976). Successional community types provide insight to the vegeta- 
tion attributes that actually enhance or limit particular uses or 
values. 

Site progression processes must be sufficiently described to lead 
the user to a different site description based on observations or 
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expectations that a site is changing or could change to a wetter or 
drier state. We have lumped site progression into 2 broad catego- 
ries of processes associated with aggradation or degradation. 

Aggradation may include natural stream adjustments such as 
lateral migration and can have desirable effects such as channel 
narrowing associated with bank building sediment deposition. 
Occasionally, excessive deposition can occur from accelerated 
upstream erosion which maintains site progression in a dynamic 
state and vegetation in an early successional stage. 

Degradation is generally associated with undesirable effects of 
channel widening and lowering or incision in more extreme cases. 
Degradation may also occur in natural lateral migration of stream 
channels. 

In many stream reaches both aggradation and degradation are 
occuring in dynamic equilibrium, maintaining balance in the sys- 
tem (Heede 1986). Dynamic equilibrium infers that the balance 
may change with progressive development over time. Both pro- 
cesses must occur following disturbance of a system to restore an 
equilibrium. For instance, lateral erosion and redeposition of sed- 
iments can restore sinuosity and energy balance where stream 
channels have straightened. New balances may establish as ripar- 
ian communities mature and site progression adjustments occur. 
We should be able to describe and understand these processes well 
enough to predict changes and work with, rather than against, 
ongoing natural adjustment processes. 

Discussion and Conclusion 
Site descriptions were prepared for repeatable landscape units 

that appeared to have a similar potential to produce vegetation 
along the streams investigated. Each of the associated water fea- 
tures described herein (most often a combination of several) was 
identified at one or more locations as important in either differen- 
tiating sites, identifying the site progression or both. 

Our estimation of a potential natural plant community for each 
site described was necessarily empirical. The descriptions were 
based on limited data collection, observations, existing data, and 
literature to evaluate the overall concept. In application, the 
determination is based on more extensive documentation of vege- 
tation communities occurring on the site over a larger geographic 
area. 

For management considerations, we agree with Winward and 
Padgett (1989) in that we are generally working with communities 
that are not necessarily endpoints in succession. This does not 
necessarily prevent us from relating successional sequences and 
classifying sites based on potential vegetation to the best of our 
knowledge. Site descriptions should not be static. Descriptions can 
and should be updated as new information and research indicates a 
need to do so. 

Site progression was apparent on most streams evaluated and 
processes could be described based on observations and existing 
data. The interpretation of these processes at individual locations, 
however, appears to be specific to the group of sites present. 
Spatial and temporal relationships between associated water fea- 
tures and adjacent landforms appear to influence the extent, distri- 
bution, and dynamics of sites present as well as the particular 
group along any one stream segment. Soil survey map unit con- 
cepts were employed to describe and interpret these groups or 
complexes of sites. 

Soils and sites are correlated during the soil survey process; 
therefore, spatial presentation of site information can be portrayed 
in traditional map unit design. However, the soils and associated 
sites must be identified as major components of a map unit to 
maintain a record of specific attributes rather than merely being 
identified as inclusions. 

Map scale determines the smallest size unit that can be practi- 

cally delineated on a map. Maps or photos with scales of 1:2,000 to 
1:4,000 are necessary on many riparian areas (Ohmart and Ander- 
son 1986, Jensen et al. 1989) to identify single component units and 
even then may require some multi-component units. Maps at this 
scale become a point in time reference and can be expected to 
change with site progression. While this change may be precisely 
what the study is intended to show, the detail may be overwhelming 
for more general evaluations. 

Multi-component map units, designed properly, can provide a 
longer term interpretative unit more conducive to analysis in rela- 
tion to adjacent uplands. If we consider stream segments of similar 
stream morphology (Rosgen 1985) and similar valley bottom geo- 
morphology, there are groups of sites that repeatedly occur in that 
situation over a wide geographic area of similar climate, etc. 
Although we are suggesting soil map units correlated with sites, the 
concept is the same as riparian complexes described by Winward 
and Padgett (1989). The geographic position of an individual site 
may change with fluvial processes. The group of sites and their 
relationship with associated water features and landscape compo- 
nents will remain reasonably constant for longer periods. 

Similar stream segments can, in effect, become riparian map 
units at map scales consistent with upland mapping (1:24,000). 
Current cartographic guidance (USDA 1983) doesn’t allow for line 
segments as map units, thereby eliminating the opportunity to 
identify the component soils at the series or family levels and their 
correlated sites. Allowance of line segment map units, supple- 
mented with larger scale maps to determine land area if necessary, 
would provide a permanent source of riparian information in soil 
and plant data bases. We also have to realize that riparian map 
units may still change if stream balance and adjustment processes 
eventually lead to a different stream type. The original map unit 
will still provide the necessary resource information base for cor- 
rective actions. 

We have concluded that site classification and inventory tech- 
niques in the context of range sites (SCS) and ecological sites 
(BLM) can be used on riparian areas if special attention is given to 
hydrology, site dynamics, and map unit design. We have provided 
these recommendations to the agencies and anticipate field trials in 
the near future. Field application will determine whether the 
enhanced techniques can be used on riparian sites as well as 
uplands. 
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Abstract 
The state and transition model and the ball and cup analogy are 

used to organize the vegetation dynamics knowledge base for 
California’s annual-dominated Mediterranean grasslands. These 
models help identify irreversible transitions and alternate stable 
states. Mechanisms that facilitate movement between successional 
stable states are categorized as demographic inertia, seedbank and 
germination, grazing impacts, establishment and competition, fue 
feedback, and irreversible changes in soil conditions. While theo- 
retical work needs to continue to further describe states and transi- 
tions, managers can begin to use existing knowledge to develop 
management plans with realistic species composition objectives 
and to select the appropriate tools for reaching objectives. 

Key Words: stable states, transitions, vegetation dynamics, annual 
rangehmd, native grassland 

Vegetation dynamics observed in Mediterranean grasslands 
cannot be predicted by the traditional range succession model 
(Bartolome 1989). Climax-based models predict succession toward 
a plant community dominated by taller, perennial species as graz- 
ing intensity is reduced. However, in the absence of grazing, these 
grassland communities do not succeed toward a single steady-state 
dominated by “climax” species. Substantial empirical evidence in 
Mediterranean grasslands has accumulated that renders tradi- 
tional assumptions invalid and of little predictive value (Biswell 
1956, Heady 1958, Naveh 1967, White 1967, LeHouerou 1972, 
Bartolome and Gemmill 1981, Foin and Hektner 1986). 

Contemporary ecological models provide for complex ecosys- 
tem dynamics including alternative stable states, discontinuous 
and irreversible transitions, nonequilibrium communities, and sto- 
chastic events (Drury and Nisbet 1973, Connell and Slatyer 1977, 
May 1977, Wiens 1977, Nobel and Slatyer 1980) The state and 
transition (Westoby et al. 1989) approach helps bring order to the 
complex body of knowledge and concepts describing vegetation 
dynamics in rangeland ecosystems. These models should be incor- 
porated into land management schemes so that more information 
can be available for decisions. 

Objectives of this analysis were to describe examples of mechan- 
isms found on annual grasslands that can produce complex eco- 
system dynamics, and to demonstrate the state and transition 
approach by describing vegetation dynamics in an annual grass- 
land triggered by natural events and managerial actions. 

Annual Grassland Vegetation Dynamics 
While annual-dominated grasslands possess a certain amount of 

inertia that resists change to a perennial-dominated grassland, they 
also readily shift between dominant annual species. Mechanisms of 
vegetation change which produce complex ecosystem dynamics 
(Noy-Meir 1975, Westoby 1980, Walker 1988, Walker 1989) may 
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be summarized into the following categories: seedbank and germi- 
nation, grazing impacts, establishment and competition, fire feed- 
back, and irreversible changes in soil conditions. Several of these 
examples can be found in California’s annual dominated grasslands. 

Overcoming Inertia 
Established plant populations change slowly unless disturbed by 

managerial action or natural phenomena. Some plant populations 
require a rare event for establishment but the resulting cohort can 
persist for relatively long time periods (Westoby et al. 1989). Rees- 
tablishment of native perennial grasses has been a recurring objec- 
tive of range managers on California’s annual grasslands (Kay et 
al. 198 1) and much has been learned from these efforts. The con- 
straints imposed on perennial bunchgrass establishment, survival, 
and reproduction by alien annual grasses have limited their suc- 
cess. Heavy grazing; long, dry summers; and intense competition 
for limited soil resources favor the annual strategy. 

Several events would have to occur to provide a window for 
natural reestablishment of native perennial grasses on California’s 
annual grasslands. A seed source from remnant plants or a viable 
seed bank must be present. More frequent fire would reduce com- 
petition from annual plants (Hervey 1949, Zavon 1982, Ahmed 
1983, Fossom 1990). A shorter dry season, which may result from 
late spring rains, would lengthen the growing season beyond the 
optimum for most annual competitors and provide conditions 
adequate for perennial seedling survival and development (Jack- 
son and Roy 1986). Additionally, suspension of grazing during 
critical periods of carbohydrate storage and shoot development is 
critical for both sexual and asexual reproduction. 

Simultaneous occurrence of these events would be rare, indicat- 
ing that reproductive strategies may act to inhibit linear reversal of 
Mediterranean grassland retrogression. These events are more 
likely to occur on coastal sites with deep soils, longer rainy seasons, 
and lower summer temperatures. In fact, coastal prairies do pos- 
sess the most prevalent native perennial grass populations in Cali- 
fornia’s Mediterranean climate zone (Heady 1977, Bartolome and 
Gemmill 1981, Foin and Hektner 1986). 

In California’s annual grasslands blue oak (Quercus douglasii 
H. & A.) establishment was strongly associated with the occur- 
rence of past fires (McClaren 1986). Fire suppression policies 
implemented in the 1940s may have contributed greatly to reduced 
blue oak seedling establishment. Gordon et al. (1989) suggest that 
oak seedlings grow poorly amidst dense annual grasses but may 
have grown more vigorously in interstitial spaces more common in 
a bunchgrass type. 

Seedbank and Germination 
Species phenology and short-term weather patterns, in addition 

to varying types and levels of disturbance, dictate that each patch 
in an annual grassland site is in almost constant change (Bartolome 
1989). Annual grasslands are a mosaic of patches, often dominated 
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by 1 or 2 species. Conditions during germination and establish- High rainfall years and years with late spring rains may result in 
ment determine species composition. These dominants may change grass dominance. Early rains coupled with evenly spaced and 
annually in response to weather, litter levels, soil fertility, and adequate rainfall usually result in clover domination (Bentley and 
seedbank dynamics. Talbot 1951). 

The seedbank changes in composition annually. Estimates of 
germinable seed could easily exceed 20,000 mm2 (Young and Evans 
1989). A high proportion of the seeds are at or above the soil 
surface in litter. This placement exposes a large proportion of the 
seedbank to predation and wide variability in moisture and 
temperature on a diurnal as well as seasonal basis. 

Fire Feedback 

The intensity of herbivory influences aboveground and below- 
ground (seed bank) species composition. Intensity of herbivory 
influences litter levels which in turn influence the seed bank’s 
microclimate. Seedbank microclimate influences seed survival, 
germination cueing, seedling survival, and resulting aboveground 
species composition (Rice 1989). The progeny of the current year’s 
species composition will influence species composition of the seed 
bank. 

Within 3 weeks of a germinating precipitation event, 20 to 3% 
of the pregermination seed reserve is established as plants and only 
a small remnant of the seed reserve remains (Young and Evans 
1989). Seedbanks of species that produce hard seed, such as rose 
clover( Trijblium hirtum All.), or have self-burial mechanisms, 
such as lilaree (Erodium cicutarium (L.) L’Her), subterranean 
clover ( T. subterraneum L.), and wild oats (Avenufutua L.) are less 
likely to be depleted during germination. Young et al. (1981) 
estimated that seed carryover from one year to the next was great- 
est for annual legumes, followed by annual forbs, and least for 
annual grasses. 

Grass-dominated plant communities promote fire and in many 
cases are also promoted by fire (Mutch 1970). At the Jepson Prairie 
Preserve in southern Solano County, Calif., late summer burning 
increased fall regrowth and seed weight of purple needlegrass 
(Stipapulchru Hitch.), a native perennial (Fossum 1990). Burning 
also increased the frequency of purple needlegrass seedling emer- 
gence and survival, which may be associated with larger seed size. 
Much of California grassland has been protected from burning by 
fire suppression policies and heavy grazing. Hence, where remnant 
perennial bunchgrasses remain, properly timed fire and grazing 
may improve seedling establishment and survival and increase 
basal area of established plants. Application of prescribed fire and 
grazing management in the absence of established perennial 
bunchgrass seeds will not result in bunchgrass establishment. 

Irreversible Changes in Soil Conditions 

Grazing Impacts 
Plant abundance may vary discontinuously and irreversibly in 

response to changes in stocking rate (Noy-Meir 1975,1978,1982; 
Walker et al. 1981; Walker and Noy-Meir 1982; Crawley 1983). 
Thus, alternative persisting species mixes are possible. In Califor- 
nia grasslands, annuals continue to dominate after grazing pres- 
sure is removed (Biswell 1956, White 1967, Bartolome and Gem- 
mill 1981). Native perennials, once reduced below critical popu- 
lation densities by grazing and other disturbances, are unable to 
persist or reestablish even under lower stocking rates or protection 
from grazing. Continuous grazing during the growing season con- 
tributes to the failure of perennial species to increase in vigor and 
basal area, and remnant perennial grasses that persist in a matrix of 
annuals become the focus of heavy fall and spring grazing pressure, 
limiting reproduction. 

Alteration of some soil properties may have a long lasting or 
permanent effect, especially on a time scale relevant to manage- 
ment. Grazing during the rainy season compacts some soils, which 
reduces infiltration, percolation, and water holding capacity, and 
concentrates roots near the surface (Menke 1989). Soil compaction 
also impedes root elongation, placing deep rooted species such as 
perennial grasses, shrubs, and trees at a disadvantage during seed- 
ling establishment. Oak seedling establishment success could be 
improved by planting acorns on top of a 60 to 90-cm hole refilled 
with soil (McCreary 1991). 

Annual rangeland sites present a special erosion hazard because 
soils are often thin, topography steep, and they receive much of 
their precipitation as rain rather than snow. Consequently, there is 
the potential on some sites to lose a substantial proportion of the 
soil, resulting in permanent loss of production potential. 

Application of a State and Transition Model 

Establishment and Competition 
The initial abundance of species may influence the outcome of 

competition and eventually population mixes (Harper 1977). 
Established annual plants may have priority in competition over 
developing perennial grass seedlings. In California Mediterranean 
grasslands, annual plants dominate the seed bank (Major and 
Pyott 1966) and seeds of annuals germinate faster and roots grow 
faster than perennial grasses’ (Harris 1977). Foliage of annuals 
may overtop and shade perennial competitors in more mesic sys- 
tems (Borman et al. 1990). 

These mechanisms, alone or in concert, may produce alternative 
persisting vegetation states. Single, catastrophic events of weather, 
fire, grazing, or management action may change range ecosystems 
in ways not easily reversible and not consistent with the linear 
monoclimax succession model. Rangeland vegetation dynamics 
on a site may be described by discrete states and definable transi- 
tions between states (Westoby et al. 1989). In some cases it is 
convenient to recognize transient states in which vegetation does 
not persist indefinitely but changes to another persistent state, 
depending upon events during the transient state. Transitions 
between states may be triggered by natural events (weather, fire, 
etc.) or management (brush control, seeding, change in stocking 
rate, etc.), or combinations of the 2. Transitions may occur very 
quickly (fire) or over an extended period (biological invasions, 
climate change) (Svejcar and Brown 1991). 

Differences in germination date and early seedling vigor and 
development largely determine competitive ability (Salisbury 
1942, Harper 1977, Fenner 1978). Therefore, changes in botanical 
composition of annual dominated vegetation are influenced strongly 
by short-term weather patterns (Heady and Pitt 1979). Species 
composition is determined before December and is largely a func- 
tion of dates of autumn rains and autumn temperatures (Heady 
1958). In drier years or in years of adequate but poorly distributed 
rainfall, fllaree usually dominates. Filaree germination is improved 
by wide diurnal variation in summer temperatures (Rice 1985). 

Figure 1 describes a state and transition example for a shallow 
gravelly loam site in the Sierra foothills of Yuba County, Calif. 
This approach provides a map for ecosystem management for use 
by land managers and a means for more quantifiably testing hypo- 
theses about ecosystem response to disturbance and management. 

The state and transition model can be applied in the field and 
used for planning managerial inputs. The transitions describe 
managerial actions (inputs) required to progress from one state to 
another. Resource value ratings can be assigned to stable states and 
potential products (outputs) can be projected. Probabilities of 
natural phenomena (disturbances) and managerial success can be 
assigned to transitions. 
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b. 1. State-and-transition description for a shallow gravelly loam foothill 
range site in Yuba County, California with 675-875 mm of annual 
precipitation. 

Catalog of States 
Store 1. Medusahead ( Taeniutherum asperum Nevskii) forms nearly 

pure stands with heavy litter that effectively excludes most other annual 
grasses and forbs. High silica content is believed to slow decomposition, 
resulting in litter accumulation that effectively suppresses establishment 
of associated species. Late maturity allows medusahead to most effec- 
tively exploit soils containing clay (Young and Evans 1970). 

State II. Filaree (Erodium cicutorium (L.) L’Her) dominates seed- 
bank and the aboveground standing crop. Medusahead density is sub- 
stantially reduced. Soft chess brome (Bromus mollis L.) is present in the 
seedbank and standing crop but in small amounts. 

State III. Wild oats (Avenafirua L.), ripgut brome (&omus dian- 
drus Roth), and soft chess dominate patches. Filaree and other species 
are present in small amounts. Medusahead is infrequent or not present. 
Perennial grasses such as purple needlegrass (St@ pulchra Hitchc.) 
may be present in small amounts. 

State IV. Purple needlegrass dominates the grassland. While it is the 
most common native grass present in today’s California annual grass- 
land, it may not have been the dominant perennial grass in the original 
California grassland (Bartolome and Gemmill 1981). Nodding needle- 
grass (5. cernuo Stebb. & Love) and blue wildrye (Elymus glaucus 
Buckley) may have been present in the original grassland. 

Stale V. Wedgeleaf ceanothus (Ceanothus cunearus (Hook.) Nutt.), 
whiteleaf manzanita (Arctostaphylus viscida Parry), and poison oak 
(Thus diversilobu T. & G.) dominate the community. 

State VI. Blue oak ( &ercus douglusii H. & A.) and interior Iive oak 
(Q. wislizeni A. DC.) savanna with an annual grass understory domi- 
nated by wild oats, soft chess brome, and ripgut brome. 

State VII. Blue oak and interior live oak savanna with a perennial 
grass (purple needlegrass) understory. 

Catalog of Transitions 
Transition 1. Medusahead seedbank reduced by 50 to 90%. This can 

be effected by several forms of disturbance (Major et al. 1960, Hilken 
and Miller 1980): including herbicide applications, cultivation, late 
May fire, or short duration high intensity grazing throughout the 
growing season for 2 consecutive years. These disturbances reduce litter 
and open the site for establishment of other species. Filaree will invade 
from surrounding patches or become established from residual hard- 
seed. Subterranean ( i%Qiolium subterraneum L.) and rose clover ( T. 
hirtum All.) may partially replace filaree if medusahead control is 

followed by seeding these legumes. Low levels of litter in summer and 
fail lead to filaree dominance within patches. Litter abundance is prim- 
arily a function of the intensity of herbivory during spring and early 
summer. Low litter cover increases soil temperature and seed germina- 
tion with the first fall rains (Rice 1989). Timing of fall precipitation can 
also influence filaree composition. Early germinating rains followed by 
several weeks of drought favor Elaree. Filaree is more tolerant of 
drought than annual grass and forb competitors because of the ability 
to rapidly elongate a tap root. 

Trunsition 2. Filaree dominance is reduced as other species, espy- 
cially annual grasses, successfully invade and colonize the patch from 
adjacent patches. Increased aboveground production and light to mod- 
erate herbivory increase litter during summer and fall resulting in 
decreased summer soil temperatures and reduced fall filaree germina- 
tion. Increased litter also improves grass seedlings’survival by reducing 
dessication. Regular or above-average rainfall through the fall and 
winter increases seedling survival. Application of nitrogen fertilizer 
may accelerate herbage production and litter accumulation. 

Dun&ion 3. Annual plant dominance is seemingly irreversible. 
Purple needlegrass recruitment and survival is suppressed by intense 
competition with annual species and season-long herbivory. Germina- 
tion of purple needlegrass is suppressed by moisture stress and high 
levels of litter (Bartolome and GemmiII 1981). Reversal may be possible 
with a high level of managerial control of season and intensity of 
grazing and periodic prescribed burning. Fire reduces litter and annual 
plant density (Zavon 1982). Heavy early spring grazing followed by late 
summer burning increases the frequency of needlegrass seedling emer- 
gence and survival (Fossom 1990). Adequate rest between grazing 
periods improves needlegrass vigor. 

Transition 4. Year-long continuous grazing, drought, and competi- 
tion from annual species reduce needlegrass vigor and survival. 

Transition 5. Filaree increases in response to low litter levels or early 
fall rains followed by several weeks without precipitation. Poor growing 
season production or heavy herbivory reduces litter levels. Long periods 
of inadequate rainfall within the normal growing season reduce grass as 
a component of the herbaceous composition. 

Transition 6. Medusahead gradually increases in the patch. Plants 
produced from the post-fire seedbank produce seed, increasing medu- 
sahead in the seedbank. Medusahead increases and dominates the patch 
and gradually invades adjacent patches if clay content of the soil is 
adequate. 

Transition 7. Summer wildfire or controlled burning removes shrubs. 
Grazing and recurring fire maintain grassland. 

Transition 8. Protection from grazing and fire facilitates shrub inva- 
sion. Shrubs become dominant in 10 to 20 years. Herbaceous under- 
story declines as shrub canopy increases (Johnson and Fitzhugh 1990). 

Trunsition 9. Drought, wildfire, controlled burning, or herbicides 
remove blue and interior live oaks leaving an open grassland dominated 
by annual species. 

Transition 10. High density of annual plants suppress oak seedling 
emergence and root growth. Competition for soil water with annual 
species contributes to the increased rate of blue oak seedling mortality 
(Gordon et al. 1989). Blue oak savannas are believed to be more xeric 
today than during pre-settlement conditions due to high annual plant 
densities and reduced litter associated with domestic livestock grazing 
(Welker and Menke 1990). 

Transition 12. Same as Transition 3. Like purple needlegrass, oak 
recruitment and seedling survival is suppressed by competition with 
annual species. 

Transition 12. Yearlong continuous grazing and drought reduce 
needlegrass vigor and survival. 
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For example, if a grassland is in State I (Fig. 1) and the objective 
was to convert to the grassland in State III, managerial inputs 
described in Transitions 1 and 2 would be prescribed. Early rains 
and favorable growing seasons would accelerate progress toward 
State III while drought and fire would tend to delay progress for 1 
to 3 years. Removal of livestock earlier to leave more residual dry 
matter would facilitate progress from State II to State III. Applica- 
tion of nitrogen fertilizer may accelerate progress from State II to 
State III. At State III management inputs can be designed to 
maintain State III or to set course for a new objective. 

The resource value for cattle grazing would increase with pro- 
gress from State I to State III while State II would be of greater 
value for sheep grazing than cattle. Maintaining adequate cover 
while increasing forb populations (State II) would enhance upland 
bird habitat. Increasing cover (State III) would reduce habitat 
value for ground squirrels (Spermophilus beecheyi). As the grass- 
land progresses from State I to State III, increasing cover and 
residual dry matter may improve the grassland’s value as watershed. 
The landowner’s goals, enterprises, and markets would determine 
the most advantageous mix of patch states on the landscape. 

Ball and Cup Amlogy 
The “ball and cup or trough” analogy (Hurd and Wolf 1974, 

Gordon and Forman 1983, Forman and Godron 1986;Laycock 
1991) can be applied to this annual grassland state-and-transition 
model (Fig. 2). The ball represents a plant community. Highly 

<--- Environmental and Managerial Change ---> 

Fig. 2. Graphic representation of ball and cup or trough analogy. 

stable communities take a great deal of disturbance to move from 
one stable condition (cup or trough) to another. California’s rem- 
nant perennial bunchgrass community as represented by State IV 
may be a relatively stable community. Transition to an annual 
grass community as described in Transition 4 requires substantial 
environmental change (disturbance) and for this site probably is an 
irreversible transition. However, recent research by Fossum (1990) 
suggests that reversal (Transition 3) may be possible with applica- 
tion of prescribed grazing and fire where remnant perennial 
bunchgrasses are present. Inadequate perennial bunchgrass seed 
sources, infrequent tire, long dry seasons, and annual plant compe- 
tition individually and collectively are tremendous barriers to 
reversal. 

While the annual grasslands are generally considered to be stable 
(Heady 1977), communities are made up of several transient states 
(States I-III) within a trough that are the product of weather 
variation, amounts of litter, soil fertility, and grazing. Short gener- 
ation times, species diversity in the seedbank, and differing 
requirements for germination and seedling establishment as influ- 
enced by variations in weather result in annual changes in species 
composition and dominance. 

Conclusions 

While there is insufficient information to describe all possible 
transitions, it is important to arrange what is known in a usable 
format. Some states may be quite stable while other states, espe- 
cially annual-dominated states, will change frequently in response 
to prevailing natural and managerial actions. We may know the 
states but not factors that control the transitions. This model 
would help focus research on the transitions where the lack of 
information exists. 

It is important for managers to recognize that irreversible condi- 
tions exist and that annual grasslands are capable of frequent 
change. Management plans on annual grasslands continue to 
emphasize the return to perennial-dominated grasslands as an 
objective and protection from grazing as the main tool for reaching 
that objective. No known management prescription will achieve 
that. 

Range condition assessments continue to rate communities 
dominated by annual plants in low condition. Ecological site des- 
criptions continue to be based upon species composition without 
acknowledging that composition may change annually. States and 
transition descriptions provide a new format to describe vegetation 
dynamics and acknowledge the transient nature of some vegetation 
states. 
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Abstract 

Soil incorporation of sericer lespedeze [Lespedeza cuneata 
(Dum. de Cours) G. Don.] residues has been reported to inhibit 
growth of some forage grasses. No information is available on the 
performance of sericea lespedeza grown ln association with warm- 
season perennial grasses. Laboratory and greenhouse experiments 
were conducted to determine if sericea lespedeza residues affect 
seed germination and seedling growth of bermudagrass [ Cynodon 
dactybn (L.) Pers.] and bahiagrass (Paspalum notatum Flugge); lf 
any such response was cultivar dependent; and if the response was 
subject to manipulation by N fertilization. Sericea lespedeza 
residues inhibited bermudagrass and babllgrass growth, but did 
not affect their seed germination and emergence. No diierences 
among cultivars of bermudagrass and bahiagrass In response to 
sericea lespedeza residues were found in the greenhouse. Neverthe- 
less, differences among bermudagrass cultivars for tolerance to 
sericea lespedeza residues were observed in the laboratory. The 
harmful effects of sericea lespedeza residues were small (17 and 
16% reduction of dry weight for bermudagrass and bahiagrass, 
respectively) compared to the positive effects of N fertilization. 

Key Words: allelopathy, legumes, plant litter, crop residues, Les- 
pedeza cuneata,’ bermudagrass, Cynodon dactylon, bahiagrass, 
Paspahmi notatum 

Allelopathy refers- to inhibitory or stimulatory reciprocal bio- 
chemical interact&s among plants (Rice 1984). Incorporation of 
plant residues into the soil %s occasionally reduced the yield of 
subsequent crops (Miller 1983, Menges 1987, Hicks et al. 1989). 
Luu et al. (1982) reported that water extracts of tall fescue (Festuco 
arundinacea Schreb.) herbage inhibited seed germination and seed- 
ling growth of birdsfoot trefoil (Lotus corr&ulatus L.). Rye 
(Secule cereule L.) residues inhibited seed germination and growth 
of several crops and weeds (Barnes and Putnam 1986). This reduc- 
tion was associated with the release of phytotoxic compounds from 
the decomposed plant residues (Barnes and Putnam 1987, Barnes 
et al. 1987). In only a few instances has incorporation of plant 
residues been reported to stimulate crop growth. Kochhar et al. 
(1980) reported that the addition of tall fescue, ladino clover ( Tris_ 
olium repens L.), or a mixture of tall fescue and clover debris to soil 
stimulated the growth of both clover and fescue. 

Sericea lespedeza is a drought-tolerant, long-lived summer per- 
ennial legume that is well adapted to the infertile soils of the 

r southeastern United States. It has been recommended for planting 
in association with some cool-season grasses, such as tall fescue 
and orchardgrass (Dactylis glomerata L.), to extend the produc- 
tive season (Hoveland and Donnelly 1985). No information is 
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available on the performance of sericea lespedeza grown in associa- 
tion with warm-season perennial grasses like bermudagrass and 
bahiagrass. Soil incorporation of sericea lespedeza residues de- 
pressed corn (Zeu muys L.) growth (Langdale and Giddens 1967) 
and inhibited rye, ryegrass (Lolium multtji’orum Lam.), and tall 
fescue growth (authors’ unpublished data). 

The objectives of this study were to determine if sericea lesped- 
eza residues affect seed germination and seedling growth of ber- 
mudagrass and bahiagrass, if any such response was cultivar 
dependent, and if the response was subject to manipulation by 
nitrogen (N) fertilization. 

Materials and Methods 

The effects of sericea lespedeza plant residues on seed germina- 
tion, seedling development, and growth of bermudagrass and 
bahiagrass were examined in a series of laboratory and greenhouse 
experiments conducted at Auburn University, Ala. Three cultivars 
of bermudagrass (‘CD-6.69’, ‘Arizona Common’, and ‘Guymon’) 
and 2 of bahiagrass (‘Pensacola’ and ‘Tifton 9’) were included. 
Sericea lespedeza residues and soil samples were obtained from 
nurseries of high- or low-tannin genotypes planted in Tallassee, 
Ala., in 1986. The nurseries were located on a Bassfield loamy fine 
sand soil (coarse-loamy, siliceous, thermic, Typic Hapludults). 

Laboratory Experiments 
Two experiments were conducted for each species. In the first 

experiment, 20 seeds of the 3 cultivars of bermudagrass and the 2 
cultivars of bahiagrass were germinated in water extracts from low 
or high tannin sericea lespedeza residues and distilled water (con- 
trol). In the second experiment, 20 seeds of the same 5 cultivars 
were germinated in water extracts from topsoil (0 to 10 cm depth) 
and subsoil (10 to 30 cm depth) in which low- or high-tannin sericea 
lespedeza plants had grown. A distilled water treatment was also 
included. 

Residue and soil extracts were obtained by mixing 50 g of 
residues or soil with 500 ml of distilled water in a blender for 10 
min. The mixture was agitated for 2 hours, and filtered through 
Whatman No 1 filter paper. Electrolytical conductivity and pH 
were measured in each extract. 

Percentage of seed germination and radicle and coleoptile 
lengths were recorded 7 days after placing the seeds between 2 
Whatman No. 42 filter papers in petri dishes. The filter papers were 
moistened with 5 ml of extract or distilled water. The petri dishes 
were placed in an incubator in the dark at 35120“ C for 1618 hours. 
Seeds were considered germinated if the radicle had protruded 
through the seed coat. 

Data were analyzed by species as a factorial experiment in a split 
plot design where cultivars were the main plots and treatments 
were the subplots. In the first experiment treatments were tannin 
levels and, in the second, treatments were soil depths and tannin 
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levels. There were 5 replications in each experiment. 

Greenhouse Experiments 
Ten seeds of each cultivar were planted in 1,890-cmJ pots filled 

with potting soil (13% peatmoss, 57% fine sandy loam soil, and 
30% sand). This potting soil contained 1.9% organic matter, 1.4 g 
kg-’ total N, and 72 g kg“ P. Exchangeable cations were 3.8, 1.2, 
and 0.4 cmol kg-’ for Ca2’, Mg2’, and K+, respectively. Its pH was 
5.6. The mean day and night temperatures during the time that the 
experiments were conducted were 30 and 18.3” C, respectively. 

Treatments made up of a factorial combination of 3 rates of 
sericea lespedeza residues (0,6, and 12 g pot-‘), 2 rates of N (0 and 
30 mg kg-’ of soil) applied 4 times during the growth of the grasses, 
and 2 types of sericea residues (low and high tannin content) were 
applied to 3 or 2 cultivars, depending on the species. The rates of 
sericea lespedeza residues are representative of the amount found 
in fields with none, sericea lespedeza grown for hay (3,800 kg ha-‘), 
and sericea lespedeza grown for soil conservation or biomass 
production (7,600 kg ha-‘) for 4 years, cut once at the end of the 
summer. These rates were determined by sampling sericea lesped- 
eza fields near Tallassee, Ala. Sericea lespedeza residues were 
thoroughly mixed with the soil. N was applied to each pot by 
diluting 135 mg of ammonium nitrate (33% N) in 50 ml of water at 
the beginning of the experiment and again every 15 days thereafter. 

Seed emergence was recorded 7 days after sowing. Fifteen days 
after sowing, the plants were thinned to 5 plants per pot. Above- 
ground biomass of the plants was harvested 55 days after sowing, 
dried at 65’ C for 72 hours, and weighed. This material was ground 
to pass through an l&mesh sieve and total N was measured on a 
Leco N analyzer. 

Within each species, data were analyzed as a factorial experi- 
ment in a split plot design where cultivars were the main plots and 
treatments (sericea lespedeza residue rates, N rates, and type of 
sericea lespedeza residue) were the subplots. There were 4 replica- 
tions (pots). Comparison between treatment means were done 
according to the least significant test and single degree of freedom 
contrast (Gomez and Gomez 1984). 

Results and Discussion 

Laboratory Experiments 
Germination of bermudagrass or bahiagrass was not affected by 

extracts of sericea lespedeza residue when compared to the control 
(Table 1). Extracts from low- and high-tannin residues reduced 

Table 1. Effects of se&es lespedeza residue extracts on bermudagrass 
(BE) and bahiagrass (BA) seed germination and seedling growth, aver- 
aged across C~IMWS. 

Treatment 

Germination 

BE BA 

Length 

Radicle Coleoptile 

BA BE BA 

Control 
Low tannin 
High tannin 
LSD (0.05) 

__6;_(%)_____ 

58 

_;_5_____(;y)_____2_;_ 

63 54 1:2 2.2 2:o 
58 50 1.0 2.1 1.6 
ns ns 0.2 0.2 0.3 

radicle length of bahiagrass 20 and 33%, respectively. Extracts 
from low-tannin residues had no effect on coleoptile length of 
either species. Extracts from high-tannin residues decreased cole- 
optile length of bermudagrass and bahiagrass 13 and 24%, respec- 
tively (Table 1). Similar effects of sericea lespedeza residues on rye, 
and tall fescue have been observed (authors’ unpublished data). 

A significant (P<O.Ol) cultivar-extract interaction for radicle 
length in bermudagrass suggested that allelopathy towards ber- 

mudagrass radicle elongation was cultivar dependent. Guymon 
radicle length was not affected by the extracts, while that of CD- 
6.69 was reduced 46% only by the high-tannin extract. Arizona 
Common radicle length was reduced by low- and high-tannin 
extracts to 41 and 49% of the control, respectively (data not 
shown). 

Soil extracts had no effect on seed germination of bermudagrass 
or bahiagrass (data not shown). Radicle and coleoptile lengths of 
bahiagrass decreased when exposed to the soil extracts. Topsoil 
extracts reduced radicle and coleoptile lengths of bahiagrass more 
than subsoil extracts. Extracts from low-tannin areas reduced 
radicle length more than those from high-tannin areas. Coleoptile 
length was reduced more by high-tannin extracts than by low- 
tannin extracts (Table 2). 

Table 2. Effects of sericea lespedezr soil extracts on bahiagrass early 
seedling growth, averaged across cultivars. Effects attributed to all 
extracts are averaged over depths and tannin levels. 

Treatment Radicle length Coleoptile length 

Control 
All extracts 
Soil depth 

O-10 cm 
lo-30 cm 

Tannin level 
Low 

___-__;Js_-____(cm)-----~~~------ 

1:15 1:63 

1.07 1.49 
1.23 1.77 

1.12 1.67 
High 1.18 1.58 

All comparisons within soil depths and tannin levels are significant (P= 0.05) accord- 
ing to analysis of variance.. 

A significant cultivar-soil extract interaction for radicle (P = 
0.03) and coleoptile (P q  0.01) length of bermudagrass was 
detected. Radicle and coleoptile length of CD-6.69 were not 
affected by the soil extracts when compared to distilled water (data 
not shown). Guymon radicle length was reduced by soil extracts 
(control 1.13 cm vs average of all extracts 0.77 cm). Extracts from 
low-tannin areas reduced radicle length more than those from 
high-tannin area (0.71 vs 0.84 cm). Guymon coleoptile length was 
not affected by soil extracts. 

Cultivar Arizona Common exhibited a complex response to soil 
extracts. A significant interaction between soil depth and tannin 
level was detected for radicle (P<O.Ol) and coleoptile (P<O.Ol) 
length (Table 3). Subsoil extracts from low-tannin areas reduced 
radicle length of Arizona Common more than extracts from high- 
tannin areas in this cultivar. Radicle length was also reduced by 
subsoil extracts from low-tannin areas more than by topsoil 

Table 3. Effects of sericea lespedeza soil extracts on early seedling growth 
of bermudagrass cv. Arizona Common. 

Treatment Radicle length Coleoptile length 

_______________(cm)~~~~~~~~~~~~-- 

Subsoil 
Low 0.74 1.96 
High 1.05 1.74 

Topsoil 
Low ns 1.13 
High ns 1.47 

Low-tannins 
O-10 cm 1.08 1.13 

lo-30 cm 0.74 1.96 
High-tannins 

O-10 cm ns 1.47 
lo-30 cm ns 1.74 

All comparisons within soil depths and tannin levels are significant (P= 0.05) accord- 
ing to analysis of variance unless otherwise indicated. 
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extracts from the same areas. Subsoil extracts from high-tannin aboveground biomass dry weight. The interaction between cultivar 
areas reduced coleoptile length of Arizona Common more than and N rate was significant (P<O.Ol) in both species, but accounted 
those from low-tannin areas, whereas topsoil extracts from high- for only a small portion of the variability. 
tannin areas reduced coleontile length less than those from low- In both species, effects of cultivar, N application, and amounts 

of residue on shoot N content were significant (Table 5). The effect 
of tannin level was also significant for bahiagrass shoot N content, 
but it accounted for only a small portion of the variability. Nitro- 
gen rates accounted for most of the variability. Its application 

tannin areas. Topsoil extracts from low- and high-tannin areas 
reduced coleoptile length of this cultivar more than subsoil extracts 
(Table 3). 

The results from soil extracts indicate that soils from places 
where sericea lespedeza plants have grown for 4 years contain 
inhibitors of plant growth regardless of soil depth or tannin in the 
residues. This suggests that sericea lespedeza plants and their 
residues release phytotoxic compounds. Similar effects of sericea 
lespedeza residues were observed on cool-season grasses. These 
results further agree with Guenzi and McCalla (1966), who 
reported that compounds produced during crop residue and soil 
organic matter decomposition reduced the yield of several crop 
species. Also, living plants can release some substances that 
accumulate in the soil in amounts that are harmful to other species 
(Kil and Lee 1987, Dornbos et al. 1990). 

The pH of residues and soil extracts ranged from 5.30 to 5.61 and 
from 5.25 to 6.32, respectively. Electrolytic conductivities of the 
residue and soil extracts ranged from 0.29 to 0.50 and 0.25 to 0.39 
dS m-‘, respectively. No relationship was observed between pH or 
electrolytic conductivity and inhibition of seed germination or 
seedling growth. These findings are consistent with other reports 
(Yakle and Cruse 1984, Martin et al. 1990). 

Greenhouse Experiments 
Nitrogen rates, tannin levels, or increasing amounts of sericea 

lespedeza residues incorporated into the soil had no effect on 
emergence of either grass. Interactions among these factors were 
not significant (Table 4). 

Table 4. Effects of sericea lespedeza residues with low or high tannin 
content and N fertilization on bermudagrass (BE) and bahiagrass (BA) 
seedling emergence and oven-dry standing crop, averaged across cultivars. 

Treatment 

Nitrogen rate 
0 mg kg-’ 

30 mg kg-’ 
LSD (0.05) 
Tannin level 

Low 
High 

LSD (0.05) 
Residue rate 

0 g pot-’ 
6 pot” 

12 g pot-’ 
LSD (0.05) 

Emergence Dry weight 

BE BA BE BA 

_______(%)_______ ______ (gp&) ______ 

87 64 1.25 0.98 
84 63 6.81 1.78 
ns ns 0.26 0.15 

86 65 4.01 1.37 
86 62 4.05 1.40 
ns lls ns ns 

89 66 4.38 1.53 
85 63 4.08 1.34 
84 62 3.64 1.28 
ns ns 0.32 0.19 

Effects of cultivars, N rates, and amounts of residues on above- 
ground biomass dry weight were significant. Nitrogen rates 
accounted for most of the variability. Nitrogen application increased 
aboveground biomass dry weight of bermudagrass and bahiagrass 
445% and 82%, respectively (Table 4). Biomass dry weight of either 
species was not affected by the low amount of residues (6 g pot-‘) 
when corn 

-P 
ared to the control (0 g pot“). High amounts of residues 

(12 g pot ) reduced dry weight of bermudagrass and bahiagrass 
17% and 16% compared to the control, respectively. Tannin level 
had no effect on plant growth (Table 4). Soybean residues had 
similar effects on wheat growth (Huber and Abney 1986). 

Regardless of species, most interactions between cultivars, N 
rates, tannin levels, and residue rates were not significant for 
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Table 5. Effects of sericea lespedeu residues with low or high tannin 
content and N fertilization on N shoot eontent of bermudagrass (BE) and 
bahiagrass (BA), averaged across eultivars. 

Treatment BE 
Shoot-N 

BA 

Nitroaen rate 
0 i&g kg-’ 

30 kg“ mg 
LSD (0.05) 
Tannin level 

Low 

19.9 23.7 
27.1 38.6 
0.7 1.0 

23.2 30.1 
High 23.8 32.1 

LSD (0.05) ns 1.0 
Residue rate 

0 g pot-’ 
6 g pot-’ 

12 g pot-’ 
LSD (0.05) 

27.9 34.7 
22.4 31.2 
20.2 21.6 
0.9 1.3 

increased N shoot content 36% and 63% in bermudagrass and 
bahiagrass, respectively. Tannin level had no effect on bermuda- 
grass shoot N content, but low-tannin residues reduced bahiagrass 
shoot N content 6%, when compared to the high-tannin residues 
(Table 5). 

