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Abstract

Plants are affected by the environment during
all phases of growth and development. The im-
pact of selected environmental factors on range
plant productivity is discussed with emphasis on
water, temperature, light, atmosphere, nutrients,
fire, and grazers.
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Introduction

From the time a plant breaks dormancy, begins vegeta-
tive growth, flowers, produces fruit, and goes into a dor-
mant state, many environmental factors can act singly or
interact to affect productivity. The importance of the
topic is shown by the accumulation of numerous text-
books, reviews, and technical articles that address plant
autecology, physiological ecology, and community ecol-
ogy, but only a portion of the literature could be reviewed
in this paper. Lewis (1969) in his review on range man-
agement in an ecosystem framework delineated control-
ling factors (climate, available organisms, and geologic
materials) and dependent factors (vegetation, consumers,
decomposers and transformers, soil, and microclimate).
Daubenmire (1974) related plant autecology to soil, wa-
ter, temperature, light, atmospheric, biotic, and fire fac-
tors. Both stressed that numerous factors operate on or-
ganisms simultaneously, and species and ecotypes do not
always respond to stimuli in a like manner. Several au-
thors have also discussed varying responses to environ-
mental factors — i.e., waler, temperature, light, and nitro-
gen — exhibited by plants with the C, and C, photosyn-
thetic pathways (Christie and Detling 1982, Caldwell
1985a, Ehleringer 1985). Environmental factors selected
for this discussion on plant productivity include water,
temperature, light, atmosphere, nutrients, fire, and graz-
ers.
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Water

Water is required by all living organisms. Plants can
be stressed by lack of moisture as well as an excess of
moisture. Brown (1977) reported that the availability of
water was the most important environmental factor limit-
ing growth and survival of range plants. He indicated that
water deficits developed in plant tissue when rate of tran-
spiration exceeded that of water absorption. Risser
(1985) reported that the high positive correlations found
between available soil moisture and forage production
were related to a decrease in net photosynthesis as leaf
water potentials decrease. Hsiao (1973) presented a se-
quence of events that occurred when a plant was growing
in a moist situation and then encountered moisture stress.
A slowing down of root and leaf growth was listed first.
In his discussion on the relation of water stress to long-
term growth and yield, he elaborated on the fact that cell
growth was generally more sensitive to water stress than
was stomatal opening and CO, assimilation. He further
emphasized that mild moisture stress may not affect pho-
tosynthesis, but it can reduce the development of leaf sur-
face area. Whether the reduction in leaf surface area af-
fects dry matter yields is dependent upon whether leaf
area is limiting the crop’s assimilation of CO,. Sensitivity
of dry matter yield to stress should be greater in a grow-
ing crop with a low leaf area index (leaf area per unit land
area) that is limiting the crop’s assimilation of CO, than
in a crop with a high leaf area index that is not limiting
assimilation of CO,.

Slatyer (1974) reported that the most obvious effects of
prolonged water stress on shoot development were re-
duced internode length and reduced leaf size. He stated
that effects on leaf size, rate of leaf expansion, and rate of
appearance of ncw leaves had profound effects on total
dry matter production. Photosynthetic area increased less
rapidly, and also stomata tended to become nonfunctional
more quickly in older compared to younger leaves.

Slatyer (1974) summarized the effects of waler stress
on annuals as: (1) reduced leaf size and internode length,
(2) stunted tops of plants, (3) suppressed root growth in
proportion to shoot growth, (4) delayed time of flowering
and fruit set although they occurred at similar ontogenetic
stages as in well watered species, (5) reduced seed num-
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ber, size, and viability, and (6) halted growth and devel-
opment with severe stress, followed by death.

Slatyer indicated that a similar general effect of re-
duced leaf size and internode length could be expected on
shoot development of perennial grasses. Root growth,
however, could continue if roots were growing in moist
soil. This continued growth resulted from the fact that
root growth was controlled more by local levels of soil-
water potential than by mean plant-water potential. With
increasing stress, reproductive development may be de-
layed, and floral initiation may not occur. With severe
stress, shoot dieback may occur, but new tillers will de-
velop from basal buds when water becomes available.

Woody evergreens respond similarly to perennial
grasses; shoot growth may cease, but root development
will occur in moist soil (Slatyer 1974). The pattern of
shoot development may, however, be affected for long
periods where growth is mainly seasonal and is based on
development of over-wintering buds. Water stress during
bud development can affect subsequent vegetative and re-
productive shoot development. Slatyer suggested that the
number of leaves and flowers will be controlled by water
stress during bud development; but leaf size, shoot length,
amount of fruit set, and final seed size may be more influ-
enced by water stress during the post winter period.

Excess moisture is tolerated by some plants but not by
others. One has only to look at the ecotones that occur
between stands of big sagebrush (Artemisia tridentata)
and silver sagebrush (Artemisia cana) or to look at the
death of some plant species in mountain meadows follow-
ing flooding to see the impact of excessive water on plant
productivity of some species. Ganskopp (1986) noted
that several workers found excessive soil moisture detri-
mental to big sagebrush (U.S. Dept. Agr. Forest Serv.
1937, Branson 1956, Vallentine 198C), and others have
speculated that anaerobic conditions in some soils prevent
successful colonization of big sagebrush (Fosberg and Hi-
ronaka 1964). In flooded environments, oxygen is absent
or more often in short supply, and the normal exchange of
gasses from roots to soil is frequently disturbed (Feldman
1984). Kozlowski (1984) reported that flooding rapidly
depleted soil oxygen, altered plant metabolism, and
thereby inhibited growth. He indicated that flood toler-
ance varied widely among plant species, cultivars, and
ecotypes and was associated with both morphological and
physiological adaptations.

Temperature

Scientists have long recognized the importance of tem-
perature in regulating rates of physiological processes and
influencing growth and development of plants. Larcher
(1980) stated that sufficient but not excessive heat is a
basic prerequisite for life. Each vital process is restricted
to a certain temperature range and has an optimal operat-
ing temperature on either side of which performance de-
clines. Laude (1974) stated that temperature response is
conditioned by the level of other factors of the environ-
ment. Two examples are the associations of temperature
with moisture and radiant energy with temperature.

Cooper and Tainton (1968) reported that the optimum
temperature for growth (dry matter increase or relative
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growth rate) occurs between 20° and 25°C for most tem-
perate Festucoid (C,) grasses. Growth rate drops rapidly
below 10°C, but some growth occurs at 5°C, and the plant
remains healthy. Growth is reduced above 25°C and may
cease above 30-35°C, even with adequate soil moisture.
Sub-tropical, non-Festucoid (C,) grasses have an optimum
of 30-35°C and grow extremely slow, if at all, at tempera-
tures below 10-15°C. Exceptions occur in some species
with optimum temperatures shifting according to local
conditions (Noble 1980).