Sericea lespedeza residues incorporated in the soil reduced N 
shoot concentration in both species with higher amounts of residue 
reducing N content more than the low amount. When compared to 
the control, the reduction in N content caused by the low residue 
rate was 2090 and 4% in bermudagrass and bahiagrass, respec- 
tively. The high residue rate reduced N content 2890 and 21% in 
bermudagrass and bahiagrass, respectively (Table 5). 

The interaction between N and residue rate was significant for N 
content in both species, indicating that N was used not only by the 
plants but also by the soil microorganisms for the decomposition 
of the sericea lespedeza residues. The interaction among bahia- 
grass cultivars, N rates, and tannin levels was also significant, but 
accounted for a very small part of the variability. 

Sericea lespedeza residues inhibited bermudagrass and bahia- 
grass growth, but did not affect their seed germination and emer- 
gence. No differences among cultivars of bermudagrass and bahia- 
grass to sericea lespedeza residues were found in the greenhouse. 
Nevertheless, differences among bermudagrass cultivars were 
observed in laboratory experiments. The harmful effects of sericea 
lespedeza residues are small compared to the effect of N fertiliza- 
tion. Thus, N was the main factor limiting plant growth. Estab- 
lishment of bermudagrass of bahiagrass in a sericea lespedeza field 
is not likely to be affected; however, N fertilization will be required 
to enhance grass growth which otherwise would be stunted. 
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Abstract 
Competition from other plant species may inhibit establishment 

and reduce phytomass production of blue grama [Boutelouugraci- 
lis (H.B.K.) Griffiths] on rangehmd. Varying levels of competition 
were achieved by transplanting four-week-old blue grama seed- 
lings into openings 0, 4, 8, or 16 cm in diameter in a western 
wheatgrass [Pascopyrum smMii(Rydb.) A. Love] sod or in fallow 
soil. After the first growing season, 42, 79, 88, and 92% of blue 
grama seedlings survived in 0,4,8, and 16 cm openings, respec- 
tively, in sod. All plants survived the first growing season in all 
treatments on fallow, but 86% of the pbmts in fallow died the first 
winter. In the fust growing season, blue grama plants averaged 
over 13 seed heads per plant in fallow but less than 1 seed head per 
plant in sod. Both above- and below-ground phytomass of blue 
grama and western wheatgrass were reduced by competition. Plant 
height in fallow was about twice that ln sod. Both survival and 
vigor of blue grama seedlings were reduced with incrersiag levels of 
western wheatgrass competition. For successful establishment of 
blue grama ln an existing sward, artificial or natural openings must 
be created. 
Key Words: above-ground standing crop, Agropyron smithii, 
below-ground phytomass, Bouteloua gracilis, gap size, Pascopy- 
nun smithii, plant competition, seedling survival 
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Blue grama [Boureloua grucilis (H.B.K.) Griffiths] is the domi- 
nant grass species over much of the Central Great Plains, but 
re-establishment following destruction by cultivation or grazing is 
siow and uncertain (Riegell941, Hyder et al. 1975). Tomanek et al. 
(1955) reported that blue grama provided only 11% of the herbage 
production on a field abandoned for 33 years, vs. 27% on native 
rangeland. Distinct plowlines, 40 and 50 years old, are visible 
because blue grama on the plowed site has not returned to the 
preplowing population (Hyder et al. 1975, Samuel 1985). Costello 
(1944) suggested the mixed prairie association may be apparent 
after 20-25 years of succession under exceptionally favorable con- 
ditions, but frequently was not well advanced before 40 to 50 years. 

Establishment failures occur in seeded blue grama as well as in 
natural stands. Hyder et al. (1971) reviewed several failures and 
only 1 success, an area where seeded rows were covered with a thin 
asphalt mulch (Bement et al. 1961). 

The seedling morphology of blue grama contributes to its slow 
reestablishment. Blue grama needs moist, warm soil during germi- 
nation and again several weeks later for development of the per- 
manent adventitious root system (Wilson and Briske 1979). The 
adventitious roots emerge within several millimeters of the soil 
surface. In many years adequate moisture may not be available in 
this shallow layer. 

A second factor limiting blue grama establishment may be com- 
petition from established species. Sousa (1984) concluded that 
spatial and temporal variation in the density of “safe sites”, as well 
as the availability of propagules, limits rates of establishment of 
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many plants. Fenner (1978) found that 11 of 12 plant species 
germinated as well in 2.5-cm gaps in short turf as in bare soil. 
However, dry weight of shoots was greatly reduced in turf in 10 of 
12 species. McConnaughay and Bazzaz (1987) found that few 
seedlings of 7 annual weed species survived in undisturbed Pea 
prutensis sod; optimum gap size for survival varied among species; 
and biomass per plant increased with increasing gap size (up to 40 
cm) for all species. Peart (1989 b and c) found that establishment of 
Anthoxanthum odorarum and Holcus lanatus in California grass- 
land was increased 6-to 2,X@-fold in canopy gaps created by death 
of mature plants and lo- to 200-fold on gopher mounds over that in 
undisturbed vegetation. Deschampsia holciformis and Rytidos- 
perma pilosum established poorly on all sites. 

The objective of this study was to measure the effect of intensities 
of competition by western wheatgrass on the survival and growth 
of germinated blue grama seedlings. Response of western wheat- 
grass was also measured. 

Methods and Materials 

The study site was a dryland plot area of the High Plains Grass- 
lands Research Station northwest of Cheyenne, Wyo. The 118- 
year average annual precipitation was 338 mm with 7% occurring 
between 1 April and 30 September. Precipitation was 138,111, and 
146% of normal for the 3 years of the study (N.O.A.A. 1986-1988). 

‘Hachita’ blue grama seed were germinated on filter paper and, 
on 1 May 1985, singly transplanted into 2.5-cm diameter by 15.2- 
cm deep cells tilled with Wheatridge loam. Plants were grown in a 
greenhouse for 4 weeks (temperature 1 5-30° C, natural daylength, 
daily watering). Under these conditions, adventitious roots should 
have begun developing after about 2 weeks (Wilson and Briske 
1979). 

On 29 May 1985, seedlings were transplanted into western 
wheatgrass sod or fallow soil on a Wheatridge soil (fine loam over 
sand or sandy-skeletal, mixed mesic Aridic Argiustoll; Stevenson 
et al. 1984). The sod was ‘Rosana’ western wheatgrass [ Pascopy- 
rum smithii (Rydb.) A. Love] which had been planted 5 years 
earlier (nomenclature of Triticeae follows Barkworth and Dewey 
1985). Western wheatgrass was selected because it was commonly 
associated with blue grama on rangeland and it rapidly reestab- 
lishes after disturbance because of its rhizomatous growth habit. 
Herbage production on this stand averaged 116 g mm2 from 1981 
through 1983 (unpublished data). The fallow blocks were spring- 
tooth harrowed and cultipacked before planting. 

Cores or cylinders of soil 4,8, or 16 cm in diameter and 30-cm 
deep were removed from the western wheatgrass sod, to create gaps 
of about 13, 50, and 210 cm2 and provide various degrees of 
reduced competition for the transplanted blue grama seedlings. A 
“O-cm” opening, which did not remove any competing vegetation, 
was made by pushing a dibblestick into the ground to make a hole 
large enough to insert the blue grama seedling. Although there 
were no plants and hence no competition, cores of the same sizes 
were removed from the fallow to produce similar physical dis- 
turbance. 

Core sizes were chosen to include or approach some of the sizes 
of disturbances examined by Silvertown and Smith (1988), 1-16 
cm+ Fenner (1978), 5 cmz; McConnaughay and Bazmz (1987), 
20-1257 cmr; Peat? (1989c), 225 and about 450 cmr; and the 
dung-pats of Coffin and Lauenroth (1988), 134-190 cm?. 

Blue grama transplants were placed 1 per hole and the holes were 
tilled with soil from the fallow area. Because the soil was moist 
from 38 mm of rain in the preceding 2 weeks, no water was applied 
at transplanting or later. 

The experimental design consisted of 4 replicate blocks in sod 
and in fallow. Blocks were 2.4 by 9.8 m. Four treatment plots, 1 for 
each intensity of competition, were randomized within each block. 

Treatment plots contained 6 blue grama plants in a row and were 
oriented 2 plots per row in 2 parallel rows within each block. Plants 
were set 70cm apart within rows and l-m apart between rows. 
Weeds were removed during the growing season in fallow. 

Blue grama seedling survival was recorded approximately 
weekly during the first growing season and in June and September 
of the second and third growing seasons. Chi-square contingency 
tables were used to analyze differences in blue grama survival 
between sod and fallow the first year and between intensities of 
competition (opening sizes) in sod in all years. Seed heads were 
counted and plant height (extended leaf or stem length) was mea- 
sured in late August of the first growing season. 

At the end of the third growing season, above- and below- 
ground phytomass of blue grama and western wheatgrass were 
determined. Blue grama plants were clipped to ground level; west- 
em wheatgrass was clipped to ground level inside a 15.2-cm diame- 
ter frame centered on each blue grama plant. Below-ground phy- 
tomass was then estimated by removing a core 16 cm in diameter 
and 30-cm deep around each blue grama plant. Most of the roots of 
both species should have been found above the 30-cm depth. 
Weaver (1958) found 79% of roots in the top 15 cm; Bartos and 
Sims (1974) found 69% of the root and crown weight of shortgrass 
prairie in the top 20 cm; and Weaver and Zink (1946) found 80% of 
roots in the top 35 cm of soil. Cores were removed from replica- 
tions 1 and 3 in October 1987 and from replications 2 and 4 in April 
1988. Soil was washed from the roots and the roots were separated 
by species. Above- and below-ground phytomass was dried and 
weighed. 

Phytomass of blue grama is reported on a per plant basis. 
Phytomass of western wheatgrass is reported per frame for above- 
ground and per core for below-ground plant material. Phytomass 
and plant height data were subjected to analysis of variance, first as 
a randomized block design with unequal subsamples. When no 
significant differences among blocks were found in any measure- 
ment, data were re-analyzed with individual plants as samples. 
Means were separated (PrO.05) by Tukey’s Highest Significant 
Difference test, modified for unequal sample numbers and, where 
necessary, unequal variances. Regressions of above- and below- 
ground phytomass of both grasses on opening diameter also were 
calculated. 

Results and Disucssion 

Blue grama survival was 100% at all intensities of competition 
(opening sizes) in fallow after the first growing season (Table 1). 
Because no differences in survival were detected among opening 

Table 1. Survival of blue grama seedlings planted into 4 sizes of openings 
in fallow soil or western wheatgrass sod. 

Growing Opening diameter, cm 
Planted in: season 0 4 8 I6 

_____ ____%,qurvival_______ _- 
Fallow First IOOa 1OOa IOOa 1OOa 

l l 

sod First 42 b 79 a 88 a 92 a 
Second 42 b 79 a 83 a 92 a 
Third 29 b 79 a 83 a 88 a 

a b Means in the same row, followed by the same letter, were not different (P50.05) 
*&viva1 was different between fallow and sod in the first growing season (PSO.05) 

sizes within fallow, but differences were detected among sizes 
within sod, then the latter can be assumed to be a result of competi- 
tion. Western wheatgrass competition reduced survival of blue 
grama seedlings in the 0 and 4-cm openings below that on fallow. A 
significant drop in blue grama survival (Table 2) occurred within 
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Table 2. First growing season survival of blue grama seedlings planted 29 
May 1985 into 4 sizes of opening in western wheatgrass sod. 

Date 

Opening diameter, cm 

0 4 8 16 

5 
13 June 
24 June 

5 July 
12 July 
22 July 
26 July 

2 August 
9 August 

16 August 
26 August 

__________ ___ %su~ival_____________ 

83 100 96 100 
75* 96 92 100 
54 83 88 92 
50 79* 88 92 
50 79 88 92 
50 79 88 92 
50 79 88 92 
42 79 88 92 
42 79 88 92 
42 79 88 92 
42 79 88 92 

*Survival first decreased significantly below 100%, (EO.05) 

15 days of transplanting in the O-cm opening and within 37 days in 
the 4-cm opening. 

In all 3 years of the study, blue grama survival in sod (Table 1) 
was lower in the O-cm opening than in all other openings. A few 
additional plants died during the second and third years; most were 
in the O-cm opening. 

Of the 96 plants in the fallow background, only 13 survived the 
first winter. The soil was free of snow cover during windy periods, 
which may have allowed dissiccation of the plants. The few remain- 
ing plants in fallow were not measured in the second and third 
growing seasons. 

In the first growing season, blue grama plants averaged 13 seed 
heads per plant in fallow. Seed head number was reduced under all 
intensities of western wheatgrass competition and averaged 0.35 
seed head per plant. Blue grama produces seed heads when ade- 
quate moisture is available (Dickinson and Dodd 1976). Competi- 
tion from the western wheatgrass may have reduced the moisture 
level and therefore reduced seedhead production. 

First year plant heights of blue grama (Table 3) averaged 50 cm 
in fallow. No significant differences occurred in response to soil 

Table 3. Height at the end of the first growing season of blue grama 
seedlings planted into 4 sizes of openings in fallow soil or western 
wheatgrass sod. 

Planted in: 0 4 8 I6 

Fallow 

Sod 

- - - - - - - - - Extended height, cm - - - - - - -- 
49 a 52 a 51 a 48 a 

* * * * 

15c 21 bc 23 ab 27 a 

a,b Means in the same row, followed by the same letter, were not different (EO.05) 
* Heights on fallow and sod are different (p10.05) 

disturbance from coring. In sod, blue grama height increased with 
decreased intensity of competition. Plants were shorter in sod, 
averaging only 27 cm even within the largest openings. 

After the third growing season, blue grama plants in the 16-cm 
opening produced more above-ground phytomass than those in 
the 0- and 4-cm openings (Fig. 1). Blue grama below-ground 
phytomass was higher in both the 8- and 16-cm openings than in 
O-and 4-cm openings, and higher in the 16-cm than in the 8-cm 
openings. Competition may have been more intense below- than 
above-ground. Both above- and below-ground phytomass were 
positively related to opening size (Table 4), but below-ground 
phytomass was more closely correlated (r2 = 0.39) with opening size 
than was above-ground phytomass (r2 = 0.25). Obviously, blue 
grama phytomass will not increase indefinitely as opening size 

ABOVE-GROUND 

* 
Opmlng Dhmtisr, cm 

G n Bogr, g/plant q Agsm, g/fmma 
0, 
rt 

2 

E BELOW-GROUND 

0 0 4 6 16 
Opening dInmeter, cm 

n gogr, g/plant 5 Agsm, ~/CON 

Fig. 1. Above- and below-ground phytomass of blue grama in western 
wheatgrass sod and of western wheatgrass at the end of the third growing 
season; phytomass weights within a species, labelled with the same letter, 
are not significantly different (P<O.O5). 

increases. Aguilera (Range Science Department, Colorado State 
University, unpublished data) suggests near-maximum growth will 
be achieved in openings 30 cm or more in diameter. 

Correlation was relatively low because variability of plant size 
increased with increasing opening size (Table 5). Standard errors 
of means in 0- and 16-cm openings, respectively, were 0.05 and 0.19 
for above-ground and 0.10 and 0.34 for below-ground phytomass. 
Weights of the smallest blue grama plants were similar in all 
opening sizes. For example, above-ground phytomass ranged from 
0.03 to 0.38 g/plant in O-cm openings and from 0.03 to 2.79 g in 
16-cm openings. Below-ground phytomass ranged from 0.09 to 
0.85 g/plant in O-cm openings and from 0.17 to 5.46 g in 16-cm 
openings. Reducing competition enabled the most vigorous blue 
grama seedlings to maximize their potential and grow much larger, 
but was of little benefit to less vigorous seedlings. 

Table 4. Regressions of above- and below-ground phytomass (B, g) of blue 
grama and western wheatgrass on opening size (S, cm) in sod. 

Grass 

Blue grama 

Western 
wheatgrass 

Above- or 
below-ground Equation 

Above B = 0.14 + 0.0574 S 
Below B q 0.31 + 0.158 S 
Above B=2.18-0.0464S 
Below B q 5.76 - 0.168 S 

r* 

0.25** 
0.39** 
0.07; 
0.27** 
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Table 5. Means, ranges, end standard errors of above- and below-ground pbytomess df blue grama and western wheatgrass in end around 4 opening sizes 
in sod. 

Grass 

Blue grama 

Above- or 
below-ground 

Above 

Below 

Parameter 

Mean 
Range 
Std. error 
Mean 
Range 
Std. error 

Opening size 

0 4 8 16 

____-_______________--~~~ g____-_____________________ 
0.20 0.28 0.67 1.04 
0.03-0.38 0.05-0.88 0.07-1.84 0.03-2.79 
0.05 0.05 0.11 0.19 
0.33 0.71 1.85 2.74 
0.090.85 0.26-1.62 0.544.14 0.17-5.46 
0.10 0.09 0.23 0.34 

Western Above Mean 2.17 1.99 1.83 1.39 
wheatgrass Range 1.16-3.66 0.56-3.87 0.60-3.89 0.16-2.55 

Std. error 0.27 0.26 0.21 0.16 
Below Mean 5.31 5.68 3.89 3.19 

Range 4.18-6.48 1.02-8.30 1.74-6.54 0.91-5.20 
Std. error 0.31 0.46 0.30 0.26 

Below-ground competition may have had greater effects than 
above-ground competition on western wheatgrass as well. Western 
wheatgrass above-ground phytomass in the sampling area of 16- 
cm openings was less than that around smaller openings, with no 
differences among 0-, 4-, and &cm openings. But below-ground 
phytomass (roots and rhizomes) was less in the sampling area 
around both the 8-and 16-cm openings (159 g m-‘2) than around the 
O- and 4-cm openings (273 g m-‘), with no difference between 
October 1987 and April 1988 harvests. Below-ground phytomass 
was more closely correlated with opening size (r2 = 0.27) than was 
above-ground phytomass (r2 = 0.07; Table 4). 

Variability of phytomass of western wheatgrass decreased as 
phytomass decreased with increasing opening size (Table 5). 
Standard errors of means of above-ground phytomass were 0.27 
and 0.16 in O- and 16-cm openings, respectively; corresponding 
figures for below-ground phytomass were 0.31 and 0.26. Above- 
ground phytomass ranged from 1.16 to 3.66 gin O-cm openings and 
0.16 to 2.55 gin 16-cm openings. Below-ground phytomass ranged 
from 4.18 to 6.48 g/plant in O-cm openings and from 0.91 to 5.20 g 
in 16-cm openings. 

ize the concept of ecological neighborhoods to represent regions of 
activity or influence during periods of time appropriate to particu- 
lar ecological processes. Therefore, there is no single ecological 
neighborhood for a given organism, but rather a number of neigh- 
borhoods, each appropriate to different processes.” 

All blue grama parameters measured responded to competition 
from western wheatgrass, but the patterns of response differed 
among parameters. Plant height and above- and below-ground 
phytomass increased steadily as opening size increased and compe- 
tition decreased, but survival was reduced only in the 2 smallest 
openings. This may reflect timing. In the smallest opening, undis- 
turbed western wheatgrass roots and rhizomes were immediately 
competitive with the blue grama transplants. In larger openings 
they became competitive only after they had reinvaded; by this 
time the transplants were so well established that competition did 
not reduce survival. Thus ‘neighborhoods’may be temporal as well 
as spatial. 

Conclusions 

Fewer western wheatgrass roots and rhizomes were able to 
re-establish in the larger openings, because more wheatgrass phy- 
tomass was removed and/ or because blue grama established more 
vigorously in the larger openings and competed with the western 
wheatgrass for resources. Western wheatgrass rhizomes could eas- 
ily have invaded all of the cored area; Mueller (1941) reported that 
during a year western wheatgrass rhizomes grew an average 132 cm 
in loamy soil and 25 cm in sand dunes. Competition was at least 
partly responsible for the reduction in wheatgrass below-ground 
phytomass in the larger openings. Competition may have had less 
effect on western wheatgrass above-ground phytomass because 
resources could have been transmitted through the rhizomes from 
roots outside the sampled area (Salzman and Parker 1985, Pitelka 
and Ashmun 1985). 

The impact of western wheatgrass competition on survival of 
blue grama seedlings was immediate, detectable within 15 days, 
and persistent, detectable at the end of the first growing season and 
after 3 growing seasons. The probability of survival and subse- 
quent growth were dependent upon opening size and the resulting 
degree of competition in western wheatgrass sod. However, the 
effects of western wheatgrass were not entirely detrimental; few 
blue grama plants transplanted into fallow survived the first 
winter. 

Caldwell (1987) concluded that root competition often may be 
more intense than shoot competition under semiarid conditions. In 
semiarid short grasslands, intense grazing and low precipitation 
limit cover and reduce litter buildup, allowing light to reach the 
ground and reducing above-ground competition, but competition 
for water and nutrients continues below-ground (Barbour 1979, 
Belsky 1986). 

Blue grama establishment from seed requires that several favor- 
able circumstances be present: (1) an adequate seed bank (Coffin 
and Lauenroth 1989, Peart 1989 a); (2) sufficient soil water at 2 
separate time intervals for germination and for establishment of 
adventitious roots (Briske and Wilson 1978, Wilson and Briske 
1979); and, as our study indicates, (3) levels of competition and 
protection which allow survival and growth of seedlings. 
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Abstract 

Goatsrue (G&go o#icinalis L.) was introduced into northern 
Utah from Europe as a potential forage crop in 1891. Subsequent 
testing indicated goatsrue was unpaiatable and toxic to livestock. 
The test plots were abandoned, and goatsrue escaped to become 
established as a weed. Goatsrue now is targeted for eradication 
under the Federai Noxious Weed Act, and information about its 
environmental requirements and potential for further range ex- 
pansion in the United States is needed. In controlled environment 
chambers, plants were grown for 89 days in 4 day/night tempera- 
ture regimes. Goatsrue produced 88,100,57, and 86% of its maxi- 
mum dry matter at 26/14,26/22,34/14, and 34/22O C, respec- 
tively. Dry matter production was closely correlated with leaf area 
duration. When 20-day-old plants were transferred from a 12-hour 
photoperiod to longer photoperiods, flower buds appeared after 
20, 26, and 69 days in photoperiods of 18, 16, and 14 hours, 
respectively. Piants in these longer photoperiods subsequently 
flowered and produced fruit, but no reproductive development 
occurred after 130 days in the lthour photoperiod. Goatsrue is 
not well-adapted to the large diurnal variation in temperature 
typical of summer conditions in the Intermountain region of the 
United States. Temperature conditions in the Midwest or South 
would be more favorable to its growth. 

Key Words: Gakga ofichh L., growth anaiysis, weed infestation 

Goatsrue (Galegu officinalis L.) is a perennial legume native to 
Europe and western Asia (Barneby 1989, Tutin et al. 1976, Evans 
and Ashcroft 1982). It resembles alfalfa (Medicago sativu L.) in 
growth habitat. Goatsrue was introduced into the United States in 
1891 at Logan, Utah, for evaluation as a potential forage plant 
(Tingey 1971, Evans 1984). Subsequently, it was found to be 
unpalatable to livestock. Goatsrue is now known to contain a toxic 
alkaloid, galegine, which is harmful to sheep and cattle (Williams 
1980). 

When the undesirable characteristics of goatsrue were recog- 
nized, experimental plants in the field trials were abandoned. The 
species apparently spread from the original experimental plantings 
and now infests approximately 15,000 ha of Cache County, Utah 
(Evans 1984). Goatsrue occurs mainly in noncropland areas, but it 
also may invade established alfalfa stands (Evans 1984). Its pres- 
ence as a contaminant of alfalfa harvested for forage may render 
the alfalfa unpalatable. 

Goatsrue is I of 93 taxa classified as Federal Noxious Weeds 
under the Federal Noxious Weed Act of 1974 (Westbrooks 1989). 
As such, it is I of several species targeted for containment and 
eradication by the U.S. Department of Agriculture’s Animal and 
Plant Health Inspection Service (APHIS). Thus it is desirable to 
determine the potential for further geographic expansion by 
goatsrue. Based on its world distribution, the species as a whole 
appears to have a wide ecological amplitude. In Europe and west- 

Partial sup ort for controlled environment space was provided by National Science 
Foundation e rant BSR 87-06429 to the Duke University Phytotron. 
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ern Asia where it is native, goatsrue occurs from Spain and Great 
Britain east to Iran and north to Scandinavia (Tutin et al. 1976, 
Barneby 1989). Introduced populations occur in Argentina, Chile, 
Ecuador, and New Zealand as well as in the United States (Holm et 
al. 1979). Unfortunately, the native origin of the genotype intro- 
duced into the United States is unknown. It seems likely that the 
present infestations resulted from a single introduction at the Utah 
Agricultural Experiment Station in Logan, but this has been ques- 
tioned (Tingey 1971). The present study examined the effects of 
temperature and photoperiod on vegetative growth and reproduc- 
tive development of goatsrue in an unlimited soil moisture 
environment. 

Materials and Methods 

Plant Material and Experimental Conditions 
Experiments were conducted in the Duke University Phytotron, 

a limited access, controlled-environment facility. The use of such a 
facility minimized the risk of further accidental spread of goatsrue 
that would accompany widespread experimental field plantings 
otherwise necessary to establish its response to environmental 
factors (Patterson 1983). 

Seeds of goatsrue were obtained from field plants in Cache 
County, Utah. The seeds were scarified in concentrated HrS04 for 
30 min to make the seed coat permeable and allow imbibition and 
germination to proceed. Scarified seeds were germinated in 9cm 
petri dishes on moist filter paper in 4 temperature regimes. Eleven 
dishes containing 25 seeds each were placed in each regime. The 4 
regimes were provided in 2 controlled-environment chambers pro- 
grammed for day/night temperatures of 261 I4 and 34/22O C. 
Day/ night regimes of 26122 and 34114’ C were provided by mov- 
ing carts containing the petri dishes from I chamber to another 
daily at 0830 and 1630 hours. The day temperatures were pro- 
grammed from 0830 to 1630 hours. Day time relative humidities 
were adjusted to 70% at 26’ C or 80% at 34O C to provide equal 
vapor pressure deficits of 10 mb in the 2 chambers. The chambers 
were illuminated with a mixture of sodium vapor and metal halide 
lamps. During seed germination, the petri dishes were protected by 
shading, and the number of lamps was reduced to prevent heating 
of the petri dishes above ambient air temperature in the chambers. 
The photosynthetic photon flux density at the level of the petri 
dishes was 50 pmol me2 s-l. The photoperiod was 12 hours, from 
0630 to 1830 hours. After germination, 3day-old seedlings were 
transplanted to 7-cm-diameter plastic pots containing 350 cm3 of a 
1: 1 mixture of coarse vermiculite and grade 16 gravel. For 5 days, 
the photosynthetic photon flux density was maintained at 300 
pmol mm2 s-l to reduce the radiant heat load during seedling estab- 
lishment. Subsequently the photosynthetic photon flux density 
was increased to 1,000 pmol m” s1 for the duration of the experi- 
ment. The 2 growth chambers used in this experiment were identi- 
cal units (EGC* model M-12) located adjacent to each other in the 
Duke University Phytotron. Temperatures in both chambers were 
continually monitored and maintained within f lo C of the 
setpoint. 
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Plants were maintained in the 4 temperature regimes for 89 days 
after germination and emergence. To avoid limiting root volume, 
plants were transplanted twice, first to 900 cm3 pots at 28 DAE and 
finally to 3,500 cm3 pots at 60 days after emergence. Pots were 
watered to excess twice daily, with half-strength Hoagland’s Solu- 
tion (Downs and Hellmers 1975) in the morning and demineralized 
water in the afternoon. Therefore, soil moisture did not limit 
growth. 

where WI and WZ q  total plant dry weight (g) at the beginning and 
end of a harvest interval, A1 and A2 = total leaf area at the begin- 
ning and end of the interval, T = length of the harvest interval 
(days), and a! = (In WZ - In Wl)/(ln AZ - In Al). 
During a harvest interval, DMP = NAR X LAD (Kvet et al. 197 1). 
Correlation coefficients were calculated to evaluate the relation- 
ships between dry matter production and net assimilation rate or 
leaf area duration. 

To determine the effects of photoperiod on reproductive devel- 
opment, five 20-day-old seedlings were transferred from each of 
the 4 temperature regimes to each of 4 identical growth chambers 
(EGCl) model 12), programmed for 26/22O C day/night and pho- 
toperiods of 12, 14, 16, or 18 hours. These chambers were illumi- 
nated with a mixture of fluorescent and incandescent lamps pro- 
viding an 1 l-hour core period of 350 pmol m” s-l with appropriate 
AM and PM extensions of the core period with incandescent lamp - 
only at 50 pmol me2 s-l to give the desired total photoperiods of 12, 
14,16, and 18 hours. The plants were maintained in the 4 photoper- 
iod treatments for 130 days. 

Data from the photoperiod experiment were subjected to analy- 
sis of variance with Duncan’s multiple range test to determine 
effects of photoperiod on time to first appearance of flower buds 
and open flowers and their node position. 

Results and Discussion 
Seed Germination 

Germination of acid-scarified seed of goatsrue was delayed 
slightly in the 26114 and 34/ 14’ C regimes in comparison with the 
26/22 and 34/22O C regimes (Table 1). However, after 3 days, 
germination was 75% or greater, regardless of temperature. Thus, 

Harvest Procedures and Data Collection 
Germination counts were taken at 1,2, and 3 days after the seeds 

were placed in the petri dishes. An initial harvest was obtained at 
the time of transplanting of the emerged seedlings to determine 
cotyledon area and plant dry weight. Transplanted seedlings were 
harvested at 7- or 14-day intervals beginning at 14 days after 
transplanting. Seven replicate plants were harvested each time for 
determination of plant height, numbers of stems and leaves, leaf 
area, and dry weight of leaves, stem, and roots. 

Table 1. Effects of 4 temperature regimes on percent germination of seeds 
of goatsrue. 

The plants transferred to the 4 photoperiod treatments were 
monitored for first appearance of flower buds and flowers. 
Selected flowers were “tripped” by manipulating the keel petals 
with a toothpick to free the stamina1 tube, rupture the stigmatic 
membrane, and enable self-pollination to occur, as described by 
Barnes et al. (1972) for alfalfa. For security reasons, fruits were 
harvested before mature seeds were produced. 

Day/ night 
temperature 

(” C) 
26114 
26122 
34114 
74122 

Days after Planting 
1 2 3 

_________________ (%)--- ______________ 
53b’ 70a 75a 
68a %a 81a 
47b 12a 76a 
68a 78a 81a 

‘Within each column, values sharing the same letter are similar (p>O.OS). 

Data Analysis 
Data collected at the final harvest were subjected to analysis of 

variance to determine temperature effects on plant height, numbers 
of stems and leaves, leaf area, and leaf, stem, root, and total plant 
dry weights. Temperature effects on biomass partitioning were 
examined by calculating leaf, stem, and root weight ratios by 
dividing the dry weight of the respective plant part by the total 
plant dry weight. The specific leaf area and leaf area ratio also were 
calculated as leaf area/ leaf dry weight and leaf area/ total plant dry 
weight, respectively. Data were subjected to analysis of variance, 
with Duncan’s multiple range test used for means separation. 

over a range of 14 to 22” C night temperatures and 26 to 34O C day 
temperatures, high germination of seeds of goatsrue can be 
expected. This temperature range includes daily mean tempera- 
tures from 18 to 26” C. 

Vegetative Growth 
After 89 days, the greatest total dry weight occurred at 26122” C 

and the least (57% of maximum) at 34/ 14” C (Table 2). Interme- 

Table 2. Effects of 4 temperature regimes on vegetative growth of goatsrue 
at 89 days after emergence. 

Variable 

Day/ night temperature (” C) 

26114 26122 34114 34122 

In order to verify that biomass partitioning values from the final 
harvest reflected trends during the whole period of growth, allo- 
metric regression equations were calculated to relate leaf, stem, or 
root weight to total plant weight, leaf area to leaf weight, and leaf 
area to total plant weight. These equations were calculated from 
data from individual replicate plants from all harvests. 

Total dry weight (g) 63.64b’ 72.25a 41.23~ 62.Olb 
Height (cm) 40.6b 48.9a 34.3b 41.9a 
Number of branches 100.7ab 113.0ab 84.4b 128.3a 
Number of leaves 329b 463a 275b 475a 
Leaf area (dm*) 69.17b 86.65a 50.13c 77.27ab 

IFor each variable, values sharing the same letter are similar (p>O.OS). 

Mathematical growth analysis techniques were used to calcu- 
late, for each of the 8 harvest intervals, dry matter production 
(DMP) and its components, net assimilation rate (NAR = rate of 
dry matter production per unit leaf area), and leaf area duration 
(LAD q  total amount of leaf area present over time), according to 
the following formulas: 

DMP q  WZ - WI; (1) 
NAR q  (WZ/AZ -WI/AI) X [a/@-1)1/T; and (2) 
LAD = [(AZ - Al)/(ln AZ - In Al)] X T (3) 

lEnvironmenta1 Growth Chambers, Chagrin Falls, Ohio. 

diate values occurred at 26114’ C (88%) and 34122’ C (86%). The 
greatest plant heights were at 26122“ C and 34/22O C, and the 
greatest numbers of branches were produced at 34/22O C. In 
comparison with the 26122” C regime, plants in the 34/14O C 
regime produced 4 1% fewer leaves and 42% less leaf area. These 
findings indicate that goatsrue is not well adapted to large diurnal 
variations in temperature. Such temperature conditions are typical 
of the Intermountain region where goatsrue currently is found. For 
example, the 30-year average daily maximum/minimum tempera- 
ture during July at Logan, Ut., is 31/ 15’ C (NOAA 1983). Growth 
of goatsrue is favored by intermediate temperatures with small 
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diurnal variation. The mean daily temperatures were similar in the 
26122 and 34114” C regimes, but goatsrue exhibited markedly 
better growth at 26/ 22” C. At a given day temperature, growth was 
greater with a 22’ C night than with a 14O C night. 

Biomass and Leaf Area Partitioning 
As indicated by the leaf, stem, and root weight ratios calculated 

for the 89 day harvest, plants exposed to cool night temperatures 
(26/ 14 and 34/ 14’ C) tended to partition more biomass into leaves 
and less into stems than did plants in the warmer night (22’ C) 
treatments (Table 3). Partitioning into roots was greatest at 26/ 14’ 
C and least at 34/22’ C. Distribution of leaf biomass as leaf area, 

Table 3. Effects of 4 temperature regimes on biomass and leaf area parti- 
tioning in goatsrue 89 days after emergence. 

Day/night temperature (” C) 
Variable 26114 26122 34114 34122 

Leaf weight ratio (g g-l) 0.381a’ 0.337b 0.375a 0.355ab 
Stem weight ratio (g g-l) 0.284~ 0.349a 0.312b 0.351a 
Root weight ratio (g g-‘) 0.336a 0.314a 0.313ab 0.295b 
Specific leaf area (dm2 g-‘) 2.90b 3.59a 3.28ab 3.52a 
Leaf area ratio (dm* g-l) 1.10a 1.21a 1.23a 1.25a 

‘For each variable, values sharing the same letter are similar (p>O,O5). 

indicated by the values for specific leaf area (SLA), was least at 
26/14” C and did not differ significantly among the other 3 
temperature regimes. The leaf area ratio, which is the product of 
the leaf weight ratio and the specific leaf area (Kvet et al. 1971), did 
not vary significantly within the temperature range studied. This 
occurred because of compensating shifts in the 2 components of 
leaf area ratio. Those temperature regimes yielding a high leaf 
weight ratio (26/ 14 and 34114’ C) tended to have a lower specific 
leaf area, whereas those regimes with lower leaf weight ratio values 
yielded higher specific leaf area. The trends in biomass partitioning 
and leaf area distribution noted above for the 89-day-old plants 
were identical to those reflected in allometric coefficients calcu- 
lated from data collected over the entire growth period (Table 4). 
Thus, it appears that biomass allocation patterns may be set early 
during vegetative growth, at least when growth conditions are 
constant. 

Dry Matter Production and Components 
The relationship, DMP = NAR X LAD provides a means of 

assessing the relative importance of variation in photosynthetic 
rate (NAR) and leaf area factors (LAD) in accounting for 
treatment-induced differences in dry matter accumulation. In 
goatsrue, trends in dry matter production over time were similar to 
trends in leaf area duration (Fig. 1). While dry matter production 
and leaf area duration increased with time, net assimilation rate 
decreased. Correlation analysis confirmed the close relationship 
between dry matter production and leaf area duration (Table 5). 
When all temperatures and harvest intervals were included, varia- 

1 2 3 4 5 6 7 6 

HARVEST INTERVAL 

1 2 3 4 5 6 7 6 

HARVEST INTERVAL 

n 26/14 

q 26122 

34114 

•j 34/22 

n 26114 

26122 

34114 

34122 

H 26114 

q 26122 

34114 

fa 34122 

1 2 3 4 5 6 7 6 

HARVEST INTERVAL 

Fig. 1. Effects of day/night temperarure on dry matterproduction (DMP), 
leaf area duration (LAD) and net assimilation rate (NAR) of goatsrue. 
DMP and LAD are plotted on a logarithmic scale so rhar small values 
early in the growth period are discernible. 

tion in leaf area duration could account for 95% of the variation in 
dry matter production, (R* q 0.952). Variation in net assimilation 
rate could account for only 35% of the variation in dry matter 
production (R2 = 0.346). Within individual temperature regimes, 
variation in leaf area duration accounted for 94 to 98% of the 
variation in dry matter production. By comparison, variation in 
net assimilation rate within temperature regimes over time could 

Table 4. Allometric coefficients calculated from multiple harvests of goatsrue grown in 4 temperature regimes from 14 to 89 days after emergence. 

Variable Day/ night temperature (” C) 
Y 

Leaf wt 
Stem wt 
Root wt 
Leaf area 
Leaf area 

X 

Total wt 
Total wt 

Total wt 
Leaf wt 
Total wt 

26/ 14 26.22 34114 34122 

0.382’ (0.005)2 0.330(0.004) 0.369(0.003) 0.348(0.003) 
0.281(6003) 0.350(0.004) 0.3 13(0.004) 0.346<0.005j 
0.337(0.005) 0.320(0.006) 0.319(0.004) 0.306(0.007) 
2.79(0.07) 3.58(0.06) 3.26(0.03) 3.48(0.06) 
l.OS(O.02) 1.18(0.03) 1.20(0.02) 1.20(0.03) 

‘Coefficients are from regression equations of the form y = MX + b 
*Values in parentheses are standard errors of regression coefficients (m). 
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Table 5. Correlations between dry matter production (DMP) and its com- 
ponents, net assimilation rate (NAR) and leaf area duration (LAD) in 
goatsrue grown for 89 days in 4 temperature regimes. 

Table 6. Effects of photoperiod, and temperature during early growth, on 
reproductive development of goatsrue. 

Population Y X R= 
Level of 

significance 

DMP 
Ail 

DMP 
Day/ night 
temperature (” C) 

26114 DMP 
DMP 

26122 DMP 
DMP 

34114 DMP 
DMP 

34122 DMP 
DMP 

Harvest 
interval 

1 

2 

DMP 

DMP 

3 DMP 

4 DMP 

5 DMP 

6 DMP 

7 DMP 

8 DMP 

NAR 0.346 

LAD 0.952 

NAR 0.471 0.0001 
LAD 0.961 0.0001 
NAR 0.284 o.ooo1 
LAD 0.972 o.ooo1 
NAR 0.351 0.0001 
LAD 0.984 0.0001 
NAR 0.306 0.0001 
LAD 0.940 0.0001 

NAR 0.458 o.ooo1 
LAD 0.976 0.0001 
NAR 0.226 0.0107 
LAD 0.942 0.0001 
NAR 0.008 0.6548 
LAD 0.767 0.0001 
NAR 0.063 0.1976 
LAD 0.760 0.0001 
NAR 0.408 0.0003 
LAD 0.894 0.0001 
NAR 0.137 0.0524 
LAD 0.912 0.0001 
NAR 0.012 0.5762 
LAD 0.574 0.0001 
NAR 0.187 0.0216 
LAD 0.613 0.0001 

0.0001 

0.0901 

account for only 28 to 47% of the variation in dry matter produc- 
tion. Variation in dry matter production over temperature within 
each harvest interval also was more closely correlated with leaf 
area duration than with net assimilation rate. However, correla- 
tion of dry matter production with either leaf area duration or net 
assimilation rate tended to decline with plant age. 

Effects of Temperature and Subsequent Photoperiod on Repro- 
ductive Development 

Analysis of variance revealed highly significant effects of pho- 
toperiod on reproductive development (Table 6). Increasing the 
photoperiod from 14 to 16 or 18 hours greatly reduced the time 
required for the first appearance of flower buds or flowers. Flower 
buds appeared at lower nodes on plants in the longer photoperiods. 
Temperature during early growth affected the node position of first 
bud appearance but generally not the time to bud or flower 
appearance. An exception was the 34114’ C regime, which was 
least favorable to vegetative growth. Bud and flower appearance 
were delayed in plants taken from this regime, which is most typical 
of summer conditions where goatsrue currently occurs. 

These results from the photoperiod study indicate that long days 
stimulate reproductive development in goatsrue. No reproductive 
development occurred in a IZhour photoperiod after 130 days. 
The threshold photoperiod for rapid reproductive development 
apparently lies between 14 and 16 hours. 

Implications for Potential Geographic Range and Impact of 
Goatsrue in the United States 

Since its introduction into northern Utah 100 years ago, 
goatsrue has remained confined to a relatively small geographical 

Day/night* Time to Time to Node position 
Photoperiodt temperature bud3 flower’ of first bud 

(hours) (” Cl 
14 26114 

mean4 
16 

mean4 
18 

mean4 

26122 
34114 
34122 

26114 
26122 
34114 
34122 

26114 
26122 
34114 
34122 

68.9 
80.0 
65.8 
69a 
24.6 
23.9 
30.4 
25.1 
26b 
18.9 
19.1 
22.7 
19.5 
2Oc 

E’ 
75:o 

25.6 
26. i 

85.0 24.3 
89.8 27.8 
80a 26a 
33.9 14.3 
33.7 15.0 
40.4 15.8 
34.7 15.9 
36b i5b 
27.3 12.4 
27.3 13.8 
31.5 14.0 
28.2 13.6 
29c 13c 

“20day-old plants were transferred from 12-hour 
L! 

hotoperiods at the 4 day/night 
temperatures to 4 photopcriod chambers all having a 6/ 22” C day/ night temperature. 
aTime in days after transfer to the photopxiod chambers for appearance of first flower 
bud or tirsiopen flower. _ _ 
*Mean values include all temoeratures within each ohotooeriod treatment. Within 
each column, mean values shahng the same letter are-not si&cantly different at the 
0.05 level. 

area of some 155 km*. Based on its response to temperature dem- 
onstrated in the present study, it is apparent that goatsrue is not 
well-adapted to large diurnal variations in temperature. Its growth 
is favored by mild temperatures with small diurnal variations. 