Berry and Bjorkman (1980) reported unequivocal evi-
dence that inhibition of whole leaf photosynthesis by high
temperature is caused by a disruption of the functional
integrity of the photosynthetic apparatus at the chloroplast
level. They also reported that dark respiration is more
heat resistant than photosynthesis since nearly complete
inhibition of photosynthesis occurs before any inhibition
of dark respiration or other symptoms of high temperature
injury can be detected in leaf tissue. Levitt (1980) stated
that when high temperature was the primary stress, a wa-
ter deficit was induced which subsequently caused min-
eral nutrient deficiency.

Cold temperatures can affect plant productivity by de-
laying initiation of growth in spring, restricting water
movement to roots, decreasing permeability of the mem-
brane on the root surface, and delaying opening of sto-
mata on a daily basis, thereby reducing the duration of
daily photosynthesis. Freezing temperatures can also in-
jure and kill plants. Smith (1964) reported that winter
injury and death of forage plants is a major hazard of
grassland farming in many areas of the world; mortality
occurred frequently where below freezing temperatures
prevail for long periods.

Winter injury can result from low temperature, smoth-
ering, and desiccation (Smith 1964). Soil or snow cover
may provide some insulation for crowns of plants. Tem-
peratures alternating above and below freezing can cause
damage through rapid freezing of plant cells, deacclima-
tion or decrease in frost hardiness, and frost heaving.

Burke et al. (1976) also reported that freezing injury is
a major cause of crop loss and that low temperature is re-
putedly the single most limiting factor to natural plant dis-
tribution. They stated that stresses of late spring and early
fall frosts, low mid-winter minima, and rapid temperature
changes cause various types of injury directly and indi-
rectly associated with freezing of water in plant tissues.
Injuries include crown kill in winter cereals, biennials,
and herbaceous perennials; sunscald on thin-barked tree
species; winter burn to evergreen foliage; blackheart and
frost cracking in xylem of trees and shrubs; blossom kill;
death of buds and bark in plants which lose hardiness
rapidly during transient warm spells in winter; and out-
right death of tender annuals. Low temperature responses
of most plants appear to fall between the 2 extremes of
either being killed at the moment they freeze or tolerating
extremely low temperatures (-196°C) in midwinter. Plant
responses and freezing resistance, however, may change
markedly with season and stage of plant growth.

Burke et al. (1976) stated that plants varied in their
ability to tolerate ice crystal formation in tissues. Some
became acclimated extensively in response to endogenous
factors and the environmental factors of temperature and
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day length. Some acclimated only a few degrees, while
others did not acclimate at all. Smith (1964) indicated
that hardiness developed most rapidly with shorter days
and decreasing temperatures, and hardiness could be re-
tarded by warmer temperatures accompanied by abundant
soil moisture. Factors reducing plant vigor such as defo-
liation, disease, and lack of nutrients all effectively re-
duced acclimation (Smith 1964).

Smith (1964) reported that winter injury was usually
more serious in a stand of old plants than in a stand of
younger plants because: (1) old plants are likely to be
weakened by invasions of disease and insects, (2) the fer-
tility level of soil under an old stand is likely to be limit-
ing, and (3) older stands have fewer plants per unit area
than young stands. He indicated that evidence of injury to
forage plants becomes apparent as growth begins in the
spring. Injured plants begin growth slowly, are yellowish
in color, and may have only a few stems per plant. Time
is required for healing of tissue if plants are going to
survive and regain vigor.

Winter kill has been reported for several shrub species
growing on rangelands. These include mountain big
sagebrush (Artemisia tridentata subsp. vaseyana) (Hanson
et al. 1982), fourwing saltbush (Atriplex canescens) (Van
Epps 1975), bitterbrush (Purshia tridentata) (Jensen and
Umess 1979), and snowbrush (Ceanothus velutinus)
(Stickney 1965).

Light

Photoautotrophic higher plants are dependent on light
for survival (Smith 1982). The supply of light to an area
of land is the most reliable environmental resource for
plant growth since cloud cover causes the only serious
variation in light climate at any point on the surface of the
earth (Harper 1977). Light varies in intensity, duration,
quality, and angle of incidence in both daily and annual
cycles. Decreased light can become a limiting factor to
plant growth when shading occurs; one major effect of
shade is to slow the rate of photosynthesis relative to res-
piration (Harper, 1977). Thus, even an efficiently photo-
synthesizing plant may not grow if its respiratory burden
becomes too large.

Solar radiation capture by individual plants is a func-
tion of several factors including leaf size, angle of dis-
play, pubescence, age, and physiological condition (Ris-
ser 1985). Since leaf surfaces are primary radiation inter-
ceptors, the amount of leaf surface is closely related to
rate of growth in forage plants. Maintenance of a high
leaf area index is very important for sustaining maximum
growth rate. Broughman (1956) suggested that maximum
growth results when leaves are sufficient to intercept 95%
of the incoming solar radiation. Donald (1961) referred to
an optimum leaf area index where every leaf was making
a positive contribution to increased dry weight. As leaf
arca per plant increased beyond this optimum, crop
growth rate began to decline. Harper (1977) suggested
that a plant population growing within an environment of
limited light resources adjusts its structure and growth
rate 1o the available radiation. Perfect adjustment, how-
ever, is impossible because environments change. He in-
dicated that plant canopies are usually compromises and
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balances between respiratory costs and photosynthetic ad-
vantages.

Daylength affects plants through phenological re-
sponses (flowering, etc.); therefore, it is difficult to deter-
mine the exact effect of daylength on other factors (Evans
et al. 1964). McCloud and Bula (1973) suggested that
knowledge of the photoperiod responses of the various
forage species would facilitate development of manage-
ment systems that are best adapted to different climatic
regions.

Atmosphere

The atmosphere contains gases required for photosyn-
thesis (CO,) and respiration (O,) and is a source of nitro-
gen. Larcher (1980) stated that environmental factors af-
fect dry matter production by way of their effects on CO,
exchange and the carbon balance. Production was greater
with increased radiation from either higher intensity or
longer exposure. Dry matter production, like photosyn-
thesis, exhibited a temperature optimum, and both water
deficiency and inadequate or unbalanced provision of nu-
trients reduced the production of matter. Complete agree-
ment, however, between variations in production rate and
gas exchange is not always expected since environmental
factors affect not only the uptake of carbon but also trans-
port of assimilates and hormonally controlled activities in
the plant. All of these processes may be affected in the
same direction but to different extents, thereby causing
discrepancies.