Large diurnal variations in temperature are typical of growing 
season conditions in the area of the U.S. where goatsrue currently 
occurs. For example, the average diurnal variation (maximum-- 
minimum temperature) during the months of April through 
October at Logan, Ut., is 14.3’ C (NOAA 1983). Theaverage daily 
maximum/minimum temperatures for each month during this 
period are: April: 1412” C, May: 2017” C; June: 25/l lo C, July: 
31/ 1Y’ C, August: 30/ 14O C; September: 24/9’ C; and October: 
17/4O C. Conditions to the north and west of the Logan area are 
more extreme. Therefore, further expansion of goatsrue from its 
current site of infestation may have been limited by climatic condi- 
tions in its immediate and surrounding area. The generally arid 
conditions of the Intermountain West also likely have limited the 
natural establishment of goatsrue outside the Cache Valley, where 
it is largely restricted to areas of high soil moisture such as ditch- 
banks, irrigated pastures and alfalfa fields, and natural seepage 
areas (Tingey 1971, Evans 1984). 

Because its growth is favored by temperatures different from 
those typical of its current range, goatsrue may have considerable 
unrealized potential as a pest over a wide geographical range in the 
U.S. Its native and naturalized distribution in both the Old and 
New World also indicate that goatsrue is unlikely to remain con- 
fined to the current area of infestation. That it apparently has been 
so confined to date is testimony to the effectiveness of the control 
and eradication program directed at it by USDA/APHIS and the 
state of Utah. 

The seed of goatsrue are not wind-dispersed but readily float and 
are spread by flowing water in streams or irrigation systems. It is 
not known whether the seeds are dispersed by birds or mammals. 
These restrictions on seed dispersal and the requirement for moist 
soil clearly limit the potential for the rapid spread of goatsrue 
outside the currently infested area. However, movement of seed on 
farm equipment or farm commodities or by flowing water could 
introduce goatsrue into areas favorable for its growth. Should 
goatsrue become established in a more favorable area, outside its 
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current range, its further spread clearly would not be greatly 
limited by its temperature and photoperiod requirements for 
vegetative growth and reproductive development. Temperature 
and moisture conditions in the midwestem and southeastern U.S. 
probably would support rapid establishment and growth of 
goatsrue. Therefore, the further spread of goatsrue must be cur- 
tailed. The fortuitous combination of natural dispersal barriers 
and a limited current infestation make this weed a reasonable and 
opportune target for containment and eventual eradication. 
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Abstract 
New techniques in molecular biology can be used to characterize 

genes whose expression is induced by drought stress. These tech- 
niques can be used to understand responses of range plants to 
environmental stresses at the biochemical and mokcuiar level. For 
example, they can be used to characterize genes that respond to 
drought stress conditions in the native shrub Atriplex canesctws 
(Pursh.) Nutt. Complementary DNA (cDNA) libraries constructed 
from drought-induced messenger RNA (poly A+ RNA) were used 
to characterize genes which are associated with the stress response. 
A cDNA library from A. cunescens was prepared. This library 
from stressed shrubs was differentially screened with radiolabeled 
cDNA probes from stressed and nonstressed shrubs, and apparent 
drought-induced clones were identified. This is the first report of 
molecular characterization of drought responsive genes in four- 
wing saltbush. The identification of genes specific to responses to 
drought stress could provide a basis for understanding drought 
tolerance in this important range species. 

Key Words: A triplex cunescens, messenger RNA, complementary 
DNA, library, drought stress, differential screening, vector DNA, 
probe, homology 

New techniques in molecular biology can be used to characterize 
genes whose expression is induced by drought stress. This technol- 
ogy can be used to characterize genes in a variety of plants, includ- 
ing those that are important to range management. The purpose of 
this paper is to first, discuss the nature of these techniques and 
show how they can be used to understand responses of range plants 
to environmental stresses at the biochemical and molecular level; 
second, provide information about how these techniques can be 
used to characterize genes that respond to drought stress condi- 
tions in the native rangeland shrub Atriplex canescens; and third, 
provide more insight as to the opportunities now available for 
identifying genetic characters which in the future may lead to a 
better understanding of drought tolerance in this important range 
species. 

Fourwing saltbush [Atriplex canescens (Pursh.) Nutt.] is a 
facultativeevergreen shrub which is native to western North 
America, extending from Canada to the Sonoran and Chihuahuan 
Deserts (Stutz and Sanderson 1979). It has been suggested as a 
favorable range plant for the intermountain region, New Mexico’ 
and west Texas because of its growth and palatability (Plummer 
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1970, Springfield 1970, Blauer et al. 1976, Smit and Jacobs 1978, 
Shoop et al. 1985). It also has been suggested as a biomass, energy 
feedstock plant in arid and semiarid regions (Newton and Goodin 
1985,1987). Annual yields of 7,000 kg/ ha/ year have been reported 
in Utah (Van Epps et al. 1982, Blauer et al. 1976) and 3,500,4,500, 
and 7,500 dry kg/ ha/ year have been reported in Texas with annual 
precipitation of 190,380, and 470 mm, respectively (Newton and 
Goodin 1985). Atriplex species have been investigated extensively 
for revegetating disturbed rangelands (Plummer 1970; Aldon 1978, 
1984) and are known for their drought-tolerance qualities (Newton 
and Goodin 1989a). The root system of A. canescens may be very 
deep (up to 6 or 7 m), highly branched, and capable of exploiting 
moisture from a large volume of soil (Goodin 1984). A. canescens 
has a high water-use efficiency (Dwyer and Degrams 1970) and 
seedling transplants have attained 80% survival (Weisner and 
Johnson 1977). 

The genetic variability of Atriplex canescens has been studied 
thoroughly (Stutz and Sanderson 1979, Goodin 1984, Dunford 
1984). Within the distribution range, most populations are tetra- 
ploid, but some are diploid, hexaploid, and dodecaploid. Although 
the phenotypic plasticity within the species is quite great, most of it 
appears to be heritable (McArthur et al. 1983). Stutz and Sander- 
son (1979) suggest that in the rapid, recent spread of the species 
throughout westernNorth America, polyploidy has played a major 
role in producing new species which have been effective colonizers. 
Diploids are found on the harsher sites with coarse sandy soils and 
sand dune areas, whereas tetraploids seem better adapted to the 
silty clay flood plains of rivers (Dunford 1984). Ecotypic variation 
among fourwing saltbush populations has been documented 
(McArthur et al. 1983, Potter et al. 1986) with ecotypes originating 
from harsh environments having a wider range of adaptation than 
those originating from more favorable environments (Van Epps 
1975, McArthur et al. 1983, Petersen et al. 1987). 

Native-shrub species have evolved mechanisms to withstand 
temperature stress (Newton and Goodin 1989b) and chronic and 
acute periods of water deficits (Newton and Goodin 1989a). Her- 
baceous plants have evolved similar mechanisms and responses to 
drought stress (Jones et al. 1981) and although many mechanisms 
of drought tolerance are expressed at the gross, anatomical level 
(e.g., extensive root system), several have cellular and metabolic 
components. Plants adapt to drought stress through response 
mechanisms such as osmotic adjustment (Newton et al. 1986a), 
reduction in DNA content and enhanced tissue elasticity (Castro- 
Jimnez et al. 1989), changes in metabolic pathways with the 
accumulation of compounds such as proline (Bhaskaran et al. 
1985, Newton et al. 1986b), appearance of new proteins (Valluri et 
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ing proteins in Arabidopsis are induced by a variety of stresses 
(Braam and Davis 1990). In all the above cases the specific genes 
are ‘activated’by stress and produce more messenger RNA. For the 
majority of proteins in response to stress, a role in defense and/ or 
repair is yet to be determined. However, physiological changes 
such as stomata1 closure (Bilan et al. 1977), root growth (Meyer 
and Boyer 1981, Creelman et al. 1990), and stem thickening (Jaffe 
1973) in response to stresses are well documented and the proteins 
responsible for mediating these alterations may be found among 
the stress-induced proteins. 

As described above, many genes are expressed during the 
drought response through the synthesis of new messenger RNA 
(mRNA) molecules as shown in Figure 1, and it is possible to 
obtain DNA clones which represent mRNAs induced by drought 
stress. To do this, mRNA is first isolated from plant tissues. DNA, 
copied from a specific template RNA through the action of several 
enzymes, is called complementary DNA (cDNA) (Gubler and 
Hoffman 1983). The details of this procedure are shown in Figure 
2. Following the synthesis of the second strand, the cDNA is then 
ligated to another DNA fragment called the vector DNA, which 
provides for subsequent amplification of the cDNA fragments. 
The classes of vector DNA’s that are usually used are: (1) plasmids: 
small circular DNA molecules present at high copy number in 
bacterial cells; and (2) bacteriophage: viruses which infect bacteria, 
producing hundreds of copies of their own DNA. A ‘foreign’ 
cDNA molecule inserted within the vector DNA is replicated as 
part of the vector DNA during the host’s normal biological cycle. 

In our experiments, we have employed a derivative of the bacte- 
riophage lambda, XZAP, as our vector (Stratagene, Calii.). For- 
eign DNA up to 10 kilobases in size can be cloned into sites within 
the ADNA and is replicated as part of the bacteriophage genome. 
The cDNA synthesized from poly A+ RNA extracted from stressed 
saltbush tissues was ligated to h arms in vitro (Maniatis et al. 1982). 
This reaction generates recombinant ADNA molecules, each bear- 
ing a different cDNA insert, which together represent all of the 
mRNA species in the tissues at the time of harvest. Such a represen- 
tative collection of clones is termed a cDNA library. The ADNA is 
packaged into its normal phage head in vitro and used to infect the 
bacterium, Escherichia coli (Maniatis et al. 1982). 

Bacteriophage lambda (A) propagates by infecting E. coli and 
uses cell replication machinery to produce 100 to 200 copies of its 
own genome. The host bacterial cells are lyzed and the released 
virus particles may then infect surrounding cells. After overnight 
growth on agar plates, a ‘lawn’ of bacteria is punctuated by small 
areas of clearing, called plaques, each containing cell debris, bacte- 
riophage lambda, and naked DNA which resulted from cell lysis. 
Each plaque stems from a single infection by a single bacterio- 
phage, thus it contains multiple copies of a single (and different) 
cDNA molecule. By selecting a single plaque from the library, a 
gene of interest may be isolated. Subsequent propagation of the 
bacteria with this clone generates large quantities of the desired 
cDNA molecule. 

In the absence of specific information about the genes and 
proteins activated under drought stress, genes of interest may still 
be selected by virtue of their changes in expression under this 
condition by the method of differential screening (Fig. 3). Repli- 
cate nylon membrane lifts of plaques are treated so that the DNA is 
rendered single-stranded and binds to the membrane. Each mem- 
brane is then incubated with DNA probes from different sources. 
The probes are generated from messenger RNA isolated from 
tissues of nonstressed and stressed shrubs from which’first-strand’ 
cDNA is synthesized. The cDNA copy is radiolabelled and used to 
probe the replicate lifts. Homology between the DNA on the 
membrane and the probe results in pairing of complementary 
strands attaching the radioactive probe to the membrane at the 
position where its homologue is situated. When the membrane is 
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exposed to X-ray film, a signal denotes this position. Those 
plaques which “light up” on both membranes represent genes 
which are -onn in both nonstressed and stressed tissue. Plaques 
which “light up” with the stress probe but not the nonstressed 
probe represent genes which are “on” in stressed and “off” in 
control shrubs, i.e., drought stress responsive genes. This process, 
as described in Figure 3, leading to the identification of the respon- 
sive “on” gene is called differential screening. 

The construction of a cDNA library from drought-stressed 
tissues and their subsequent differential screening indicates that 
clones corresponding to poly A+ RNAs (mRNAs) induced by 
stress can be identified. We here report the identification of 
drought-induced clones from a native-range species which has 
well-demonstrated drought-tolerance characteristics. The objec- 
tives were to: (1) prepare cDNA libraries from drought-stressed 
and nonstressed fourwing saltbush and (2) probe the libraries to 
identify, at the molecular level, those clones whose expression is 
unique to the drought-stress condition. Preliminary reports of this 
work have appeared (Funkhouser et al. 1989a, Cairney et al. 1990). 

Materials and Methods 

Plant Material 
Seeds of Atriplex canescens were provided by investigators at 

the Rocky Mountain Forest and Range Experiment Station, 
Albuquerque, N.M. They were sown in flats containing sand fertil- 
ized with Hoagland solution (1950) in a greenhouse. The estab- 
lished seedlings were then transplanted to a field site located in 
Burleson County, Tex. 

Differential Screening - Principle 

mRNA mFiNA 
unstressed plant stressed plant 

gene A - a 

gene 9 a 

gene C 

A0 0 Agar plate - bacterial ‘lawn’ 
interrupted by plaques 

s cO (recombinant phage) 
0 

I 
duplicate plaque lifts 

(same quantity of DNA on each filter) 

unstressed 

I 

hybridize with probe, wash. stressed 
probe and expose to X-ray film probe 

autoradiographic 
image 

Fig. 3. Synthesis of mRNA under different conditions by 3 hypothetical 
genca (upper). Recombinant baeteriopbag contahring the corrcapond- 
ing cDNA clones hybridizes with a ‘strcsscd’ and ‘H probe 
(lows). 
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Fig. 4. Prbnary screen ofhZAP eDN.4 library of fourwing saltbush using sbeased (kfl) and nonstrossed (right) probe. 
Clones whose expression is appsretly unique to the drought-stress condition awe indicated by arrows, those whose expression is increased by 
drought-stress are indicated with circles. A clone whose expression is decreased by drought-stress is shown by a broken arrow. 

Drought stress was induced by withholding irrigation from the 
soil. As the shrubs experienced the lowered water deficits, plant 
water potentials (a&) were determined with a pressure bomb (Scho- 
lander et al. 1964) using a branch from each of 3 to 4 shrubs. 
Branch & was measured at 4 different times over a period of I 
year. 

Isolation of Total RNA 
At the same time that @_ was determined, leaves from these same 

shrubs were collected for RNA extraction. Total RNA was isolated 
by grinding 10 g fresh leaves in liquid nitrogen following the 
phenol-extraction method of Stiekma et al. (1988). 

Synthesis and Analysis of cDNA 
The method of synthesis ofcDNA was modified from the proce- 

dures of D. Andrews and W. Park at TAMU, Department of 
Biochemistry (per% comm.). Maintenance of sterile conditions was 
of prime importance and all solutions were sterilized by autoclav- 
ing or filtration according to procedures of Maniatis et al. (1982). 
For first strand synthesis, cloned MLV (Murine leukemia virus) 
reverse transcriptase was used rather than the usual AMV (avian 
myeloblastosis virus) enzyme (Venna 1981). Synthesis of the 
second strand was a modification (Gubler and Hoffman 1983) of 
the RNAse H/DNA polymerase I/DNA ligase protocol (Okay- 
ama and Berg 1982). This method permits the cDNA’s to be 
directionally cloned, with the Sst I and Xho I ‘sticky ends’at the 5’ 
and 3’ ends, respectively (Fig. 2). 

Preparation of cDNA Library 
Double stranded cDNA was directionally cloned into the com- 

mercial bacteriophage h, hZAP from Stratagene (San Diego, 
Calif.). The vector was derived from AGTlO and contains the 
bluescript plasmid. The h ZAP vector also contains a 454 nt FI 
Ml3 phage intergenic region which allows plasmids to be rescued 
as single stranded DNA, and subsequently isolated as doubled 
stranded plasmids (Stratagene, San Diego, Calif.). Synthesis was 
accomplished with RNA from stressed shrubs. 

Differential Screening of cDNA Libraries 
Differential screening of cDNA libraries was used to determine 

if poly A+ RNA levels for some genes change in response to 
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drought stress. To do this, bacteria (E. coli strain XLI) were 
infected with the recombinant AZAP bacteriophage and grown on 
agar plates to give a density of about 400 plaques per plate. Repli- 
cate filters of the stressed cDNA library were obtained according to 
procedures of Mania& et al. (1982), as modified by Andrew 
(Andrew 1990). Nytran filters (Schleicherand Scheull, NH) were 
placed on cooled plates for 30 seconds and then removed. Repli- 
cate lifts were then made by placing a second filter on the plate for 2 
minutes. These time periods had been shown previously to give 
equal quantities of DNA binding to each filter. One duplicate filter 
was probed with cDNA generated from RNA from stressed (-0.94 
MPa) shrubs and the other probed with cDNA from nonstressed 
(-0.41 MPa) shrubs. Those plaques displaying stronger hybridiza- 
tion to the stressed probe than those with the nonstressed probe 
were chosen for rescreening. 

Synthesis of Probes 
First strand cDNA was synthesized from poly A+ RNA purified 

from total RNA with hybond-mAP paper (Amersham). Labeled 
probes were generated by the random-primer method of Feinberg 
and Vogelstein (1983, 1984). 

Southern Analysis of Clones 
To release cDNA inserts, plasmids (0.5 118) were cut with Pvull 

(Promega San Diego, Calif.), subjected to electrophoresis (1% 
Agarose) and transferred to a membrane (Nytran) by Southern 
blotting (Mania& et al. 1982). The membrane was pre-hybridized 
with incubation at 42O C for 12 hours essentially as described by 
Maniatis et al. (1982). Approximately 10’ cpm of probe synthes- 
ized from poly A+ RNA from stressed and nonstressed tissue and 
radiolabelled by the random-primer method was added to the 
hybridization bag. Hybridization was for 16 hours at 42” C fol- 
lowed by washing with 2XSSC, 0.5% SDS at room temperature for 
20min(twice); 0.2XSSC,OS%SCS 55’ Cfor 10 min(once), 1 hour 
(once). The membrane was exposed to X-ray film for 5 hours. The 
nonstressed probe was removed from the membrane and was 
verified by exposing the membrane to X-ray fdm. Pre-hybridization 
was repeated for 3 hours before adding 10’ cpm of the stressed 
probe. Hybridization was as described above. 

Results and Discussion 

Irrigation was withheld from the shrubs, and branches were 
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harvested over several months for both $w measurement and RNA 
extraction. Branch & is shown in Table 1. Poly A+ RNA 
(mRNAs) was isolated from leaves of branches removed from 
shrubs with a mean water potential of -0.41, -0.62, -0.76, and 
-0.94 MPa. Through laborious trial and error, good mRNA prep- 
arationsfromsaltbushwerefinally obtained with proceduresmod- 
ifiedfrom othersand optimized in ourlaboratories(Funkhouseret 
al. 1989a, 1989b. Cairney et al. 1991). The poly A+ RNA isolated 
from leaves of the moderately stressed shrubs with a mean branch 
& of -0.94 MPa was used to prepare the complementary DNA 
(cDNA) library. 

In addition to innately expressed genes which also produce 
tolerance to drought, drought stress may induce changes in gene 
transcription, either activating formerly quiescent genes and/or 
elevating ordepressingthesynthesis ofmRNAfromspecificgenes, 
as shown in Figure 1 and by other workers (Guerrero and Mullet 

HarveSt Date n II- 

(MPa) + SD 

21 Nov. ,989 4 -0.41 * 0.12 
06 NW. 1988 3 a.62 * 0.32 
30 NW. 1988 4 -0.76 * 0.25 
05 Feb. ,988 4 -0.94 * 0.34 

1986, 1988). Therefore, the population of mRNA molecules in 
stressed (-0.94 MPa) and nonstressed (-0.41 MPa) shrubs should 
be qualitatively and quantitatively different. This fact can be dem- 
onstrated with the prcrzss of differential screening. 

458 JOURNAL OF RANGE MANAGEMENT 45(5). September 1992 



The cDNA library derived from drought-stressed Atriplex 
tissues was then differentially screened to identify clones of 
drought-inducible genes. First, plaques, each derived froma single 
bacterial host cell in the library and infected with a bacteriophage 
bearing a unique DNA insert, were produced. Second, replicate 
nylonmembranelifts oftheplaqueswere then treated withalkali to 
denature the DNA in situ, separating the strands of the duplex and 
allowing the DNA to hybridize with incoming homologous 
IllOl~C”l~% 

During differential screening, a radiolabelled cDNA copy of 
each of the entire mRNA populations of stressed and nonstressed 
shrubs was made in separate experiments (i.e., ‘stressed’and ‘non- 
stressed’probes). When the filters are incubated with the ‘stressed’ 
probe, the majority of plaques hybridize with the probe. This is 
expected since the library was constructed from stressed poly A+ 
RNA. We thus obtain a radiolabelled ‘print’of the position of the 
plaques on the original agar plate. When a replicate filter is incu- 
bated with the ‘nonstressed’ probe, many plaques hybridize with it 
and are seen as spots in identical positions on the filters. This result 
is obtained when the mRNA species corresponding to those 
plaques are present in both the stressed and the nonstressed plant. 
It should be stated that a number of genes are expressed at low 
levels and their mRNAs represent a very small fraction of the 
mRNA population. The labelled probe derived from these rare 
mRNAs will not give a strong OT even detectable hybridization 
signal on the short (I2 hour) expression used here and therefore 
will not be detected in the screening process. 

However, certain plaques do not hybridize with the nonstressed 
probe, indicating that the corresponding mRNA is absent from the 
nonstressed population. Therefore, the bacteriophage in the 
plaque must contain a cDNA copy of a shrub mRNA which is 
apparently induced under drought stress conditions. A number of 
drought-induced clones are shown in Figure 4. In addition, a 
number of clones give signals with both probes, but of different 
intensities, which is consistent with quantitative changes in their 
mRNA; i.e., their expression is enhanced by the condition of 
drought stress. These are shown by circles in Figure 4. A clone 
regulated in an inverse maune~ (lower expression under drought 
stress) is shown by a broken arrow. Because of the limited sensitiv- 
ity of the screening, the terms ‘induced’ and ‘enhanced’ are some- 
what artificial: prolonged exposure of a tilter can reveal a low level 
of expression under nonstressed conditions which is not apparent 
on short exposure. Such low levels of expression are more readily 
observed in Northern Analysis (Fig. 7). 

Plaques which gave strong hybridization signals with the 
stressed probe, but poor signals with the nonstressed probe (Fig. 
S), were selected and purified. To confirm that we had picked up 
the correct plaque and that the different signals were not due to a 
misplaced filter excluding peripheral plaques or unequal DNA 
binding to the 2 filters, the screening was repeated using bacterio- 
phage isolated from a single plaque (Fig. 5). Inthis experiment, all 
plaques were identical. If we had isolated a single drought-induced 
clone, all the plaques on the filter should hybridize with the stressed 
probe, and there should be no hybridization with the nonstressed 
probe. This is what was observed in most cases (Fig. 5). A number 
of ‘false positives’ which hybridized equally well to both probes 
were identified and eliminated from further consideration. 

Fifteen independent clones were identified by this method and 
the cDNA inserts were isolated in plasmid form from the bacterio- 
phage. Four of the clones (designated 3-1,8-2, IO-2 and 23-l) had 
cDNA inserts larger than I kilobase (data not shown); these were 
selected for further study. To confirm that this purified cDNA 
hybridized to the stressed an nonstressed probes in the expected 
pattern, these 4 DNA clones were digested with restriction enzyme 
Pvull, subjected to gel electrophoresis, and transferred to nylon 

Fig. 7. Northern analysis of RNA from drought-stressed fourwing salt- 
bush shrubs. Four mierogrmns of ply A’ RNA isolated from plants at 
different water potentials were separated by electrophoresis, blotted 
onto Nytmn membranes (Schleichter & Schuell, NH) and probed with 
rsdioawtive cDNA X8-2. Washing was performed as described for 
Southern analysis in Materials and Methods section. Waterpotentists: 8; 
-0.41 Ml%, b; -0.62 Ml%, c; -0.76 MPs, d; -0.94 Mpa. 

membranes. Three of the clones did not hybridize with the nou- 
stressed probe (Fig. 6a), but they did hybridize strongly with the 
stressed probe (Fig. 6b). One clone (#l-3) whose pattern of expres- 
sion was inversed (low expression under stress, high without stress) 
was also isolated (Fig. 6a). This is the first report of identification 
of drought-induced DNA clones from fourwing saltbush. 

This strategy of differential screening thus permits the identifica- 
tion of clones of genes whose expression is induced or enhanced 
during drought. Theseclones werefurtherexamined by additional 
Northern Blot analyses. Poly A’ RNA from plants at various 
degrees of drought stress were separated by electrophoresis on 
Formaldehyde-agarose gels, transferred to a nylon membrane, and 
then probed with cDNA inserts isolated from the clones. Figure 7 
shows the results for 1 probe, for which we have assigned the 
number 8-2 for labeling and cataloging purposes. The radioactive 
probe from this clone binds specifically to its corresponding 
mRNA. Since the radioactive probe is present in excess, the inten- 
sity of signal is determined by the amount of that specific mRNA 
present in each sample and bound to the filter. For the probe 
tested, we see that the gene under examination is expressed to a 
higher degree in shrubs growing at lower water potentials (Fig. 7). 
This result is consistent with earlier findings (Figs. 4,5,6) and 
confirms that this cDNA clone for a gene whose expression is 
induced under conditions of drought stress has been isolated. 

Our objective in this study was to examine only field-grown 
shrubs. Leaves were harvested when different water potentials 
were reached. Although the sample materials are of different age, 
the quantity of specific RNA increases with the decreasing water 
potential of the plant (Fig. 7). Therefore, it is unlikely that the 
graduated rise in mRNA level observed (Fig. 7) was the result of 
age difference among the shrubs sampled, but were indeed 
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enhanced by drought. It is important to point out that this tech- 
nique identifies genes whose expression is enhanced under drought- 
stress. The role of the gene products in metabolism and their 
contribution to plant survival under adverse conditions is not 
indicated but must be determined by further experimentation. 

Sometimes, homologies among these drought-induced clones 
from one can species be determined with clones from another 
species. For example, researchers have identified clones which 
correspond to poly A+ RNAs induced in wilted pisum sativum 
shoots (Guerrero and Mullet 1988). These stress clones from Pisum 
could be used to determine homology with the stressed fourwing 
saltbush species. If this homology between Pisum and Atriplex was 
demonstrated, it would provide information about the commonal- 
ity of a particular response among various plant species. If homol- 
ogy is not established between the species, it could indicate that the 
response observed and/ or the clones are perhaps unique to fourw- 
ing saltbush. This same approach can be used to determine if 
unique clones are associated with drought-tolerant and drought- 
sensitive ecotypes of Atriplex as described by other investigators 
using other criteria (Van Epps 1975, McArthur et al. 1983, 
Petersen et al. 1987). 

Conclusion 
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Abstract 

The relatively low productivity of the herbaceous stratum of the 
oak-hickory forests of North America has prompted land manag- 
ers to evaluate alternative means of increasing large herbivore 
production. A mathematical programming model was developed 
to evaluate alternative vegetation management programs for large 
herbivore production in the Cross Timbers Region of the Ozark 
Plateaus. The optimization determined the combination of live- 
stock enterprises, lease-hunting enterprises, and vegetation man- 
agement practices that maximized discounted net returns over a 
H-year period. Results indicated that by integrating both herbi- 
cides and prescribed fire into vegetation management programs, 
sufficient herbivory can be sustained to support an economically 
viable level of livestock production. Vegetation management pro- 
grams derived under multiple-enterprise objectives differ signifi- 
cantly from those in conjunction with a single enterprise. Eco- 
nomic returns from cattle production are maximized by applying 
herbicides that induce large increases in grass production, and 
thus, allow for significant expansion of the cattle enterprise. Under 
multiple-enterprise objectives, 2 herbicides and prescribed burning 
may be integrated effectively to sustain sufficient production of 
grasses, forbs, and browse to support expanded cattle, Angora 
goat, and white-tailed deer popu~tions. Economic returns from 
the land resource can be increased approximately 46% as a result of 
employing multiple-enterprise management objectives. 

Key Words: brush management, oak-hickory forest, post oak 
(Quercus stellata Wang.), blackjack oak (Q. marilandica 
Muenchh.), white-tailed deer (Odocoileus virginianus), multiple- 
use management, economic analysis, optimization models 

The Cross Timbers, an important yet largely unrecognized land 
resource, occupies the western edge of the oak-hickory forest on 
the Ozark Plateaus (Garrison et al. 1977, Daubenmire 1978, Wal- 
ter 1985). The Ozark Plateaus comprise nearly 20 million ha of the 
125 million ha eastern forest of the United States (Garrison et al. 
1977, Oftice of Technology Assessment [OTA] 1982). Land owner- 
ship in the region is predominantly private. Because the timber 
resource does not support an economically viable industry, eco- 
nomic activity has largely been restricted to cattle grazing on 
marginal production units (Byington et al. 1983). 

The relatively low productivity of the herbaceous stratum of 
these forests has prompted cattle producers and policy makers in 
the United States to consider land conversion and intensive forage 
production practices to increase cattle carrying capacity (Burton 
1973, OTA 1982). Approaches to increasing large herbivore pro- 
duction and the economic value of these lands include manage- 
ment of existing vegetation to produce desired vegetation (Scifres 
et al. 1983) and using 2 or more species of large herbivore to 

This is journal article J-6153 of the Oklahoma Agricultural Experiment Station. 
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improve efficiency of forage harvest (Cook 1985). Foliage-applied 
and soil-applied herbicides can increase the production of her- 
baceous vegetation in the Cross Timbers up to six-fold by reducing 
competition from overstory hardwoods (Elwell et al. 1974, Engle et 
al. 1991). However, the desired vegetation structure is usually 
short-lived, and follow-up treatments, traditionally with repeat 
application of herbicides or prescribed fire, are required to main- 
tain the results derived with the initial herbicide treatment (S&es 
et al. 1983). Additional production alternatives include the adop- 
tion of alternative livestock and lease-hunting enterprises. Although 
lease-hunting is a relatively new phenomenon in the region, indica- 
tors point to significant increases in the value of hunting rights over 
the next decade (Porter 1987). As a result, wildlife management 
objectives will become increasingly important in vegetation man- 
agement decision making. Information is needed to assist resource 
managers in developing integrated vegetation management pro- 
grams, including the timing and type of range investments, as well 
as accompanying livestock and wildlife enterprises. 

Previous analyses of vegetation management in the Cross 
Timbers have focused on benefits accruing to a single cattle enter- 
prise (Bernard0 et al. 1991, Engle 1988, McCollum et al. 1987). 
Bernard0 et al. (1991) evaluated 6 alternative brush management 
strategies using herbicides and prescribed burning to reduce hard- 
woods in the Cross Timbers. Benefits derived from vegetation 
treatment were limited to increases in the weight gain and stocking 
rate of summer stocker cattle grazing the treated areas. Because 
increases in livestock numbers were estimated based upon the 
allocation of additional grass production, prescriptions from the 
model favored herbicides prompting the largest increase of grass 
production. However, vegetation management practices most 
conducive to beef cattle production do not necessarily result in 
vegetation best suited for alternative enterprises. This potential 
conflict between cattle production and other enterprises provides 
the impetus for reevaluating range improvement programs in the 
region. 

The objective of this study was to develop and compare econom- 
ically efficient vegetation management programs under both cattle 
production and multiple-enterprise management objectives. The 
degree to which multi-species grazing and wildlife lease-hunting 
infhrence optimal range improvement decisions was ascertained 
from the analysis. 

Method of Analysis 

A multi-year linear programming model was developed to derive 
economically efficient vegetation management programs under 
multiple-enterprise objectives. 1 The objective of the optimization 
model was to determine the combination of livestock enterprises, 

‘For additional detail concerning model specification and underlying data, the 
reader is referred to Department of Agricultural Economics Paper AE-2567, Depart- 
ment of Agricultural Economics, Oklahoma State University, Stillwater, Oklahoma. 
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lease-hunting enterprises and vegetation management practices for 
reducing hardwood competition that maximizes the sum of dis- 
counted net returns over a 15year planning horizon. The multi- 
year model consisted of a series of annual production submodels 
linked by a set of relationships that defined changes in forage and 
financial resources over time in response to vegetation manage- 
ment and stocking decisions. 

Annual production submodels were specified to allocate limited 
resources, specifically forage, capital, and labor, among the com- 
peting enterprises so as to maximize discounted annual net returns. 
Two principle types of activities were included in each of the 
annual models: (1) vegetation management activities which resulted 
in increases in forage in the year initiated and subsequent years of 
the planning horizon, and (2) livestock and wildlife enterprises 
which utilized annual forage production. 

Annual net cash (NCFt) were estimated as the sum of net returns 
from the livestock and lease-hunting enterprises less vegetation 
management costs. That is, 

NCFt = jhTXjt+pt(Dt)*- ;IVkYkt 
k=l 

where, 
Xjt = 

Cj = 
Ykt q  

vk = 

pt = 

number of head of livestock enterprise produced in 
year t 
net return from livestock enterprise j, $/head 
land area treated with vegetation management prac- 
tice k in year t, ha 
cost of vegetation management practice k, $1 ha 
value of lease-hunting trespass rights in year t ($/ha), 
expressed as a function of white-tailed deer pop- 
ulation in year t (Dt) 

A = total range land area, ha 
Objective function coefficients for the livestock enterprises were 
per-head net return estimates, calculated as gross receipts less 
variable production costs. Returns from the lease hunting enter- 
prise were calculated as the product of the lease-hunting rate (S/ ha) 
and the total land area. The lease-hunting rate was estimated as a 
function of deer population density. 

The forage base was divided into 3 forage classes: grasses, forbs, 
and browse. To reflect the changing availability of these forage 
classes within a year, annual forage production was divided into 4 
subperiods (or seasons). Annual forage production was allocated 
to livestock and wildlife enterprises through a series of forage 
balance equations. 

s; t 
$Xi,+df Dt- Z i&Ytm-c?t+uf<O(i= 1,2,3,4) (2) 

j=l m=l k=l 
t 

S: dXjt+df Dt- ZZ i \y:, Yb - $ + u: < 0 (i = 1,2,3,4) (3) 
j=l m=l k=l 

: GXj,+d\ Dt- i f: wk Yh - 13 + ui < 0 (i = 1,2, 3,4) (4) 
j=l m=l k=l 
where: 

agij, a’u, abG q  forage utilization (grasses, forbs, 
and browse, respectively) by live- 
stock enterprise j in subperiod i 

df dif d? = forage utilization (grasses, forbs, and 
browse, respectively) by deer in sub- 
period i 

w&,,, &,,,, w&,,,, q  available forage production (grasses, 
forbs, and browse, respectively) in sub- 
period i on land treated with vegetation 

f 
management k in year m 

4 Gt, tit, b = forage (grasses, forbs, and browse, 
respectively) available for utilization in 
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period i in year t carried over from 

II f b 
period i-l 

Ult9 W uik = unutilized forage (grasses, forbs, and 
browse, respectively) in period i of year 
t 

Equations 2 to 4 represent forage balance equations for grasses, 
forbs, and browse in each of the 4 subperiods of each year. Total 
quantity of forage consumed by livestock and white-tailed deer 
(Odocoileus virginianus) was calculated in the first and second 
terms of the equation, while the third term represented the quantity 
of forage produced in the period available for consumption by 
livestock and wildlife. The forage balance equations assured that 
total utilization of each forage class did not exceed the sum of 
production and forage carryover from the previous period. Forage 
that was not utilized in a subperiod was carried over to subsequent 
subperiods through a set of forage decay functions. These relation- 
ships determined the quantity of unused forage carried over from 
the previous subperiod (ui-1) available for utilization in the follow- 
ing subperiod (a) and take the form: 

Ci = a(ll-1) (5) 

By changing the parameter “a” in equation 5, unique forage decay 
functions were specified for grasses, forbs, and browse and for each 
set of adjoining subperiods. The model does not represent any 
interaction between utilization and forage production. 

The set of annual production models were linked through the 
objective function and a series of relationships defining the transi- 
tion of production and financial variables across years. The objec- 
tive function of the multi-period model was specified as: 

z NCFt (1 + r)-’ 
t=15 

(6) 

where, r is the discount rate and n is the number of years in the 
planning horizon. Long-term forage response to vegetation man- 
agement was represented through the technical coefficients of the 
range investment activities. These coefficients (W&~‘S in equations 
2 to 4) indicated forage production in the treatment year, as well as 
all subsequent years of the treatment’s life. 

Data 

The model was developed to derive economically efficient vege- 
tation management programs and accompanying livestock enter- 
prises for a representative 2,0OO-ha commercial ranch in the Cross 
Timbers of central Oklahoma. The forage resource was assumed to 
be comprised of equal proportions of shallow Savannah and sandy 
Savannah range sites, dominated by an overstory of post oak 
(Quercus stellata Wang.) and blackjack oak (Q. marilandica 
Muenchh.) (Ewing et al. 1984). Forage production potential was 
greater on the sandy savannah site because of the deeper soils and 
run-in topographic position. 

Vegetation Management and Forage Response 
Vegetation management options included in the analysis were: 

(1) tebuthiuron (N_C5-l,l-dimethylethyl-l,3,4-thiadiazol-2-yl]-N, 
N’-dimehylurea), (2) tebuthiuron followed by annual spring burn- 
ing, (3) triclopyr ([3,5,6-tricloro-2-pyridinyl oxy] acetic acid), and 
(4) triclopyr followed by annual spring burning. Application rates 
of 2.2 ai/ ha were used for both herbicides. These selective herbi- 
cides induced regression toward tallgrass prairie on both shallow 
and sandy Savannah range sites, but tebuthiuron produced a more 
complete and longer-term suppression of hardwood competition. 
Prescribed burning, which provided secondary reduction of resist- 
ant and resprouting woody plants, has been found to be more 
effective following tebuthiuron than triclopyr (Stritzke et al. 1991). 

The ranch was divided into 20 equal-sized management units, 10 
dominated by shallow savannah range sites and 10 comprised 
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primarily of sandy Savannah sites. Vegetation management alter- 
natives were evaluated annually on each management unit, and 
chemical treatments and prescribed bums were applied to entire 
loo-ha pastures to prevent the inclusion of unrealistically small 
annual treatments. 

Vegetation management effects were incorporated into the anal- 
ysis via forage response curves developed to represent changes in 
grass, forb, and browse production resulting from each treatment 
strategy. The response curves (Figs. la through Id) depicted the 
path of expected seasonal standing crop over the time horizon of 
the analysis. Peak standing crop for 8 years following application 
of each practice were actual standing crop measurements from a 
study in the Cross Timbers (Engle et al. 1991 and unpublished 
data). Peak standing crop in the remaining years of each practice’s 
life represented a consensus of “expert opinion’* projections based 
on 3 decades of research results in the Cross Timbers of Oklahoma 
(Elwell et al. 1974, Stritzke et al. 1975, Engle et al. 1991). 

Previous studies on seasonal standing crops of grasses and forbs 
in nearby tallgrass prairie (Powell et al. 1979, Powell et al. 1982a, 
Powell et al. 1982b, Ewing and Engle 1988), and of browse in the 
Cross Timbers (Johnson and Risser 1974) were used to set respec- 
tive grass standing crops in winter, spring, and fall at 30, 70, and 
75% of summer standing crop. Forb standing crops in winter, 
spring, and fall were set at 20,70, and 30%, and browse standing 
crops in winter, spring, and fall were set at 30, 100, and 50% of 
summer standing crop. The annual decay function, or the percen- 
tage of grass and forb production carried over into subsequent 
subperiods, were derived from data on litter and mulch disappear- 
ance and production in the tallgrass prairie (Sims and Singh 1978, 
Branson 1985). No portion of browse standing crop was trans- 
ferred to subsequent years based on the assumption that deadfall 
leaf and twig litter and second-year twig growth did not constitute 
available browse. Twenty-five percent of peak standing crop of 
grass and forb herbage was allocated to consumption (Kothmann 
1984). Peak standing crop was increased by 15% to adjust for the 
difference in peak standing crop and net primary production on 
tallgrass prairie (Powell et al. 1982a). 

Livestock and Lease-Hunting Enterprises 
Both fall-calving and spring-calving cow-calf systems were eval- 

uated. Calves were weaned at an age of 210 days at weights of 204 
and 198 kg for steer and heifer calves, respectively. A death loss of 
2% for mature cows during winter months was assumed, as well as 
an 88% weaning rate (Walker et al. 1987). To prevent unrealistic 
fluctuations in the size of the cow herd over time, changes in cow 
numbers were not permitted to exceed 15% per year. 

Stocker production alternatives included season-long (SLS) and 
intensive-early stocking (IES). Season-long steers were purchased 
at a weight of 200 kg in mid-April and grazed for 150 days. IES 
steers were purchased in mid-April and grazed for 80 days. Aver- 
age daily gains were .7 kg for SLS and 1.0 kg for IES. Summer 
gains of stocker cattle increased lo-20% in response to spring 
burning (McCollum et al. 1987); therefore, average daily gains of 
stocker cattle grazing burned pastures were increased to .8 kg and 
1.2 kg for SLS and IES steers, respectively. 

The goat production alternative was an Angora goat nanny 
enterprise. Each goat production unit consisted of a doe, 0.2 year- 
ling does, and 0.03 bucks. Production from the goat enterprise 
included adult mohair, kid mohair, kids, and cull does. Production 
costs and performance data were developed from information 
provided by area producers and Scrivner and Conner (1984). A 
75% kid crop was assumed, with a death loss of 8% for adult goats 
and 14% for kids. Like the cow-calfenterprises, adjustments in the 
size of the goat herd were limited to 15% annually. 

Daily forage demand (kg intake/ head/day) by goats and cattle 
was calculated from diet digestibility, estimated from the contribu- 
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Fig. la. Grass, forbs, and browse response curves for tebuthiuron treat- 
ment on shallow and sandy savannah range sites. 

Fig. lb. Grass, forbs, and browse response curves for tebuthiuron treat- 
ment followed by annual prescribed burning on shallow and sandy 
savarmah range sites. 

Fig. lc. Grass, forbs, and browse response curves for triclopyr treatments 
on shallow and sandy savammh range sites. 

Fig. Id. Grass, forbs, and browse response curves for triclopyr treatment 
followed by annual prescribed burning on shallow and sandy Savannah 
range sites. 
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tion of grass, forbs, and browse in the diet of each livestock class, 
and from daily fecal output (FO), according to the following 
equation (Femandez-Rivera et al. 1989): 

FO = .0365 W” 

where 
(7) 

W = animal weight (kg/ head). 
Although this relationship was developed from cattle trials, intake 
estimates for goats were within the expected range (National 
Research Council 1981). Daily forage intake was estimated as the 
quotient of daily fecal output divided by diet indigestibility. For- 
age intake estimates for lactating females were increased by 25% 
during the lactation period. Daily intake of individual forage 
classes was calculated as the product of daily forage intake and 
percent contribution to the diet by each forage class. To incorpo- 
rate the influence of vegetation management practices on livestock 
intake and diet composition, separate livestock production activi- 
ties were included for animals grazing herbicide treated, burned, 
and untreated pastures. 

Forage consumption is reported by season for each livestock 
enterprise in Table 1. Seasonal diets were estimated from studies 
on digestibility values for each forage class (Bogle et al. 1989), and 
cattle diets (McCollum unpubl. data) previously conducted on 
Cross Timbers rangeland that had been treated with 1 of the 4 
vegetation management options referenced earlier. Goat diet 
information was obtained from studies conducted in treated and 
untreated post oak Savannah of central Texas (Lopes and Stuth 
1984) and untreated, climax oak-hickory forest of central Arkan- 
sas (Child et al. 1985). 