Pollutants or toxic substances also occur in the atmos-
phere. They are released into the environment by activi-
ties such as industry, traffic, agricultural and domestic use
of chemicals, and consumption of fossil fuels. Plants may
absorb these substances from the air, water, or soil
(Larcher 1980). He indicated that the atmosphere pollut-
ants which are particularly dangerous to plants include
sulfur dioxide (SO,), hydrogen halides (HF, HCI), ozone,
and peroxi-acetyl- nitrate (PAN, produced from automo-
tive and industrial fumes under strong radiation). Other
harmful substances in the air include nitrogen oxide
(NOx), ammonia (NH,), hydrocarbons, tar fumes, soot,
and dust. Larcher (1980) compiled a list giving sensitiv-
ity of agricultural, ornamental, and forest plants to chronic
exposure to SO,, HF, HCI, and NOx from a general sur-
vey. He emphasized that plant sensitivity could be quite
different among species of the same family and even
among individual ecotypes or varieties.

Research conducted in the mixed prairie of Montana
(Dodd et al. 1982) showed no short-term effects on plant
biomass dynamics, aboveground net primary production,
or total belowground biomass dynamics under low levels
of SO,. However, short term reduction in rhizome bio-
mass of western wheatgrass (Agropyron smithii) oc-
curred, and the biomass of Japanese brome (Bromus ja-
ponicus) was reduced during one season. In other studies
reported by Lauenroth et al. (1985) senescence of western
wheat grass leaves were altered by SO,, but standing crop
and above ground net primary production remain unaf-
fected. Data presented by Lauenroth et al. (1985), how-
ever, suggested that the effect of SO, exposure on re-
growth following defoliation can alter end-of-season
standing crop.
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Wind, another component of the atmosphere, can af-
fect plant productivity. The main influences of wind are
increased evapotranspiration, physical damage to plants,
and mixing of gases, particularly within canopies.

Nutrients

Vallentine (1980) and others reported that nutrient de-
ficiencies in the soil resulted in reduced forage produc-
tion, modified vegetation composition, and altered nutri-
ent content of the forage. Nitrogen has been reported to
be a major nutrient limiting plant growth in several re-
gions (Owensby et al. 1970; Wight 1976; James and Juri-
nak 1978; Morrow et al. 1978; Fischer et al. 1987). Nitro-
gen fertilizer has increased vigor of grasses, particularly
cool-scason grasses, through increased basal area per
plant, height and number of seed stalks per plant, seed
production, size of stems and leaves, and number of roots
(Vallentine 1980). Wight (1976) reported that nitrogen
fertilizer has also increased water use efficiency and im-
proved forage quality and palatability. Growth responses
to nitrogen fertilizer can be large but vary with availabil-
ity of soil moisture (Sneva and Hyder 1965; Wight and
Black 1979; Power 1983; Rauzi and Fairbourn 1983).

Phosphorus generally does not significantly affect
yield of grassland herbage or plant vigor unless phospho-
rus levels in the soil are quite low or phosphorus is ap-
plied along with high rates of nitrogen (Vallentine 1980).
Growth of legumes, however, has been stimulated by
phosphorous fertilizer. Sneva (1986) suggested that sul-
fur deficiencies may occur in crested wheatgrass (Agropy-
ron desertorum) stands being fertilized with nitrogen.

Shifts in species composition have been reported on
mixed prairie following fertilizer applications in North
Dakota (Rogler and Lorenz 1957, Lodge 1959, Goetz
1969, Lorenz and Rogler 1972, Goetz et al. 1978). Gen-
erally the stand has changed from one dominated by a
short warm-season grass, blue grama (Bouteloua gracilis),
1o one dominated by a cool-season midgrass, western
wheatgrass. Shifts have also occurred in the sagebrush-
bunchgrass steppe of eastern Oregon (Sneva 1963) and
central Washington (Patterson and Youngman 1960)
where cheatgrass (Bromus tectorum) has increased at the
expense of native bunchgrasses.

In general, most cool-season grasses respond favorably
to nitrogen fertilizer while some warm-season grasses do
not. The differential response has been attributed to dif-
ferences in season of growth. Cool-season grasses grow
mostly in early spring when moisture is less limiting and
when the release of soil nitrogen is slower (Vallentine
1980).

Recent work on rangelands has focused on evaluating
the symbiotic relationship between vesicular-arbuscular
mycorrhizae fungi and plants. Emphasis has been on tax-
onomy, rate of infection (particularly on mine spoils),
plant establishment, growth of infected plants, and re-
sponse of mycorrhizae to soil compaction and grazing of
infected plants. Trappe (1981) reported that mycorrhizal
fungi grew between or into cortical cells of hosts rootlets
and out into the surrounding soil. Nutrients absorbed by
the fungus from the soil were translocated to the hosts,
and photosynthates and their derivatives were extracted
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from host tissues by the fungus. In essence, the fungal
hyphae extended into the soil and served as an extension
of the root system, :

Several studies have shown that vesicular-arbuscular
mycorrhizae fungi improved plant absorption of phospho-
rus, nitrogen, and other elements (Mosse 1973, Gerde-
mann 1975, Clarkson and Hanson 1980, Bowen and
Smith 1981) and increased growth of plants (Gerdemann
1975, Aldon 1978, Green et al. 1983, Call and McKell
1984). Bethlenfalvay and Dakessian (1984) reported that
density of forage grasses and their colonization by vesicu-
lar-arbuscular mycorrhizae fungi was significantly re-
duced as a result of grazing. The decrease in fungal colo-
nization was ascribed o a decrease in leaf areas and an
increase in root to shoot ratio-conditions which resulted in
decreased source capacity and increased sink demand.
Mycorrhizal colonization of little bluestem
(Schizachyrium scoparium) roots was reduced by soil
compaction but was increased by clipping (Wallace
1987). Wallace emphasized that further work is needed to
understand the combined influence of clipping and soil
compaction on plant and mycorrhizal growth and devel-
opment as well as on their recovery from these stresses.

Fire

Fire can affect plants directly through heat damage to
individuals or indirectly by reducing competition and re-
leasing resources (water, nutrients, light). Scifres (1980)
reported that plant responses to fire vary with plant mor-
phology and phenological stages of development. Young
(1983) reported that trees and shrubs and some perennial
forbs have growing points elevated on aerial stems, and
these are often severely damaged by fire. He indicated
that survival of these species is dependent upon the ability
to resprout after aerial stems are lost. In contrast, most
grasses and forbs have growing points insulated from heat
injury since they are located near or below the soil sur-
face. Young (1983) indicated that the degree of damage
sustained by these species is proportional to the tempera-
ture and length of time meristematic tissues are exposed
to elevated temperatures. Generally, there is an increase
in flowering and herbage production during the first year
after burning grasslands, but the response varies with pre-
cipitation and season of burning (Risser 1985). This in-
creased productivity has been reported in most grassland
types, ranging from the tallgrass prairie to mountain
grasslands. Generalized response of individual plant spe-
cies to burning has been reported in the literature (Wright
et al. 1979; Vallentine 1980; Wright and Bailey 1980,
1982; Young 1983).