The population of white-tailed deer was assumed to adjust 
through reproduction and immigration to levels consistent with 
forage availability; however, a maximum population density of 4 
ha/deer was assumed. A harvest rate of 20% per year was assumed 
if hunting leases were in effect. To assure realistic adjustments in 
deer population over time, changes in deer numbers were restricted 
to a maximum of 15% per year. Dry matter intake requirements for 
white-tailed deer were estimated from data reported by Wheaton 
and Brown (1983). Seasonal increases in intake of 30 to 60% were 

Table 1. Predicted eessonsl intske by forage claee in the Cross Timbers. 

made for does during gestation and lactation. Intake requirements 
reflect an average deer weight of 45 kg and a doe:buck ratio of 2: 1. 
The seasonal diets of white-tailed deer in the Cross Timbers 
obtained from Vreede (1987) were used to distribute total subpe- 
riod intake among grasses, forbs, and browse (Table 1). 

Costs, Returns, and Economic Situations 
Application and chemical costs for the chemical treatments were 

$16O.OO/ha for tebuthiuron and %86.45/ha for triclopyr, while the 
annual costs of prescribed burning was estimated at $6.23/ha 
(Engle 1988). Since triclopyr and tebuthiuron treatments affected 
rangeland profitability beyond the 15-year time horizon, the resid- 
ual value of each treatment was incorporated into the model. 
Residual (or terminal) values of each treatment were estimated 
based upon the discounted value of the remaining forage produc- 
tion and varied depending upon the remaining life of the treatment. 
Since all costs and returns were expressed in real terms, a real 
discount rate of 6% was utilized in the analysis. 

Costs of production for the various livestock enterprise were 
estimated from enterprise budgets reported in Bernard0 and 
McCollum (1987), Scrivner and Conner (1984), and Walker et al. 
(1987). Expected livestock prices employed in the analysis repres- 
ented averages of monthly prices (indexed to 1990) for each live- 
stock class from the Oklahoma City Livestock Market over a 
5-year period. Returns from livestock enterprises were estimated as 
gross receipts less variable costs and are reported in Table 2. 

The impact of vegetation management on the value of hunting 
leases is not known. Currently, the value of white-tailed deer 
lease-hunting rights in the Cross Timbers Region ranges from 
$1.85/ha to $4.95/ha, depending upon the quality of the wildlife 
habitat (Porter 1987). A linear relationship was developed between 
the population density of white-tailed deer and the value of tres- 
pass rights for hunting, assuming the lease rate was $1.85/ ha at the 
baseline deer population and reached its maximum value at the 
maximum population density (4 ha/deer). Thus, lease-hunting 
revenues were responsive to improvements in wildlife habitat 
introduced by vegetation management practices. 

Moderate capital constraints were imposed in each of the scena- 

__________St~kcr__________ 

Vegetation management SLS IES cow-calf Angora goats White-tailed deer 
Forage class Sp. Su. Sp. Su. Sp. Su. Fa. Wi. Sp. Su. Fa. Wi. Sp. Su. Fa. Wi. 

_______________________________ ________ ___(kg/hd)___ _________-______________ _____________ 
No. Trmt.: 

Grass 
Forbs 
Browse 

364 317 364 63 
49 88 49 18 
85 55 85 11 

690 590 440 473 
94 162 113 65 

161 103 113 110 

755 641 473 498 
105 150 109 69 
96 42 58 63 

300 605 37s 612 
202 293 344 138 
23 47 63 IS 

688 591 445 460 
155 152 155 107 
13s 101 74 93 

618 573 412 547 
228 33s 364 206 
45 48 16 40 

24 16 29 34 
5 5 4 5 

65 73 57 46 

0 3 13 46 
101 138 37 19 
SO 29 94 53 

0 3 13 46 
101 13s 37 19 
SO 29 94 53 

0 3 13 46 
101 138 37 19 
SO 29 94 53 

0 3 13 46 
101 138 37 19 
SO 29 94 53 

0 3 13 46 
101 138 37 19 
SO 29 94 53 

Tebuth.: 
Grass 
Forbs 
Browse 

Teb./Bum: 
Grass 
Forbs 
Browse 

Triclo.: 
Grass 
Forbs 
Browse 

Tri. / Bum: 
Grass 
Forbs 
Browse 

402 346 402 
56 81 56 
51 23 51 

479 319 479 
108 156 108 
12 25 12 

351 314 351 
82 81 82 
72 53 72 

408 305 408 
149 178 149 
29 25 29 

69 
16 
1s 

64 
31 
5 

62 
16 
11 

61 
36 

5 

59 59 24 30 
17 6 8 9 
29 28 63 55 

62 63 25 31 
17 6 8 8 
30 30 66 56 

24 17 22 33 
8 12 7 7 

66 65 60 SO 

26 18 24 34 
80 13 8 
69 68 6: 49 

JOURNAL OF RANGE MANAGEMENT 45(5), September 1992 465 



Table 2. Livestock enterprise revenues, costs, and net returns used in 
developing the optimal vegetation management programs. 

Enterprise 
Total Production 

revenue cost 
Net 

return 

-------$/ProductionUnit-------- 
Season-long steers (unburned) $ 568.21 S 531.80 S 36.41 
Season-long steers (burned) 581.13 536.19 44.94 
Early-season steers (unburned) 525.66 506.33 19.33 
Early-season steers (burned) 538.41 510.11 28.30 
Cow-calf (spring calving) 349.08 282.16 66.32 
Cow-calf (fall calving) 378.24 
Angora goats -- 

321.02 57.22 
74.56 58.13 16.43 

rios. Based upon financial surveys of livestock producers in the 
area, an initial debt-asset ratio of 0.30 was selected (total assets q  
$500,000 and total liabilities = $150,000). Chemical treatments 
required a 20% down payment, while the remaining balance could 
be financed with a S-year debt. The amount of capital available 
each year for investment was limited to a quantity that prevented 
the debt-asset ratio from exceeding 0.50, thus eliminating the 
possibility of treating all available land area in the initial year of the 
planning horizon. Since income variability has been found to 
increase significantly following vegetation management invest- 
ments, the treatment of all available land area in a single year 
would not likely be adopted by risk averse decision makers (Ber- 
nardo and Engle 1990). 

Results and Discussion 
Two scenarios were developed to evaluate the influence of 

multiple-use objectives on optimal vegetation managements pro- 
grams. In the first scenario, livestock production was limited to 
grazing season-long stockers. All livestock enterprises included in 
the model (season-long stockers, intensive-early stockers, cow- 
calf, and Angora goats), as well as the white-tailed deer lease- 
hunting enterprise, were available in the second scenario. By com- 
paring the 2 solutions, the effect that multi-species grazing and 
wildlife habitat considerations had on vegetation management 
decisions were ascertained. The sensitivity of optimal range 
improvement programs to alternative cattle prices, lease-hunting 
rates and excluding the possibility of goat production was then 
considered. 

Single Enterprise Scenario 
The vegetation management plan derived when production was 

limited to a single stocker enterprise is summarized in Table 3. The 
vegetation management practices employed and the number of 
season-long stockers grazed are reported for each year of the 
planning horizon. Each of the 10 shallow and sandy Savannah 
management units was assigned a number; for example, TEB 1-7 
implies tebuthiuron was applied on pastures 1 through 7 of the 
given range site. White-tailed deer population was limited to a base 
with a density of 25 ha/ head; however, no revenues were generated 
from lease-hunting. 

Vegetation treatments adopted in the optimal plan included 
application of tebuthiuron and tebuthiuron followed by annual 
prescribed burning. In year 1, 70% of sandy Savannah area was 
treated with tebuthiuron. Annual prescribed burning was employed 
on these management units in subsequent years to provide secon- 
dary reduction of resprouting and resistant woody plants. Tebu- 
thiuron followed by annual prescribed burning provided the grea- 
test forage response of the vegetation management investments 
evaluated. Sandy Savannah was treated first since grass production 
potential was greatest on this range site (Fig. la). The remaining 3 
sandy Savannah management units were treated in years 2 and 4, 

Table 3. Optimal vegetation management treatments practices and live- 
stock enterprises under single enterprise objectives. 

Shallow 
Year 

Season-long 
Sandy Savannah savannah steers 

1 TEB 1-7” 142 
2 TEB 8, B l-7 TEB l-5 586 
3 B l-8 TEB 6 810 
4 TEB 9-10, B l-8 -- 1441 
5 B l-8 TEB 7 1675 
6 B 1-8 1853 
7 B l-8 1934 
8 B l-8 TEB 8-9 1979 
9 B l-8 TEB 10 1809 

10 B l-8 1756 
11 B l-8 1631 
12 TEB l-2, B l-8 __ 1421 
13 B l-8 1389 
14 TEB3,B l-8 __ 1351 
15 B l-8 1308 

“TEB : single application of tebuthiuron (2.2 kg/ ha), B = prescribed burning. Each of 
the 10 shallow Savannah and sandy savannah management units arc assigned a pasture 
number. For example, TEB I-7 indicates tebuthiuron is applied in pastures 1 through 
7. 

but did not receive secondary control through prescribed burning. 
Retreatment of these 3 units occurred in years 12 and 14. 

Treatment of shallow Savannah range sites began in year 2 and 
continued through year 9, until all 10 management units were 
treated. Follow-up treatment with prescribed burning was unprof- 
itable on the shallow Savannah range site. In an earlier study 
conducted on the identical range site, Bernard0 et al. (1991) found 
a single application of tebuthiuron followed by annual burning 
provided the highest return of the 4 range improvement alterna- 
tives. This earlier study, however, did not account for changes in 
the diet intake of steers grazing tebuthiuron-treated pastures 
burned annually, which exceeded steer intake on unburned pas- 
tures by approximately 15% (Table 1). This result indicated that 
assuming identical intake levels across all treatments may underes- 
timate the carrying capacity of the land and the profitability of 
prescribed burning. 

Adjustments in livestock numbers over the 15-year planning 
horizon corresponded closely to changes in forage response follow- 
ing the vegetation management treatments. The initial stocking 
density (14 ha/ steer) reflected the low herbage production of the 
untreated sites. Steer numbers increased throughout the first 8 
years of the planning horizon, reflecting increases in carrying 
capacity provided by the treatments. Stocking densities were 
increased to levels as high as 1 ha/steer when the ranch’s total 
production of forage was maximized in year 8. Grass response 
curves for treatments initiated in years 1 through 3 reached their 
apex by year 8; small reductions in total herbage production 
occurred in subsequent years. Total steer numbers followed this 
trend in the latter years of the planning horizon, declining in years 9 
through 12, then leveling off in the final 3 years. Forage availability 
was relatively stable in years 13 through 15 as a result of retreat- 
ment of a portion of the sandy Savannah area and secondary 
control provided by prescribed burning. 

Discounted net returns from stocker production over the 15- 
year time horizon totaled $266,000. Annual net cash flow estimates 
for the ranch averaged approximately $36,400 (or %18.20/ha). Net 
cash flows varied considerably because of the large expenses 
incurred in years when substantial areas were herbicide treated and 
because of subsequent changes in forage production. For example, 
in the first year $116,000 in vegetation management expenses were 
incurred, resulting in an annual net cash flow of -%77,100. Annual 
net cash flows reached levels as high as $8 1,200 during the period of 
maximum forage production. 
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Multiple-Enterprise Scenario 
Vegetation management strategies derived under multiple- 

enterprise objectives were considerably more complex than those 
prescribed for the single enterprise scenario. Vegetation manage- 
ment treatments and accompanying enterprise combinations for 
each year of the planning horizon are presented in Table 4. As in 

Table 4. Optimal vegetation management treatments and livestock enter- 
prises under multiple-enterprise objectives. 

Sandy Shallow 
Year Savannah Savannah 

Livestock Enterprisesb 

Goats SLS IES Deer 

8 
9 

10 
11 
12 
13 
14 
15 

TEB 1-4’ 
TEB 5-7, B l-4 
B 1-4 
B14 
TEB 8, B l-4 
B l-4 
TRI 9, B 14 
TRI 10, B l-4 
B 1-4 
B 14 
TRI 1, B 24 
TRI 2, B 3-4 
B34 
TRI 3-4 
-- 

TEB 1-5 
B l-5 
B 1-5 
TEB 6-7, B 1-5 
B l-5 
TRI 8, B l-5 
B 1-5 
TRI 9-10, B l-5 
B 1-5 
B l-5 
B l-5 
B 1-5 
B l-5 
B 1-5 
TRI l-2. B 2-5 

_____(hd)__---- 

535 30 - 80 
618 363 -- 92 
707 594 -- 106 
695 865 206 122 
799 1247 267 140 
919 1452 286 161 

1050 1550 384 185 
1211 670 1418 200 
1392 655 1371 178 
1486 585 1348 167 
1510 480 1350 149 
I501 304 1121 126 
1525 317 1180 107 
1465 341 1021 110 
1420 333 965 103 

‘TEB q  single application of tebuthiuron (2.2 kg/ ha), TRI = single application of 
triclopyr (2.2 kg/ha), B = prescribed burning. Each of the 10 shallow Savannah and 
sandy Savannah management units are assigned a pasture number. For example, TEB 
l-7 indicates tebuthiuron is applied in pastures 1 through 7. 
%LS = season-long summer stocker steers, IES = intensive-early stocking steers. 

the vegetation management program under cattle-only enterprise, 
a large portion of the total land area was treated with tebuthiuron 
during the initial stages of the planning horizon. In this case, 
however, both shallow Savannah and sandy Savannah manage- 
ment units were treated in the first year. Nine management units 
were treated in year 1 with tebuthiuron. Secondary control 
through prescribed burning and triclopyr were employed on these 
units in subsequent years of the planning horizon. 

Although triclopyr treatments resulted in considerably less grass 
production than tebuthiuron, triclopyr provided greater quantities 
of forb and browse production in early portions of the treatment’s 
life. While this attribute had little value in the production of 
stockers, it did provide an important portion of the forage base for 
goats and white-tailed deer. Triclopyr was applied as an initial 
treatment on both shallow and sandy Savannah range sites, as well 
as a retreatment of management units treated initially with tebu- 
thiuron. Approximately 40% of the land area treated with tebuthi- 
uron in year 1 was retreated with triclopyr in the latter 5 years of the 
planning horizon. 

The introduction of multiple-enterprise objectives also affected 
the use of prescribed burning as a means of reducing resprouting 
hardwoods. Prescribed burning was employed less intensively on 
sandy Savannah sites than in the vegetation management plans 
derived for stocker production. Application of tebuthiuron with- 
out follow-up burning promoted a more diverse mix of browse, 
forbs, and grasses than when tebuthiuron was followed with 
annual burning (Fig. lb). 

Compared to the single enterprise alternative, improved effi- 
ciency of utilization of the forage base occurred as a result of the 
adoption of the additional enterprise alternatives. As in the single- 
enterprise solution, stockers were grazed at low stocking rate dur- 
ing the initial year of the planning horizon. In this case, however, 
the livestock plan also included a moderately sized Angora goat 
herd. Although the goat enterprise primarily consumed the browse 
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component of the forage base which had been largely unutilized in 
the previous solution, some consumption of forbs and grass by the 
goats did occur. As a result of this competition for available forage, 
the total number of steers grazed in the initial year was lower than 
in the single enterprise management plan. Neither cow-calf enter- 
prise was included in the optimal livestock plans, reflecting the 
year-long enterprises’inefficient utilization of grass production (in 
terms of dollars per pound of forage) relative to grazing summer 
stockers. This result is consistent with previous studies of the 
region which indicated a dominance of stocker production when 
forage is limited to native ranges (Rockernan and Walker, Rawlins 
and Bernardo). Sensitivity analysis revealed that net returns from 
cow-calf production would need to increase approximately $2 1 .OO 
per cow unit before the spring-calving enterprise would begin 
entering the optimal production plans. 

Livestock numbers were adjusted over the 15-year time horizon 
in response to changes in total forage production, as well as 
changes in the composition of forbs, browse, and grass. As in the 
single-enterprise scenario, increases in the number of steers grazed 
annually closely followed grass production increases provided by 
the initial tebuthiuron treatments. The total number of steers 
produced increased from 30 to 2,088 head over the first 8 years of 
the planning horizon. Stocker production was split between 
season-long and intensive-early stocking enterprises. Intensive- 
early stocking enterprises were primarily produced on pastures 
that were burned annually to take advantage of early-season 
increases in forage quality. The optimal management plan also 
involved gradually increasing the size of the goat herd over the first 
10 years of the analysis. The goat herd expanded in response to 
increased browse and grass availability, then remained relatively 
stable over the latter portion of planning horizon. Triclopyr treat- 
ments occurring in the latter portion of the time horizon provide 
sufficient browse production (see Fig. lc and Id) to maintain a 
relatively large goat enterprise over the planning period. 

The population density of white-tailed deer ranged between 10 
and 25 ha/ deer, and averaged approximately 15 ha/ deer over the 
15-year planning period. Deer encountered considerable competi- 
tion for forage from cattle and goats, particularly in the spring and 
summer periods; therefore, their population corresponded closely 
to the response of forbs following the vegetation treatments. The 
deer population increased from its initial size through immigration 
and reproduction over the first half of the planning horizon. 
White-tailed deer numbers reached a maximum at 200 head, a herd 
size 2 1/ 2 times the initial level. Deer number decreased in response 
to reduction in forb production occurring over latter portions of a 
treatment life; however, retreatment of pastures provided suffi- 
cient forb production to maintain a deer herd larger than the initial 
size. 

Discounted returns for the 15-year time horizon totaled $388,000. 
Discounted net returns were increased by $122,000 (46%) as a 
result of employing multiple+nterprise management objectives. 
Following initial negative net cash flows resulting from large 
expenditures for vegetation treatments, annual cash flows increased 
in conjunction with changes in livestock numbers. Annual net cash 
flow reached a maximum in year 10 at a level of $93,300 
($46.651 ha). Annual net cash flows for the ranch averaged approx- 
imately $41,300 under multipleenterprise management. 

Alternative Scenarios 
The slow development of lease-hunting in Oklahoma is reflected 

by a relatively low current market value of trespass rights for 
hunting. In this scenario, lease-hunting rates were doubled to 
determine how vegetation management decisions were affected 
when a higher priority was placed on wildlife management objec- 
tives. Optimal vegetation management plans were similar to those 
reported in Table 4; however, a greater emphasis was placed on 
vegetation management practices providing additional production 



of forbs. Because triclopyr provided significant increases in the Thus, areas treated with tebuthiuron, triclopyr, and prescribed 
availability of forbs relative to tebuthiuron, this treatment was burning sustained sufficient herbivory to support expanded live- 
employed on several management units treated with tebuthiuron in stock enterprises (stockers and Angora goats) as well as a larger 
the baseline scenario. white-tailed deer population. 

The size of both the stocker and goat enterprises were reduced 
marginally relative to livestock numbers reported in Table 4. In 
contrast, the white-tailed deer population was shown to expand 
significantly in response to the increased availability of forbs and 
reduced competition from livestock. The deer herd increased over 
the first 10 years of the analysis, reaching a maximum size of 305 
head, then leveled off to a size of about 200 head during the latter 
third of the 15yr horizon. The average deer density was about 9 
ha/deer over the planning horizon, approximately 50% higher 
than the average population in the baseline scenario. Discounted 
returns increased 14% above the baseline level. 

Because producers may not wish to use Angora goats as a 
potential enterprise, a plan which eliminated the goat enterprise 
was considered. As in the baseline solutions, both tebuthiuron, 
triclopyr, and prescribed burning were employed in the optimal 
vegetation management plan. As a result of reduced competition 
from the goats, deer numbers increased markedly over levels 
reported in Table 4. The average deer density was about 8 ha/ deer, 
nearly double the level derived when goats were produced. Stock- 
ing rates of steer enterprises were increased about 10% above levels 
reported in Table 4. Discounted net returns were decreased 21% as 
a result of excluding the Angora goat enterprise. 

The results of these analyses must be interpreted in light of the 
assumptions employed. Limited data are available from which to 
specify relationships defining forage production, diet composition, 
and livestock performance following a vegetation treatment. In 
addition, little is known concerning adjustments in white-tailed 
deer diet and population following vegetation management practi- 
ces in the Cross Timbers. Application of the model to different 
sites, initial vegetatation, ranch firm organizations and economic 
situations would require respecification of the model and would 
likely result in different efficient vegetation management pro- 
grams. However, production relationships employed in this study 
are adequate to illustrate the types of differences that exist between 
vegetation management programs developed under multiple- 
enterprise objectives and those derived solely for cattle grazing. 

Literature Cited 
Bernardo, D J., and D.M. Engle. 1990. The effect of manager risk attitudes 

on range improvement decisions. J. Range Manage. 43:243-248. 
Bernardo, D.J., D.M. Engle, and F.T. McCoBum. 1988. An economic 

assessment of risk and returns from prescribing burning on tallgrass 
prairie. J. Range Manage. 41:178-183. 

To evaluate the effect that a long-run decrease in cattle prices 
would have on vegetation management, the model was run with 
cattle prices reduced 25% below baseline levels. Vegetation man- 
agement and accompanying enterprises were shown to be relatively 
sensitive to livestock prices. Tebuthiuron was applied on approxi- 
mately half of the sandy savannah acreage in year 1, while the 
remaining sandy Savannah acreage received triclopyr applications 
in subsequent years. No returns occurred, and shallow savannah 
sites were not treated. Total AUMs allocated to cattle were reduced 
by an average of 40% relative to levels reported in Table 4. Angora 
goats and deer accounted for a larger proportion of total AUMs 
than in the baseline solution, but did not increase in total number. 
This decline occurred because of the reduced productivity resulting 
from the substitution of triclopyr for tebuthiuron and absence of 
vegetation management on several management units. 

Bemudo, DJ., and F.T. McCoBum. 1987. An economic analysis of 
intensive-early stocking. Oklahoma Agr. Exp. Sta. Res. Rep. P-887. 

Benardo, D.J., F.T. McCoBum, D.M. Engle, and J.F. Stritzke. 1991. An 
economic evaluation of brush management programs in the Cross 
Timbers. Zn:T. Bidwell (ed.) OSU range research highlights: 1980-1991. 
Oklahoma Coop. Ext. Serv. Stillwater, Okla. 

Boele. L.A.. D.M. Enele. and F.T. McCollum. 1989. Nutritive value of 
r&ge plants in the doss Timbers. Oklahoma Agr. Exp. Sta. Res. Rep. 
P-908. 

Branson, F.A. 1985. Vegetation changes on western rangelands. Range 
Mongr. No. 5, Sot. Range Manage., Denver, Colo. 

Burton, C.W. 1973. Integrating forest trees with improved pastures. p. 
41-49. In: Range resources of the southeastern United States. Amer. 
Sot. Agron. Spec. Pub. 21. 

Summary and Conclusions 
Through the development of efficient vegetation management 

programs, land managers of the Cross Timbers’deciduous forests 
can significantly increase the production of large herbivores. By 
integrating both herbicides and prescribed fire into vegetation 
management programs, sufficient herbivory can be sustained to 
support an economically viable level of livestock production. In 
addition, multi-species grazing can increase the harvest efficiency 
of primary production and improve the profitability of vegetative 
management practices. 

Byington, E., D. Child, N. Byrd, H. Dietz, S. Halverson, H. Pearson, and 
F. Horn. 1983. Management of southern U.S. farms for livestocking 
grazing and timber production on forested farmlands and associated 
pasture and range lands. Winrock Internat., Morrtilton, Ark. 60 p. 

Child, R.D., E.K. Byington, and H.H. Hansen. 1985. Goats in the mixed 
hardwoods of the southeastern United States, p. 149-158. In: F.H. Baker 
and R.K. Jones (eds.) Proc. Cot& on Multispecies Grazing. Winrock 
Intemat. Morrilton, Ark. 

Cook, C.W, 1985. Opportunities to increase multispecies grazing in the 
eastern United States. p. 7-25. In: F.H. Baker and R.K. Jones (eds.) 
Proc. Conf. on Multispecies Grazing. Winrock Internat., Morrilton, 
Ark. 

Daubenmire, R. 1978. Plant geography. Academic Press, Inc. N.Y. 
Elwell, H., P.W. Santelmann, J.F. Stritzke, and H. Greer. 1974. Brush 

control research in Oklahoma. Okla. Agr. Exp. Sta. Bull. B-712. 
Engle, D.M. 1988. Burning costs in Oklahoma rangelands. Rangelands. 

10:135-137. 

Vegetation management programs derived under multiple- 
enterprise objectives differed significantly from those to be used in 
conjunction with a single cattle enterprise. Economic returns from 
stocker production were maximized with either a single applica- 
tion of tebuthiuron or a single application of tebuthiuron followed 
by annual prescribed burning, depending on range site. These 
treatments provided large increases in grass production and 
allowed for significant expansion of the stocker enterprises over 
the life of the treatment. Under multiple-enterprise objectives tebu- 
thiuron, triclopyr, and prescribed burning were applied over the 
15-year planning horizon. In addition to increasing grass produc- 
tion, triclopyr treatments augmented the availability of browse and 
forbs for consumption by Angora goats and white-tailed deer. 

Engte, D.M., J.F. Stritzke, and F.T. McCoBum. 1991. Vegetation man- 
agement in the Cross Timbers: Response of understory vegetation to 
herbicides and burning. Weed Tech. 5:406-410. 

Ewing, A.L., and D.M. Engle. 1988. Effects of late summer fire on tallgrass 
prairie microclimate and community composition. Amer. Midl. Natur. 
120:212-223. 

Ewing, A.L., J.F. Stritzke, and J.D. Kulbeth. 1984. Vegetation of the Cross 
Timbers Experimental Range, Oklahoma. Okla. Agr. Exp. Sta. Res. 
P-856. 

Fernandez-Rivera, S., M. Lewis, T.J. Klopfenstein, and T.L. Thompson. 
1989. A simulation model of forage yield quality and intake and growth 
performance of growing cattle grazing cornstalks. J. Anim. Sci. 

Garrison, G.A., A.J. Bjugstad, D.A. Duncan, M.E. Lewis, and D.R. 
Smith. 1977. Vegetation and environmental features of forest and range 
ecosystems. USDA, Forest Serv. Agr. Handb. 475. 

468 JOURNAL OF RANGE MANAGEMENT 45(5), September 1992 



Johnson, F.L., and P.G. Risser. 1974. Biomass annual net primary produc- 
tion, and dynamics of six mineral elements in a post oak-blackjack oak 
forest. Ecology 55: 1246-1258. 

Kothmann, M.M. 1984. Concepts and principles underlying grazing sys- 
tems. p. 903-916. In: NRC/NAS, Developing strategies for rangeland 
management. Westview Press. Boulder, Colo. 

Lopes, E.A., and J.W. Stuth. 1984. Dietary selection and nutrition of 
Spanish goats as influenced by brush management. J. Range Manage. 
37:554-57. 

McCollum, M.K., D.M. Engle, and J.F. Stritzke. 1987. p. 110-113. In: 
Brush management on the Cross Timbers Experiment Range: III. Carry- 
ing capacity and steer performance. Oklahoma Ag. Exp. Sta. MP-119. 

National Research Council. 1981. Nutrient requirements of goats. Nat. 
Acad. Press. Washington, D.C. 

Office of Technology Asseaament. 1982. Impacts of technology on U.S. 
cropland and rangeland productivity. Congress of the United States. 
Washington, D.C. 

Porter, M.D. 1987. Lease hunting in Oklahoma. p. 21-22. In: Proc. Lease 
Hunting: Pros and Cons. Kansas State University Coop. Ext. Serv. 
Manhaftan, Kan. 

Powell, J., F.R. Crow, and D.G. Wagner. 1982a. Rangeland watershed 
budget and grazing cattle nutrient cycling. U.S. Environ. Protection 
Agency. Ada, Okla. 

Powell, J., D.R. Hake, G.L. Dunn, and J.K. McPherson. 1982b. Effect of 
grassland management on range condition, runoff, and water quality. 
Final Rep. for Oklahoma State University/ USDA-ARS. Stillwater, 
Okla. 

Powell, J., H.T. Zawi, J.J. Crockett, L.I. Croy, and R.D. Morrison. 1979. 
Central Oklahoma rangeland response to fire, fertilization and grazing 
by sheep. Oklahoma Agr. Exp. Sta. Bull. B-744. 

Rawlins, R.B., and D.J. Bernardo. Incorporating uncertainty in the analy- 
sis of optimal beef-forage production systems. So. J. Agr. Econ. 
23:213-i5. 

- _ 

Rockeman, K.A., and O.L. Walker. 1979. Range-cropland pasture utiliza- 
tion svstems for Oklahoma ranches. Current Farm Economics. 527-20. 

Scifres, C.J., W.T. Hamilton, J.M. Inglis, and J.R. Connor. 1983. Devel- 
opment of integrated brush management systems (IBMS): Decision- 
making process. p. 97-104. In: K.C. McDaniel (ed.) Proc. Brush Man- 
agement Symp. Sot. Range Manage. Denver, Colo. 

Scrivner, J.H., and J.R. Conner. 1984. Costs and returns from Angora goat 
enterprises with and without predation. J. Range Manage. 37:166-171. 

Sims, P.L., and J.S. Sin@. 1978. The structure and function of ten western 
North American grasslands. IV. Compafimental transfers and energy 
flow within the ecosystem. J. Ecol. 66:983-1009. 

Strilzke, J.F., W.E. MeMurphy, and R.W. Hammond. 1975. Brush control 
with herbicides: Sarkey’s research and development report. Oklahoma 
Agr. Exp. .%a. MP-95: 

Stritzke. J.F.. D.M. Ende. and F.T. McCoUum. 1991. Vegetatation man- 
s I 

agement in the Cross Timbers: Response of woody specks to herbicides 
and burning. Weed Tech. 5:400405. 

Vreede, G.V. 1987. Seasonal diets of white-tailed deer in south-central 
Oklahoma. M.S. Thesis, Texas Tech Univ., Lubbock. 

Walker, O.L., K.S. Lusby, and W.E. MeMurphy. 1987. Beef and pasture 
systems for Oklahoma. Okla. Agr. Exp. Sta. Res. Rep. P-888. 

Walter, H. 1985. Vegetation of the earth and ecological systems of the 
geobiosphere. Third ed. Springer-Verlag. Berlin. 

Wheaton, C., and R.D. Brown. 1983. Feed intake and digestive efficiency 
of south Texas white-tailed deer. J. Wildlife Manage. 47:442450. 

I Granite Seed Co., P.O. Box 177TL&hi, 

JOURNAL OF RANGE MANAGEMENT 45(5), September 1992 469 



J. Range Manage. 
45:470-474, September 1992 

Runoff prediction from sagebrush rangelands 
using water erosion prediction project (WEPP) 
technology 
BRADFORD P. WILCOX, MINA SBAA, WILBERT H. BLACKBURN, AND JAMES H. 
MILLIGAN 

Authors are hydrologist, Los Alamos National Lab, EES-IS, MS J495, Los Alamos. NM. 87545;graduate research 
assistant, Department of Civil Engineering, University of Idaho, MOSCOW, Ida. 83712: supervisory hydrologist, 
USDA-ARS, Northwest Watershed Research Center, 800 Park Boulevard, Plaza IV. Boise, Ida. 83712; professor, 
Department of Civil Engineering, University of Idaho, Moscow 83712. At the time of the study, the senior author was a 
hydrologist at the Northwest Watershed Research Center. 

Abstract 

Runoff prediction is an important component of any process- 
based soil erosion model. In this paper we evaluate the runoff 
prediction capabilities of a new soil erosion model, WEPP, on 
sagebrush rangelands. Particular attentton was given to the 
parameter estimation techniques used in WEPP to predict htfiltra- 
tion. Runoff volume predicted by WEPP is based on the Green and 
Ampt infiltration equation. Predicted ruuoff was compared to 
observed runoff from PO large plot rainfall simulation experiments 
on sagebrush rangelands. There was a poor correlation between 
predicted and observed runoff when the Green and Ampt parame- 
ters were estimated using the parameter estimation techniques. 
Runoff prediction was improved when parameters were deter- 
mined from field measurements. Additional refinement of the 
Green and Ampt parameterization techniques is needed for con- 
tinued improvement of WEPP. 

The new soil erosion model, WEPP, (Water Erosion Prediction 
Process) (Lane and Nearing 1989) simulates the major processes 
that impact soil erosion by water, runoff being one of the more 
important ones. WEPP is a process-based model in that it has a 
theoretical framework and that the model parameters are directly 
measurable. Application of process-based hydrologic models as 
practical land management tools has been limited because of the 
difficulty of parameterizing them. Identification of parameter 
values requires either (1) elaborate field testing, which is expensive 
and time consuming, or (2) calibration to a measured runoff time 
series. 

Model parameterization in WEPP has been simplified by the 
development of empirical relationships between the WEPP para- 
meters and readily available soil and vegetation characteristics. 
This allows for easy parameterization and gives WEPP the poten- 
tial to simulate the impact of vegetation change to rangeland water 
cycles. We emphasize that although the core equations in WEPP 
have a theoretical basis, the parameter estimation procedures are 
strictly empirical. 

Wilcox et al. (1990) found that runoff from a small (1 ha) 
sagebrush watershed was poorly predicted by WEPP. In this study, 
we evaluate WEPP runoff prediction in more detail using rainfall 
simulation data. Particular attention was given to the parameter estima- 
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tion techniques used in runoff prediction. Predicted runoff was 
compared to observed runoff from rainfall simulation experiments 
conducted on or near the Reynolds Creek experimental watershed 
in southwestern Idaho. There was a poor correlation between 
predicted and observed runoff when the parameters were estimated 
from the empirical relationships. Results were improved when 
parameters were estimated from field measurements. Additional 
refinement of the parameter estimation techniques is needed for 
improved runoff prediction by WEPP. 

WEPP Infiltration Model Description 

Green and Ampt Equation 
Runoff is predicted using a time-based infiltration approach. 

The amount of water that does not infiltrate is assumed to be 
runoff. The infiltration process is simulated with the Green and 
Ampt equation modified by Chu (1978) for unsteady rainfall. The 
utility of the Green and Ampt equation for predicting infiltration 
has been demonstrated by Mein and Larson (1971) and Smith and 
Parlange (1978), among others. Details of the procedure are des- 
cribed by Rawls et al. (1989b). Infiltration capacity is calculated by 
the Green and Ampt equation as 

f= K.[l + (N./F)] (1) 
where f is infiltration capacity (mm/ hr), K. is effective hydraulic 
conductivity (mm/ hr), N, is effective matric potential (mm) and F 
is total infiltration (mm). N, and K, can be estimated in WEPP 
using parameter estimation techniques. 

Parameter Estimation 
K, is estimated in WEPP using a 2 step process. First saturated 

hydraulic conductivity, K., is estimated using the following empiri- 
cal relationship, which takes into account the effects of entrapped 
air, soil texture, organic matter, and cation exchange capacity 
(Rawls et al. 1989a). 

K. q  0.002 
[PdEAC) - SM$ 
[I - PdEAC)* 

[gr CL2 (2) 
r 

Where 
EAC = correction for entrapped air 

= 1.0 - (3.8 + 0.00019(C)z -0.337(S) + 0.126 (CEC)(C) 
+ (OM)(S/200)2/ 100 (3) 

BD = bulk density (Mg/m3) 
CL q  0.17 + 0.181(C) - O.OOOOOO69(S*) (C*) - O.OOOOOO4l(S*)(lOO-S-C)2 

+ O.O00118(S*)(BD*) + O.O0069(Cz)(BD*) 
+ 0.000049(s*)(c) - 0.OoOO85(100-s-C)(C2) (4) 

s: 
= % sand 
q  % clay 
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Effective matric potential, N., was derived using the following 
relationship. 

N. = (1 - S.)(P,)(Sr) (11) 
Where 

S. = effective saturation (mm3/mm3) 
Sf q  average matric potential across the wetting front (mm) 
Sr was estimated using the following regression equation (Rawls and 

Brakensiek, 1985). 

Sf q  exp [6.5309 - 7.32561(P) + O.O01583(C)2 + 3.809479(P# 
t 0.000344(S)(C) - O.O49837(S)(PJ + O.O01608(S)2(PJ2 
+ O.O01602(C)(PJ2 - O.O000136@)2(C) - O.O03479(C)2(P# 
- O.O00799(S)(Pd] (12) 

P. = effective soil porosity (mm’/ mm3) 
OM = organic matter (%) 
SM, = residual soil water content (mm3/mm3) 
K,, the effective conductivity, incorporates the effect ofvegeta- 

tion on hydraulic conductivity (Rawls et al. 1989a) as follows: 

K. = K.(Cr[B,/AJC, + Mr(l-(B,/AJ)] + (B,/A&+ Mr(l-BolAo)} (5) 

A, = canopy area (%) 
A. = open area outside canopy (100 - AJ (%) 
Bc = bare area under canopy (%) 
B. = bare area in open space (%) 
Cf = canopy factor = l+A(Ao/ 100) 
Mf = macro-porosity factor = exp(6.1-0.103S-O.37C) 
if M&0.4, then Mf = 0.4 

(6) 
(7) 

C, = crust factor = L 
L-zc z +c 

SC b 

L = depth to wetting front (mm) 

(8) 

= 147- (0.015 S) - 3(C)(BD) 
if L<l, then L = 1 

(9) 

Z, q  crust thickness (assume 5 mm) 

SC q  correction factor for partial saturation of the subcrust Soil 

(Brakensiek and Rawls, 1983) 

b = 0.0099 + 0.0721(2$ + O.O000068(S) + 0.000021(S2)(Z~) - 
0.000315(SKZ,2) (18) 

Methods 
Rainfall Simulation Experiments 

Runoff volume predicted by WEPP was compared to measured 
runoff volume from large plot (3.05 by 10.67 m) rainfall simulation 
studies carried out on 6 sagebrush rangeland sites on or near the 
Reynolds Creek Experimental Watershed in southwestern Idaho 
(Johnson et al. 1984, Johnson and Blackburn 1989). Selected soil 
and vegetation characteristics are given in Table 1. Johnson et al. 
(1984) conducted rainfall simulation studies to improve estimates 
of USLE parameters for sagebrush rangelands. The study con- 
ducted by Johnson and Blackburn (1989) was designed for valida- 
tion of the WEPP model. 

Three sites from Johnson et al. (1984) were evaluated: Flats, 
Lower Sheep, and Nancy82. At each site, 3 different treatments 

Table 1. Soil and vegetation cover characteristics at each site. 

TRT S C OM cc GC Mr Cf G 

Nancy87 

(Z) 

0 
0 

‘2 8.73 1.12 0.68 
72 8.73 1.00 0.68 
49 8.73 1.00 0.68 

(El (;I \%J 

33 14 1:8 
33 14 1.8 

Grazed 
Clipped 
Bare 

Summit 
16 
0 
0 

Coyote Butte 
39 
0 
0 

Flats 
53 
43 
0 

Lower Sheep 
64 
53 
2 

Nancy82 
47 
46 

0 

55 0.40 1.16 0.74 
67 0.40 1.00 0.74 

9 0.40 1.00 0.74 

: Grazed 76 6 1.7 
Clipped 76 6 1.7 
Bare 76 6 1.7 

85 20.23 1.39 0.68 
90 20.23 1.00 0.68 
54 20.23 1.00 0.68 

Grazed 25 14 1.5 
Clipped 25 14 1.5 
Bare 25 14 1.5 

88 0.76 1.53 0.72 
82 0.55 1.43 0.67 
75 1.36 1.00 0.71 

59 8 1.2 
61 11 2.2 
53 9 2.2 

Ungrazed 
Giized 
Clipped 

,’ 

Ungrazed 35 17 4.6 
Grazed 35 17 6.3 
Clipped 32 21 5.1 

92 6.46 1.64 0.62 
89 6.46 1.53 0.64 
94 7.59 1.02 0.46 

88 3.17 1.47 0.68 
90 3.19 1.46 0.70 
84 3.61 1.00 0.66 

Qgrazed 43 14 3.2 
Grazed 44 11 2.7 
Clipped 41 16 2.3 

oMLorgaoic matter 
CC-Canopy cover 
GC-Ground cover 
c-% clay 
S-% sand 

M~Macroporosity factor 
C+Zanopy factor 
C,Crust correction factor 

JOURNAL OF RANGE MANAGEMENT 45(5), September 1992 471 



were implemented, each of which was replicated twice. The treat- 
ments were: 
1. Clipped-all vegetation was removed at the ground surface and 
lightly raked to remove loose plant material. 
2. Grazed-open to seasonal grazing consistently for 20 years 
prior to study. 
3. Ungrazed-protected from livestock grazing for 10 years prior 
to study. 

Johnson and Blackbum (1989) conducted rainfall simulation on 
3 sites: Coyote Butte, Summit and Nancy87. The 1987 Nancy plots 
were located in close proximity to the 1982 Nancy plots but there 
were differences in soil texture (Table 1). Three treatments, each 
replicated twice, were applied to each site. 
1. Grazed-vegetation and soil remained undisturbed except for 
grazing by livestock and wildlife. 
2. Clipped-standing vegetation was harvested to ground level by 
clipping. 
3. Bare-standing vegetation was harvested to ground level by 
clipping; surface litter, rocks, and cryptogams were removed by 
hand. The only remaining cover was root crowns and fine litter 
fragments. Although efforts to remove all the litter fragments were 
painstaking, cover determinations by detailed point framing 
revealed high amounts of nonpersistent litter on the bare plots at 
Nancy87 and Summit (Table 1). 

Similar rainfall simulation technology and methods were used 
for both the 1982 and 1987 studies. A rotating boom rainfall 
simulator (Swanson 1979) was used to simulate rainfall on a plot 
initially dry (dry run) @O-minute application) and initially at field 
capacity (wet run) (30-minute application 24 hours after the dry 
run). A very wet run was also simulated, but the procedure differed 
for the respective studies. Thirty minutes after the wet run, John- 
son et al. (1984) simulated rainfall at a constant intensity for 30 
minutes. Johnson and Blackbum (1989) similarly simulated rain- 
fall 30 minutes after the wet run, but maintained a constant inten- 
sity for 10 minutes only. Thereafter, they combined different rain 
intensities with different rates of overland flow. Rainfall intensity 
was simulated at about 63 mm/ hr for both studies with the excep- 
tion of the post lo-minute period of the very wet run of Johnson 
and Blackbum (1989). 

Model Simulations 
The WEPP hillslope model (version 89) was used to simulate 

runoff for the dry, wet, and very wet runs of Johnson et al. (1984) 
and the dry and wet run of Johnson and Blackburn (1989). This 
version of the WEPP model is not distributed and assumes a 
homogeneous hillslope. Three different model simulations were 
performed for each plot. These simulations differed with respect to 
the estimation of the Green and Ampt parameters, K, and N.. For 

$ the first simulation, K, and N, were estimated using the empirical 
I parameter estimation techniques described above (eqs. 2-12). For 
the second simulation, K. was determined from the field measure- 
nients. K, was estimated from the final infiltration rate of the very 
wet run as recommended by Nearing et al. (1989). N. was estimated 

l as before, using the empirical parameter estimation procedure. In 
the third simulation, K, was estimated using final infiltration rates 

! of the very wet run and N. was estimated indirectly from field 
measurements by rearranging the Green and Ampt equations as 
follows (Nearing et al. 1989). 

F is total infiltration (mm) and f is final infiltration rate (mm/ hr) 
for the respective dry or wet run. No estimates of N. were made for 
the very wet runs because with f = K., N. would be zero. The above 
equation (eq. 13) is an appropriate estimate of N. if the Green and 
Ampt equation correctly represents infiltration on sagebrush range- 

land. A direct estimate of N. is difficult to make, requiring detailed 
field and laboratory measurements (Mein and Larson 1973, Bra- 
kensiek 1977). 

The first simulation is referred to as the “WEPP” simulation, 
since no model calibration or parameter adjustment was per- 
formed to maximize predictability. The second simulation is 
referred to as the “estimated” simulation, since K. was estimated 
from the field data. The third simulation is called the “computed” 
simulation, since N. was computed using the data and the Green 
and Ampt equation. It is important to recognize that the “com- 
puted” simulation amounts to calibrating the model, or forcing a 
best “fit” between observed and predicted runoff. The purpose of 
doing this is to evaluate resulting N. values to see ifthey are realistic 
and to assess how well the Green and Ampt equation fits observed 
infiltration characteristics of sagebrush rangeland. 

Model Evaluation 
Model performance was evaluated using the Nash and Sutcliffe 

(1970) coefficient of efficiency (E). E is computed as follows 

E = l- [X(Yobs - YH)~/ L(Yob. - ymew~)~] (14) 
Y&is observed runoff, Yd is model predicted runoff, and Y,,,, is 
mean observed runoff. 

E is the proportion of the variance of the observed values 
accounted for by the model. Its values can range from 1 to -infinity. 
A negative value indicates that the observed mean does better 
predicting YOb than does the model. 

Results and Discussion 

Runoff Precktion 
A comparison of predicted and observed runoff for each of the 3 

simulations (“WEPP *‘, “estimated”, and “computed”) is given in 
Figure 1. There was a poor correlation between predicted and 
observed runoff for both the “WEPP” and “estimated” simula- 
tions, as indicated by the scatter in the data and the low coefficient 
of efficiencies (Figs. 1 and lb). Runoff predictions for the “com- 
puted” simulation as expected, were much improved (Fig. lc). 

An examination of runoff prediction by site is instructive (Table 
2). Highest average runoff (“WEPP” simulation) was predicted on 
Flats, Summit, and Nancy82. In contrast, very little runoff was 
predicted on Nancy87, Coyote Butte, and Lower Sheep. Average 
predicted runoff corresponded to observed average runoff only on 
the Nancy82 and Lower Sheep sites. Runoff prediction is heavily 
dependent on the final estimate of hydraulic conductivity, K., 
given in eq. 5. This is where the effect of vegetal cover, surface 
crusting, and macroporosity to hydraulic conductivity are taken 
into account. The macroporosity factor, Mf, (eq. 7) is especially 
important. It can range in value from 0.4 for sandy soils to over 40 
for clayey soils. If M&l, then vegetal cover has relatively little 
impact on hydraulic conductivity. For soils with a high Mr, the 
effect of vegetation on hydraulic conductivity can be enormous. 
Significant runoff was predicted only from those sites with low Mr: 
Summit, Flats, and Nancy82 (Tables 1 and 2). On these sites, 
because of the low Mr, the changes in vegetal cover associated with 
the different treatments had little impact on K. and therefore on 
runoff. Little or no runoff was predicted from those sites with very 
high estimates of Mr(Nancy 87 and Coyote Butte). The canopy (Cf) 
and crust (Q factors, in comparison to Mt, were much less vari- 
able between sites and had relatively little impact on runoff predic- 
tion (Table 1). 

When measured values of K, were used (“estimated” simula- 
tion), runoff was consistently underestimated (Table 2). Predic- 
tions, as one might expect, were much better after N. was estimated 
by back calculating from the Green and Ampt equation using 
observed values for f, F, and K. (“computed” simulation). The 
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Fig. 1. Comperlson of predicted end observed runoff for the (a) “WEPP” 
sbnulation (b) “estinuted”simulation end(c) “computed”simulation. In 
the “WEPP” simulation, K end N, were computed by empirical rele- 
tionships. In the “mtimrted’ simulation K, was estimated as fhul bSil- 
t&ion rate of the very wet run and N, was empirically estimated. In the 
“computed” simulation both K, and N, were estbnated from the field 
experiments. 

“computed” simulation amounts to a calibration of the model 
rather than a validation, but the relatively good fit indicates that 
the Green and Ampt equation can describe infiltration on sage- 
brush rangeland. We will examine later whether the values of N. 
estimated in this fashion are realistic. 

In general, measured runoff increased with the degree of vegeta- 
tion removed (Table 2) (see Johnson et al. 1984 and Johnson and 
Blackbum (1989) for more detailed discussion of treatment 
effects). The “WEPP” simulations did not reflect these treatment 
effects (Table 2). Probable reasons for this are that ground cover 
(rocks, cryptogams, root crowns, nonpersistent litter) was high for 

Table 2. Average runoff (mm) for each site end treatment within sites, that 
was predicted by WEPP end observed in the field. Runoff was predicted 
using the 3 different procedures for estimating the Green and Ampt 
infiltration parameters 88 d&cumed in the text. 

Site WEPP Est. Computed Obs. 
_____, 

Nancy87 0.5 
Grazed 0 
Clipped 0 
Ban 1.5 

--___ mm __-_- _ _ _ _ _ _ _ _ _ _____- 
2.1 8.9 11.1 

0 5.1 6.6 
2.4 9.5 10.7 
5.6 11.4 16.1 

Summit 14.0 0 5.5 7.8 
GIX+iXd 13.9 0 5.1 8.1 
Clipped 15.1 0 1.4 3.6 
Bare 12.9 0 9.4 11.8 

Coyote Butte 0 0 6.8 6.9 
Gmzcd 0 0 1.6 I.4 
Clipped 0 0 0.6 1.0 
Bare 0 0 18.2 18.5 

Plats 20.7 4.2 1.2 7.1 
Ungrazcd 20.9 0 0.7 1.3 
Gm.Qd 17.5 3.6 9.8 9.8 
Clipped 23.9 9.1 11.0 12.2 

Lower Sheep 0.8 0 0.7 0.5 
Ungrazed 0 0 0 0 
Grazed 0.6 0 1.7 0.6 
Clipped 0.5 0 0.5 0.7 

Nancy82 10.1 3.6 10.0 10.6 
Ungrazed 5.1 0 2.4 2.4 
GmXd 18.7 2.0 10.1 10.1 
Clipped 6.5 8.7 17.5 19.2 

WEPP-K. and N. were computed by empirical relationships. 
EST.-K,wascstimatedas!%alin!iltrationrate ofvery wet runandN.wascomputed 
using an empirical relationship. 
COMPUTED-K. was estimated as final infiltration rate of very wet run and N. was 
estimated by back calculating from the Gmn and Ampt equation. 
OBS.-Observed runoff. 

all of the treatments (Table 1). Ground cover can greatly increase 
the WEPP estimate of hydraulic conductivity. By comparison, 
WEPP is relatively insensitive to canopy cover. 

Simulated treatment effects were more pronounced when K. 
(“estimated” simulation) and K, and N. (“computed” simulation) 
were estimated from field measurements (Table 2). 

Parameter Estimation 
On average, predicted K. was lower than K, measured by about 

13 mm/ hr (Table 3). The coefficient of efficiency was negative (E = 
- 0.44), indicating a poor correlation between predicted and the 
measured K,. Best predictions of K. were at Nancy87 and Coyote 
Butte; runoff at these sites was underpredicted, however, (Table 2). 
Runoff prediction was much better on the sites where K, was 
poorly estimated, such at Summit and Nancy82. In other words, 
ablity of the model to accurately predict K, did not insure accurate 
runoff prediction. The reverse also holds true: accurate runoff 
prediction does not necessarily imply that the parameters were 
accurately estimated. There was little variation between predicted 
K, within the different treatments. This is mainly a reflection of the 
fact that different treatments were imposed on different sites. 
Within sites, predicted K, did differ with treatment, if Mf was 
greater than 1. 

The results of this study highlight the importance of Mr, the 
macroporisty factor, for predicting L. If Mt<l, then vegetation 
change will have no effect. A high Mt will also cause the predicted 
runoff to be relatively insensitive to vegetation change. This is 
because K, will always be high enough to insure that predicted 
runoff is small, unless ground cover is zero. A case in point is 
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Table 3. Average effective hydraulic conductivity (mm/br) computed by match between fitted and predicted St. Average fitted Sf was con- 
WKPP (Predicted KJ and measured hydraulic conductivity (Measured 
K,) averaged across PI plots (total), individual sites and treatments. Also 

siderably lower than predicted St, especially at Coyote Butte and 

included are the number of plots (#) used in each calculation*. 
Lower Sheep. 

There was no clear relationship between fitted Stand soil texture 
(Table 4). In other words soil texture may not be a reliable predic- 

Average Effective Hydrualic tor of St. This needs to be evaluated on more sites. Although 

Conductivity McCuen et al. (1981) have shown that St varies collectively across 

Site/Trt. Predicted K. Measured K. # soil textural class, their data also show that St can vary considera- 

(mm/W 
bly within a particular textural class. Our predictions of St, of 

(mm/W 
Total 20 33 36 

course, are based upon the assumption that the Green and Ampt 
equation adequately describes infiltration for sagebrush range- 

Site lands. One criterion is a good fit for the “calibrated” run, where 
Nancy87 18 18 6 
Summit 14 33 6 

fitted N. values were used. The other criterion is that when N. is 

Coyote Butte 39 40 6 
computed from the Green and Ampt equation, values be realistic. 

Flats 8 28 6 Fitted Sf values were low on all of the sites; however, they were, 
Lower Sheep 31 54 6 with the exception of Lower Sheep, within the range of values for 
Nancy82 13 30 6 each texture class reported by McCuen et al. (1981). At Lower 

Sheep, the small amount of runoff precluded a good estimate of St. 
Treatment 

Ungrazed 18 49 6 
Grazed 22 35 12 
Clipped 22 32 12 
Bare 18 20 6 

*Me;lsured K. wa$computed as the very wet run tinal infiltration rate. 

Coyote Butte: where no runoff was predicted (Table 2). Although 
this term is called the macroporosity factor it has no physical basis; 
rather it is an empirical adjustment factor. The model developers 
assumed that rangeland soils have a better developed network of 
macropores than agricultural soils, thus higher infiltration capaci- 
ties (D.L. Brakensiek, personal communication). 

Historically, more effort has been devoted to the development of 
a procedure for predicting K, than for N.. The rationale is that K, is 
the more sensitive of the 2 parameters (Brakensiek and Onstad 
1977), and N. is assumed to be relatively unaffected by soil surface 
changes (Rawls et al. 1989a). Adequate prediction of K. alone 
however, does not insure accurate runoff predictions, as demon- 
strated by the inability of the model to accurately predict runoff 
when measured values of K, were used (“estimated”run) (Fig. lb). 
N. must be accurately predicted as well. Our results suggest that 
this may be a difficult problem. 

N. is affected by average matric potential across the wetting 
front (St), antecedent soil water, and soil porosity (eq. 11). In Table 
4, we compared by site, predicted St and fitted Sf (computed from 
field data through back calculation of the Green and Ampt equa- 
tion and accounting for the effects of soil water and soil porosity). 
The sites are grouped by textural class. In general, there was a poor 

Table 4. Average Sf predicted by the emplricsl parameter estimation tech- 
niques (Predicted Sf) end average Sf estimated from back calculations of 
the Green and Amp equation (Fitted Sf) for all of the plots (total) and 
individual sites. Also included are the number of plots (#) used in each 
calculation*, and the textural class of the soil for eeeh site. 

Averaee St 

Site Predicted S/f Fitted S/f # Soil Texture 

Total 230 105 61 
Coyote Butte 480 44 10 silt loam 
Nancy87 294 203 12 silt loam 
Lower Sheep 207 7 5 loam 
Nancy82 181 72 12 loam 
Flats 141 174 10 sandy loam 
Summit 90 72 12 loamy sand 

*Calculations were based upon dry and wet run rainfall simulations. If no runoff wss 
recorded the plot was excluded from the calculation. 

These results, plus the good fit by the computed model, indicate 
that the Green and Ampt equation does a reasonable job of des- 
cribing infiltration on sagebrush rangelands. 

Model Assessment 
We have attempted a realistic evaluation of runoff prediction by 

WEPP, when the parameter estimation techniques are used. No 
attempt has been made to display the model in a “best light”. 
Results, however, should be placed in the context of current state- 
of-the-art in rainfall-runoff modeling. There is a great deal of 
uncertainty associated with hydrologic predictions, even by the 
most sophisticated models (Beven 1987). It is unrealistic to expect 
an uncalibrated rainfall runoff model to precisely predict runoff 
(Wilcox et al. 1989a, b; Wilcox et al. 1990; Wilcox et al. 1991). 
Rainfall-runoff models are typically parameterized by calibrating 
or “fitting” the model to an observed runoff record. This require- 
ment greatly limits model application for many rangeland water- 
sheds, where runoff records are limited. It also provided the impe- 
tus for development of the parameterization techniques evaluated 
here. These techniques are a new and necessary approach for 
model parameterization, but they are first cut. Improvements need 
to be made, but the challenge is great. The highly empirical nature 
of the parameterization techniques is an obvious problem, see for 
exmple equation 12. Brakensiek and Rawls (1992) are exploring 
fractal mathematics as a way of relating K. to soil texture in a less 
empirical fashion. 

The spatial variability found on rangelands is a major limitation. 
The infiltration capacity on sagebrush rangelands, for example, is 
extremely variable from shrub to interspace (Blackburn 1975). 
This kind of spatial variability is not accounted for in WEPP, 
which is not a distributed model. Even distributed models cannot, 
without great difficulty, incorporate such small scale variability. 

There is also large variability between different rangeland types. 
The approach taken by the WEPP model developers has been to 
develop empirical relationships that can be applied to all range- 
lands. It may be that more site or location specific relationships 
need to be developed. This variability might be accounted for with 
the development of different parameter estimation procedures for 
each major rangeland type. 

Our results are in basic agreement with earlier assessments of 
runoff prediction by WEPP. Rawls and Brakensiek (1988), dem- 
onstrated the relative imprecision of the WEPP infiltration com- 
ponent on rangelands, but were pleased that model predictions 
were within one standard deviation of observed infiltration. Wil- 
cox et al. (1990) compared the Green and Ampt approach to the 
curve number method for predicting average annual and monthly 
runoff on 6 diverse rangeland watershed, and found poorest pre- 
dictions by both models on sagebrush rangeland. 
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Conclusions 
The key to improving runoff prediction by WEPP is the 

improvement of the parameter estimation procedures. Consider- 
ing the spatial variability of rangelands, this is a formidable task. 
One possibility is the development of specific procedures for the 
major rangeland plant communities. It is doubtful that empirical 
relationships could be developed that are universally applicable for 
all rangelands. 

The macroporosity factor has a large impact on the relative 
effect of vegetation on infiltration and runoff and needs to be 
further investigated-specifically, the relationship between soil 
texture and the runoff response to vegetation change. As currently 
written, infiltration characteristics of sandy soils are relatively 
unresponsive to vegetation change and infiltration rates of high 
clay soils are extremely responsive to vegetation change. Is this 
consistent with field observation? The relationship between soil 
texture and the matric potential at the wetting front also needs 
further investigation. Our results suggest that soil texture is a poor 
indicator of N.. 

Results indicate the need for continued improvement in the 
Green and Ampt parameterization procedures. The model as it 
currently stands may be adequate for predicting average runoff 
conditions but lacks the ability to predict runoff differences due to 
differences in vegetation or soil characteristics. These results are 
merely a reflection of our own incomplete understanding and 
limited ability to quantify vegetation, soil, and hydrologic interac- 
tions on rangelands. This limits our ability to evaluate the impact 
of land use on rangelands, but does represent an exciting research 
frontier in rangeland hydrology. 

As pointed out by Nearing et al. ( 199 1) poor model performance 
at 1 location does not necessitate modification of the model. Vali- 
dation studies like this need to be carried out for many range sites 
so that consistent model deficiencies may be identified and model 
improvements made. 
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AbSWSCt 

Fire on rangelands used as a management tool or as an 
unwanted wiidfiie removes vegetation cover. Vegetation cover is 
thou@ to be a dominate factor controlling surface runoff and 
erosion. Vegetation removal by a burn should have an immediate 
effect on runoff and erosion. Surface runoff and sediment produc- 
tion were evaluated immediately after fail and spring season bums 
at 2 locations with different soil and vegetation types for 2 years in 
southeastern Arizona. The evaluations were conducted with a 
ralnfaii simulator at 2 precipitation intensities. Immediately after a 
burn there was not a significant change in runoff and erosion, 
therefore, vegetation cover by itself was concluded not to be a 
dominate factor controlling surface runoff and erosion. The 
increase found in surface runoff and sediment production from the 
burn plots was not significantly greater than the natural variability 
for the locations or seasons. Significantiy higher surface runoff and 
sediment production was measured in the fail season compared to 
the spring at 1 location. 

Key Words: surface runoff, erosion, ralnfaii simulator, vegetation 
cover, control burn, spatlai varlabiiity 

Prescribed burning is frequently used as a vegetation manage- 
ment tool on rangelands. The objectives are to: increase herbage 
yields, utilization and availability, improve wildlife habitat, con- 
trol undesirable shrubs, prepare a mineral seedbed for grass estab- 
lishment, and control various diseases (e.g., liver fluke and brown- 
spot) (Wright 1974, Stoddart et al. 1975). The season of the burn 
influences the results and effectiveness of the bum treatment (Pase 
1971, Pase and Knipe 1977, Whisenant et al. 1984, Cox 1988, 
Whisenant and Uresk 1990). These and other studies have been 
concerned primarily with changes in vegetation composition and 
not with potential changes in surface runoff and erosion. 

Burning removes plant cover and leaves the surface soil unpro- 
tected to raindrop impact and may also produce hydrophobic 
substances that can reduce infiltration (DeBano et al. 1970, 
DeBano et al. 1976, Richardson and Hole 1978). Increases in 
runoff and erosion after burning have been reported (Wright et al. 
1976, 1982). Most evaluations of the bum effect are commonly 
conducted with a double-ring infiltrometer or small sprinkler using 
a single intensity (Wood 1987, Knight et al. 1983, Roundy et al. 
1978, Ueckert et al. 1978). These methods may be inadequate for 2 
reasons. First, natural precipitation has variable intensity and 
distinct results may be obtained at different intensities, and second, 
significant spatial variability in infiltration (Merzougi and Gifford 
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1987, Devaurs and Gifford 1984). The results of a small simulator 
may be influenced by the spatial variability in infiltration. A large 
rainfall simulator would average spatial variability and allow for a 
more precise determination of a burn treatment effect. 

Seasonal burning effects have been reported, with decreased 
infiltration from a late spring bum (McMurphy and Anderson 
1965). Simanton and Renard (1982) showed seasonaldifferences in 
infiltration and runoff without burning. Further evaluation is 
needed on the interaction of seasonal burning and infiltration, 
surface runoff, and erosion. 

Understanding changes in surface runoff and erosion caused by 
rangeland burns or seasonal influences is important for making 
range management decisions or modeling hydrologic responses. 
The premise has been that surface vegetation cover is a dominant 
factor controlling surface runoff and erosion. If vegetation cover 
by itself is a dominate factor controlling surface runoff and ero- 
sion, changes should be immediately evident after vegetation rem- 
oval by a bum. The objective of this study was to evaluate the effect 
of vegetation removal by seasonal burning on surface runoff and 
erosion immediately after a burn on 2 vegetation and soil types. 

Materials and Methods 

Study Areas 
The Santa Rita Experimental Range and Empire-Cienega 

Resource Conservation Area in southeastern Arizona were selected 
as study sites because of their different vegetation and soil types. 
Soil at the Santa Rita location is a White House gravelly loam 
(Fine, mixed, thermic Ustollic Haplargids) with 5 to 6% slope. The 
surface 10 cm of soil contained 1.0% organic matter, 17% rock 
fragments (>2 mm), and 68, 22, and 10% sand, silt, and clay, 
respectively, in the <2 mm fine earth fraction. Almost a pure stand 
of Lehmann lovegrass (Eragrostis lehmanniana Nees), an intro- 
duced species which is spreading over large areas of the Southwest 
(Cox and Ruyle 1986, Cox et al. 1989), covered the Santa Rita site 
and had not been grazed for a year prior to the study. Above- 
ground standing biomass on individual plots ranged from 2,200- 
5,900 kg/ ha and litter from 600-2,900 kg/ ha. Mean annual precip- 
itation for the location is 423 mm with 60-70% as summer 
thunderstorms. 

The soil at the Empire location is a Hathaway gravelly sandy 
loam (Loamy-skeletal, mixed, thermic Aridic Calciustolls) with 5 
to 7% slope. The surface 10 cm contained 1.7% organic matter, 
14% rock fragments, and 66, 22, and 12%, sand, silt, and clay, 
respectively, in the <2 mm fine earth fraction. The Empire site is 
dominated by native black grama [Bouteloua eriopoda (Torrey) 
Torrey], hairy grama (Boureloua hirsuta Lagasca), and sideoats 
grama [Bouteloua curtipendula (Michaux) Torrey]. Individual 
plot aboveground standing biomass ranged from 700-4,200 kg/ ha 
and litter from 120-900 kg/ ha. The pasture had not been grazed for 
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1.5 years before the study. Mean annual precipitation at the loca- 
tion is 400 mm with 60-70% as summer thunderstorms. 

Experimental Design and Data Analysis 
Thirty-two 25 by 25-m plots, with two 3.05 by 10.66-m rainfall 

simulator subplots, were established at each location and fenced to 
exclude grazing. The treatments at each site were a bum and 
nonburn (control). Four blocks containing each treatment were 
established at the locations. Fall and spring seasons were evaluated 
with adjacent control and bum plots randomly selected within 
each block. The treatments were repeated for 2 years and at each 
location there were 4 control and burn plots used for each season 
and year. 

The experimental design was a split plot with location as main 
plots. Subplots consisted of randomized complete block design 
with season by year factors in 4 blocks. The sub-subplot factor was 
treatment effect of burn vs control. Two subsample data values 
were obtained from each sub-subplot, providing a measure of sub- 
sampling error. Analysis of variance techniques were used to ana- 
lyze the data. The subsample variance was found to be significantly 
less than the split error term. Therefore, the appropriate split plot 
error terms were used to test all effects. Main effects were either 
pooled or separated depending on the significance of the interac- 
tions (m.05). Main effect means were separated with a least 
significant difference test (LSD). 

Experimental Procedure 
In the fall (October 1987-88) and spring (April 1988-89) for 2 

years four 25 by 25-m plots at each location were burned starting 
with a back and finishing with a head fire. The prescribed burns 
were of low intensity and short duration that consumed the above- 
ground standing biomass to within 3-10 cm of the plant crowns 
and 90% of the litter. 

Rainfall simulations were conducted at each location in the fall 
and spring seasons on 4 control and bum plots with a modified 
Swanson rotating boom simulator to allow 2 rainfall rates by 
controlling the number of open nozzles (Swanson 1965, Simanton 
et al. 1985). Rainfall was applied to the 2 rainfall simulator sub- 
plots at a rate of 55 mm/ hr for 45 min and for 110 mm/ hr for 15 
min. Simulator energies were about 80% of natural rainfall 
(Simanton et al. 1985). The rainfall simulator intensities of 55 
mm/ hr for 45 min and 110 mm/ hr for 15 min have been observed 
in the previous 13 years of Santa Rita location rainfall intensity 
data (unpublished data). Metal borders were inserted into the soil 
on top and sides to prevent inflow or outflow of surface runoff on 
the simulator subplots. At the bottom of the subplots a metal head 
wall and trough collected and directed surface runoff through a 
calibrated flume. Surface runoff rates were continuously recorded 
throughout each rainfall simulation event. The time runoff started 
after the start of rainfall was recorded. Runoff rates were inte- 
grated over the simulation event to calculate runoff volumes for the 
first 45 min, last 15 min, and total for the event. One liter runoff 
water and sediment samples were collected from the flumes at 
periodic intervals during each simulation event. Sampling intervals 
were dependent on changes in the runoff rate and ranged from 1 to 
5 minutes with more frequent sampling during rapidly changing 
discharge rate. Runoff-sediment samples were weighted, allowed 
to settle, decanted, dried at 60’ C, reweighed, and sediment con- 
centrations calculated. The product of the discharge rate and sedi- 
ment concentration was integrated to estimate sediment produc- 
tion for the first 45 min, last 15 min, and the total from each 
subplot. 

Results and Discussion 
There was no significant treatment effect or interaction between 

location, season, or year for surface runoff and sediment produc- 

tion for the first 45 min, last 15 min, the total event, or time of 
runoff as indicated by the analysis of variance even at a probability 
level of KO.15. Combining locations, seasons, and years and 
comparing control and bum means gave further evidence that 
immediately after treatment there was no detectable burn effect 
(Table 1). There was, however, a nonsignificant trend for increased 

Table 1. Control end burn means for sorface nmoff, sediment production, 
end time to runoff from rainfall simulator events combiohg data from 
locations, seasons, end years 

Treatment 
Surface Sediment 
runoff production 

Time to 
runoff 

Control 
Bum 

Control 
Bum 

____mm____ ____ kg/b--__ ----min---- 
First 45 min. 

1.91 (3.40) 25 (47) 15.2 (16.6) 
2.28 (4.09) 34 (67) 14.5 (15.6) 

Last 15 min. 
3.86 (4.41) 50 (56) 
4.74 (6.10) 72 (87) 

Total 
Control 
Bum 

5.77 (7.50) 76 (98) 
7.01 19.96) 106 1145) 

Walues in parenthesis arc S.D. 

surface runoff and sediment production and decreased time to 
runoff on the bum plots. 

The bum treatment removed the standing biomass and litter 
cover to expose surface soil to raindrop impact energy. There was 
no effect of the vegetation removal by the bum treatment on 
surface runoff or erosion immediately after the bums. This agrees 
with other rainfall simulation studies which showed little diiferen- 
ces in infiltration, runoff, and sediment production conducted on 
rangelands just after the standing biomass was removed by clip- 
ping (Johnson and Blackbum 1989, Simanton et al. 1991). The 
results of this study and others lead to the conclusion that above- 
ground standing biomass and litter by themselves are not a domi- 
nate factor controlling surface runoff and erosion in rangeland 
environments. 

There have been studies on small burned watersheds averaging 
45% slope that have shown increases in surface runoff that stabil- 
ized in 4 to 5 years on unseeded watersheds and in 1 to 2 years on 
seeded watersheds (Wright et al. 1976,1982). Sediment production 
stablized when surface cover reached 53 to 72% depending on the 
precipitation for the year. Our rainfall simulations were conducted 
immediately after the bums and there could be a ‘time factor 
involved before the treatment effect becomes detectable. In a 
pinyon-juniper woodland, infiltration evaluated on dry soil after a 
burn was similar to that on unburned areas (Roundy et al. 1987). 
One year later infiltration under shrub canopies tended to be lower 
and sediment production tended to increase with age of the bum. 
Ueckert et al. (1978) found a decrease in soil aggregate sizes after a 
burn. These effects persisted longer than 5 years. Thurow et al. 
(1986) suggested that the function of aboveground biomass is to 
protect the surface soil from the disaggregating effect of direct 
raindrop impact. Raindrop energy from postburn events can des- 
troy soil aggregates at the surface and clog soil pores or form a 
crust that would restrict infiltration and enhance runoff and ero- 
sion (Smith et al. 1990). Rangeland soils with erosion pavement 
(surface gravel) protecting the surface and vegetation removed by 
clipping produced small changes in runoff and erosion with time 
(Simanton and Renard 1985). Erosion pavement was not on the 
soils in this study. The process of aggregate destruction and/or 
crust formation probably takes a number of events to complete and 
our evaluation was the first event, hence, the nonsignificant treat- 
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ment effect immediately after the bum. 
The hypothesis that rainfall intensity could be important in 

determining a treatment effect was not confirmed by the results. 
The ratios of sediment production to runoff for the control and 
burn treatments were calculated from Table 1 to be 13 and 15 
kg/ ha/mm, respectively, and were the same for both rainfall inten- 
sities. This indicated a treatment responded the same irrespective 
of the rainfall intensity. 

Studies in Utah have shown extreme spatial variability for inlil- 
tration on rangelands to a point that measurements taken on a 2-m 
grid interval have no correlation (Achouri and Gifford 1984, Mer- 
zougui and Gifford 1987). In New Mexico on a herbaceous domi- 
nated rangeland, 1 to 5 small plots (I-mr) were needed to achieve 
f20% of the mean infiltration rate with 90% probability, but 
sediment production required up to 256 plots (Wood 1987). The 
rainfall simulator used in this study averaged small scale spatial 
variability over a large plot area plus the number of subplots would 
reduce larger scale spatial variability to a minimum. Therefore, 
spatial variability should not have prevented the determination of 
a treatment effect if it was greater than the natural variability. 

Plots of runoff rates and sediment concentration vs time in 
Figures 1,2,3, and 4 illustrate spatial variability and the response 
to rainfall intensity. The runoff rates and sediment concentrations 
generally followed the same patterns with time on adjacent control 
and burn plots and subplots containing the same treatment. The 
exceptions were when there was runoff only on 1 treatment of the 
paired plots (Fig. 1) or large differences between subplots on the 
same treatment (Fig. 3). These differences were a measure of the 

ShpbtA - 

TIME min 
Fig. 1. Surface runoff rates vs time on a control end burn plot at the Santa 

RR8 loclltioa. 

natural variability in runoff and erosion and apparently not related 
to a treated effect. The response of runoff rates and sediment 
concentrations to rainfall intensity was further evidence of the 
absence of a treatment effect. The runoff rates changed with the 
changes in rainfall intensity and showed no preference with treat- 
ment. Sediment concentrations peaked on the treatments at the 
start of runoff and usually showed a second peak that was lower 
than the first when the precipitation intensity was increased. Sedi- 
ment peaks almost always came before the runoff rate had reached 
equilibrium from the applied precipitation intensity (Figs. 2 & 4). 
Sediment concentration decreasing with time indicated there was a 
limited amount of soil available for transport. Even on the burn 
treatment, direct raindrop impact on the soil surface could not 
significantly increase the amount of soil dislodged and transported. 

A significant season by location interaction was found for sur- 
face runoff and sediment production after combining treatments 

subpbtA - 
SlbpbtB - 

-0 20 

TIME $ 
so 

Fig. 2. Sediment concentrations vs time on a control end burn plot at the 
Santa Rite location. 

CONTROL PLOT 

SlbplotB - 

WA - 

Fig. 3. Surface runoff rates vs time on a control and bum plot at the 

BURN PLOT 
subplotA - 

subplota - 

TIME min 
Fig. 4. Sediment concentrations vs time on a control and burn plot at the 

Empire location. 
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Table 2. Mean surface runoff and sediment production per rainfaIl simula- 
tor event by location and season combining treatment data. 

Location Fall 
Season’ 

Spring 

Santa Rita 
Empire 

Santa Rita 
Empire 

Runoff 
_______________~~______________ 

1.91 a (2.74) 1.98 a (2.49) 
16.6a (11.1) 6.3 b (6.8) 

Sediment 
_________-____-kg/~a-------------- 

25.6s (30.5) 31.5a (45.7) 
222a (169) 98b (97) 

‘Within rows, data followed by different letters sre significantly different LSD 
(P<O.OS). Values in parenthesis are S.D. 

(P = 0.05). Seasonal differences in runoff and sediment were not 
found at the Santa Rita location (Table 2). The amount of surface 
runoff was low and averaged about 3% of the applied precipitation. 
The Empire location had significantly greater runoff and sediment 
production in the fall. In the fall the runoff averaged 24% of the 
applied rainfall. These results on surface runoff support other 
studies that have shown the spring season to exhibit higher infiltra- 
tion rates (Achouri and Gifford 1984, Schumm and Lusby 1963, 
Tricker 1981). The seasonal infiltration differences may be due to 
frost action and soil biological activity (Achouri and Gifford 1984, 
Simanton and Renard 1982, Gifford 1979). Detailed data on frost 
action or soil biological activity were not collected, but evidence of 
freeze-thaw activity was observed at the Empire location. The 
higher fall sediment production at the Empire location was attrib- 
uted to the increase in runoff. 

Summary and Conclusions 
There was no significant burn treatment effect on surface runoff 

or sediment production as measured by rainfall simulator events 
immediately after treatment. Two different rainfall intensities on 
the bare soil of the bum treatment did not produce a significant 
increase in surface runoff or sediment production. These findings 
indicated that vegetation cover by itself is not the dominate factor 
controlling surface runoff and erosion at our study sites. Vegeta- 
tion cover may interact with or influence other factors that are 
actually controlling surface runoff and erosion. The small increase 
in surface runoff and sediment production on the burn plots was 
within the natural variability of the 2 vegetation and soil types 
evaluated. A significant increase in surface runoff and sediment 
production in the fall compared to the spring season was found at 1 
of the 2 locations. 
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Abstract 

Total vegetation cover, forage species cover, litter cover, and 
carrying capacity were determined during 3 growing seasons 
(1979-80,1980-81, and 1981-82), for plots cleared of shrubs with 
or without sowing of native grasses in a site characteristic of the 
Monte Phytogeographical Province in mid-west Argentina. We 
tested the hypothesis that shrub removal with or without sowing of 
native grasses increases aerial cover of forage, especially species 
capable of quick establishment (“pioneers”), that ultimately results 
in a greater carryhrg capacity. When shrubs were removed and the 
cut material was left on the soil surface, average cover of forage 
species increased 156% over the control at the end of the third 
growing season. Increased carrying capacity (229%) also resulted 
from shrub control on the study area. Sowing with grasses pro- 
duced a response in only 1 species. Thus, shrub control with or 
without additional sowing of native grasses appears capable of 
improving the carrying capacity of shrub communities of low 
forage value, typical of this temperate arid zone. 

elevation), during the growth periods (September-April) of 1979-80, 
1980-8 1, and I98 l-82. During the past 21 years, the study area has 
been ungrazed by domestic animals. Soils are alluvial in origin, 
(sandy, mixed, Typic Torrifluvents)and horizons are not differen- 
tiated. Soils have a top layer of clay, (O-40 cm) and a sandy texture 
at greater depths (Tanquilevich 1971). Rainfall data from a station 
1,900 m northwest of the study site were examined for the periods 
July-June for the annual precipitation and September-April for 
the precipitation during the growing season of the study. 

Treatments were arranged in a latin square design with 4 repli- 
cates each. Plots were 12 X 12 m and 5 m from one another. The 
following treatments were established: Control (intact plots), 
intact-sown, cleared-unsown, and cleared sown. In “cleared”plots, 
shrubs were removed at crown level with axes. Fallen shrub mate- 
rial was then cut into pieces 40-50 cm long to simulate the action of 
a roller chopper. This material was scattered on the soil surface to 
obtain a mulch. 

Key Words: Larrea cune$ofia, forage grasses, litter, carrying 
capacity, arid ecosystem 

The Monte Phytogeographical Province in Argentina comprises 
414,ooO km*. It is characterized by a dominant shrub layer coexist- 
ing with an herbaceous layer which consists mainly of perennial 
grasses (Morello 1958, Cabrera 1976). The Biosphere Reserve of 
Racuiian (Mendoza, Argentina) is an area (12,282 ha) located 
within this province. Annual rainfall (15-yr average) recorded at 
the study site is 311 mm,, most of which is received in summer 
(Estrella et al. 1980). 

We sowed plots with a mixture of 7 grass species to determine 
adaptability: pasto amargo (Pappophorum caespitosum R. Fries), 
pasto de hoja ( Trichloris crinitu[Lag.]Parodi) pasto algodon (Dig- 
itaria californica [Benth.] Henrard), cola de zorro (Setoria leucop- 
ilu [Scribner et Merrill] K. Schumann), pasto dulce (Dipluchne 
dubiu [H.B.K.] Scribn.), flechilla (Aristida mendocina Philippi), 
and esporobolo (Sporobolus cryprandrus [Torr.] A. Gray). These 
species were harvested at the study site in 1978. 

The number of seeds of each species in the mixture was calcu- 
lated to potentially achieve lOO% cover by considering germination 
percentages, viability, and purity, and then raked into the soil 
manually. 

Seeds were scattered on the soil surface by hand after being 
mixed with tine sand to obtain uniformity of dispersion. 

Communities dominated by jarilla (Lorreu cuneifoliu Ckw.) 
cover more than 10% of the surface of the reserve, which is com- 
mon to a wide area of cattle breeding in western Argentina. Jarilla 
(a nonforage shrub for livestock) forms nearly monospecific com- 
munities (Roig 1971), which prevail in areas of clayey soils. These 
communities typically have a low carrying capacity. Anderson et 
al. (1957) showed that as creosotebush (L.crreu rrideniaru [Sesse & 
Mocino ex DC.] Coville) densities increased, perennial grass densi- 
ties declined in southern Arizona. The same situation is common in 
the rangelands of western Argentina. Shrub control may help to 
increase the carrying capacity of such areas for grazing animals. 

We tested the hypothesis that removing shrubs, with or without 
sowing of native grasses, increases cover of forage species espe- 
cially those capable of quick establishment (“pioneers”), which 
ultimately results in a greater livestock carrying capacity. 

Total aerial cover, forage species cover, and litter cover were 
determined using the point quadrat method (Daget and Poissonet 
1971) modified for the Monte area by Passera et al. (1983). Fixed 
transects were established along the diagonals of each plot and a 
total of 200 points (15 cm apart) were observed on the 2 transects. 
Carrying capacity of each treatment (expressed in hectares per cow 
equivalent [Cocimano et al. 19731) was also determined by the 
point quadrat method (Passera et al. 1983). Observations were 
made in September of 1979 (initially) and at the close of the growth 
periods (May-June) of 1979-80, 1980-81, and 1981-82, which 
appear in the tables as 1979, 1980, 1981, and 1982, respectively. 

Materials and Methods 

This study was conducted in the Biosphere Reserve of Racuiian, 
Mendoza, Argentina (34” 02’ S Lat., 67’ 58’ W Long., 572 m 

Cover values of the most important species (past0 amargo and 
pasto de hoja) were analyzed individually while those of pasto 
algodon, cola de zorro, pasto dulce, flechilla, esporobolo, Neo- 
bouteloua lophostachia (Gris.) Gould, Scleropogon brevifolius 
Phil., Stipa tenuis Phil., Lecunophoru heterophylla (Cav.) Krapo- 
vickas, Glandularia mendocina (Phil.) Covas et Schnack, Phacelia 
artemisioides Gris., Spaeralcea miniata (Cav.) Spach., and Pitraea 
cuneuto-ovata (Cav.) Care, were analyzed together as “other for- 
age species”. 

The authors wish to thank professor S.O. Trione, Dr. C. Busso, and Dr. David M. 
Swift for critically reviewing this manuscript. 
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Data were subjected to analysis of variance (ANOVA), and 
difference between means were tested using Tukey’s test. Angular 
transformations were made for the analysis of percentage data. 
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Results and Discussion 
Vegetation Cover 

In September 1979, before treatment, all 16 plots had similar 
values of total aerial cover, and forage species aerial cover (Table 
1), and litter cover (data not shown). Mean total cover was similar 
among treatments in 1979-80 and 1980-81 but cleared-sown plots 
had about 28% more total cover than the other treatments in 
1981-82 (Table 1). 

Table 1. Total and forage aerial plant cover (%), for dffferent treatments, 
at the Biosphere Reserve of I%cuiiin, mid-west Argentina (n=4). Data 
from 1979 correspond to initial state. 

Total species cover Forage species cover 
Treatment 1979 1980 1981 1982 1979 1980 1981 1982 

________%________ ________ 90________ 
Control 46a 50a Sla 49a 10a l4a 15a l6a 
Intact-sown 53a 56a 48a Sla 10a 15a 20ab 21a 
Cleared-unsown 48 a 46a 44a 48 a IO a 33 ab 38 bc 41 b 
Cleared-sown 54a 5la 53a 63b l3a 35b 4Oc 53b 

Means in the same column followed by the same letter are not significantly diffennt at 
the 0.05 probability level, according to Tukey’s mean separation test. 

The total percentage of plant cover (with OL q  0.05) does not show 
significant differences on the sowed and nonsowed areas-cleared 
or not-during the first 3 years. 

Forage species cover showed significant increases after the shrub 
control treatments (Table 1). Cleared-sown plots, were signifi- 
cantly higher beginning in the first year post treatment, but 
cleared-unsown plots were significant only in the last 2 years. This 
difference was mainly due to cover increases in pasto amargo and 
“other forage species”when shrubs were controlled. The nonsignif- 
icant difference in forage species cover between cleared unsown 
and cleared-sown plots during the study suggests the existence of a 
substantial natural seed bank of these native grasses in the exclo- 
sures. Only pasto de hoja had a better response in the cleared-sown 
treatment than in the cleared-unsown (Table 2). 

Pasto amargo had the greatest cover values among all forage 
species with the shrub control treatments in 1980-81 and 1981-82. 
The heliophytic characteristics of this species may have contrib- 
uted to this response (Roig 1971). 

Cover of “other forage species” under the shrub removal treat- 
ments was greater 1979-80 and 1981-82. This may have been 
related to the greater rainfall received during those years (Table 4). 
This did not occur in the treatments without clearing, probably due 
in part to the potential competitive interference. with the shrub 
layer. In similar ecosystems, Passera and Borsetto (1989) found a 
high degree of competition for aerial and underground space 
between zampa (Atriplex lampa Gillies ex Moq.) and other 
species. 

Jarilla cover increased by 8% from resprouting at the end of the 
third year, which is a fifth of the initial cover (36-40%). Similar 
results were obtained by Tanner et al. (1988) after a single pass of a 

Table 3. Total aerial cover of “other fora e spttiet” (%), for dffferent 
treatments, at the Biosphere Reserve of A acufi&n, mid-west Argenthta 
(n=4). Data from 1979 correspond to inftial state. 

“other forage species” 
Treatment 1979 1980 1981 1982 

-_________________ 9c__________________ 
Control 6.8 a 6.8 a 5.5 a 7.6 a 
Intact-sown 4.5 a I.5 a 6.5 a 7.4 a 
Cleared-unsown 6.0 a 21.5 b 13.4 b 14.5 ab 
Cleared-sown 7.6 a 18.4 b 12.4 b 23.1 b 

Means in the same column followed by the same letter are not significantly different at 
the 0.05 probability level, according to Tukey’s mean separation test. 

roller chopper or web plow for saw-palmetto (Serenou repens 
[Bartr.] Small) control in southern Florida. 

Litter cover, on the average was 60% greater in cleared versus 
uncleared plots at the end of 1979-80 as a result of chopping. Litter 
is a component of the soil system that acts as a soil physical 
conditioner and chemical improver, since it brings about a better 
mineral cycling (Clark and Paul 1970, Charley 1972). 