Grazers

A portion of the leaf and shoot tissue is removed when
plants are grazed by livestock, wildlife, or insects. Hyder
(1972) stated that if all other elements are equal, plant
growth is a function of the amount of leaf tissue exposed
to sunlight. Caldwell et al. (1981) also showed that culms
and leaf sheaths of grasses were important for carbon up-
take during certain periods of the growing season. With
defoliation, Risser (1985) reported that a number of pre-
dictable responses occurred in grasses. Some plants re-
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sponded by increasing the assimilates allocated to young
leaves or regrowing tillers. In others, an increase in root
mortality and a decrease in root extension and branching
occurred when shoots were clipped too frequently or se-
verely. The damaging impact of high frequency and in-
tensity of defoliation which occurs at certain seasons and
phenological stages of development has been reported by
many authors (Biswell and Weaver 1933; Daubenmire
1940; Mcllvanie 1942; Stoddart 1946; Blaisdell and Pe-
hanec 1949; Crider 1955; Oswalt et al. 1959; Dyer et al.
1963; Jameson 1963, 1964; Davidson and Milthorpe
1966a,b; Wilson et al. 1966; Harris 1967; Trlica and
Cook 1971; Drawe et al. 1972; Dyer and Bokhari 1976;
Harris and Gobel 1976; Buwai and Trlica 1977; Hodgkin-
son and Baas-Becking 1977; Detling et al. 1979; Miller
and Donart 1981; Westoby 1980; Mutz and Drawe 1983;
Mclean and Wikeem 1985a, b; McShane and Sauer 1985;
Eckert and Spencer 1987).

Moderate defoliation, however, can stimulate above
ground production in some species (Gay and Dyer 1965,
Hyder 1972, McNaughton 1979, Cable 1982, Heitschmidt
etal. 1982, Provenza et al. 1983, Lewin 1987). Lauenroth
et al. (1985) suggested that such compensatory growth
following grazing in grasslands may result from a number
of indirect effects on microclimate. Examples include:
(1) increasing light penetration to lower canopy leaves
and (2) prolonging the period of favorable soil moisture
by reducing evapotranspiration. In addition, some indi-
vidual plants respond to defoliation by increasing photo-
synthetic rates in remaining or newly developing leaves
(Lauenroth et al. 1985). Either strategy increased the pro-
portion of current photosynthate allocated to the synthesis
of new leaves.

In addition to conventional grazers, soil inhabiting
nematodes also feed on plants. Smolik (1977) applied a
nematicide to heavily-grazed range in western South Da-
kota and found increases of aboveground harvestable
herbage ranging from 28-59% with decreases of plant
feeding nematodes ranging from 87-96%.

Hyder (1972) reported that resistance to grazing im-
proved with an increase in leaf replacement potential,
which varies with stage of growth as well as among spe-
cies. He cautioned that over-emphasis of resistance to
grazing is unwise because this characteristic is inversely
related to herbage productivity. After defoliation, re-
growth could arise from existing active meristematic tis-
sue (usually fast) or from previously quiescent axillary
buds (usually slow). Consequently leaf replacement was
most favorable from culmless vegetative shoots, interme-
diate from culmed vegetative shoots clipped above the
apical meristem, and least from reproductive shoots
clipped above or through the rudimentary inflorescence.
For the latter two cases, where clipping of leaves resulted
in leafless culms, the most favorable leaf replacement can
be attained by scheduling the time and height of defolia-
tion in order to stop culm growth and promote new tillers.
Hyder suggested that machine harvest or rotational graz-
ing is indicated for culmed shoots, but continuous grazing
is more appropriate for grasses with culmless vegetative
shoots. Dahl and Hyder (1977) indicated that shrubs like
fourwing saltbush and bitterbrush are vulnerable to yield
reduction by excessive grazing. One must adjust grazing
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for such shrubs to retain most of the apical meristems
throughout the growing season or during active periods of
growth. This can be accomplished by providing periods
of non-use or only light grazing.

Miller (1986) summarized the responses of cool-sea-
son grasses to defoliation. Responses to moderate defo-
liation varied with the phenological stage at which treat-
ment occurred. In the vegetative phase, defoliation pro-
vided for maximum regrowth and had a minimum effect
on plant vigor and on current year’s production. During
the flowering phase, defoliation: (1) induced tillering
when sufficient soil moisture was available, (2) reduced
current year’s total forage crop, and (3) stimulated maxi-
mum leaf production and reduced plant vigor. At matur-
ity, defoliation had little effect on the current year’s pro-
duction and little to no effect on plant vigor.

The removal of foliage from a plant reduces to some
degree its potential to compete and retain its status in the
community (Caldwell 1985b). Caldwell also indicated
that competitive pressure may determine tolerance of her-
bivory. In this regard, Mueggler (1972) found that the
extreme effect of defoliation on bluebunch wheatgrass
(Agropyron spicatum) during a sensitive period could be
partially offset by reducing competition from adjacent
plants. Caldwell (1985b) suggested that the reduction in
leaf area and root system activity that occurs with defolia-
tion may delay or reduce the capacity of the plant to util-
ize water and nutrients during the short period of time of
availability in semiarid environments. This delay in use
can mean forfeiture of use when there is competition.

Grazers, as well as man, affect watershed hydrologic
properties of rangelands by removing protective plant
cover and by trampling (Blackburn et al. 1982). They
reported that through reduction in vegetative cover, the
impact of raindrops may increase; soil organic matter and
soil aggregates may decrease; surface crusting may in-
crease; and infiltration rates may decrease. They sug-
gested that resulting consequences may include increased
overland flow, reduced soil water content, and increased
erosion. These changes could, in time, affect plant pro-
ductivity on these rangelands.

Competition

Plants grow in communities where they compete with
neighbors for resources (Rhodes 1970, Harper 1977,
Miller et al. 1980, Allen 1982, Christie and Detling 1982,
Fowler 1986). Therefore, ever changing environmental
conditions may provide enhanced growing conditions for
one plant species over another. This phenomena influ-
ences some of the shifts in plant species occurring with
fertilization of native range, periodic drought, severe de-
foliation, and flooding.

Modeling

Plants are constantly being affected by a combination
of environmental factors. This phenomena has been
known for a long time, and attempts have been made
world wide to analyze the relationships and develop re-
gression equations and models to predict plant productiv-
ity (Smoliak 1956; Sneva and Hyder 1962; Currie and
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Peterson 1966; Sneva 1977; Sims and Singh 1978a, b;
Grace et al.1981; Stout et al. 1981; Thomas and Norris
1981; Wight and Hanks 1981; Kindschy 1982; Quinton et
al. 1982; Hanson et al. 1983; Sneva and Britton 1983;
Wight et al. 1984; Zelawski and Szlenk 1984; Norris
1985; Stout and Brooke 1985; White 1985; Brown et al.
1986; Holt and Haferkamp 1987). These activities are
continuing today, and some of the more recent efforts are
presented in this proceedings.