Table 4. Annual and September-April 8ccmnulated rahtfall record of 
1979-89,1989-81, and 1981-82 vegetation seasons. 

Years Annual rainfall Jul-Jun Rainfall Sept.-Apr. 

(mm) (nun) 
1979-80 414 371 
1980-8 I 277 276 
1981-82 360 306 

Data from a station 1900 m northwest of the study site. 

This mulch might favor seed germination and establishment of 
newly emerged seedlings by moderating sunlight, wind, and evapo- 
transpiration effects. Springfield (1972) showed, for example, that 
different types of mulch improved conservation of soil moisture, 
decreased thermal fluctuations, and increased germination of 
fourwing saltbush (Atriplex canescens [Pursh] Nutt.) and winter- 
fat (Eurotia lanata [Pursh] Moq.). 

Pasto amargo and pasto de hoja are the species that contribute 
most to an increase in forage cover. They behave as pioneers, 
occupying most of the space from which shrubs were removed. 
After, the third growing season, we observed that shrub regrowth 
(without any establishment of jarilla from seed) caused a recovery 
of shrub cover to about 25% of the control. Furthermore it was 
accompanied by an herbaceous layer made up mostly of grasses. 

Grazing Capacity 
The increased herbaceous layer in the cleared plots resulted in an 

increased carrying capacity in these treatments (Table 5). Similar 
studies conducted in other areas of this Reserve having higher 
forage species cover (45%) and a carrying capacity of 5.13 ha/cow 
equivalent did not show; however, increases either in cover of 

Table 2. Aerial cover of past0 amargo and past0 dt hoja (%), for difftrent treatments, at the Biatphtrt Rttervt of Racufiin, mid-west Argtnthta (n=4). 
Data from 1979 correspond to initial state. 

past0 amargo pasto de hoja 
Treatment 1979 1980 1981 1982 1979 1980 1981 1982 

____-___-‘_______%______________--3;_ _____________-___-- %___________________ 
Control 2.0 a 5.8 a 8.2 a 1.2a 1.3 a 2.0 a I.8 a 
Intact-sown 3.3 a 6.0 a 4.5 a 713 a 0.1 a 0.5 a 1.7 a 0.1 a 
Cleared-unsown 4.5 a 12.8 a 31.3 b 33.7 b 0.8 a I.3 a 1.2a l.2a 
Cleared-sown 3.0 a 18.3 a 29.3 b 31.0 b 2.8 a 3.5 a 7.3 b 5.7 b 

Means in the same column followed by the same letter are not significantly different at the 0.05 probability level, according to Tukey’s mean separation test. 
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Table 5. Carrying capacity (ha/cow equivalent), for different treatments at 
the Biosphere l&serve of l%cuiiin, mid-west Argentina (n=4). Data 
from 1979 correspond to initiai state. 

Treatment 1979d 1980 1981 1982 

____________~/cowEq~valent------------ 
Control 43 a 21 a 28 a 16 a 
Intact-sown 42 a 31 a 20 a 28 a 
Cleared-unsown 47 a 18 a 22 a 
Cleared-sown 39 a 7b 7b :: 

Means in the same column followed by the same letter are not significantly different at 
the 0.05 probability level, according to Tukey’s mean separation test. 

forage species or in carrying capacity after shrub control treat- 
ments (Passera, unpublished data). The lack of response to shrub 
removal in the latter case., was due to the very low shrub coverage. 
Thus, the elimination of these few shrubs did not benefit the 
remaining forage species. Shrub control with or without additional 
sowing would then be only advisable in areas with low forage 
species cover and poor carrying capacity. 

Management Implications 
The results lead us to recommend shrub control where nonfor- 

age vegetation cover is high. Although shrub removal was done 
manually, we simulated the action of a roller chopper. Thus the use 
of a roller chopper should work on a larger scale. 

Although sowing was not generally successful, we think sowing 
to grasses could be an important complement to brush clearing if 
the soil seed bank has been depleted. 
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Abstract 

Information is presented on the suitability of various drills for 
direct seeding into permanent pastures and rangelands in Saskat- 
chewan. Strips of sod 30 to lOO-cm wide were killed during the 
growing season by glyphosate (N-fphosphonomethyl] glycine) in 
grazing lands at several sites in Saskatchewan. Six drills: 1 with a 
powered disk furrow opener, 2 with hoe openers, and 3 with rolling 
disk openers were used to seed measured amounts of alfalfa (Me& 
cugo sattie L.) seed in the killed strips in late fall of the same year or 
early the subsequent spring. Drill performance was assessed during 
the seeding operation, and emerged seedlings were counted early 
the following growing season. Seedling emergence ranged from 
near 0 to 48% of seed sown. Soil moisture conditions in early 
spring, which in turn were a function of winter precipitation, were a 
major limitation on seed germination. All of the furrow-opening 
mechanisms were capable of placing seed at a suitable depth for 
successful establishment in some situations. The best seedling 
emergence was obtained with drills having each opener suspended 
independently with sufficient weight to penetrate dead thatch and 
hard ground, and with mechanisms to control seeding depth and 
pack the soil around the seeds. 

Key Words: Medicago sutiva, range, pasture, sod-seeding, drill 
openers 

More than 3 million hectares of land in Saskatchewan are used 
for livestock grazing. Nitrogen is the major limitation to greater 
production in the aspen parkland zone, and is the second limiting 
factor in drier areas (de Jong 1978). It is generally recognized that 
legumes in general, and alfalfa (Me&ago sutivu L.) in particular, 
can support Rhizobium bacteria which convert atmospheric nitro- 
gen into a form suitable for plant use, and because of this, produc- 
tivity is higher in pastures containing legumes. A recent report 
suggests that a legume content of 20% is optimum for pastures 
(Sheehy 1989). 

The usual way to introduce or reintroduce a legume into a 
pasture is by cultivating, fallowing, and reseeding. This is costly, 
and in some areas not feasible because of rough topography, 
stoniness, or serious risk of erosion. Establishment of legumes by 
direct drilling into a pasture at the same time as a bipyridinium 
herbicide, usually paraquat (l,l’-dimethyl44’-bipyridinium ion), 
is applied to suppress existing growth, has been successful in 
maritime climates where moisture is not limiting (Sprague 1960, 
Bartholomew et al. 1981, Vough and Decker 1983). In western 
Canada, legume establishment by direct seeding in forage fields has 
not been reliable when bipyridinium herbicides were applied at 
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seeding time to suppress the resident vegetation (Bowes and 
Friesen 1967). The use of glyphosate (N_Cphosphonomethyl] gly- 
tine) to kill the resident vegetation has allowed a better establish- 
ment of seeded forages (Waddington and Bowren 1976). A reliable 
establishment method to date was developed in northeastern Sas- 
katchewan by Malik and Waddington (1990). Strips of resident 
forage were killed during the growing season, and legumes were 
seeded in the dead areas late enough in the fall for germination to 
be delayed until the following spring. A triple-disk range drill 
designed for experimental work in rough pastures (McLaughlin 
and Dyck 1986) was used. 

Several other designs of furrow opener have been tried on estab- 
lished turf. Smith et al. (1973) designed a powered rotary cutting 
blade to break up the sod ahead of a double-disk opener. Baker 
(1976) reported that a winged hoe opener was superior to triple- 
disk or standard hoe openers in dead turf. Squires et al. (1979) and 
Decker et al. (1964) developed drills which removed a strip of turf 
ahead of the opener, which then seeded into the exposed soil. 
Except for the triple-disk range drill, the prototypes referred to 
above, and commercial machines produced from them, were 
designed in temperate areas, where moisture does not normally 
limit seedling establishment. Their efficacy has not been estab- 
lished in semiarid conditions. 

Recently, drills designed to seed through trash on untilled grain 
fields have become available. Such conditions have similarities to 
forage fields, namely, a hard soil surface and undecayed plant 
material. The abilities of zero-till grain drills to sow forage seeds 
directly into turf has not been assessed. 

The objective of this research was to compare the abilities of 3 
commercial direct-seeding drills, 2 experimental zero-till drills and 
the triple-disk range drill, for seeding legumes into uncultivated 
dead turf in a semiarid area. Several sites encompassing a range of 
environmental conditions were used. 

Materials and Methods 

Experiments were started in each of the years 1985, 1986, and 
1987. Soil characteristics are based on those of the Canada Soil 
Survey Committee, Subcommittee on Soil Classification (1978), 
and indicate approximate U.S. equivalents (USDA-SCS 1975). 
Seven experimental sites were selected in the Northern Great 
Plains in the province of Saskatchewan (Canada) (Fig. 1). Three of 
the sites were on Agriculture Canada Experimental Stations: at 
Swift Current in a Swinton silt loam, an Orthic Brown Chernozem 
(Aridic Haploboroll); at Scott on an Elstow loam, an Orthic Dark 
Brown Chemozem (Typic Boroll); and at Indian Head in an Indian 
Head clay, an Orthic Black Chernozem (Udic Boroll). Two sites 
were established in community pastures: at Webb in a Halton 
sandy loam, an Orthic Brown chernozem (Aridic Haploboroll); 
and at Pathlow in a Waitville loam, an Orthic Gray luvisoll (Typic 
Cryoboralf). The sixth site was at the Termuende Experimental 
Farm of the University of Saskatchewan at Lanigan on a Biggar 
sandy loam, an Orthic Dark Chernozem (Typic Boroll). The last 
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Fig. 1. Test sites in relation to soil zone for direct seeding of alfalfa into 
established forage in Saskatchewan. 

site was located in a privately owned pasture near Crane Valley on 
a Haverhill clay loam, an Orthic Brown Chernozem (Aridic 
Haploboroll). Not all sites were used in each year (Table 1). 

In 1985, strips of vegetation were killed by applying glyphosate 
at 2.2 kg a.e. ha-’ in 100 liters of water plus 0.5% v/v nonylphenox- 
ypolyethoxy ethanol’ surfactant. The width of the sprayed strips 
varied from site to site but was 100 cm at most sites in 1985 and 
1986,70 cm at the Lanigan site in 1985 and 1986, and 30 cm at all 
sites in 1987 and in all years at the Pathlow site. Standard 80 degree 
flat fan nozzles were mounted on a small tractor, 1 nozzle for the 
narrow width and 2 overlapping for the wider strips. One strip was 
sprayed at a time, and the distance between strips was 1.7 m. In 
1986 and 1987 in addition to an application of glyphosate at 2.2 kg 
a.e. ha-‘, a second treatment consisting of a mixture of 1.1 kg a.e. 
ha-’ glyphosate plus 0.35 kg a.e. ha-’ of 2,4-D amine was applied in 
the same way. The length of the sprayed strips also varied from test 
to test, but was never less than 150 m. Time of herbicide application 
depended on location and weather (Table 1). Herbicides were 
always applied when the vegetation was physiologically active. 

The several drills, their furrow opener designs, and the years 
when they were tested are described briefly in Table 2. The com- 

‘Agsurf, Interprovincial Cooperatives Ltd., Saskatoon, Sask. 

Table 2. Manufacturer, descriptions of furrow opener designs, and the 
years when they were osed. 

Manufacturer Design of furrow opener Trial years 
1. Agriculture Canada 

triple-disk range drill 

2. John Deere Powertill 

3. Agriculture Canada 
Double-disk press drill 

4. Agriculture Canada 
Zero-Till hoe drill 

5. Moore Unidrill 
6. Connor-Shea Pasture 

drill 

Fluted rolling coulter 1985-86 
foliowed by double-disk 1986-87 
opener, all very heavy 1987-88 
(McLaughlin and Dyck 1986) 
Rotary disk driven from 1985-86 
tractor power takeoff 1986-87 
(Smith et al. 1973) 1987-88 

Vertical roiling coulter with 1986-87 
offset disk opener (Law- 1987-88 
rence and Dyck i 990) 
High clearance, narrow hoe 1985-86 
opener 
Single offset disk opener 1985-86 
Roiling couiter followed by 1987-88 
a narrow winged hoe opener 
(Baker 1976) 

mercial drills had openers spaced at 15 cm, too close for direct 
seeding in much of western Canada. During use, seed was put 
through only 1 opener; the others were not removed, but were 
ignored unless they affected the operation of the test opener. 
Before the start of seeding in 1985, a new rotary blade was mounted 
on the test opener of the powered-disk drill to replace the original, 
which was badly worn. There was no major wear on the blade 
between years. Seeding was always as late in the fall as possible 
(Table 1). The triple-disk drill was rarely available at the same time 
as the other seeders, and the second seeding date when present is 
for that machine. In 1986, only the site at Indian Head was seeded 
with the triple disk drill before winter. The others were delayed 
until spring, 1987, and the Pathlow site was not seeded with this 
drill. Each drill was calibrated to seed approximately 100 seeds m-l 
of row in 1985, and 200 seeds m-l of row in 1986 and 1987. At each 
site, the true seeding rate was calculated after putting a known 
weight of seed in the drill, weighing the amount of seed remaining 
after seeding, and measuring the length of row seeded. 

In 1985 and 1986, seed harvested in 1984 from the’Rangelander’ 
alfalfa breeder seed plot at Swift Current Research Station was 
used. In 1987, newly harvested seed of an experimental line of 
alfalfa (ssp.~ulcuta) was used. Seed was not scarified, so a propor- 
tion could probably be classified ‘hard’. 

In 1985, all experiments were completely randomized designs 

Table 1. Dates of herbicide application and seeding at the sites osed for direct seeding of alfalfa into forage over the period 1985-88. 

Site 1985 
Time of herbicide application 

1986 1987 1985 
Time of seeding’ 

1986 1987 

Ag. Canada, Swift Current 

PFRA Pasture, Webb 

Private Pasture, Crane Valley 
Ag. Canada, Scott 

11 June 

11 June 

- 
- 

- 28 July 21 Oct. 
1 Nov. 

- - 22 Oct. 
4 Nov. 

- 7 Aug. - 
16 June - - 

U. of S. Exp. Farm, Lanigan 13 June 17 June 29 July 17 Oct. 
30 Oct. 

Ag. Canada, Indian Head - 13 Aug. 28 Aug. - 

Community Pasture, Pathlow 9 Sept. 10 Sept. 17 Sept. 18 Oct. 
29 Oct. 

- - 

2Gct. 3 - Nov. 

22 Apr. 87 
22 Oct. 20 Oct. 
23 Apr. 87 29 Oct. 
21 Oct. 26 Oct. 
29 Oct. 
24 Oct. 20 Oct. 

30 Oct. 

Where present, a second seeding date always refers to seeding by the triple-disk range drill. 
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Table 3. Precipitation and hut units(degree days above or below 5.50 C) during winter and growing season at several experimental sites in Saskatchewan 
between 1985-1988. 

Year 

Swift Current Crane 
+ Webb Valley 

(Swift Current) (Ormiston) 

Experimental site’ 
Scott Lanigan 

(Nokomls) 
Indian 
Head 

Pathlow 
(Melfort) 

Winter precipitation 1 Oct.-28 Feb. (mm) 
1985-86 72 59 70 44 70 
1986-87 59 42 55 38 73 
1987-88 41 31 47 64 97 

Growing-season precipitation 1 Mar.31 Jul. (mm) 
1986 217 188 
1987 167 208 
1988 155 181 

Winter degree-days below 5.5O C, 1 Oct.-28 Feb. 
1985-86 1902 2047 
1986-87 1280 1377 
1987-88 1553 1658 

Growing-season degreedays above 5.5O C, 1. Mar.-31 Jul. 
1986 1006 1106 
1987 1186 1258 
1988 ’ 1314 1376 

255 274 335 216 
289 207 
165 97 

2369 2376 
1830 1825 
2229 2228 

859 974 
1044 1130 
1130 1268 

246 173 
234 iii 

2251 2506 
1678 1977 
1912 2225 

1036 933 
1208 1091 
1269 1197 

The name in parcntbescs is the location of the nearest metwrological site to the expaitnental site when the locations differ. 

with 4 machines, each seeding 2 adjacent rows per plot (3 rows at 
the Pathlow site). In 1986 and 1987, seeders (3 in 1986,4 in 1987) 
were randomized within herbicide treatments, and seeded 2 rows 
per plot in 1986, and 1 row per plot in 1987. The year after seeding, 
each row was divided into 4 (3 at the Pathlow site). Emerged 
seedlings were counted over a 3-m distance chosen at random 
within each section of each row, resulting in 8 subsamples per plot 
for 1985 and 1986 experiments (9 at the Pathiow site in 1985) and 4 
subsamples per plot for 1987 experiments. An attempt was made to 
select a time when initial germination was complete but no losses 
due to drought or pests had occurred. It was assumed that the drills 
would have their strongest influence on seedling populations early 
in the growing season. Most counts were made in June but some 
were made in May. In 1988, some counts were delayed until July 
because soil moisture was very low in early spring, and germination 
was delayed. 

For each subsample, seedling emergence was calculated as per- 
cent of drilled-in seeds. The arcsine transformation was applied to 
data before analyses of variance. Mean separations were accomp- 
lished with Duncan’s multiple range test on the transformed 

means. For experiments started in 1985, the within-plot mean 
square was used as the error term. For experiments started in 1986 
and 1987, the within-plot mean square was used to test the herbi- 
cide X drill interaction for significance. Where the interaction term 
was found nonsignificant, it was combined with the within-plot 
sum of squares to form the error term with which main effects were 
tested. The means were transformed back to percentages for 
presentation. 

Results 

Growing conditions varied enormously among sites and years 
(Table 3). From 1985 to 1988 there was a trend to less winter and 
growing-season precipitation. Also, temperatures during the grow- 
ing season increased over the same period. Soil moisture at seeding 
depth appeared good early in spring 1986, and also early in 1987, 
although a mild winter in 1986-87 allowed more evaporation than 
usual, and there was little soil moisture at depth. The winter of 
1987-88 had more normal temperatures but the low precipitation 
following the dry year of 1987 resulted in extremely dry soil in the 
spring of 1988 at all sites. 

Table 4. Comparison of the intluence of giyphosate alone and when mixed wtth 2,4-D on seedling emergence following direct seeding. 

Experimental site 

PFRA Pasture 
Webb 
Private Pasture 
Crane Valley 
Ag. Canada 
Scott 
U of S Exp. Fm. 
Lanigan 
Ag. Canada 
Indian Head 
Community Pasture 
Pathiow 

1986 Experiments 1987 Experiments 
Giyphosate Giyphosate + 24-D Glyphosate Giyphosate + 2,4-D 
(2.2 kg/ ha) (1.1 + 0.35 kg/ha) (2.2 kg/ha) (1.1 + 0.35 kg/ha) 

~_____~_~~~~______~~~~~~~~~~~~~~~~~~~~~~ ___~~~~_~__~~~~~~~--~~~~~~~~~~~~______ (%) 
16.’ 9 - - 

- - 3 3 

11 9 - - 

10 9 35 0 

29 25 2 2 

3 3 2 1 

*Seedling establishment significantly (KO.05) better after using glyphosate at 2.2 kg/ha to control resident vegetation than after using glyphosatc + 2.4-D. 
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Table 5. Comparison of seedling emergence in spring 1986 as percent of 
seeds sown in late fall 1985. 

Type of Drill 
Experimental site 

Ag. Canada PFRA univ. of Community 
swift Pasture Sask. Ex. Pasture, 

Current Webb Farm, Lanigan Pathlow 

Triple-disk drill 
____‘________;‘___(%)‘;ab’____“bsa,____ 

1 la’ 
Zero-Till hoe lb 5 Obc 6c 
drill 

Powered-disk lb 6 2a 8bc 
drill 

Single offset lb 5 Oc 14b 
disk drill 

Walues in the same column followed by a different letter are significantly different 
(P<O.O5) according to a protected Duncan’s multiple range test conducted on the 
transformed data. 

Overall, the mixture of glyphosate and 2,4-D controlled the 
resident vegetation less well than did the glyphosate alone. There 
was a significant herbicide effect on seedling emergence (P<O.O5) 
in 2 experiments; at Webb in 1986, and at Lanigan in 1987. In both 
cases, seedling establishment was better with glyphosate alone 
(Table 4). There were no significant interaction effects between 
drill and herbicide. 

In 1986, an abundance of seedlings was produced only at the 
Pathlow site and only where the tripledisk drill had been used 
(Table 5). The triple-disk drill performed significantly better than 
the other drills at Swift Current and at Pathlow, and was equal in 
performance to the powered-disk drill at Lanigan. The hoedrill was 
equal in performance to the triple-disk drill but inferior to the 
powered-disk drill. There were no differences in drill performance 
at Webb pasture. 

In 1987, a uniform seedling stand developed from all drills at 
Indian Head although the triple-disk drill performed significantly 
better than the other drills (Table 6). Elsewhere, except at the 
Pathlow site, good through not uniform seedling stands developed, 
with no significant differences among drills. At the Pathlow site, 
the powered-disk drill was superior to the doubledisk press drill, 
but seedling populations were low. 

Emergence was very low at all sites in 1988. At the Pathlow site, 
the triple-disk drill and the winged-hoe drill were equal in perfor- 
mance, and both were superior to the other 2 drills (Table 7). At 
Crane Valley, the triple-disk drill and the powered-drill were sim- 
ilar in performance, and the triple-disk and the double-disk press 
drill were similar in performance, but the powered-disk was super- 
ior to the press drill. There were no significant differences between 
the drills at the other sites. 

Overall, seedling emergence was rarely uniform. Sections of a 
row where seedlings were abundant alternated with sections bereft 
of seedlings. There was no evidence of differences among drills in 
this respect. 

Table 7. Comparison of seedling emergence in spring 1988 of seeds sown in 
late fall 1987. 

Type of Drill 
Univ. of 

Sask. Ex. 
Farm, 

Lanigan 

Experimental site 

Private 
Ag. Can. Pasture Community 

Indian Crane Pasture 
Head Valley Pathow 

__________________ ___________---_-_- (%) 
Triple-disk drill 1 2 3abl 3al 
Double-disk 
press drill 1 3 2bc lb 

drill 
Powered-disk 

drill 
1 2 6a lb 

Winged hoe 
drill 

1 4 lc 2a 

‘Values in the same column followed by a different letter are significantly different 
(P<O.OS) according to a protected Duncan’s multiple range test conducted on the 
transformed data. 

Discussion 
The relationship between seeding rate in the field and population 

of established plants is not close, because of the great variability of 
stresses which cause seedling deaths during establishment. In west- 
ern Canada, an alfalfa plant every 15 cn~ in each row is effectively a 
solid stand. At the seeding rates used in this study, establishment of 
between 3 and 7% will produce an excellent stand. These numbers 
should perhaps be doubled to allow for the inevitable losses 
between early season plant numbers and the numbers of plants 
surviving by the end of the establishment year. On this basis, many 
of the seedings were unsatisfactory. At the Pathlow site, all drills 
used in fall 1985 produced adequate stands initially, although the 
triple-disk drill was clearly superior. At the Swift Current site the 
triple-disk drill was the only one which produced a satisfactory 
stand after seeding in 1985 (Table 5). Seedings made in fall 1986 or 
spring 1987 wexe successful for all drills at most sites (Table 6). 
Spring 1988 was so dry that establishment was inadequate at all 
sites (Table 7). 

The drills used can be placed in 3 groups based on opener type: 
those with a disk-type furrow opener, either single, double, or 
triple; those with a hoe-type opener, with or without a coulter 
ahead of the hoe; and those with a powered-disk furrow opener. All 
3 types have been shown to place seed at depths suitable for 
successful establishment of forages (Baker 1976, Smith et al. 1973). 
However, their tests were conducted in maritime climates and with 
experimental seeding equipment usually of 1 opener. In the present 
experiments, commercial drills based on their designs were used, 
which gives a more practical test of the equipment. 

The triple-disk drill was considered the control drill and was 
used in each of the years and at all sites but 1. Overall, it was equal 
to or better than the other drills used. Its superiority is undoubtedly 
due to its weight which guarantees good penetration of any soil, its 
independent depth control on each opener, and its packer wheel 
with a U-shaped cross-section which closes the furrow by pressure 

Table 6. Comparison of seedling emergence in spring 1987 of seeds sown in late fall 1986 (glyphosate and &phOSate + W-D). 

Exnerimental site 
PFRA Pasture Univ. of Sask. Ag. Can. Ag. Can. 

Type of drill 
Community Pasture 

Webb Ex. Farm Lanigan Indian Head Scott Pathlow 
____~~~____________________~~~~~~~~~~~~ ____________----__~~~~~~~~~~__~________ 

Triple-disk drill 12 122 !Z- I 112 - 
Double-disk press drill 16 10 26b 10 2b’ 
Powereddisk drill 10 6 19c 9 4a 

‘Values in the same column followed by a different letter are significantly different (KO.05) according to a protected Duncan’s multiple range test conducted on the transformed 
data. 
2Seeded in April 1987. 
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mostly from the sides. The furrow opener of the double-disk press 
drill drill combines the rolling coulter of the triple-disk drill into 
one of the disks of the opener. The mechanism worked well, but 
because the drill was designed for cultivated land, it lacked suff- 
cient weight to cut to the set depth in dry undisturbed soil and in 
thick thatch. When compared to the triple-disk drill, the single 
offset disk drill did not perform as well (Table 5). The seed meter- 
ing mechanism seemed unable to meter alfalfa seeds adequately, 
plugging at low settings and seeding too densely at higher settings. 
Thisproblemwasnotencounteredwithgrassalfalfamixtures(McCart- 
ney, personal communication). 

The 2 drills with hoe openers had major differences (Table 2). 
The zero-till hoe drill was designed for seeding annual cereals in 
cereal stubble. Depth of seeding was set by a caster wheel at the 
front of the machine and packer wheels at the back. The hoes ran 
too deep or were out of the ground for about half the seeded 
distance because of undulating microrelief. When the hoes ran at 
the right depth, a section of dead sod was turned out of the furrow 
made by a hoe, and the alfalfa was placed in the furrow. Coverage 
was good. On the winged-hoe drill, depth of penetration was 
controlled by land wheels at each end of the support frame; conse- 
quently, depth of penetration varied more in the middle of the 
machine than at the ends. Baker (1976) used wheels to control the 
depth of penetration of each hoe. The winged-hoe drill was used for 
seeding only in the fall of 1987. The following spring was very dry, 
and none of the drills produced satisfactory seedling counts. Per- 
formance of the winged-hoe drill was equal to that of the triple-disk 
drill at 4 of 5 sites, but the hoe design was not superior to other 
openers as found by Baker (1976). 

The only other drill used in all years at all sites was the powered- 
disk drill. The new rotary blade cut a good slot in the soil but old, 
worn blades were observed to cut a very narrow slot. Seed is 
dropped immediately behind the blades, but some seed does not 
fall in the slot, even one made by a new blade. The soil cut by the 
blades is thrown behind in a spray, which inadequately covers seed 
when the blades are worn. Additionally, the light plastic packer 
wheels were totally inadequate to provide compaction. Given that 
seedling emergence using the powereddisk drill was equal to that 
using the tripledisk drill in 8 of 13 comparisons, it seems likely a 
better performance would have been obtained if the double disk 
openers used by Smith et al. (1973) had been used for seed place- 
ment behind the blades. 

All the drills placed enough seed in a suitable position for 
satisfactory emergence some of the time, which indicates that all 
the styles of furrow opener can work adequately in the dry, hard 
soil conditions usually present in Saskatchewan in late fall. Best 
seedling emergence was obtained with drills sufficiently heavy to 
guarantee that the furrow opener mechanism could penetrate hard 

ground and with a mechanism on each opener to control seeding 
depth. In western Montana, Welty et al. (1983) identified a 
requirement for packing the soil over the seed. In the present 
studies, it was impossible to isolate the effects of packers from 
other features. However, because seeding took place in late fall, it is 
likely that natural processes over winter would contribute to good 
seed-soil contact by the time temperatures were high enough for 
germination the following spring. 
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Abstract 
Effects of burning, mowing, and 2,4-D on antelope bitterbrush 

(Purr& tridntato Pun&.) nutrient contents were evrhtated in 
southcentral Wyoming. During the first growing season foilowing 
treatments, spraying of 2,4-D increased bitterbrush nitrogen (N) 
contents from 1.5 to 1.9%, phosphorus (P) from 0.12 to O.lS%, and 
in vitro digestible dry matter (IVDDM) from 44.1 to 48.4%. Mow- 
ing increased N from 1.5 to 1.7%, P from 0.12 to 0.16%, and 
IVDDM from 44.1 to 46.1%. Burning increased N from 1.4 to 
1.996, P from 0.11 to 0.17% ash from 3.7 to 5.3% and IVDDM 
from 47.4 to Sl.O%, and decreased gross energy from 4,640 to 4,3gO 
k&/g. There were no differences in N and IVDDM contents 
among treatments at the end of the second growing season, but P 
content was still greater in mowed bitterbrush regrowth than on 
untreated bitterbrush. Ash contents were not affected by treat- 
ments, but were higher in summer (3.9%) than in winter (2.4%). 
Gross energy contents varied only 5 to 10% among ail treatments 
and seasons. Correlation coefficients between N, P, ash, and 
IVDDM contents varied from 9.54 to +0.76, and ali of these 
nutrients were negatively correiated with gross energy. Bitterbrush 
nutrient contents can be increased by shrub management practices, 
but short-term responses require that small portions of the total 
area be treated annuaily in a rotational shrub management 
program. 

Key Words: forage quality, chemical composition, range improve- 
ments, habitat improvement, shrub management 

Antelope bitterbrush (Purshia tridentata Pursh.) is highly palat- 
able and nutritionally adequate for sheep (Ovis a&s), cattle (Bos 
taurus), mule deer (Odocoileus hemionus), and elk (Cewus ela- 
phus) in mixed shrub communities in the western United States 
(Hormay 1943). Bitterbrush is especially important in the fall and 
winter diets of mule deer because of its relatively high crude protein 
content. However, the nutrient quality of bitterbrush varies among 
plant parts and with age, with season, or phenology, and often 
influences palatability (Giunta et al. 1978, Tueller 1979). 

Bitterbrush plants provide relatively high amounts of energy in 
late winter compared to other shrubs, but shrubs, in general, are 
relatively low in gross or metabolizable energy in the winter com- 
pared to cured, arid-land grasses. Forage cellulose levels may 
restrict energy and dry matter digestibility in ruminants enough to 
slow food consumption rates and passage, thus making energy 
nutrients in shrubs relatively unavailable to satisfy maintenance or 
production requirements (Dietz 1972). 

Various range improvement practices offer opportunities to 
improve forage quality for wildlife and livestock on summer and 
fall ranges (Halls and Crawford 1965). Selective control of species 
with herbicides allows the manager to maintain vegetation in 

The research was funded in part by USDA CSRS/IPM Grant ES-CSRS-2-2702. 
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almost any seral condition. Basal sprouting of decadent browse 
plants can be stimulated by killing the aerial crowns with chemicals 
(Mueggler 1966). 

Mixed stands of big sagebrush (Artemisia triakwtata Nutt.) and 
bitterbrush may be sprayed with 24-D without excessive bitter- 
brush loss if sprayed before or during bitterbrush bloom (Hyder 
and Sneva 1962). Mowing bitterbrush results in extensive root and 
leaf regeneration with subsequently greater utilization of rejuven- 
ated browse. Rotocutting bitterbrush in early spring resulted in a 
47% increase in leader growth during the first growing season 
(Schneegas and Zufelt 1965). 

Greater forage availability occurs where regrowth of burned 
plants become more palatable than unburned plants, where physi- 
cal barriers to utilization are removed, or where large plants are 
reduced in size by burning. Most prescribed fires cause an increase 
in protein content, digestibility, and palatability of resprouting 
shrubs (Dewitt and Derby 1955, Pearson et al. 1972, Short et al. 
1972). 

This study was conducted to determine how spraying with 2,4- 
D, mowing, and burning would affect the summer and winter 
nutrient contents of bitterbrush in southcentral Wyoming. 

Methods 

Study Area 
The study was conducted on the Cedar Creek Ranch, 20 km east 

of Saratoga, Wyo., on the western edge of the Medicine Bow 
Mountain Range. The elevation ranges from 2,100 to 2,608 m. 
Soils are North Park Formation brown sandy loams developed on 
loess, limestone, sandstone, and tuff (Dunnewald 1957). 

Dominant plant species include bitterbrush, mountain big sage- 
brush (Artemesia tridentata spp. vaseyana Nutt.), Idaho fescue 
(Festuca i&hoe&s Elmer), sandberg bluegrass (Pea secundu 
Presl.), canby bluegrass [P. canbyi (Scribn.) Howell], western 
wheatgrass [Pascopyrum smithii (Rydb.) A. Love], bluebunch 
wheatgrass [ Pseudoroegneria spicata (Pursh) Love], and thick- 
spike wheatgrass [Elymus lanceolatus (Scriber and J.G. Smith) 
Gould]. 

Precipitation ranges from 380 to 480 mm and occurs mostly as 
snow. The Saratoga weather station, located 25 km west of the 
study area at a drier and lower location, reports precipitation of 
generally less than 20 mm/ month from November through March, 
and 20 to 30 mm/month from April through October. Annual 
depth and extent of snow coverage is highly variable. Elk and mule 
deer utilize the area during fall and winter in some years, but only 
during fall in those years with greater snow depth and duration. 

Experimental Design 
Preliminary soil and vegetation surveys were conducted to select 

16 relatively homogeneous areas. Each area was ranked along a 
soil type, dominant shrub cover, and species composition gradient 
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Fig. 1. Average nitrogen content (%) of antelope bitterbrush twig tips for seasons X treatments interaction. Those means topped by P different letter are 
&nifienntl~ different at the 5~~‘le~el. 

_ _ 

and blocked into 4 relatively homogeneous replications (sites) of 4 
treatments each to minimize within-replicate variation for analysis 
of variance (Steel and Torrie 1980). 

Three permanent line transects, each 100-m long, were estab- 
lished in each of the 16 units, providing a total of 48 samples. 
Differences in treatment responses were statistically tested by 
analysis of variance. 

1970) were conducted on duplicate samples and the values aver- 
aged. In vitro digestible dry matter contents were determined using 
the technique described by Tilley and Terry (1963). Correlation 
analyses were conducted using plot means (N = 45) for the 4 forage 
quality factors to determine interrelationships among these factors. 

Results and Discussion 

Treatments 
Treatments applied to 3-to 6-ha plots included 2,4,-D herbicide 

application, mowing, and burning. Butyl-amine of 2,4-D at 1 kg 
acid equivalent/ ha in water without surfactant at a total volume of 
20 liter/ha was aerially applied in mid-May 1986. Areas were 
mowed to a 20 to 30 cm stubble height with a rotary blade shredder 
in late May 1986 as soil moisture conditions permitted. 

Precipitation (58 mm) in June 1986 was 190% above normal and 
average amounts were received during the remaining months of the 
growing season. During the second (1987) growing season, precipi- 
tation was below average in June and September, and about aver- 
age in July, August, and October. 

Shrub Cover 

Conditions were not favorable for burning in spring 1986, and 
only 3 areas were burned with a headfire on 16 and 17 Sep. 1986 
after the herbaceous plants were dormant and sagebrush was more 
flammable. Relative humidity varied from 15 to 30%; winds varied 
from 12 to 20 km/ hr from the southwest. Data from the 3 burned 
areas were collected after only 1 growing season in Sep. 1987 and 
analyzed with an analysis of variance using 3 replications of burned 
and unburned treatments. 

Total shrub foliar cover was 38%, 16%, 22%, and 5% on 
untreated, sprayed, mowed, and burned areas in fall 1987 (Kituku 
1988). Bitterbrush cover averaged about 12% on all areas and was 
not reduced by either spraying or mowing. Bitterbrush mortality 
varied from 10 to 50% on burned areas. Therefore, except for 
burned areas, bitterbrush nutrient yield was mostly a function of 
nutrient content and not bitterbrush cover. However, bitterbrush 
was more accessible to grazing animals on all treated areas because 
of the 11 to 33% reduction in sagebrush foliar cover. 

Data Collection 
Nitrogen (N) 

Samples (approximately 100 g) of bitterbrush twig tips, similar 
to those consumed by browsing animals, were collected along each 
transect before treatments in March 1986, in sprayed, mowed, and 
untreated areas in early fall (Sep. 1986), late winter (March 1987), 
and Sep. 1987 for laboratory analyses. Similar samples were also 
collected on burned areas in Sep. 1987. 

Samples were dried at 50” C to constant weight, ground over a 
40-mesh screen, and stored in airtight containers until analyzed. 
Analyses for ash, nitrogen, phosphorus and gross energy (A.O.A.C. 

All differences in nutrient contents or forage quality factors 
discussed are significant at the 5% level of confidence unless other- 
wise indicated. The mean nitrogen content of untreated bitterbrush 
current annual growth averaged 1.34% in winter and 1.46% in late 
summer (Fig. 1). The mean for all seasons, treatments, and sites 
was 1.45% with a range from 1.3 to 1.9%. The range of 0.6% N 
represents 40% of the mean and indicates N contents in bitterbrush 
can be manipulated with shrub management practices or may vary 
with phenology and environmental conditions. 

Bitterbrush N contents in this study were within the range 
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reported by Dietz et al. (1962) in Colorado on similar sites. In and sites was 0.12% and ranged from 0.10% to 0.169& The range of 
Nevada, N comprised about 2.1% of the dry weight of young 0.06% represents 50% of the overall mean and indicates that bio- 
bitterbrush leaves and twigs, whereas in Utah bitterbrush had 2.4% logically important differences in P contents can occur either due 
N in leaves and twig tips in June and 1.6% in Sept. (Hormay 1943). to treatments, seasons, or growing conditions. 

During the first growing season following treatment, bitterbrush 
N contents were 1.5% on untreated areas, 1.9% on sprayed areas, 
and 1.7% on mowed areas. Bitterbrush plants in sprayed areas 
appeared to have more leaves per stem compared to the regrowth 
on mowed areas. Greater 1eaf:stem ratios on sprayed areas may 
have increased the N content in the twig tip samples collected 
because of greater N content in leaves than in the woody portion of 
the twigs. In addition, root exudate and decay from shrubs killed 
by herbicide may produce a fertilization effect on the remaining 
live, associated plants (Powell and Box 1979). 

As with N contents, the greatest differences in bitterbrush P 
contents occurred during the first growing season following treat- 
ments. Bitterbrush P contents were 0.12% on untreated areas, 
0.15% on sprayed areas, and 0.16% on mowed areas. There were no 
differences in P contents among treated areas during the winter 
season following treatments. In the second growing season follow- 
ing treatments, bitterbrush P contents were still 0.02% greater on 
mowed areas than on untreated areas, but P contents in bitterbrush 
on sprayed areas were similar to those on untreated areas. 

During the winter and the second growing season following 
treatment, there were no differences in N contents between treated 
and untreated bitterbrush plants. Similar trends were reported by 
Everitt (1983) and Powell and Box (1965) on browse species in 
South Texas. Nutrient content increased in regrowth of shredded 
plants soon after treatment, but there were no differences in nut- 
rient content between treated and untreated South Texas shrubs 
after 6 to 9 months. 

The apparent annual variation in bitterbrush N and P contents 
should be studied further to determine how growing conditions 
affect nutrient contents. The relatively large decreases in bitter- 
brush P contents on sprayed and mowed areas between Sep. 1986 
and March 1987 may also indicate a lack of translocation of the 
higher amounts of P from summer leaves and twig tips into winter 
twig tips. 

Ash 

Phosphorus (P) 
The means for untreated bitterbrush phosphorus contents were 

0.11% on all pretreated areas in March 1986,0.12% in Sep. 1986, 
and 0.10% in Sep. 1987 (Fig. 2). Differences in P contents between 
Sep. 1986 and Sep. 1987 were significant, indicating that P con- 
tents increased with increased spring precipitation. 

In Utah the average winter P contents of bitterbrush were 0.12 to 
0.14% (Welch et al. 1983). Other shrubs commonly associated with 
bitterbrush have higher levels of P during winter (e.g., 0.22% P in 
big sagebrush) but are less palatable than bitterbrush (Dietz 1972). 

The mean P content in bitterbrush for all seasons, treatments, 

The mean ash contents in untreated bitterbrush plants were 3.0% 
in March 1986 prior to treatment, 3.5% in Sep. 1986, 2.2% in 
March 1987, and 3.7% in Sep. 1987. Ash content varies with plant 
water content and season (Nord 1965). Our results were similar to 
those of Tueller (1979) who reported bitterbrush ash contents in 
Nevada ranging from 2.1 to 2.5% in March and from 3.3 to 4.0% in 
September. 

The mean ash content for all seasons, treatments, and sites was 
3.22%, with a range of 2.4 to 3.9%. The range of 1.5% or 47% of the 
mean indicates that ash contents also can be variable under differ- 
ent environmental conditions. 

Significant differences in ash contents occurred between seasons 
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with higher levels in fall (3.5 to 3.7%) and the lowest level during 
the relatively dry winter of 1986-87 (2.2%). Ash contents were 
similar on all treatment areas, but tended to be lower in bitterbrush 
plants on sites with coarser-textured soils. 

The difference in range of 220 kcal/g (5% of the mean) indicates 
relatively little opportunity to increase GE through shrub man- 
agement practices. 

In Vitro Digestible Dry Matter (IVDDM) 
The mean bitterbrush IVDDM content for untreated plants was 

40% prior to treatment in March 1986,44% in Sep. 1986, 35% in 
March 1987, and 47% in Sep. 1987 (Fig. 3). Digestible dry matter of 
antelope bitterbrush in Utah ranged from 40% to 55% with an 
average of 47.5% (Welch et al. 1983). 

Bitterbrush GE was slightly higher in late winter both before and 
after treatment compared to the first and second fall seasons 
following treatment. Untreated bitterbrush contained more GE 
than sprayed or mowed bitterbrush only during the first fall after 
treatment. 

The mean IVDDM content for all seasons, treatments and sites 
was 42.470, ranging from 34 to 48%. The range of 14% (32% of the 
mean) indicates biologically important differences may occur for 
bitterbrush IVDDM. 

The differences in IVDDM due to season were very similar to 
differences in ash contents, with IVDDM contents being highest 
during the fall and lowest during the relatively dry winter following 
treatments. The difference of 5% in IVDDM between late winter 
1986 and late winter 1987 may have been caused by greater winter 
precipitation in 1985-86 than in 1986-87. Although 
no differences in morphology were observed at the time of sam- 
pling, bud growth may have been more advanced in March 1986 
compared to March 1987. 

Although differences in foliage GE values among sites were 
significant, the range (70 kcal/g) is considered to be biologically 
unimportant. The highest GE content occurred in bitterbrush 
growing on coarse-textured soils where low bitterbrush ash con- 
tent also occurred. Gross energy is inversely proportional to stem 
growth, indicating that leaves contain higher concentration of 
carbohydrates, oils, and other substances yielding higher GE con- 
tent than structural fiber. 

Burning 
Burning consumed nearly all shrub cover in burned areas, 

although poor fine fuel continuity in the plots resulted in a mosaic 
of burned and unburned areas. In the first season of growth follow- 
ing the burning treatment, there was profuse sprouting of bitter- 
brush. Twigs of bitterbrush were tender and had many large leaves. 