Literature Cited

Aldon, E.F. 1978. Endomycorrhizac enhance shrub
growth and survival on mine spoils. p. 174-179. In:
R.A. Wright (ed.), The reclamation of disturbed arid
lands. Univ. of New Mexico Press, Albuquerque.

Allen, E.B. 1982. Water and nutrient competition
between Salsola kali and two native grass species
(Agropyron smithii and Bouteloua gracilis). Ecology.
63:732-741.

Berry, J., and O. Bjorkman. 1980. Photosynthetic
response and adaptation to temperature in higher
plants. Ann. Rev. Plant Physiol. 31:491-543.

Bethlenfalvay, G.J., and S. Dakessian. 1984,
Grazing effects on mycorrhizal colonization and floris-
tic composition of the vegetation on a semiarid range
in northern Nevada. J. Range Manage. 37:312-316.

Biswell, H.H., and J.E. Weaver. 1933. Effects of
frequent clipping on the development of roots and tops
of grasses in prairie sod. Ecology 14:368-390.

Blackburn, W.H., R.W. Knight, and M.K. Wood.
1982. Impact of grazing on watersheds: A state of
knowledge. Texas Agr. Exp. Sta. MP 1496.

Blaisdell, J.P., and J.F. Pehanec. 1949. Effects
of herbage removal at various dates on vigor of blue-
bunch wheatgrass and arrowleaf balsamroot. Ecology
30:298-305.

Bowen, G.D., and S.E. Smith. 1981. The effects
of mycorrhizae on nitrogen uptake by plants. p. 237-
247. In: F.E. Clark and T. Rosswall (eds.), Terrestrial
nitrogen cycles. Ecological Bull. Vol. 33, Swedish
Natl. Sci. Res. Council, Stockholm.

Branson, F.A. 1956. Range forage production
changes on a water spreader in southeastern Montana.
J. Range Manage. 9:187-191.

Brougham, R.W. 1956. Effect of intensity of defo-
liaticn on regrowth of pasture. Aust. J. Agr. Res.
7:377-387.

Brown, R.W. 1977. Water relations of range plants.
p. 97-140. In: R.E. Sosebee (ed.), Rangeland plant
physiology. Range Sci. Ser. 4. Soc. for Range Man-
age., Denver, Colo.

Brown, W.F., L.E. Moser, and T.J. Klopfen-
stein. 1986. Development and validation of a dy-
namic model of growth and quality for cool season
grasses. Agric. Systems 20:37-52.

Burke, M.J., L.V. Gusta, H.A. Quamme, C.]J.
Weiser, and P.H. Li. 1976. Freezing and injury
in plants. Ann. Rev. Plant Physiol. 27:507-528.

32

Buwai, M., and M.J. Trlica. 1977. Multiple defo-
liation effects on herbage yield, vigor and total non-
structural carbohydrates  of five range species. J.
Range Manage. 30:164-171.

Cable, D.W. 1982. Partial defoliation stimulates
growth of Arizona cottontop. J. Range Manage.
35:591-593.

Caldwell, M.M. 1985a. Cold desert. p. 199-212. In:
B.F. Chabot and H.A. Mooney (eds.), Physiological
ecology of North American plant communities.
Chapman and Hall, New York.

Caldwell, M.M. 1985b. Plant requirements for pru-
dent grazing. p. 117-152. In: Developing strategies
for rangeland management. National Research Coun-
cil/National Academy of Sciences. Westview Press.
Boulder, Colo.

Caldwell, M.M., J.H. Richards, D.A. Johnson,
R.S. Nowak, and R.S. Dzurec. 1981. Coping
with herbivory: Photosynthetic capacity and resource
allocation in two semiarid Agropyron bunchgrasses.
Oecologia 50:14-24.

Call, C.A., and C.M. McKell. 1984. Field estab-
lishment of fourwing saltbush in processed oil shale
and disturbed native soil as influenced by vesicular-ar-
buscular mycorrhizae. Great Basin Nat. 44:363-371.

Christie, E.K., and J.K. Detling. 1982. Analysis
of interference between C, and C, grasses in relation to

temperature and soil nitrogen supply. Ecology
63:1277-1284.
Clarkson, D.T., and J.B. Hanson. 1980. The

mineral nutrition of higher plants. Ann. Rev. Plant
Physiol. 31:239-312.

Cooper, J.P., and N.M. Tainton. 1968. Light and
temperature requirements for the growth of tropical
and temperate grasses. Herb. Abstr. 38:167-176.

Crider, F.J. 1955. Root-growth stoppage resulting
from defoliation of grass. USDA Tech. Bull. 1102.

Currie, P.O., and G. Peterson. 1966. Using grow-
ing-season precipitation to predict crested wheatgrass
yields. J. Range Manage. 19:284-288.

Dahl, B.E., and D.N. Hyder. 1977. Developmen-
tal morphology and management implications. p. 257-
290. In: R.E. Sosebee (ed.), Rangeland plant physiol-
ogy. Range Sci. Ser. 4. Soc. for Range Manage., Den-
ver, Colo.

Daubenmire, R.F. 1940. Plant succession due to
overgrazing in the Agropyron bunchgrass prairie of
southeastern Washington. Ecology 21:55-64.

Daubenmire, R.F. 1974. Plants and environment a
textbook of plant autecology. John Wiley & Sons,
New York.

Davidson, J.L., and F.L. Milthorpe. 1966a. Leaf
growth in Dactylis glomerata following defoliation.
Annals of Botany 30:173-184.

Davidson, J.L., and F.L. Milthorpe. 1966b. The
effect of defoliation on the carbon balance in Dactylis
glomerata. Annals of Botany 30:185-198.

Fort Keogh Research Symposium, September 1987



Detling, J.K., M.I. Dyer, and D.T. Winn. 1979.
Net photosynthesis, root respiration, and regrowth of
Bouteloua gracilis following simulated grazing.
Oecologia 41:127-134,

Dodd, J.L., W.K. Lauenroth, and R.K.
Heitschmidt. 1982. Effects of controlled SO, ex-
posure on net primary production and plant biomass
dynamics. J. Range Manage. 35:572-579.

Donald, C.M. 1961. Competition for light in crops
and pastures. p.283-313. In: F.L. Milthorpe (ed.),
Mechanisms in biological competition. Symp. Soc.
Exp. Biol. 15.

Drawe, D.L., J.B. Grumbles, and J.F. Hooper.
1972. Clipping effects on seeded foothill ranges in
Utah. J. Range Manage. 25:426-429.

Dwyer, D.D., W.C. Elder, and G. Single. 1963.
Effects of height and frequency of clipping on pure
stands of range grasses in north central Oklahoma.
Oklahoma Agr. Exp. Sta. Bull. B-614.

Dyer, M.I., and U.G. Bokhari. 1976. Plant-animal
interactions: studies of the effects of grasshopper graz-
ing on blue grama grass. Ecology 57:762-772.

Eckert, Jr., R.E., and J.S. Spencer. 1987.
Growth and reproduction of grasses heavily grazed un-
der rest-rotation. J. Range Manage. 40:156-159.

Ehleringer, J. 1985. Annuals and perennials of warm
deserts. p. 162-180. In: B.F. Chabot and H.A.
Mooney (eds.), Physiological ecology of North Ameri-
can plant communities. Chapman and Hall, New
York.

Evans, L.T., I.F. Wardlaw, and C.N. Williams.
1964. Environmental control of growth. p.102-125.
In: C. Barnard (ed.), Grasses and grasslands. MacMil-
lan & Co Ltd., New York.

Feldman, L.J. 1984. Regulation of root development.
Ann. Rev, Plant Physiol, 35:223-242,

Fischer, F.M., L.W. Parker, J.P. Anderson, and
W.G. Whitford. 1987. Nitrogen mineralization in
a desert soil: interacting effects of soil moisture and
nitrogen fertilizer. Soil Sci. Soc. Am. J. 51:1033-1041.

Fosberg, M.A., and M. Hironaka. 1964. Soil
properties affecting the distribution of big and low
sagebrush communities in southern Idaho. p. 230- 236.
In: M. Stelley (ed.), Forage plant physiology and soil-
range relationships. ASA Spec. Pub. No. 5. Amer.
Soc. Agron., Madison, Wisc.

Fowler, N. 1986. The role of competition in plant
communities in arid and semiarid regions. Ann. Rev.
Ecol. Syst. 17:89-110.

Ganskopp, D.C. 1986. Tolerances of sagebrush, rab-
bitbrush, and greasewood to elevated water tables. J.
Range Manage. 39:334-337.

Gay, C.W., and D.D. Dwyer. 1965. Effect of one
year’s nitrogen fertilization on native vegetation under
clipping and burning. J. Range Manage. 18:273-277.

Gerdemann, J.W. 1975. Vesicular-arbuscular my-
corrhizae. p. 575-591. [In: G. Torrey and D.T.
Nicholson (eds.), The development and function of
roots. Academic Press, New York.

Fort Keogh Research Symposium, September 1987

Goetz, H. 1969. Composition and yields of native
grassland sites fertilized at different rates of nitrogen.
J. Range Manage. 22:384-390.

Goetz, H., P.E. Nyren, and D.E. Williams.
1978. Implications of fertilizers in plant community
dynamics of Northern Great Plains rangelands. p. 671-
674. In: D.N. Hyder (ed.), Proc. First Int. Rangeland
Congress. Soc. Range Manage. Denver, Colo.

Grace, J., E.D. Ford, and P.G. Jarvis (eds.).
1981. Plants and their atmospheric environment.
The 21st Symposium of The British Ecological Soc.,
Edinburgh 1979. Blackwell Scientific Publications,
Oxford.

Green, N.E., M.D. Smith, W.D. Beavis, and E.F.
Aldon. 1983. Influence of vesiular-abuscular my-
corrhizal fungi on the nodulation and growth of sub-
clover. J. Range Manage. 36:576-578.

Hanson, C.L., C.W. Johnson, and J.R. Wight,
1982. Foliage mortality of mountain big sagebrush
(Artemisia tridentata subsp. vaseyana) in southwestern
Idaho during the winter of 1976-77. J. Range Mange.
36:576-578.

Hanson, C.L., R.P. Morris, and J.R. Wight.
1983. Using precipitation to predict range herbage
production in southwestern Idaho. J. Range Manage.
36:766-770.

Harper, J.L. 1977. Population biology of plants.
Academic Press, New York.

Harris, G.A. 1967. Some competitive relationships
between Agropyron spicatum and Bromus tectorum.
Ecol. Monogr. 37:89-111.

Harris, G.A., and C.J. Goebel. 1976. Factors of
plant competition in seeding Pacific northwest
bunchgrass ranges. Washington State Univ. College of
Agr. Res. Center Bull. 820.

Heitschmidt, R.K., D.L. Price, R.A. Gordon,
and J.R. Frasure. 1982. Short duration grazing at
the Texas Experimental Ranch: effects on above-
ground net primary production and seasonal growth
dynamics. J. Range Manage. 35:367-371.

Hodgkinson, K.C., and H.G. Baas-Becking.
1977. Effect of defoliation on root growth of some
arid zone perennial plants. Aust. J. Agric. Res. 29:31-
42,

Holt, E.C., and M.R. Haferkamp. 1987. Growth
of introduced temperate legumes in the Edwards Pla-
teau and South Texas Plains. J. Range Manage.
40:132-135.

Hsiao, T.C. 1973. Plant responses to water stress.
Ann. Rev. Plant Physiol. 24:519-570.

Hyder, D.N. 1972. Defoliation in relation to vegeta-
tive growth. p. 304-317. In: V.B. Youngner and C.M.
McKell (eds.), Biology and utilization of grasses. Aca-
demic Press, New York.

James, D.W., and J.J. Jurinak. 1978. Nitrogen
fertilization of dominant plants in the northeastern
Great Basin desert. p. 219-231. In: N.E. West and J.
Skujins (eds.), Nitrogen in desert ecosystems. Dow-
den, Hutchinson & Ross, Inc., Stroudsburg, Pennsylva-
nia.

33



Jameson, D.A. 1963. Responses of individual plants
to harvesting. Bot. Rev. 29:532-594.

Jameson, D.A. 1964. Effects of defoliation on forage
plant physiology. p. 67-80. In: M. Stelley (ed.), For-
age plant physiology and soil-range relationships.
ASA Spec. Pub. No. 5. Amer. Soc. Agron., Madison,
Wisc.

Jensen, C.H., and P.J. Urness. 1979. Winter cold
damage to bitterbrush related to spring sheep grazing.
J. Range Manage. 32:214-216.

Kindschy, R.R. 1982. Effects of precipitation vari-
ance on annual growth of 14 species of browse shrubs
in southeastern Oregon. J. Range Manage. 35:265-
266.

Kozlowski, T.T. 1984. Plant rcsponses to flooding
of soil. BioScience 34:162-167.