Bitterbrush IVDDM contents were only slightly greater on 
sprayed areas than on mowed or untreated areas during the fall 
following treatment. Bitterbrush contained 48%, 46%, and 44% 
IVDDM on sprayed, mowed, and untreated areas, respectively, 
the first summer following treatment, and 38%, 35%, and 35% 
IVDDM on sprayed, mowed, and untreated areas, respectively, 
the first winter following treatments. 

Burned bitterbrush plants may sprout as late as 13 months after 
burning (Blaisdell and Mueggler 1956). Soils are warmer on 
burned areas and spring growth starts earlier. In this study 50 to 
90% of the burned bitterbrush plants sprouted within the first 
growing season after the fall burn. 

Gross Energy (GE) 
The mean bitterbrush gross energy content for all seasons and 

treatments was 4,680 kcal/g, with a range of 4540 to 4760 kcal/g. 

Compared to unburned bitterbrush twigs, regrowth twigs con- 
tained about 0.44% more N, 0.06% more P, 1.55% more ash, 3.56% 
more IVDDM and 260 kcal/ g less GE (Table 1). The increase in N, 
P, and ash contents indicates greater 1eaf:stem ratios on burned 
plants compared to unburned plants or a fertilization effect follow- 
ing the burn. There was a relatively large amount of litter under all 
of the bitterbrush plants prior to burning. 
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Table 1. Average chemicai composition of antelope bitterbrush twigs in 
September 1987 after burning in September 19%. Untreated and burnhrg 
means for ail forage quaiity factors differ statistically at the 5% level of 
probability. 

Phos- Gross 
Treatment Nitrogen phorus Ash IVDDM energy 

Untreated 
Burned 

---------o;la(%);-;5a----4;-&-- (kcal/~) 
1.44a 
1.88b 0:17b 5:30b Si.tlb 4380a 

Nutrient Interreiatiouships 
The interrelationships between the levels of any 2 of the various 

nutrients or chemical components is shown in Table 2. All correla- 
tion coefficients are significant at the 5% level primarily because of 
the relative large number (N = 45) of samples analyzed. Levels of N, 
P, ash, and IVDDM were directly related to each other and inver- 
sely related with GE levels. 

Table 2. Correlation coefficients (r) for selected forage quaiity factors in 
bitterbrush. AU coefficients are significant at the 5% level (N = 45). 

Nitrogen 
Phosphorus 
Ash 
IVDDM 

Phosphorus Ash IVDDM Gross energy 

0.74 0.63 0.65 -0.55 
0.54 0.53 a.45 

0.76 -0.60 
-0.67 

The highest correlation coefficients were for N and P (r = +0.74) 
and for ash and IVDDM (r = 0.76). No single forage quality factor 
appeared to be the best indicator of all other forage quality factors. 

Conclusions 
Bitterbrush nutrient contents increased during the first growing 

season following spraying and mowing, but the increases were 
relatively short-lived. Nitrogen, P, and IVDDM contents were 
strongly influenced by treatment, especially burning, and were 
more sensitive indicators of growing conditions than were ash or 
GE. 

This research indicates a continuous supply of high quality 
bitterbrush browse can be provided for livestock and wildlife by 
treating different, small portions of the total management area in a 
long-term, shrub management rotation program rather than rely- 
ing on a single treatment of a large area. 

Soil differences and precipitation also appear to influence bit- 
terbrush growth and chemical composition on treated and untreated 
areas. Care in selecting areas to be treated should be exercised 
because variable results may occur under different growing condi- 
tions. Additional research is needed to better define the interrela- 
tionships between treatment effects and soil fertility, plant water 
stress, and plant chemical composition. 
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Enhancing control of eastern redcedarthrough 
individual plant ignition following prescribed 
burning 
DAVID M. ENGLE AND J.F. STRITZKE 

Abstract 

Fire-scorched crowns of live eastern redcedar (Juniperus virgi- 
niam L.) were ignited using a propane torch in 3 studies to quantify 
the eflicacy and to determine the feasibility of the technique as P 
follow-up treatment for killing trees that survived prescribed 
burns. In the first study, we ignited 98 tire-scorched, live trees 20 to 
64 days following a prescribed burn. Igniting scorched trees in 
several positions killed 90% of the crown and two-thirds of the 
trees regardless of tree size. Logistic regression models indicated 
reburning was mure effective on trees highly damaged after pres- 
cribed burning. In the second study, one person equipped with II 
self-contained backpack propane burner used single-point ignition 
lo treat an average of 1 tree every 17 seconds (range 11 to 20 
seconds) on 0.2%ha plots. Effectiveness of the single-point ignition 
declined with increasing tree size. In the third study, the average 
timerequired to burn a treewrs 19seconds in eight 327hapastures. 
Cost in this field-scale study for labor, propane, fuel, and equip- 
ment depreciation was SO.O3/ignited tree. 

Key Words: brush control, Juniperus virginiano L. 

Eastern redcedar (Junipenu virginiano L.) is invading grass- 
lands and forests ofthecentralUnited Statesatanexponentialrate 
(Snook 1985). Eastern redcedar is not a sprouting species, so 
treatments that destroy above-ground portions will kill the tree. 
Herbicide and mechanical treatments for individual juniper trees 
have been suggested forjuniperdominated rangelands throughout 
the western United States (Uecken and Whisenant 1982, Johnsen 
and Dale” 1984, Van Pelt and West 1990). 

Fig. 1. The torch *ssembly used for igniting individusl eastern redcedar 
trees that are partially scorched in prescribed burns. 

Prescribed burning is an economically attractive alternative for 
controlling eastern redcedar because it effectively kills seedlings 
and small trees (Bernardo et al. 1988, Engle et al. 1988). However, 
when fuel loading is insufficient nr the trees are very large, only 
lower branches are scorched and trees are not killed. Individual 
tree burning may offer an alternative tn mechanical or chemical 
treatments for follow-up control. Burning individual small, non- 
sprouting juniper in open stands was successfully demonstrated in 
Arizona (Jameson 1966). The objective of these studies was tn 
quantify the efficacy and to determine the feasibility of igniting 
partially scorched eastern redcedar trees which survived prescribed 
burns. 

num tubing with nylon webbing (Fig. 1). Total weight when filled 
with propane is approximately 16 kg. Operated as we used it, the 
fuel cylinder will supply fuel for approximately 4 hours of burning 
(470 kJ/hr). The torch assembly does not require a regulator or 
pressure gauge. Desired flame length is obtained by adjusting the 
flow valve. 

Study 1: Individual Trees 

Methods and Materials 

Equipment 
The torchassemblyconsistsofanLPGvaportorcb(1900kJ/hr) 

with a 0.7-m handle, a 3.1-m LPG hose, and a 1 l-liter fuel 
cylinder’. The assembly is carried on a back pack frame of alumi- 

To evaluate conditions under which reburning is effective, we 
ignited 98 fire-scorched, live trees with the propane burner 20 to 64 
days following a prescribed burn in tallgrass prairie. The study area 
was located in Payne County on a loamy prairie range site with 
relatively level topography and slopes less than 5%. The study area, 
approximately 60 ha, was burned with a headfire on 14 April 1988. 
Fine fuel loading for the headfire was discontinuous and averaged 
2,000 tn 3,000 kg/ha. Ambient air temperature during the headlire 
was 24O C, relative humidity was 40%, and wind speed averaged 8 
km/hr. Density of eastern redcedar on the area was 370 trees/ha. 
Crown scorch on eastern redcedar from the headtire averaged 
about 90% and tree kill averaged about 55%. Crown scorch on the 
98 trees selected tn reburn ranged from 5 to 90% and averaged 52%. 

Fire-scorched trees were categorized into 3 height classes: <1.5 
m, 1.5 tn 2.5 m, and 2.5 tn 5.0 m. Damage to tree crnwns was 
divided into 2 types: crnwn scorch (percent crown retaining dead 
leaves) and dead crnwn (sum of percent crnwn scorch and percent 
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crown with leaves consumed by fire). Table 1 presents the weather 
conditions and crown characteristics recorded immediately before 
ignition. 

1987, and 1990 (Stritzke et al. 1991). Rough topography, dense 
brush, and woody debris reduced the accessibility of travel routes. 

Table 1. Conditions in study 1 under which crowns of 98 individual eastern 
redcedar trees were ignited at different time intervals following a pes- 
cdbed fire on 14 April 1988. 

Min. Max. Mean SE 

Air temperature, o C 13 33 27 0.4 
Relative humidity, % 28 70 43 1 
Wind speed, km/ hr 0 I6 9 0.3 
Water content of dead leaves, %I I I8 7 0.4 
Water content of live leaves, %I 48 267 134 4 
Crown scorch before reburning, % 5 90 52 2 
&ad crown before reburning, v0 5 95 57 2 

‘Water content calculated on a dry-weight basis. 

Scorched, live trees were ignited 45 days to 130 days after pres- 
cribed burns conducted in early April of 1990. Density of scorched, 
live trees ranged from 20 to 128/ha. Burning was limited to periods 
when wind speed was less than 16 km/ hr and ignition was on the 
windward side of the tree crown. After several hours of burning, 
operators learned that several ignition points were required on 
larger trees. This resulted in operators igniting trees with the aim of 
optimizing ignition of scorched crowns/ time outlay. 

Results and Discussion 

Study 1 

Fire-scorched crowns of individual trees were ignited at several 
points around the perimeter of the tree crown to ensure sustained 
combustion. The effects of rebuming were evaluated 60 days after 
ignition with 100% dead crown recorded as tree kill. Paired r-tests 
were used to test for differences in amount of dead crown before 
and after rebuming. Logistic stepwise regression was used to relate 
weather (air temperature, relative humidity, and wind speed), leaf 
water content (live leaves and dead leaves), and crown damage 
(percent scorched crown and percent dead crown) to the probabil- 
ity of killing individual trees by reburning (SAS Institute Inc. 
1989). 

In preliminary trials, we observed that effectiveness of rebuming 
was greatly reduced when wind speed exceeded 16 km/ hr, appar- 
ently because the wind tilted the flame and heated air away from 
the upper portions of the juniper crown. Thus, the results from this 
study are applicable to conditions with wind speed less than 16 
km/ hr. 

The amount of dead crown after reburning averaged about 90% 
regardless of tree size (Fig. 2). Tree kill after reburning was 67,67, 

loo, 

80 

Study 2: Small Plots 
The efficacy of single-point ignition of fire-scorched trees was 

evaluated on eight 0.25-ha (50 X 50 m) plots within a tallgrass 
prairie. The study area was in Payne County on shallow prairie and 
red clay prairie range sites with slopes of 5 to 10%. The study area, 
about 32 ha, was burned 5 April 1989. Fine fuel loading was 
discontinuous and averaged 5,000 to 6,000 kg/ ha with some areas 
supporting less than 2,000 kg/ ha. Ambient air temperature at the 
time of the prescribed burn was 17’ C, relative humidity was 28%, 
and wind speed averaged 13 km/ hr. Most of the area was burned 
with a headtire. Crown scorch in the study area averaged about 
90% and tree kill averaged about 50%. The plots were on relatively 
level terrain and provided easily accessible travel routes. Density of 
scorched, live trees in these plots varied from 40 to 100 trees/ plot. 

4.5m 1.5 to 2.5m 
Tree height (m) 

m Before rrburning Bfa A& rhurning 

Only 1 ignition point: per tree was used in this study to reduce the 
time allotted to igniting each crown. The ignition point was on the 
windward side of the tree. Trees were categorized into 3 height 
classes: >1.5 m, 1.5 to 2.5 m, and 2.5 to 5.0 m. Weather conditions 
(air temperature, relative humidity, and wind speed) were recorded 
and eastern redcedar leaf water content (live leaves and dead 
leaves) was sampled from 5 trees/plot immediately before burning 
each plot. Effects of rebuming were evaluated 60 days after igni- 
tion with 100% dead crown recorded as tree kill. Stepwise multiple 
regression was used to relate weather and leaf water to tree kill 
resulting from reburning. 

Study 3: Large Plots 

Fig. 2. The amount of dead crown in individual eastern redcedu trees in 
study 1 before and after igniting the scorcbed portions of the crowns. 
Vertical bars represent one-half standard error. Values for before and 
after burning are different (KO.01) within height classes. 

and 62%, respectively, for small, medium, and large trees. The 
amount of dead crown or the amount of scorched crown appeared 
in logistic regression models of tree kill resulting from rebuming 
(Table 2). This indicates that reburning was more effective on trees 
highly damaged with prescribed burning. The model of kill of large 
trees indicates reburning was more effective with higher air 
temperatures and drier leaves. 

Operational effectiveness was evaluated on eight 32-ha pastures 
located in the Cross Timbers of Payne County. The primary 
upland range sites in the study area were sandy Savannah and 
shallow Savannah. These sites have slopes of 1 to 8% and are 
dissected by steep gullies and drainageways up to 10 m deep. 
Vegetation in these pastures was a mixture of tallgrass prairie and 
upland hardwood forest. The dominant hardwoods had been con- 
trolled with herbicides in 1983 and many of the smaller eastern 
redcedar had been controlled by prescribed burning in 1985,1986, 

Study 2 
One person equipped with a self-contained backpack propane 

burner ignited an average of 1 tree every 17 seconds (range 11 to 20 
seconds) on the 0.25-ha plots. Rebuming with 1 ignition point 
killed 77% of small trees, 55% of medium trees, and 26% of large 
trees. The reduced effectiveness on larger trees in these plots com- 
pared to study 1 was attributed to reduced crown ignition follow- 
ing the single-ignition point compared to multiple-ignition points 
per tree used in study 1. 

In this study, air temperature was related to kill of small and 
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Table 2. LogIstIc regression models1 of tree kill as a result of burning 
crowns of firtscorcbed eastern redcedar in study 1. 

Parameter Rank 
Variable estimate p>,+ correlation2 

Small trees (Cl .5 m) (n=9) 0.89 
Scorched crown, % -0.186 0.19 
Intercept 10.676 0.17 

Medium trees (1.5 to 2.5 m) (n=35) 0.72 
Dead crown, % -0.067 0.01 
Intercept 3.243 0.02 

Large trees (2.5 to 5.0 m) (n=54) 0.66 
Air temperature, o C -0.211 0.03 
Dead crown, % -0.028 0.06 
Water in dead leaves, ‘% 0.182 0.08 
Intercept 4.785 0.09 

‘The 
ity 

r&ability of killing an individual tree isp= I/( I+cxp(jr)), wherep is the probabil- 
o P obtaining a kill, and 9 is the fitted regression value based on the parameter 

estimates. AU models are significant at P<O.OZ. 
The Goodman-Kruskal Gamma rank comlation. 

medium trees (Table 3) whereas in study 1, air temperature was 
related only to kill of large trees. Differences between result of 
study 1 and study 2 may be related to the poor tree kill of large trees 
in study 2 resulting from igniting crowns at only a single point. 

Table 3. Stepwise multiple regression models’ of tree kill (percent) as a 
result of burning crowns of fire-scorched eastern redcedar on eight 
0.25-ha plots in study 2. 

Parameter 
Variable estimate P>F Model R2 

Small trees (<1.5 m) 0.48 
Air temperature, o C 3.1 0.06 
Intercept -4.6 0.90 

Medium trees (1.5 to 2.5 m) 0.37 
Air temperature, ’ C 1.9 0.11 
Intercept 3.8 0.90 

‘Models significant at PCO.06 and PCO.08, respectively for small and medium trca. 
No variable met the 0.15 significance level for entry into the model for large trees. 

Study 3 
Time required to ignite a tree averaged 19 seconds (range 10 to 55 

seconds) on the 32-ha pastures. Burning sessions (periods with 
uninterrupted burning) within a pasture ranged from 21 min to 
>9.5 hours, with entire pastures treated in as few as 3 burning 
sessions to as many as 11 sessions. Air temperatures during the 
burning sessions averaged 30° C but were as high as 39O C, so 
operators rested frequently or were periodically relieved by a sub- 
stitute operator. 

Burning costs attributed to labor, propane fuel, and equipment 
depreciation amounted to $566 for the entire 260 ha area (Table 4). 
Cost per treated tree (trees surviving the prescribed burn) was 
SO.O3/tree. These treatment costs are comparable to costs of chem- 
ical and mechanical control of smaller trees and less on trees taller 

Table 4. Summary of costs for burning scorched crowns of eastern red- 
cedar trees on eight 32-ha pastures in study 3. 

Activity 

Labor 
97 hours @ $51 hr 

Fuel, propane 
73 kg @ SO.701 kg 

Equipment 

cost (S) 

485.00 

51.10 

10% annual depreciation on $300 30.00 
Total variable cost, 256 ha 566.10 
Cost per ha 2.21 
Cost per ignited tree 0.03 

than 2.5 m (Stritzke and Bidwell 1989). 
Cost of labor, the major component of costs for individual plant 

ignition, varies with tree density, tree size, undergrowth, and slope 
(Van Pelt and West 1990), so the results should be interpreted in 
view of the conditions at our study site. It is noteworthy, however, 
that time outlay per tree (19 set/ tree) was similar to that of study 2 
(17 set/ tree) even though the 2 studies were conducted in consider- 
ably different topography and vegetation. 

Management Implications 

Ignition of scorched trees can begin several weeks after a broad- 
cast fire when scorched tree leaves dried to equilibrium with 
atmospheric moisture. The best results were achieved by burning 
when wind speed was <8 km/ hr and when air temperature was 
>26” C, and by igniting several points on the lower branches of the 
windward side of larger trees. Other conditions appear to have 
little influence on results, probably because dry scorched leaves are 
excellent fuel. The kill rate is high under a wide range of conditions. 

Crown ignition may be used repeatedly on partially scorched 
living trees because crowns may be reignited after about 2 weeks 
when the additional crown scorch becomes evident. Multiple 
follow-up burning cycles could eliminate living juniper trees, but 
with a decreasing cost efficiency because labor requirements per 
tree would increase as density of live trees decreases. Managers 
should be aware that eliminating all live eastern redcedar from 
management units is unlikely to be biologically or economically 
justified (Bernard0 et al. 1988, Scifres 1987). 

Because new herbaceous growth following spring burns remains 
green throughout most of the summer, the danger of uncontrolled 
fire within the pasture is minimal with this follow-up treatment. 
We burned through the first week in August following the initial 
broadcast burn in study 3 with no ground fires within the burned 
pasture. However, a spot tire in an adjacent unburned pasture in 
early July resulted from a firebrand. Therefore, caution should be 
exercised when burning near pastures containing dry tine fuel 
because firebrands can ignite spot tires up to 300 m when air 
temperature rises above 27” C (Bunting and Wright 1974). 
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Abstract 

Mechanical top growth removal of certain shrub species stimu- 
lates sprouting and temporarily htcreases nutritional quality, 
availability, and yield of browse. We determined the effects of (1) 
roller chopping separate portions of rangeland, dominated by 
guajillo (Ace& berlandieri Benth.) and blackbrush acacia (A. 
rigid& Benth.), during consecutive years and (2) disking separate 
portions of rangeland, dominated by dense whitebrush (Aloysia 
&ciodes Cham.) thickets, during consecutive years on white-tailed 
deer (Odocoileus virginimus Raf.) use of the treated areas. Separ- 
ate, adjacent portions of guajillo and blackbrush acacia-dominated 
rangeland were roller chopped in a pattern of alternating treated 
and untreated strips each year during summer for 4 consecutive 
years (1985-1988) on an area in Duval County, Tex., and for 2 
years (1988-1989) on areas in Duval and McMullen counties, 
Texas. Whitebrush-dominated rangeland was disced in a similar 
pattern during 2 years (1988-1989). Twenty percent of each study 
site was treated each year. Estimated deer density in the roller- 
chopped area in Duval County was higher than estimated deer 
density in an untreated area during 1985-1987 and in 1989. Roller 
chopping in study areas in Duval and McMullen counties increased 
deer fecal pellet-group densities (groups ha‘* day”) relative to 
untreated sites in winter, spring, and summer 1989 and when 
averaged over the 21-month study. Discing dense whitebrush- 
dominated sites increased pellet-group densities rehttive to untreated 
sites in spring and summer 1989 and when averaged across the 
21-month study period. Increased deer use of treated areas was 
probably a function of several factors, including increased forb 
availability and increased nighttime visibility for predator detection. 

Key Words: disc, habitat management, Odocoileus vir&ianus, 
roller chopper 

Browse rejuvention, or top growth removal of woody plants to 
stimulate sprouting, temporarily increases nutritional quality, 
availability, and yield of browse (Scatter 1980, Vallentine 1980, 
Yoakum et al. 1980). Habitats in which the practice has been 
applied include chaparral vegetation in California (Yoakum et al. 
1980), stands of bitterbrush [Purshiu tridentata Pursh (DC.)], 
gambel oak (Quercus gumbelii Nutt.), curlleaf mountain maho- 
gany (Cercocupus ledifolius Nutt.) (Vallentine 1980), and stands of 
mixed brush in southern Texas (Powell and Box 1966, Everitt 
1983, Fulbright et al. 1991). 

Drawe (1981) postulated that mechanical top growth removal 
on a portion of the range each year would provide a continuing 
supply of nutritious, readily available browse. Nutritional quality 
of south Texas shrubs following top growth removal remains 
elevated for 2 to 13 months posttreatment (Everitt 1983, Asah and 
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Fulbright 1987, Fulbright et al. 1991). 
Nutritional value of shrubs browsed by white-tailed deer (Odo- 

coileus virginianus Raf.) in southern Texas is lowest in the summer 
(Barnes et al. 1991) and may limit deer populations (Meyer et al. 
1984). Deer are primarily browsers during late summer and early 
fall, whereas forbs constitute the bulk of diets during late winter, 
spring, and early summer. Timing browse rejuvenation during 
summer may improve browse nutritional quality during this criti- 
cal period (Everitt 1983). One of our objectives was to determine 
the effects of roller chopping separate portions of rangeland domi- 
nated by guajillo (Acacia berlundieri Benth.) and blackbrush aca- 
cia (A. rigidula Benth.) in summer during consecutive years on 
white-tailed deer use of the treated areas. We applied a similar 
brush management strategy on rangeland dominated by white- 
brush (Aloysiu lycioaks Cham.), which forms dense thickets on 
fertile lowland areas and is of low browse value for deer (Scifres 
1980). Heavy disking reduces canopy cover of the shallow-rooted 
shrub, but stimulates regrowth of more deeply rooted shrubs such 
as spiny ha&berry (Celtis pullidu Torr.) that are of high browse 
value (Bozzo et al. 1992). Our second objective was to determine 
the effects of consecutive yearly disking of separate portions of 
rangeland dominated by dense whitebrush thickets on white-tailed 
deer use of treated areas. Vegetation responses to these treatments 
are reported in Bozzo et al. (1992). 

Methods 

Study Areas 
The study was conducted on the 7,285-ha Esperanza Ranch in 

Duval County, Tex., and the 4,800~ha La Campana Ranch in 
McMullen and Duval counties, Tex. Climate, soils, and vegetation 
of the Esperanza and La Campana ranches are described in Ful- 
bright et al. (1991) and Bozzo et al. (1992), respectively. 

Both ranches were continuously grazed by cattle. Cattle stocking 
rates on the Esperanza Ranch ranged from 0.03 to 0.15 animal 
units ha-’ year-’ (M. Barrett, Esperanza Ranch, pers. commun.). 
Cattle stocking on the La Campana Ranch also varied, but aver- 
aged 0.08 animal units ha-’ year-’ (J. Locke, La Campana Ranch, 
pers. commun.). Cattle use of study sites on the La Campana 
Ranch was infrequent. 

Esperanxa Ranch 
Parallel strips of brush 40 m wide and 1.2-1.8 km long were 

roller chopped annually in a 40%ha study area on the Esperanza 
Ranch using a 6.4-m-wide (about 27,300 kg) roller chopper pulled 
by a crawler tractor in a pattern of alternating roller-chopped and 
untreated strips during the summers of 1985-1988. About 20% of 
the area was roller chopped annually, resulting in a repeating series 
of sequentially roller-chopped strips, with strips roller chopped 
each year adjacent to each other and each series adjacent to 
untreated brush. This provided brush regrowth of varying ages and 
sizes. An area of similar size about 2.3 km distant was selected for a 
control. Licht (1987) reported that white-tailed deer on the 
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Fig. 1. Temporal trends in white-tailed deer density in a roller-chopped area and in an untreated area according to helicopter counts (n = 8 transects/area) 

during October 1985-1990, Duval County, Tex. Pairs of means within a year associated with the same letter are similar (IQO.05). 

Edwards Plateau of central Texas rarely travel farther than 2 km July 1988. Initial treatment consisted of 61-m-wide treated strips 
from the center of their home range, and home range sizes average alternating with adjacent 244-m-wide untreated strips. This resulted 
only 1.0 km2 for does and 4.2 km2 for bucks. Ellisor (1969) and in about 20% of each site receiving treatment. Additional 61-m- 
Inglis et al. (1986) reported home ranges of deer on the Rio Grande wide treated strips were placed adjacent to the initial treated strips 
Plains in Dimmit County, Tex., to be 2.4 km2 and 1.9 kmr, respec- during June 1989. Three separate sites with similar vegetation were 
tively. Thus, samples between sites were assumed independent. selected as experimental controls. 

Annual helicopter surveys were conducted during October from 
1985 to 1990 to estimate density of deer in the treated and control 
areas. Eight transects ranging from 1.2 to 2.0-km long and 200-m 
wide were flown in the treated and controlareas at a speed of 40-56 
km hour-’ and an altitude of 15-18 m. Two observers counted deer 
on their respective side of the transect midline. Transects were 
flown for complete coverage. In 1990, we determined effective strip 
width in the 2 areas using methods of DeYoung et al. (1989). The 
effective strip width was similar between the control (correction 
factor = 3.40) and treated (correction factor = 3.38) areas. 

Three separate dense whitebrushdominated sites on the La 
Campana Ranch ranging from I6 to 41 ha in size received heavy 
discing treatments during July 1988. Initial treatment consisted of 
a 55-m-wide single-treatment strip applied in an oval or horseshoe 
pattern using a 3.7-m-wide Steiger disc with 91-cm blades. An 
additional 55-m-wide strip was disced adjacent to each initially 
treated strip in May 1989. Three similar sites were used as controls. 
All treated and control sites were > 1.6 km apart. 

Data were analyzed using t-tests (Steel and Torrie 1980). The 
experiment was not replicated because of the expense of the treat- 
ments. Because the experiment was not replicated, treatment 
effects were possibly confounded with site effects. Statistical infer- 
ence is valid when treatments are not replicated, but inferences 
pertain only to specific sites (Steel and Torrie 1980, Hurlbert 1984). 

La Cnmpana Ranch 
A second experiment was conducted on the La Campana Ranch 

to provide a replicated test of the effects of roller chopping guajillo- 
blackbrush acacia-dominated sites on deer use. Roller-chopping 
treatments were applied to 3 separate dense guajillo-blackbrush 
acacia-dominated sites, ranging from 30 to 125 ha in size, during 

Percent brush canopy cover, estimated using the line-intercept 
method (Canfield 1941), was used to determine similarities between 
sites. Twenty 15-m line transects were randomly located in 
untreated sites and in treated sites. In treated sites, 10 transects 
were randomly located in the untreated portions and 10 in treated 
portions. Line transects were placed using a stratified random 
sampling method (Knight 1978: in Chambers and Brown 1983) and 
were measured on a seasonal basis (winter = January-March, 
spring = April-June, summer q  July-September, and fall = Octo- 
ber-December). Percent canopy coverage of herbaceous plants 
was estimated in 20 X 50-cm quadrats placed at 5-m intervals along 
each transect (Bonham 1989). Canopy cover was estimated in 60 
quadrats per site. Percent similarity between sites was determined 
using Sorenson’s community coefficient quantitatively modified 
(Motyka et al. 1950: in Meuller-Dombois and Ellenberg 1974). 
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Table 1. Mean pellet group density for 3 disced (D) end 3 untreated (U) dense whitebrush sites and 3 roller-chopped (RC) and 3 untreated (U) dense 
guajlllo-blackbrush ncacla sites on the La Campana Ranch, McMullen and Duval counties, Tex., summer 1988-spring 1990. 

Season 

Whitebrush Guajillo-blackbrush acacia 
D u RC U 

x SD x SD x SD x SD 

Summer 1988 
Fall 1988 
Winter 1989 
Spring 1989 
Summer 1989 
Fall 1989 
Winter 1990 
Spring 1990 

__________ ____ 
---‘oii___m- 0.05 ------------(pell~tgro~psh~~1~~~)--------------------------.----. 0.15 0.15 0.15 0.31 0.11 

0:36 0.34 0.17 0.17 0:34 0.32 0.12 0.04 
1.63 0.95 0.90 0.45 1.32 0.71 0.08+ 0.08 
1.43 0.45 0.27* 0.40 1.17 0.34 0.27. 0.22 
1.15 0.33 0.31* 0.25 1.25 0.46 0.06* 0.02 
0.41 0.06 0.18 0.18 0.85 0.85 0.03 0.02 
0.70 0.26 0.74 1.05 2.06 1.32 0.14 0.09 
0.26 0.16 0.00 0.00 0.72 0.64 0.21 0.25 

*Signiticant at the 0.05 level. 

Averaged across all sampling dates, mean plant community sim- 
ilarity between untreated portions of roller-chopped guajillo and 
blackbrush acacia-dominated sites and untreated sites was 80%, 
and similarity between untreated portions of disced sites and 
untreated whitebrushdominated sites was 82%. 

respectively, for roller-chopped residual sites, whereas untreated 
sites had 1.7 & 1.7% and 11.2 5 14.3%, respectively. 

Discing 

The estimated deer population on the ranch was 629 (8.6 km-‘) in 
1988 and 639 (8.8 km-‘) in 1989 based on annual helicopter counts 
in October. Treated and control areas were too small to conduct 
accurate helicopter acounts specifically in them; therefore, we 
assessed trends in deer use by pellet-group counts. During June- 
July 1988, 2 randomly selected, permanent line transects were 
established in each site to count deer fecal-pellet groups (Anderson 
et al. 1979). Each transect line ranged from 182 to 83 1 m. Transect 
lines were established perpendicular to the treated strips in treated 
sites. Transects were walked once every 3 months to determine 
seasonal deer use. Perpendicular distance from the transect line to 
the midpoint of each deer pellet group seen was measured. A pellet 
group consisted of >5 pellets of similar shape, size, and color. 
Pellet groups were removed after being recorded to prevent 
recounting on subsequent surveys. An estimate of seasonal pellet- 
group density was derived for each site using the Fourier series 
estimator (Burnham et al. 1980). Seasonal pellet-group densities 
for treated sites were combined and tested against seasonal pellet- 
group densities of untreated sites using 2-sample r-tests (n = 3) to 
determine effects of treatment on deer use. Repeated measures 
analysis was used to test for treatment differences in pellet-group 
densities across seasons following the initial summer 1988 survey. 
Differences were considered significant at the 0.05 level. 

Similarity in pellet-group densities between disced and untreated 
sites for summer 1988 suggests that deer use was similar before 
treatment (Table 1). Pellet-group densities were greater in disced 
sites compared with untreated sites in spring and summer 1989, 
and when averaged across seasons following the initial survey. 
Within disced sites, 43% of pellet groups found were in treated 
strips. Treated strips comprised 29% of total line transect length 
during the study, which suggests deer were attracted to the disced 
strips. Because defecation rates may change with season (Rogers 
1987, Sawyer et al. 1990) differences among seasonal use of sites 
was not tested. 

Canopy cover of brush, grass, and forbs over all seasons, for 
untreated portions of disced whitebrush sites was 76.5 f 6.3,lO. 1 f 
5.1, and 22.4 f 33.2%, respectively. Untreated whitebrush sites had 
cover values for brush, grass, and forbs of 74.7 f 2.8, 16.2 f 7.8, 
and 25.1 f 33.0%, respectively. 

Discussion 

Results 

Roller Chopping 
Estimated deer density in the roller-chopped area of the Esper- 

anza Ranch was higher than estimated deer density in the control 
area during 1985-1987 and in 1989 (Fig. 1). On the La Campana 
Ranch, pellet-group density between roller-chopped (0.43 f 0.15 
groups ha-’ day-‘) and untreated sites (0.3 1 f 0.11 groups ha“ 
day-‘) was similar for summer 1988, indicating that pretreatment 
use by deer was similar (Table 1). Pellet-group densities were 
greater in roller-chopped sites, compared with untreated sites, in 
winter, spring, and summer 1989, and when averaged across sea- 
sons following the initial survey. Within roller-chopped sites, 
36.2% of pellet-groups found were in roller-chopped strips. Roller- 
chopped strips comprised 35.5% of total line transect length during 
the study. 

Roller chopping separate portions of rangeland dominated by 
guajillo and blackbrush acacia during consecutive years in early 
summer to rejuvenate browse increased deer use of the treated 
areas. Inglis et al. (1986) suggested that maximum deer densities 
could not be maintained following clearing L66Yc of rangeland in a 
strip pattern in the Texas Rio Grande Plains. Although 80% of the 
Esperanza Ranch area was roller-chopped, 20% of the area was 
treated each year over a 4-year period and brush canopy cover on 
treated strips increased rapidly following treatment (Bozzo et al. 
1992). Thus, the treatment reduced brush cover much less than if 
80% of the area had been treated at one time. A caveat regarding 
our results on the La Campana Ranch is that deer use as deter- 
mined by fecal counts may be biased against feeding areas because 
animals defecate more when moving than when feeding (Severson 
and Medina 1983). 

Brush canopy cover of untreated portions of roller-chopped sites 
on the La Campana Ranch averaged 76.5 f 4.1 (2 f SD) across 
sampling dates, whereas that of untreated sites was 8 1.2 f 4.0%. 
Grass and forb cover averaged 3.6 f 2.5% and 10.2 f 15.6%, 

Although the objective of roller chopping was to increase nutri- 
tional quality and availability of browse, the amount of browse in 
deer diets on roller-chopped and untreated rangeland on the 
Esperanza Ranch was similar or greater on the untreated range 
(J.P. Reynolds, unpublished data). Forbs comprised more of deer 
diets in the roller-chopped area than in the untreated area during 
October 1986, but comprised a greater portion of deer diets in the 
untreated area in October 1987. Rollins et al. (1988) reported 
increased deer numbers (2-8 fold) following 50 and 70% (6-10 
8. l-ha openings) chaining of live-oak (Quercus virginiana Mill.) 
dominated rangeland on the Edwards Plateau of Texas and attrib- 

498 JOURNAL OF RANGE MANAGEMENT 45(5), September 1992 



uted increased densities to increased forb production. Pellet-group 
densities in guajillo-blackbrush acacia sites on the La Campana 
Ranch did not correspond with forb canopy cover on a seasonal 
basis. Significant increases in both pellet-group density and forb 
cover occurred concurrently in summer 1989, whereas forbs in 
treated sites were also significantly increased in winter and spring 
1990 (Bozzo et al. 1992). Lack of differences in pellet-group density 
during periods of high forb cover in roller-chopped sites may be 
attributed to deer diets. If deer consumed browse (higher in fiber) 
on untreated sites, then their defe_cation rates would be higher than 
deer feeding on preferred herbaceous material (Rogers 1987). 

For whitebrush sites, increased forb cover on treated strips in 
spring and summer 1989 (Bozzo et al. 1992) may have influenced 
deer use during those seasons. Deer use of disced strips throughout 
the study was high. Although accessibility was probably increased, 
increased deer use of disced areas over the entire study was not 
related to increased total herbaceous cover, because herbaceous 
cover was similar (1988 treatment) or reduced (1989 treatment) 
overall. 

Increased deer use of treated areas was probably a function of 
several factors including increased forb availability and increased 
nighttime visibility for predator detection (Inglis et al. 1986). 
Research on the relative importance of forb availability, browse 
availability and nutritional quality, and brush canopy cover and 
structural characteristics as mechanisms governing deer use of 
treated areas is needed for managers to devise brush management 
strategies that result in optimum deer habitat. 
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Abstract 

In 1989 a mixture of clover (Ttffolium hybridum L. and T. 
repens L.) seed preinoculated with Rhizobia by 2 commercial 
techniques (GuardcoatTM(‘) and DormalTMtl)) were compared to 
bare seed. The Guardcoat produced nodulation on 30% of the 
clover plants. Dormal and bare seed produced no nodules. Fifty- 
nine percent of the N in clover top growth in 1990 was derived from 
atmospheric nitrogen. Use of a pre-inoculated treatment, such as 
Guardcoat, is an effective method of delivering Rhizobia to 
aerially seeded clover. 

Key Words: logging, coated seed, clover (alsike, white), N- 
fixation, 15N natural abundance 

Clearcut-logged areas in interior British Columbia are seeded 
with domestic forage species for forage production, soil improve- 
ment, native vegetation control, and erosion control. Because the 
sites are typically too rough, steep, and log-strewn to allow conven- 
tional cultivation, the seed is sown by aircraft. Sites are selected on 
the basis of the need for the revegetation as well as on the presence 
of seedbed suitable for broadcast sowing. In normal practice, site 
scarification is done for tree regeneration and not specifically for 
establishment of forages; thus less mineral soil is exposed than 
would be optimum for forage establishment. Mixtures of legume 
and grass species adapted to site conditions are sown at a low 
density (3 kg/ ha) to minimize potential competition with conifer 
regeneration. 

Soils on these sites may lack the appropriate Rhizobium nodule 
bacteria, and are nitrogen-poor (Hendrickson and Burgess 1989), 
so legume seed inoculation may be beneficial. Standard field inocu- 
lation, with peat-base inoculum and a sticker solution, is not 
convenient for the current aerial seeding program. Weather condi- 
tions are an important consideration in timing of the seeding, 
particularly for aeroplanes based far from the clearcuts. If a seed 
lot has been inoculated and loaded on the aircraft, and weather 
deteriorates, the load must be removed and then re-inoculated 
when conditions improve. 

Pre-inoculation treatments are available to replace field inocula- 
tion. Typical pre-inoculation products are designed to provide a 
more favorable microenvironment for the bacteria, to ensure its 
safe delivery to the soil, and thereby to facilitate nodulation. In this 
study, 2 commercially available pre-inoculation products were 
evaluated on clover. The natural-abundance method of N isotope 
dilution was used to determine the proportion of N derived from 
the atmosphere by N-fixation. 

We gratefully acknowledge the technical assistance of G. Majak, M. Marginet, K. 
McCullounh. and G. Baalim. and the tinancial SUDDOR orovided bv Grow Tee. Ltd.. 
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Materials and Methods 

Study Area 
The study was done in a 20-ha clearcut at 1,430-m elevation 

northwest of Kamloops near McGillivray Lake. The site lies within 
the biogeoclimatic zone (Lloyd et al. 1990) described as Thompson 
Dry Cold Engelmann Spruce-Subalpine Fir Variant with mesic to 
submesic soil moisture regime. Soil is classified (Agriculture Can- 
ada Expert Committee on Soil Survey 1987) as Podzolic Gray 
Luvisol (Boralf, U.S.A. equivalent) with medium fine to fine tex- 
ture on morainal materials. Engelmann spruce (Picea engelmannii 
Parry) had been harvested from the area in 1988. The research site 
was on a gently rolling, SSE-facing slope. It had been drag- 
scarified during the fall of 1988. 

Seed Pm-inoculation Treatments 
In 1989,2 commerical pre-inoculation products were tested on a 

clover seed mix of 67% alsike (Trifolium hybridum L.) and 33% 
white (T. repens L.). The Dormal pre-inoculant was a clay-base 
product from Urbana Laboratories/ Research Seeds, St. Joseph, 
MO. It added no significant weight to the seed, the material appar- 
ently being held electrostatically. The Guardcoat pre-inoculant 
was a multi-layer lime coat from Grow Tee, Ltd., Edmonton, Alta. 
This product added weight to the seed, so that 33% (w/w) of the 
coated product was coating material. Both treatments were applied 
to each clover species separately in the Grow Tee laboratory, with 
the same inoculum for each clover species. The coated clover seeds 
were then mixed with uncoated orchardgrass (Dactylis glomerata 
L.) seed at a ratio, by seed numbers, of 40% orchardgrass, 40% 
alsike, and 20% white clover. The mixed seed was double-bagged in 
woven polypropylene (@ 25 kg), transported by bus to Kamloops, 
and stored in an unheated warehouse for 5-days before seeding. 

Seeding 
Three parallel 500-m lines, extending up the slope, and with 

centers 120-m apart were established. Each line received a different 
seeding treatment. A l-m wide observation strip was delineated 
with twine down the center of the south 100 m of each line. Worker 
traffic was excluded from this area, to protect the soil from distur- 
bance that might influence plant establishment. On 30 May 1989, 
seed was applied at 3-kg/ha with a gas driven ‘Isolair’bucket seeder 
slung under a helicopter. Three passes were made on each line, to 
give a 30-m wide seeded strip. The order of line location and 
seeding was bare, Guardcoat, Dormal. 

Measurements 
To determine actual seeding rate, 20 traps, 0.09-m2 milk crates 

lined with plastic bags, were placed at 5-m intervals on alternate 
sides of the observation strip. 

To determine establishment, 20 permanent 0.25-m2 plots were 
established 5 m apart within the observation strip. The corners of 
plots were marked with spikes and nylon twine was strung around 
them. Plants were counted on 4 dates: 8, 20, and 29 June, and 12 
September. During the first count, a visual estimate of the percen- 
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tage of suitable seedbed in each plot was recorded. Seedbedjudged .,~ ) ._ . ,. ;. . i ;. 
to be suitable for forage species establishment included hare min- 

. . . . . . 9 ,; ~.“.v.,eq 

era1 or organic soil and mineral soil mixed with a moderate amount 
of litter; seedhed not suitable for forage production was that 
covered with twigs, logs, rocks, and duff. 

The actual species composition of each seed mix and the species 
viability were measured for representative samples from each mix 
by the Agriculture Canada Research Station in Saskatoon. Dupli- 
cate samples, with no clover species separation, were tested for 
germination at the Kamloops Station (four IOO-seed replicates/ 
treatment, 7 days at 20” C ). Viability results from Saskatoon were 
weighted for species composition to allow inclusion with the Kam- 
loops results on mixed seed. Hard seeds were not considered 
germinable. 

To determine the viability of the inoculum on the seeds as sown, 
samples collected from the seed traps and stored 2 months at 6’ C 
were analyzed for MPN (most probable number of live bacteria) by 
Norwest Labs, Nisku, Alberta. 