Larcher, W. 1980. Physiological plant ecology.
Springer-Verlag, Berlin.

Laude, H.M. 1974. Effect of temperature on morpho-
genesis. p. 25-33. In: K.W. Krietlow and R.H. Hart
(eds.), Plant morphogenesis as the basis for scientific
management of range resources. Proceedings of the
workshop of the United States-Australia rangelands
panel, Berkeley, CA, March 29-April 5, 1971. U.S.
Dep. Agr. Misc. Publ. No.1271.

Lauenroth, W.K., J.K. Detling, D.G. Milchunas,
and J.L. Dodd. 1985. Impact of SO, exposure on
the response of Agropyron smithii to defoliation. J.
Range Manage. 38:16-20.

Levitt, J. 1980. Responses of plants to environmental
stress. Volume II. Water, radiation, salt, and other
stresses. Academic Press. New York.

Lewin, R. 1987. On the benefits of being eaten. Sci-
ence 236:519-520.

Lewis, J.K. 1969. Range management viewed in the
ecosystem framework. p. 97-188. In: G.M. Van Dyne
(ed.), The ecosystem concept in natural resource man-
agement. Academic Press, New York.

Lodge, R.W. 1959. Fentilization of native range in
the Northern Great Plains. J. Range Manage. 12:277-
279.

Lorenz, R.J., and G.A. Rogler. 1972. Forage
production and botanical composition of mixed prairie
as influenced by nitrogen and phosphorus fertilization.
Agron. J. 64:244-249.

McCloud, D.E., and R.J. Bula. 1973. Climatic
factors in forage production. p. 372-382. In: M.E.
Heath, D.S. Metcalfe, and R.F. Bames (eds.), Forages
the science of grassland agriculture. The Towa State
University Press, Ames.

Mecllvanie, S.K. 1942. Carbohydrate and nitrogen
trends in bluebunch wheatgrass, Agropyron spicatum,
with special reference to grazing influences. Plant
Physiol. 17:540-547. '

McLean, A., and §S. Wikeem. 1985a. Influence of
season and intensity of defoliation on bluebunch
wheatgrass survival and vigor in southern British Co-
lumbia. J. Range Manage. 38:21-26.

34

McLean, A., and S. Wikeem. 1985b. Rough fes-
cue response 1o season and intensity of defoliation. J,
Range Manage. 38:100-103.

McNaughton, S.J. 1979. Grazing as an optimization
process: grass-ungulate relationships in the Serengeti.
Amer. Natur. 113:691-703.

McShane, M.C., and R.H. Sauer. 1985. Compari-
son of experimental fall burning and clipping on blue-
bunch wheatgrass. Northwest Sci. 59:313-318.

Miller, R.F. 1986. Response of cool season grasses
to grazing. p. 159-164. In: J.A. Tiedeman (ed.), Short
duration grazing, Proc. Short Duration Grazing and
Current Issues in Grazing Management Shortcourse,
January 21-23, Kennewick, WA, Washington State
Uniy., Pullman.

Miller, R.F., and G.B. Donart. 1981. Response of
Muhlenbergia porteri Scribn. to season of defoliation.
J. Range Manage. 34:91-94,

Miller, R.F., R.R. Findley, and J. Alderfer-Fin-
dley. 1980. Changes in mountain big sagebrush
habitat types following spray release. J. Range Man-
age. 33:278- 281.

Morrow, L.A., R.J. Lorenz, and G.A. Rogler.
1978. Using nitrogen fertilizer to renovate overgrazed
mixed prairie grasslands in the Northern Great Plains.
p. 675-677. In: D.N. Hyder (ed.) Proc. First Int.
Rangeland Congress. Soc. Range Manage. Denver,
Colo.

Mosse, B. 1973. Advances in the study of vesicular-
arbuscular mycorrhiza.  Ann. Rev. Phytopathol.
11:171-196.

Mueggler, W.F. 1972. Influence of competition on
the response of bluebunch wheatgrass. J. Range Man-
age. 25:88-92.

Mutz, J.L., and D.L. Drawe. 1983. Clipping fre-
quency and fertilization influence herbage yields and
crude protein content of four grasses in south Texas. J.
Range Manage. 36:582-585.

Noble, P.S. 1980. Water vapor conductance and CO,
uptake for leaves of a C, desert grass Hilaria rigida.
Ecology 6:252-258.

Norris, I.B. 1985. Relationships between growth and
measured weather factors among contrasting varieties
of Lolium, Dactylis, and Festuca species. Grass and
Forage Sci. 40:151-159.

Oswalt, D.L., A.R. Bertrand, and M.R. Teel.
1959. Influence of nitrogen fertilization and clipping
on grass roots. Proc. Soil Sci. of America 23:228-230.

Owensby, C.E., R.M. Hyde, and K. Anderson.
1970. Effects of clipping and supplemental nitrogen
and water on loamy upland bluestem range. J. Range
Manage. 23:341-346.

Patterson, J.K., and V.E. Youngman. 1960. Can
fertilizer effectively increase our rangeland production.,
J. Range Manage. 13:255-257.

Power, J.F. 1983. Recovery of nitrogen and phospho-
rus after 17 years from various fertilizer materials ap-
plied to crested wheatgrass. Agron J., 75:249- 254,

Fort Keogh Research Symposium, September 1987



Provenza, F.D., J.C. Malechek, P.J. Urness, and
J.E. Bowns. 1983. Some factors affecting twig
growth in blackbrush. J. Range Manage. 36:518-520.

Quinton, D.A., A. McLean, and D.G. Stout.
1982. Vegetative and reproductive growth of blue-
bunch wheatgrass in interior British Columbia. J.
Range Manage. 35:46-51.

Rauzi, F., and M.L. Fairbourn. 1983. Effects of
annual applications of low N fertilizer rates on a mixed
grass prairie. J. Range Manage. 36:359-362.

Rhodes, I. 1970. Competition between herbage
grasses. Herb. Abst. 40:115-121.

Risser, P.G. 1985. Grasslands. p. 232-256. In: B.F.
Chabot and H.A. Mooney (eds.), Physiological ecol-
ogy of North American plant communities. Chapman
and Hall, New York.

Rogler, G.A., and R.J. Lorenz. 1957. Nitrogen
fertilization of Northern Great Plains rangelands. J.
Range Manage. 10:156-160.

Scifres, C.J. 1980. Brush management principles and
practices for Texas and the southwest. Texas A&M
Univ. Press, College Station.

Sims, P.L., and J.S. Singh. 1978a. The structure
and function of ten western North American grass-
lands. II. Intraseasonal dynamics in primary producer
compartments. J. Ecol. 66:547-572.

Sims, P.L., and J.S. Singh. 1978b. The structure
and function of ten western North American grass-
lands. III. Net primary production, turnover and effi-
ciencies of energy capture and water use. J. Ecol.
66:573-597.

Slatyer, R.O. 1974. Effects of water stress on plant
morphogenesis. p. 3-13. In: K.W. Krietlow and R.H.
Hart (eds.), Plant morphogenesis as the basis for scien-
tific management of range resources. Proceedings of
the workshop of the United States-Australia rangelands
panel, Berkeley, CA, March 29-April 5, 1971. U.S.
Dep. Agr. Misc. Publ. No.1271.

Smith, D. 1964. Winter injury and the survival of
forage plants. Herb. Abstr. 34:203-209.

Smith, H. 1982. Light quality, photoperception, and
plant strategy. Ann. Rev. Plant Physiol. 33:481-518.
Smoliak, §. 1956. Influence of climatic conditions on
forage production of shortgrass rangeland. J. Range

Manage. 9:89-91.

Smolik, J.D. 1977. Effect of nematicide treatment on
growth of range grasses in field and glasshouse studies.
p. 257-260. In: ]J.K. Marshall (ed.), The belowground
ecosystem: A synthesis of plant-associated processes.
Range Science Dep. Science Ser. No. 26. Colorado
State Univ. Fort Collins.

Sneva, F.A. 1963. A summary of range fertilization
studies: 1953-1963. Oregon State Univ, Agr. Exp.
Sta. Special Rep. 155.

Sneva, F.A. 1977. Correlations of precipitation and
temperature with spring, regrowth, and mature crested
wheatgrass yields. J. Range Manage. 30:270-275.

Fort Keogh Research Symposium, September 1987

Sneva, F.A. 1986. Nitrogen-sulfur relations in Nor-
dan crested wheatgrass (Agropyron desertorum) and its
response to nitrogen and sulfur fertilizer. p. 287-292,
In: K.L. Johnson (ed.), Crested wheatgrass: its values,
problems and myths; symposium proceedings. Utah
State University, Logan.

Sneva, F., and C.M. Britton. 1983. Adjusting and
forecasting herbage yields in the intermountain big
sagebrush region of the steppe province. Oregon State
Univ. Agr. Exp. Sta. Bull. 659.

Sneva, F.A., and D.N. Hyder. 1962. Estimaling
herbage production on semiarid ranges in the Inter-
mountain region. J. Range Manage. 15:88-93.

Sneva, F.A., and D.N. Hyder. 1965. Yield, yield-
trend, and response to nitrogen of introduced grasses
on the Oregon high desert. Oregon State Univ. Agr.
Exp. Sta. Special Rep. 195.

Stickney, P.F. 1965. Note on winter crown kill of
Ceanothus velutinus. Proc. Montana Academy of Sci.
25:52-57.

Stoddart, L.A. 1946. Some physical and chemical
responses of Agropyron spicatum to herbage removal
at various seasons. Utah Agr. Exp. Sta. Bull.324.

Stout, D.G., and B. Brooke. 1985. Growth and
development of pinegrass in interior British Columbia.
J. Range Manage. 38:312-317.

Stout, D.G., A. McLean, and D.A. Quinton.
1981. Growth and phenological development of
rough fescue in interior British Columbia. J. Range
Manage. 34:455-459.

Thomas, H., and I.B. Norris. 1981. The influence
of light and temperature during winter on growth and
death in simulated swards of Lolium perenne. Grass
and Forage Sci. 36:107-116.

Trappe, J.M. 1981. Mycorrhizae and productivity of
arid and semiarid rangelands. p. 581-599. In: J.T.
Manassah and E.J. Briskey (eds.), Advances in food-
producing systems for arid and semiarid lands. Aca-
demic Press, New York.

Trlica, M.J., and C.W, Cook. 1971. Defoliation
effects on carbohydrate reserves of desert species. J,
Range Manage. 24:418-425.

U.S. Dep. Agr. Forest Serv. 1937. Range plant
handbook. Government Printing Office, Washington.

Vallentine, J.F. 1980. Range development and im-
provements. Brigham Young Univ. Press, Provo,
Utah,

Van Epps, G.W. 1975. Winter injury to fourwing
saltbush. J. Range Manage. 28:157-159.

Wallace, L.L. 1987. Effects of clipping and soil
compaction on growth, morphology and mycorrhizal
colonization of Schizachyrium scoparium, a C,
bunchgrass. Oecologia 72:423-428.

Westoby, M. 1980. Relations between genet and
tiller population dynamics: survival of Phalaris tuber-
osa tillers after clipping. J. of Ecology 68:863-870.

White, L.M. 1985. Stand age, precipitation, and tem-
perature effects on forage yield. J. Range Manage.
38:39-43.

35



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

Wight, J.R., and A.L. Black. 1979. Range fertili-
zation: plant response and water use. J. Range Man-
age. 32:345-349.

Wight, J.R., and R.J. Hanks. 1981. A water-
balance, climate model for range herbage production.
J. Range Manage. 34:307-311.

Wight, J.R., C.L. Hanson, and D. Whitmer.
1984. Using weather records with a forage production
model to forecast range forage production. J. Range
Manage. 37:3-6.

Wilson, A.M., G.A. Harris, and D.H. Gates.
1966. Cumulative effects of clipping on yield of blue-
bunch wheatgrass. J. Range Manage. 19:90-91.

Wright, H.A., and A.W. Bailey. 1980. Firc ecol-
ogy and prescribed burning in the Great Plains — A re-
search review, USDA For. Serv. Gen. Tech. Rep.
INT-77. Intermt. For. and Range Exp. Sta., Ogden,
Utah.

36

Wright, H.A., and A.W. Bailey. 1982, Fire ccol-
ogy, United States and southern Canada. Wiley-Inter-
science Publication, New York.

Wright, H.A., L.F. Neueschwander, and C.M.
Britton. 1979. The role and use of fire in sage-
brush-grass and pinyon-juniper plant communities, a
state-of-the-art-review. USDA For. Serv. Gen. Tech.
Rep. INT-58. Intermt. For. and Range Exp. Sta.,
Ogden, Utah,

Young, R.P. 1983. Fire as a vegetation management
tool in rangelands of the Intermountain region. p.18-
31. In: S.B. Monsen and N. Shaw (compilers), Man-
aging Intermountain rangelands — improvement of
range and wildlife habitats: proceedings; 15-17 Sep-
tember 1981, Twin Falls, Idaho, and 22-24 June 1982,
Elko, Nevada. USDA For. Serv. Gen. Tech. Rep. INT-
157. Intermt. For. and Range Exp. Sta., Ogden, Utah.

Zelawski, W., and W. Szlenk. 1984. Vegeiative
growth in plants: a dynamic model. Physiol. Plant.
62:253-259.

Fort Keogh Research Symposium, September 1987