Nodulation on clover plants was evaluated on 19 July and 14 
August. On each occasion, a random sample of 40 plants was dug 
from a new 100-m transect parallel to the observation strip and 5-m 
from its center. Sampling points were at 5-m intervals along the 
transect with the 2 plants closest to each point being evaluated. 
Nodules were rated for number, size, color, position on root, and a 

Fig. 1. Researchers with the seed trqn used to mCPS”re the seeding rate 
delivered by the helicopter. 

weighted score was calculated (Rice et al. 1977). 
On IO September, 1990 clover plants were dug from the Guard- 

coat treatment and divided into 2 groups: nod&ted (N-fixing) and 
non-nodulated (non-fixing). The growth above ground level was 
then removed. At this time the plants had set seed, and the leaves 
were largely bleached and subject to shattering. Many of the 
nodules had white or green interiors, occasionally withered at lobe 
tips, or completely wizened. Collection of samples for mcasure- 
ment of N-fixation was done on a transect running from the 100-m 
to the 500-m point on the seeded line, with each 100-m portion 
beingconsidered asaplot. Within eachplot 2plants, for each ofthe 
fixing and non-fixing categories, were taken at 20-m intervals. To 
provide sufficient tissue for laboratory analysis, relatively large 
plants were used. The 10 plants collected per plot were dried at 60’ 
Cin aforced&roven. bulked, then ground to pass I-mmmesh, for 
2. to 17-g of material. A 250.mg sample was analyzed for total 
Kjeldahl N (modified to include nitrate), the distillates converted 
to Nz gas using lithium hypobromite, and the Nz gas analyzed for 
atom percent ‘SN using a VG Isogas SIRA 9 Mass Spectrometer, as 
described previously (Preston et al. 1990). To ensure accuracy, 
each sample was split into 2 subsamples after acidification for the 
1SN analysis, and 1 sample from each treatment was replicated for 
the complete total N and “N analysis. 

The percentage of N derived from the atmosphere (% Ndfa), was 
calculated using the difference between fixing and non-fixing sys- 
tems, according to Ledgard et al. (1985): 

where nfs refers to a non-fixing system, fs refers to an N-fixing 
system, and B is the atom % “N for a legume grown solely on 
atmospheric N. It was assumed that B = 0.36652 as reported for 
subterranean clover (Ledgard et al. 1985). 

Statistical Analysis 
Plots were the experimental units for percent seed bed, number 

seeds sown/m2, and percent seedling establishment. For nodula- 
tion, the units were individual plants, and for percent germination 
they were seed samples analyzed by each laboratory. For plant 
establishment a log transformation was done to stabilize the stand- 
ard deviation before doing analysis of variance. The backtrans- 
formed means arc presented. The seed test variables were in a 
randomized complete block design with laboratories as blocks. In 

the analysis of variance of percent seed bed, number seeds 
sown/m’ and seed viability, the variance was partitioned into 
pre-inoculation treatment effect and error. For seedling establish- 
ment the variance was partitioned into pre-inoculation treatment, 
date, treatment by date, and error effects. Significance was tested 
at P<O.O5, but the results of the analyses must be interpreted with 
caution as the error was based on subsampling rather than on true 
replication. 

Results 

Clover Establishment 
Seeding by helicopter resulted in no significant difference 

between treatments in clover seed distribution, with an average of 
321 seeds/m’ (SE = 18, n = 60). The plot areas estimated to be 
suitable for seedling establishment were not significantly different 
for treatments and averaged 34% (SE = 4, n = 60). The intended 
species ratio in the mixes was 2 alsike : I white, but actual ratios 
were 21, 3:l, and 3:l for the bare, Dormal and Guardcoat treat- 
ments, respectively. Alsike clover had 87% germination compared 
to 73% for the white clover. Pre-inoculation treatments did not 
significantly affect either germination of the mixed seed (86%, SE = 
2, n = 6) or hard seed content (2.5%, SE = 0.2, n = 6). 

Clover establishment increased from 8 June to 29 June (4.9 to 
21.2 seedlings/ ml), followed by some mortality during the summer, 
as reflected in thetinalcount on I2 September(12.8seedlings/m2). 
The pre-inoculation treatment by date interaction was not signifi- 
cant. Neither Guardcoat nor Dormal sienificantlv increased aver- 
age establishment of sown seed compareh to the dare seed control. 
By the end of the first growing season, 4% (14% from actual data 
rather than from backtransformed data) of sown seeds had 
established. 

Root Nodulation 
In 1989, nodulation was observed on the Guardcoat treatment: 

38 zt 8% (mean zk SD) on I9 July and 22 + 6% on I4 August. No 
nodules were observed on the other 2 treatments. When tested 2 
months after seeding, neither the Dormal pre-inoculated seeds nor 
the bare control seeds contained viable bacteria: MPN = 2.1 and 
MPN = 6.5, respectively. The MPN for the Guardcoat treated seed 
was 15,100. On plants from the Guardcoat treatment, nodule 
quality was ratedat4.5 out of 10 on I9 Julyand6.8 out of IO on 14 
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August. Plants as small as the first trifoliate stage were nodulated. 

Percent of Nitrogen Content Fixed 
For the estimation of N-fixation, 1 value was deleted from 

calculation of the mean because the value of the atom percent rsN 
for the non-fixing sample was abnormally low. This low value 
suggested that some plants collected for this sample had been 
nodulated. The average percent r5N for the nonfixing system was 
0.36953 f 0.00060 (mean f SD, n = 3) and for the fixing system 
was 0.36767 f 0.00014 (n = 4). Estimates of Na fixation showed 
that nodulated clover plants obtained 58.7 f 9.7% (mean f SD, n 
q  3) of their top growth N content from the atmosphere. 

Discussion 

According to the regulations of the Fertilizers Act (Agriculture 
Canada 1990), a sample of pre-inoculated seed is rated satisfactory 
if the upper 95% confidence limit for the MPN/seed is 103. How- 
ever, official test results for Dormal, obtained after this trial was 
begun, showed values below 103 for 1987-1989 (performance 
records, pre-inoculated clover seed, Feed and Fertilizer Division, 
Agriculture Canada). As a result of these official tests, the com- 
pany producing Dormal agreed to take pre-inoculated clover seed 
inoculum off the market in 1990 (pers. commun., M. Kenney). To 
determine the likelihood that the Dormal product we had used had 
a low Rhizobia number, MPN counts were done on seeds stored 2 
months at 6O C. Dormal seed tested at this time had no viable 
Rhizobia, so it is concluded that they bore no viable inoculum at 
the time of seeding. The upper limit measured for Guardcoat 
following 2 months’ storage, 42,000 MPN/seed, exceeded the 
required minimum. 

The complete failure of the Dormal product was unexpected. On 
operational seedings in previous years, nodulation had been 
observed on similar sites seeded with Dormal pre-inoculated clover 
(unpublished data, R. Tucker). Although this study provides a 
valid test of the Dormal product produced in 1989, it does not 
provide a valid comparison of the 2 different methods of pre- 
inoculation used in the study. The Dormal treatment was the 
equivalent of an uninoculated bare seed treatment and the data 
from it are useful because they provide further evidence that native 
Rhizobia do not exist on this clearcut. The designated bare treat- 
ment and the Dormal treatment were located on either side of the 
Guardcoat treatment. The nodulation by Guardcoat compared to 
the other 2 treatments was sufficiently dramatic that it is unlikely to 
be a statistical artifact; owing to this fact and the uncertainty that a 
viable Dormal product could be obtained, this trial was not repli- 
cated in time. 

The 15N natural-abundance method of estimating N-fixation 
was shown to be useful on a clearcut site. Nodulated clover plants 

obtained 59% of their top growth N content from the atmosphere. 
For comparison, isotope measurements in a field study in Califor- 
nia with ‘Ladino’ white clover and ‘Wimmera’ ryegrass (Lolium 
rigidium L.) indicated that the clover obtained 85 to 100% of its N 
from the atmosphere (Broadbent et al. 1982). Ryegrass, when 
grown in a mixture with the white clover, obtained 79% of its 
nitrogen through transfer from the clover once the stand was 
established for 6 months. For this reason, nitrogen-fixing clover is 
expected to benefit grass and tree growth on this clearcut. In 
addition, any soil N not used by the clover is available for the use by 
the other species on the site (Phillips et al. 1986). 

Because nodulated clover plants obtained a significant amount 
of nitrogen from the atmosphere, and because seed inoculation 
increased the number of plants nodulated, it is concluded that 
inoculating seed for this type of site is beneficial. This trial was 
designed to simulate operational conditions as closely as possible 
with available resources. To fully evaluate performance of Guard- 
coat pre-inoculation under operational conditions other aspects, 
such as storage life of preinoculated seed and use of aeroplanes, 
warrant further research. 
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Abstract 

Cattle grazing has been suggested as a principai cause for poor 
oak recruitment in Caiifornia’s hardwood rangebmds. This study 
evaluated the effects of stock density and season of grazing on blue 
oak (QuercusdouglasiiH. & A.) establishment. In December 1989, 
seven hundred and twenty blue oak seedlings were planted on 3-m 
centers in 30 plots in 3 annual grassland pastures at the Sierra 
Foothill Research and Extension Center east of Marysviiie, Calif. 
The treatments consisted of 3 seasons X 3 stock densities plus 1 
nongrazed control. During January, April, and July of 1990, steers 
and heifers @= 318 kg) were aiiowed to graze 1 plot per week at low, 
medium, and high stock densities (2.5, 7.5, and 15.0 head/ha, 
respectively). Control plots were used to monitor wildlife brows- 
ing. One haif of all seediing sites received an application of glypho- 
sate prior to transplanting to eliminate grass competition. Brows- 
ing and trampling damage were estimated at the end of each 
treatment. Total damage (sum of browsing and trampling dam- 
age), browsing damage, trampling damage, and survival to April 
1991 were significantly different for the 9 season and stock density 
treatments wO.05). Spring and summer grazing tended to be 
most damaging and resulted in the lowest survivai rates. Within 
each season total damage increased with stock density but survival 
did not change significantly. Weed control around oak seedlings 
had no apparent effect on total damage or survival. There were 
significant differences in browsing damage between seasons but 
not between control and grazed plots within seasons wO.05). 
Survival in ungrazed plots was not significantly different wO.05) 
from the spring and summer grazed plots. Consequently, the con- 
tribution of wildlife to reduced blue oak seediing survival in grazed 
oak woodiands should not be underestimated. 

Key Words: browsing, foothill/oak woodiand, grazing manage- 
ment, recruitment 

California’s hardwood rangelands, of which oaks are a major 
component, occupy over 2.8 million hectares and are the source of 
28% of the state’s range forage (Forest and Rangeland Resources 
Assessment Program 1988). The future of oaks has become the 
focus of public scrutiny in recent years due to their declining 
numbers and concern about poor natural recruitment. Since the 
turn of the century, there have been reports that several native 
species were not regenerating sufficiently to maintain existing 
stand densities or species distribution (Sudworth 1908). Several 
authors have recently confirmed that blue oak is regenerating 
poorly in certain areas of the state (Mayer et al. 1986, Muick and 
Bartolome 1986, Bolsinger 1988). 

With the recent concern over the fate of oaks in California’s 
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hardwood rangelands, livestock have been identified as a probable 
cause of poor oak recruitment (Twisselmann 1967, Franc0 1976, 
Griggs 1986). Livestock are one of many mammalian predators of 
oak seedlings and acorns. Other authors discount the primary 
importance of cattle in limiting oak recruitment. Griffin (1976) 
noted that at the Hastings Reservation in California, where live- 
stock grazing has been absent for 37 years, valley oak saplings were 
still rare due to deer and other animals. 

The objective of this study was to determine the impact of 
different seasons and intensities of grazing on blue oak seedling 
damage and survival. 

Methods and Materials 

The study was conducted on the University of California’s Sierra 
Foothill Research and Extension Center (SFREC), 3 1 km east of 
Marysviile in Yuba County, Calif. This lower Sierra Nevada foot- 
hill location is approximately 330 m elevation at 39 14’ N 121 18’ 
W. An average of 750 to 900 mm of rainfall is received between 
mid-October and late April in a typical Mediterranean climate. 
Total precipitation during the project (1 September 1989 to 30 
August 1990) was 678 mm. The soil type on the study site s a 
Sobrante graveliey loam (mixed thermic Moilic Hapioxeralf). 
Experimental pastures 1 and 2 were on rolling terrain (8-i% 
slope) while pasture 3 was steeper (1540% slope). 

The vegetation is typical of the lower foothill oak ((Quercus 
spp.) woodlands that have been cleared of trees (Quercur douglasii 
H. and A., Q. wislizenii A. DC. and Pinus sabiniana Dougl. Ex D. 
Don) and shrubs (Arctostaphylos viscida Parry, Ceanothus cunea- 
tus (Hook) Nutt., Cercocarpus betuloides Nutt., and Rhus diver- 
siloba T. & G.) to increase range forage production. In the experi- 
mental pastures, the plant community included annual grass 
species such as soft chess (Bromus mollis L.), ripgut brome (B 
diandrus Roth), red brome (B. rubens L.), annual fescue ( Vulpia 
myuros (L.) C.C. Gmel.), wild oats (Avenafatua L.) medusahead 
( Taeniatherum asperum Nevskii), and dogtail (Cynosurus echina- 
tus L.); perennial Hardinggrass (Phalaris tuberosa var. stenoptera 
(Hack.) A. Hitchc.), and forbs such as filaree (Erodium spp.) and 
rose clover ( Trifolium hirtum All.). 

Blue oak seedlings used in this study were produced from acorns 
collected from 6 blue oak trees at the Dye Creek Ranch, south of 
Red Bluff, Calif., in late September, 1988. The acorns were placed 
in cold storage until December, when they were sown into 38 mm X 
203-mm paper sleeves. A standard potting mixture containing peat 
moss, vermiculite, and fir bark was used. The seedlings were grown 
in a greenhouse from December 1988 to May 1989 and then placed 
in a lathhouse in Los Molinos, Calif., until October 1989, when 
they were transported to SFREC and kept outside until trans- 
planting. 
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In December 1989, 24 one-year-old blue oak seedlings were Table 1. Seedling damage (96) and survival ($6) and (5%) to April 1991 for 
planted into each of thirty 17 X 30-m plots, 10 in each pasture. That blue oak seedlings in plots grazed during the 1989-90 growing season. 
arrangement provided 3 replications of 10 treatments. The treat- 
ments consisted of 3 seasons X 3 stock densities plus 1 nongrazed 
control. The nongrazed control was closed to grazing by livestock 
but to accessible deer (Odocoileus hemionus) and other wildlife. 
The 10 treatments were randomly assigned to plots in each repli- 
cate. Plots were separated from the pasture by portable electric 
fencing. 

Treatments 
Stock 

Season density 

Damage 

Browsed Trampled Total Surival 

In each plot, 24 seedlings were planted on 3-m centers in 90 cm 
deep holes in which a 21-g slow-release fertilizer tablet (20-10-5) 
had been placed. Prior to transplanting, 12 of the 24 seedling sites 
in each plot were randomly chosen to receive an application of 
glyphosate, at the rate of 2.2 kg ha-’ to eliminate grass competition. 
Glyphosate was applied to a circle of 45 cm radius around the 
seedling site. 

Winter low 
Winter medium 
Winter high 
Spring low 
Spring medium 
Spring high 
Summer low 
Summer medium 
Summer high 

During winter (17 January-6 February 1990) and spring (3-23 
April 1990) 3 steers grazed each pasture. These were replaced in 
summer (26 June-16 July 1990) by heifers. The steers and heifers 
averaged 318 kg live weight when they entered the study. The 
animals were assigned to pastures and each group grazed the same 
pasture in each cycle. 

Means in the same column followed by the same letter are not significantly different at 
p<o.os. 

Table 2. Seedling damage (%I) and survival (%I) to April 1991 for blue oak 
seedlingu that received weed control or no weed control during the 
1989-90 growing season. 

Stock density in each season was increased in weekly increments 
by reducing pasture size with portable electric fencing. In week 1 of 
each season (low stock density), animals in each pasture had access 
to 1.2 ha that included an oak seedling plot for a stock density of 
2.5 head ha-‘. At the beginning of the second week (medium stock 
density), the area was reduced to 0.4 ha for a stock density of 7.5 
head ha-‘. The pasture was further reduced at the beginning of the 
third week (high stock density) to 0.2 ha for a stock density of 15 
head ha’. A new oak plot was available each week. 

Treatment 

Herbicide 
No herbicide 

F Test @<0.05) 

Damage 
Browsed Trampled Total Survival 

______________-- -_------------- (%) 
25 4 29 14 
24 4 28 12 

N.S. N.S. N.S. N.S. 

Seedlings were numbered (l-24) according to their location in 
each plot so that seedling damage and survival could be monitored. 
Each seedling’s height was measured before and after grazing. 
Seedlings were counted as browsed if a stem was visibly severed or 
there was a measurable decrease in height. Seedlings were counted 
as trampled if they were broken. In winter and spring, broken 
seedlings were often found in depressions created by hoof impact 
on wet soils. A few seedlings that were both browsed and trampled 
were counted as trampled. Seedling survival was determined in 
April 1991 by counting seedlings that produced new leaves. 

At the end of each season’s trial, the cattle were removed from 
the fields until the next season. During periods of no grazing, all 
seedlings were covered by aluminum screen cages to prevent dam- 
age by deer and other wildlife. 

increased with stock density. Winter grazing at low stock densities 
was least damaging of the treatments while spring or summer 
grazing at high stock densities was most damaging. The lowest 
stock density used in this study (2.5 head ha-‘) exceeded those 
normally used (1 head per 1 to 2 ha) on foothill ranches that are 
continuously grazed during the winter and spring grazing season. 
However, the stock densities used in this study were representative 
of those where rotational grazing is practiced. Because the pastures 
used in this study have been cleared of oak trees, care should be 
taken in extrapolating these results to pastures with oak trees. 
Damage to oak seedlings under oak trees may be greater than 
measured in this study because cattle are often attracted to oak 
trees by higher forage levels, differing species composition, shade 
(Duncan and Clawson 1980), higher forage quality (Frost, Mc- 
Dougald and Demment 1991), and acorns (Borchert et al. 1989). 

Differences between seasons, stock densities, treatment (season 
X stock density) and the herbicide sub-factor were analyzed as a 
completely randomized-split plot design using analysis of variance. 
Least significant differences (LSD) were calculated where signifi- 
cant collective browsing and trampling effects were detected. Dif- 
ferences were considered significant at the p<O.OS level. Survival 
counts expressed as proportions were subjected to arcsine trans- 
formation prior to analysis of variance and mean separation (Little 
and Hills 1978). 

During spring and summer, trampling damage was a minor 
contributor to total damage while trampling accounted for more 
than one-third of the total damage in winter. We assume that 
trampling is a random event that would increase as density 
increases. Low winter forage levels may increase foraging activity 
by livestock, resulting in more complete utilization of a pasture and 
therefore greater chances for a random trampling event. More 
complete utilization coupled with soft, wet soils may explain win- 
ter trampling. 

Results and Discussion 

Season and Stock Density Treatments 
Analysis of variance showed significant differences between 

treatments for total damage, browsing damage, trampling damage 
and survival to April 1991 (Table 1). Total damage was the sum of 
grazing and trampling damage. Weed control around oak seed- 
lings had no apparent effect on total damage or survival to April 
1991 (Table 2). Of the 26% that survived 14% were herbicide 
treated and 12% were not treated. 

Winter browsing damage was significantly lower than spring 
and summer browsing at medium and high stock densities. Spring 
browsing damage at all stock densities was much higher than 
anticipated. It was thought that damage to oak seedlings would 
diminish as green forage quantity increased. However, the steers 
appeared to have been attracted to patches of rose clover in the oak 
seedling plots, resulting in greater browsing damage. 

Mean separation (LSD, p<O.O5), revealed that total damage 

Heavy summer browsing damage suggests that when annual 
grasses and forbs are dry and less palatable, cattle may choose oak 
seedlings because they are the only green vegetation in the pastures 
during the summer months. Longhurst et al. 1979 found that the 
browse component of sheep diets increased during the summer 

_______ 
6f 

25def 
19def 
39cde 
6labc 
79ab 
54bcd 
74ab 
89a 

__--_- 
6cd 

13bc 
33a 

Id 
3d 

14b 

2 
4d 

(%)______ _______ 
12f 46a 
38e 43a 
52cde SOa 
40de 2obcd 
64bc 22bc 
93a 29b 
s?bcd 7d 
74b 7d 
93a 12dc 
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months. Wagnon (1963) found that cattle spent time browsing 
woody vegetation at San Joaquin Experimental Range from late 
spring through mid winter. During most of the spring forage 
growing season, cattle spent little or no time browsing woody 
vegetation. 

Within each season of grazing, seedling survival to April 1991 
(end of second growing season) was not influenced by stock den- 
sity. Seedling survival to April 1991 was significantly greater for 
the winter treatments than all other treatments. Seedling survival 
for winter grazing treatments may be due to higher soil moisture. 
Browsing and trampling damage to seedling roots may be less in 
the more pliable wet winter soils, or remaining undamaged roots 
may be able to grow and replace damaged roots during the 
remainder of the growing season. Several seedlings that were 
pushed into the soil by trampling in January 1990 were observed to 
survive to April 1991. Seedlings damaged during spring had less 
time to replace damaged roots. Poor summer survival may have 
been the result of extensive root tearing in dry, inflexible soil 
combined with inadequate soil moisture for root growth. 

Yearly variation in rainfall, temperature, severity of summer 
drought, late spring soil moisture depletion, and seedling predator 
populations may influence the blue oak seedling damage and sur- 
vival determined in this study. Borchert et al. (1989) report that 
blue oak seedling recruitment is affected by rainfall, temperature, 
acorn survival, and predation. Gordon et al. (1989) and Welker 
and Menke (1990) found that rapid soil water depletion by annual 
grasses reduced blue oak seedling survival near the onset of the 
summer dry season. The impact of deer and other wildlife on oak 
seedling survival has been reported by Griffin 1976 and Adams et 
al. (1992). Wildlife populations are presumed to fluctuate and 
therefore vary in their yearly impacts on oak seedling survival. 

This study reports direct influence of livestock grazing on seed- 
ling damage and survival. Livestock may also have indirect influ- 
ences on seedling survival. Welker and Menke (1990) report a 
short-term increase in blue oak seedling water potential following 
defoliation. However, increased seedling water potential was short 
lived because associated annual grasses rapidly deplete soil water. 
Gordon et al. (1989) found that oak seedlings growing in the 
absence of annual grasses had higher soil water potentials, greater 
dry weights, and longer growing seasons than oak seedlings grow- 
ing in association with annual grass. In this study and throughout 
its range, blue oak seedlings must establish and survive in associa- 
tion with annual grasses. We speculate that close grazing of annual 
grasses could reduce rapid soil water depletion that is common at 
the end of the growing season. Georgiadis et al. (1989) report that 
the growing season of grazed plants in the Serengeti may be 
extended where the pasture species present receive the same reduc- 
tion in transpirational surface. If closely grazed annual grasses 
deplete soil water less quickly than those that are light or moder- 
ately grazed, a grazing regime beneficial to blue oak seedling 
survival may be attainable. 

Comparison of Grazed and Ungrazed Plots 
Browsing of oak seedlings in ungrazed control plots and grazed 

plots was compared for each season of grazing (Table 3). Analysis 
of variance revealed significant differences between seasons but 
not between control and grazed plots within seasons. Damage was 
greatest during the summer season but there was no difference in 
browsing damage between grazed plots and those protected from 
cattle grazing. Damage was least in the winter season with no 
difference between the cattle grazed plots and those protected from 
cattle grazing. Damage was greatest in the summer grazed and 
ungrazed plots and least in the winter grazed and ungrazed plots. 

Since there was only 1 control plot per replicate, survival data of 
ungrazed control plot seedlings could not be separated into sea- 
sonal groups. Survival to the second growing season (April 1991) 

Table 3. Blue oak browsing damage (%) in plots that were grezed or 
ungraztd during winter, spring or summer. 

Treatment 

Winter-grazed 
Winter-control 
Spring-grazed 
Spring-control 
Summer-grazed 
Summer-control 

Browsing 

(%) 
17 d 
Od 

59 bc 
46C 

72 ab 
85 a 

Numbers followed by the same letter are not significantly different at p<O.OS. 

Table 4. Blue oak survival one year following winter, spring, or summer 
grazing compared to 8o ungrezed control. 

Treatment Survival 

Winter-grazed 
Spring-grazed 
Summer-grazed 

(%I 
46a 
24 b 

9b 
15b Control - 

Numbers followed by the same letter arc not significantly different atp<O.O5. Survival 
percentages were subjected to arscine transformation prior to ANOVA and mean 
separation. 

was greatest for winter grazed plots (Table 4). Survival in the 
ungrazed control and spring and summer grazed plots was not 
significantly different (pCO.05). 

It was not possible to differentiate between cattle and wildlife 
browsing in the grazed plots. The control plots were not accessible 
to cattle but were accessible to resident wildlife. A high potential 
for deer browsing is confirmed by frequent sightings, deer pellets, 
and hoof prints. However, other wildlife, including pocket gophers 
( l?zomomys bottae Eydoux 8c Gervais), rabbits (Sylvilagus spp.), 
jackrabbits (Lepus calz~ornicw Gray), and grasshoppers (Mela- 
noplus devastator Scudder) probably contributed to total seedling 
damage recorded as browsing. Within each season, browsing dam- 
age between grazed and control plots was not significantly differ- 
ent (p<O.O5), suggesting that for this site the potential for oak 
seedling damage by wildlife is just as great as that from grazing 
cattle. 

While several researchers have implicated browsing by livestock 
as a cause of reduced oak recruitment, deer and other vertebrates 
and invertebrates are also implicated (Adams et al. 1992). Griggs 
(1986) found a slightly lower frequency of Englemann oak (&er- 
cus englemannii) seedlings in grazed than ungrazed pastures. 
Griggs also noted that cattle appear to eat the seedlings because 
they are mixed in with forage grasses, rather than seeking them out 
because of higher palatability. Even during summer, oak seedlings 
were not eaten as much as trampled by animals seeking shade. He 
suggested that changing the season of grazing would be an effective 
means of improving oak survival in grazed pastures. Griggs pro- 
posed removal of cattle when the oak commences spring growth 
and return them after the first fall rains. The results of this study 
suggest reduced damage during the winter grazing season, which 
would support Grigg’s proposal. While excluding grazing during 
spring, summer, and fall may be an effective means of increasing 
oak seedling survival, it severely restricts ranch forage sources if 
applied to whole ranches or grazing allotments at one time. Conse- 
quently, such a practice could only be applied to small portions of a 
ranch at any one time. 
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Conclusions 
Season of grazing had greater influence on seedling survival than 

the stock densities used in this study. Winter grazing was less 
detrimental to blue oak seedlings than spring or summer grazing. 
Seedling survival was greatest for winter grazing. 

The contribution of wildlife to reduced blue oak seedling survi- 
val in grazed foothill rangelands should not be underestimated 
when assessing livestock grazing impacts on blue oak seedling 
damage or survival. There was no difference between browsing 
damage in the grazed and ungrazed plots for each season of graz- 
ing. Furthermore, there was no difference in seedling survival 
between ungrazed, spring grazed and summer grazed plots. 
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Abstract 

Curley mesquite (Hilorio bekzugeri(Steud.) Nash), an important 
range grass in the southwestern United States, is being evaluated 
for soil and resource conservation, and range reseeding. Experi- 
ments were performed on seed from plants grown with supplemen- 
tal irrigation to investigate the effects of chemical treatments on 
germination. Gibberellic acid (GA) at 0.7, 1.4, 2.1, and 2.8 n&f 
significantly enhanced total germination over the control. Low 
concentrations of GA (0.14, 0.28, 0.42, and 0.56 n&f) did not 
significantly improve germination compared to the control. These 
results suggest that 0.7 n&f GA is the critical concentration to 
positively affect total germination of curly mesquite seed. Previous 
reports indicate that curly mesquite seed do not germinate well. 
However, rapid germination and high percentages in these experi- 
ments suggest that our current concept of germinability in curly 
mesquite seed may be incorrect. 

Key Words: Hilaria belangeri, range grass, gibberellic acid, 
Poaceae 

Curly mesquite (Hilaria belangeri) is a palatable, nutritious 
range grass of the southwestern United States and is being evalu- 
ated for soil and resource conservation, and range reseeding. 
Limited research has been devoted to improving this species 
because of early reports of poor reproduction by seed on the range 
(Cory 1948), and poor germination (<200/o) in the laboratory 
(USDA 1948, Merrill and Young 1962, Kneebone 1985). Pilot 
investigations by our laboratory demonstrated rapid germination. 
These findings suggest that our current concept of germinability of 
curly mesquite seed may be flawed. Improving germination of 
caryopses (hereafter referred to as seed) may promote the use of 
curly mesquite for range seeding. 

The objective of this study was to test whether gibberellic acid 
treatments increase germination of curly mesquite seed. A second 
objective was to determine a least chemical concentration that 
adequately increases germination of seed of this species. 

Materials and Methods 

Plants were collected in 1987 from Pima, Santa Cruz, and 
Cochise counties, Arizona, grown in a greenhouse and trans- 
planted during 1988 into a nursery at the Univ. of Arizona Campus 
Agricultural Center (Tucson). The nursery was established on a 
Pima loamy sand (Typic Torrifluvent) and sprinkler irrigated. 

Mature spikes were bulk harvested from the nursery on 10 Sep. 
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1988. Spikes were stored in paper bags at room temperature. Seed 
were separated from fascicles by hand threshing on a rubbing 
board, cleaned with a pneumatic seed cleaner, and stored in a paper 
envelope at room temperature on 17 Sep. 1988. These seed were 
used for all experiments, which were conducted in the same germi- 
nation chamber. 

Experiments were conducted with 8 and 1Zweek old seed. These 
experiments involved 18 replications of experimental units, a petri 
dish containing germination paper moistened with 6 ml of the 
respective solution and 25 seeds. Treatments were 5 gibberellic acid 
(GA) concentrations (0, 0.7, 1.4, 2.1, 2.8 mM, and 0, 0.14,0.28, 
0.42,0.56 mMGA in experiments I and II, respectively). These concen- 
trations were selected based on a pilot experiment where 1.4 mM 
GA increased total germination compared to the control (n = 27 
replications). Germination was rapid in the pilot experiment: more 
than half of the total germination occurred during the first 48 hours 
of incubation (data not shown). 

Experimental units were sealed with paraffin strips to prevent 
solution evaporation and were incubated in a controlled environ- 
ment with 12-hour cycles of 35’ C/ 23” C with constant fluorescent 
illumination (J.A. Young, 1988, pers. commun.). A seed was con- 
sidered germinated when the radicle and coleoptile were at least 1 
mm long. Number of germinated seed was recorded at 24-hour 
intervals for 96 hours. Cumulative germination percentages were 
computed after 48,72, and 96 hours. Experiments were terminated 
after 96 hours as no seeds germinated thereafter. 

Cumulative germination percentages were arcsin square root 
transformed (Snedecor and Cochran 1980). Regression analysis 
was performed on cumulative germination with time (duration of 
incubation), and was used to determine the effect of GA concentra- 
tion on total germination (96 hours). 

Results and Discussion 

In experiment I, regression analysis of cumulative germination 
with the duration of incubation showed no significant GA by time 
interaction, indicating that GA effects were statistically equivalent 
over time. Therefore, GA data were pooled. A 2nd degree polynom- 
ial best described the relationship between duration of incubation 
and germination (Fig. 1); however, the majority (73%) of the 
response was linear. The predicted time to 50% germination was 
28.5 hours. 

Throughout the experiment, germination of seed within the 2.8 
mM GA treatment was greater than that of the control treatment; 
similarly, from 48 to 96 hours, mean cumulative germination per- 
centages of seed within the GA treatments overlapped while 
remaining distinctly separate from the control (Fig. 1). A signifi- 
cant (P<O.O46) linear relationship existed between GA concentra- 
tion and total germination (data not shown). This relationship (y = 
4.6x + 83.5) was weak (rz q  0.023) due to the variation in germina- 
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Fig. 1. Average cumulative germination percentage means of curly mes- 
quite seed treated with gibberellic acid (GA) concentrations increasing 
from 0 to 2.8 mM plotted across the duration of incubation. A symbol 
represents the mean of 18 replications per GA concentration. The coef& 
cient of determination (r*) is significant at P<O.Ol. 

tion (C.V. q  32%, SE = 0.03). In experiment II, no significant 
relationship existed between GA and total germination percentage 
(data not shown). Total germination averaged 63% with 57% ger- 
mination in 24 hours. 

Comparison of the average total germination percentages of the 
control treatments in experiments I (80%) and II (63%, data not 
shown) with the control (34%) in the pilot experiment suggests that 

seed aging improves germination, as seed were 4,8, and 12 weeks 
old in these 3 experiments. Attention also must be drawn to the 
extent and rapidity of germination. These results contradict the 
earlier reports of poor laboratory germination (USDA 1948, Mer- 
rill and Young 1962, Kneebone 1985). Seed age, storage condi- 
tions, and incubation temperatures were not given in these reports. 
Because the data clearly illustrate that germination is rapid and 
high, we must question the concept of poor germinability in curly 
mesquite. 

Conclusions 

Gibberellic acid concentrations as low as 0.7 mM significantly 
improved the germination of curly mesquite seeds. Only marginal 
improvement in germination was gained with GA concentrations 
greater than 0.7 mM, making justification of the GA pregermina- 
tion treatment questionable. Lower levels of GA were ineffective in 
improving germination. These inconsistent results, due in part to 
the inherent variation in germination of the seed lot, make identifi- 
cation of a critical GA concentration difficult. 
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Book Reviews 

Grazing Management. Science into Practice. By John 
Hodgson. 1990. Longman Scientific and Technical, Essex, 
England. Co-published in the United States with John 
Wiley and Sons, Inc., New York. 203~. USg39.95 paper. 
ISBN 0-470-21644-l. 
Most books on grazing management provide more questions 

than answers. The hierarchy of components comprising grazed 
systems, and all their variations and interactions, produce ques- 
tions that frustrate efforts to generalize. The questions abound 
because the formal or mental management models designed to 
explain all the complexity try to address many possible objectives, 
plant communities, regional variations, and environmental con- 
straints. 

This frustration is sidestepped in John Hodgson’s Grazing Mun- 
ugernent when the components and objectives of pasture manage- 
ment are simplified, and regional variations and environmental 
constraints are largely ignored. Here the key objectives in grazing 
management are to maximize levels of forage growth, maximize 
harvest efficiency, and maximize animal production in specific 
production systems by strategic and tactical use of the forage. This 
book explains how to manage temperate improved (especially 
ryegrass) pastures with agronomic efficiency by using simple target 
variables such as plant height. By range management standards, 
the objectives are simplistic and essentially contrary to the usual. 

The book is divided into 3 sections entitled Principles, Resour- 
ces, and Application, totaling 20 chapters. It is organized so that as 
a new variable is introduced, previous discussions are reevaluated 
in light of that new variable. The effect is somewhat ponderous, 
and is accentuated by the impersonal style of writing. The absence 
of literature citations sometimes leaves unclear the boundaries 
between research and dogma. Managers may find the grazing 
analyses sticky in places but the simple target variables make the 
applications easy to follow. 

The chapter (or non-chapter) on grazing methods is aborted by 
the assertion that rotational grazing usually has few advantages to 
the target efficiencies except in special cases involving special 
forage crops. This truncated discussion was almost humorous in 
view of the panacean qualities attributed to rotational methods in 
recent years. In Andre Voisin’s earlier Grass Productivity the list of 
benefits to grazing these. same simplified, improved pastures with 
intensive rotational (“rational”) grazing seemed endless, and here 
they are all dismissed in several casual paragraphs. Most of the 
benefits of rotational grazing likely accrue to objectives not consi- 
dered target objectives in Grazing Management. The unceremon- 
ious dismissal of rotational grazing in Grazing Management lacks 
the colorful metaphors, hyperextended analogies, and zealous tone 
of the writings of advocates of rotational grazing. Evidently, rota- 
tional grazing may be or may not be more “efficient”than continu- 
ous grazing, but it was certainly more stirring to read about. 

Skeptics of the notion that grazing management is genuinely 
applied ecology will find satisfaction here. The word ecology does 
not appear in the book. Even allowing for the simplified character 
of the pastures described, the approaches are agronomically 
mechanical, focusing not on ecological processes but overwhehn- 
ingly on agronomic treatments for achieving the specific efficien- 
cies in grass and legume development, forage harvest, and animal 
production. Complicating considerations such as self-sustainability 
of systems or impacts on water quality are notably absent through- 
out. Ever-present are the options to reseed or fertilize if the sward 
breaks down, luxuries unfamiliar on most rangelands. Late in the 
book the author affirms that high stocking levels under continuous 

grazing can ultimately ensure high efficiencies of plant growth, 
forage harvest, and animal production per unit area. To para- 
phrase an old range axiom, Take half, and to do it right, take the 
other half too. Clearly this is not grazing management as most 
range scientists know it. 

From a conceptual viewpoint the book is not a source of general 
heuristic approaches needed to advance range science. The ap- 
proaches offered may work well for the specific cases discussed, but 
they and their constituent concepts and variables quickly become 
sodbound when applied to multiple objectives of more complex 
systems. The title of the book is too general considering the nar- 
rowness of the approaches offered. 

As a book on how to efficiently graze ryegrass pastures for cattle 
or sheep production unconstrained by ecological or environmental 
emphases, it is thoroughly analytical, well organized, carefully 
written, and immediately applicable. The book will be of obvious 
interest to anyone involved with temperate improved pastures, 
especially ryegrass pastures. For those individuals and for that 
purpose it could become an immediate classic. It is not a general 
book on the philosophy and principles of grazing management for 
most of the world’s grazing lands.-David L.. Scarnecchia, Wash- 
ington State University, Pullman, Washington. 

Understanding Environmental Administration and Law. By 
Susan J. Buck. 199 1. Island Press, Washington D.C. 199 
p. US$34.95 cloth, US$21.95 paper. ISBN I-55963-020-5 
cloth. I-55963-021-3 paper. 
This book is a primer on the formulation and administration of 

environmental and public-lands law and policy. The first half of 
the book presents general background information. Chapter 1 
discusses the basics of the American legal system; Chapter 2 pro- 
vides a history of environmentalism in the United States; Chapter 3 
outlines the public policy process; and Chapter 4 addresses legal 
concepts and environmental law. The second half of the book 
considers the specific laws and procedures protecting the environ- 
ment. Chapter 5 covers pollution and toxic substances regulation . 
and Chapter 7 discusses international environmental policy, and 
regulating the use of public natural resources Chapter 6 addresses 
wildlife and public lands management. 

The author holds a Ph.D. in public administration from Virginia 
Tech and is currently an Assistant Professor of Political Science at 
the University of North Carolina at Greensboro. The publisher, 
Island Press, is a nonprofit organization concerned with the global 
conservation of natural resources. The author’s purpose is to dem- 
onstrate how the policy process (“politics”) is infused with the legal 
system and to demystify the law so that it is more accessible to 
nonlawyers. The intended audience is: (1) environmental managers 
who understand the laws and regulations affecting their specific 
responsibilities, but whose efficiency may be increased with a more 
complete picture of environmental and resource-use regulation in 
general; and (2) private citizens anxious to enter or to avoid envi- 
ronmental lawsuits. 

On a positive note, the book provides a well-written and useful 
introductory description of how private citizens, state govem- 
ments, and the executive, legislative, and judicial branches of the 
federal government interact to fashion environmental and re- 
source-use law and,policy. It does, indeed, begin to demystify the 
law and its formulation for the nonlawyer. 

On a less positive note, the presentation is extremely biased 
toward the environmentalist/ regulatory viewpoint (as could be 
expected from the author’s training and the publisher’s statement 
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of purpose). Consider, for example, the limited discussion of pub- 
lic lands management. The author totally ignores the evolution of 
incentive-based regulatory programs, such as the Experimental 
Stewardship Program (ESP) in the Public Rangelands Improve- 
ment Act of 1978. The ESP directs the Secretary of the Interior to 
“explore innovative grazing management practices and systems 
which might provide incentives to improve range condition.“The 
underlying logic of the ESP is that traditional policy gives federal 
grazing permittees little economic incentive to conserve grazing for 
the future given the tenure insecurity of permits, and the nonexclu- 
sivity of public grazing allotments, which makes it impossible for 
permittees to protect conserved grazing from immediate consump- 
tion by livestock owned by other permittees or by wild horses. The 
author overlooks these disincentives for conservation that underlie 
grazing law. Instead, she naively depicts ranchers as individuals 
whose cultural biases lead them to self-destructive grazing practi- 
ces that devastate public ranges (pp. 65, 151). The author’s solu- 
tions are to force ranchers to behave either via external controls 
and regulation, or to “break through the cultural filter” by educat- 
ing them that the public range is not “endlessly abundant and 
resilient.” A book purporting to address environmental and public 
land law in general should be more evenhanded by presenting both 
“command” and “incentive-based” regulatory schemes. 

The book, as implied above, is often long on description but 
short on analysis. For example, the chapter on the public policy 
process does a good job of describing all of the actors in the process 
(i.e., concerned citizens, bureaucrats, legislators, jurists, etc.) but 
does an incomplete job of identifying their motivations. Nor does it 
analyze how the process should be crafted to transform these 
motivations into acceptable social behavior. The author fails to 
mention an entire body of literature (“public choice theory”) that 
analyzes these issues. 

In summary, the book represents a good place to start but a 
dangerous place to end. It is mired in the command-regulatory 
philosophy of the 1970’s that attempts to mandate behavior not 
voluntarily forthcoming due to the disincentives created by the 
regulatory regime. It ignores the more recent academic literature 
and enacted statutes that attempt to induce desired behavior by 
understanding and manipulating the underlying regulatory incen- 
tive structure.-Ray G. Huffaker. Washington State University, 
Pullman, Washington. 

Cattle Embryo Transfer Procedure. By John L. Curtis. 
1991. Academic Press, Inc. San Diego, California. 131~. 
US$39.00 spiral bound. ISBN O-12-200240-7. 
This book is an overview of embryo transfer in cattle and is 

written for veterinarians, cattle producers, and artificial insemina- 
tion technicians. 

The book consists of seven chapters entitled (1) Cattle Manage- 
ment, (2) Recipient Synchronization, (3) Donor Superovulation 
and Artificial Insemination, (4) Embryo Recovery, (5) Embryo 
Handling, (6) Embryo Freezing, and (7) Embryo Transfer. Follow- 
ing chapter seven are five Appendices entitled (A) Embryo Collec- 
tion and Transfer Supplies and Products. (B) Embryo Freezing 
and Artificial Insemination Supplies and Products, (C) Pharma- 
ceuticals and Miscellaneous, (D) Certificates and Forms and (E) 
Embryos and Ovaries. Following Appendix E some pertinent but 
limited references are listed. The book contains 75 and 12 black- 
and-white photographs in the text and appendices, respectively. 

The text of the book is terse with a demonstration tone through- 
out. Again, the text was written to be a manual. The text is 
somewhat fragmented by the large number of black and white 
photographs which are of marginal quality. The precision of ter- 
minology used in the text is adequate without being overly 
scientific. 

The preface of the text makes it clear that the audience is 
cattlemen, artificial insemination technicians, and veterinarians. 
Individuals new at embryo transfer and related procedures would 
find this text to be a useful, practical manual. This text should not 
be considered a highly technical work dealing with the intricacies 
of embryo transfer and related technologies. Detracting from the 
text is the advertising of commercial services and supplies. In 
general terms, the author presents a practical manual for people 
interested in learning about embryo transfer.-Raymond W. 
Wright, Jr., Washington State University, Pullman, Washington. 
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