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Abstract:

The impacts of drought and grazing on tiller growth rates, axillary tiller emergence, tiller density,
annual tiller replacement and aboveground net primary production were investigated on field-grown
plants of western wheatgrass [Pascopyrum smithii Rydb. (Love)], and blue grama [Bouteloua gracilis
(H.B.K.) Lag. ex Griffiths]. Response was determined by weekly measurements of 270 blue grama
tillers and 329 western wheatgrass tillers in 1994 and 320 blue grama tillers and 341 western
wheatgrass tillers in 1995. A growing season drought (from 19 May to 25 October 1994) was imposed
on six 5 X 10 meter plots by a single automated rainout shelter while six adjacent plots received natural
precipitation. Grazing treatments were grazed during and after drought, grazed during drought and
ungazed after drought, and ungrazed during and after drought. Plots were moderately grazed (45-55%
utilization) in late May and late June in 1994 and 1995. Control plots received 28% below average
precipitation in 1994 while drought plots received 70% below average precipitation. Yearly
precipitation was 19% below average on all plots in 1995, but spring (March, April and May)
precipitation was 20% above average. Tiller growth rates were analyzed using repeated measures
ANOVA. Tiller replacement, axillary tiller emergence, and net primary production were analyzed
using ANOVA Tiller density was analyzed by ANOVA using initial tiller density as a covariate.
Drought had minimal impacts on tiller relative and absolute growth rates of both species due in part to
dry conditions on control plots. Drought did not affect (p>.05)tiller growth rates the year following
drought. Moderate defoliation early in the growing season (28 May) increased (p<.05) tiller relative
gowth rates compared to ungrazed tillers for both species in both years of the study. Absolute and
relative gowth rates later in the growing season were not different (p<.05) from zero for both species in
both years. Grazing increased (p<.01) axillary tiller emergence of both species compared to ungrazed
tillers. However, axillary tiller emergence was 79% and 91% less (p<.001) under drought conditions
for blue, grama and western wheatgass, respectively. Axillary tiller emergence of western wheatgrass
was similar (p>.10) between drought and grazing treatment the year following. drought. Ungazed blue
grama tillers exhibited lower (p<.05) axillary tiller emergence the year following drought compared to
tillers that were grazed both years and only grazed during drought. Drought and gazing had no effect
(p>.05) on tiller density or tiller replacement of both species. Net primary production of blue grama
was not affected (p>.30) by drought or gazing in both years. However, net primary production of
western wheatgrass was lower (p<.05) under drought conditions in both years of the study. It appears
that moderate grazing in the Northern Great Plains during and after drought do not adversely affect
tiller processes under the conditions of this study. These results also indicate that shortterm tiller
dynamics may be regulated by factors other than drought or gazing.
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ABSTRACT

The impacts of drought and grazing on tiller growth rates, axillary tiller emergence, tiller -
density, annual tiller replacement and aboveground net primary production were investigated
on field-grown plants of western wheatgrass [Pascopyrum smithii Rydb. (Love)] and blue
grama [Bouteloua gracilis (HB.K.) Lag. ex Griffiths]. Response was determined by weekly
measurements of 270 blue grama tillers and 329 western wheatgrass tillers in 1994 and 320
blue grama tillers and 341 western wheatgrass tillers in 1995. A growing season drought
(from 19 May to 25 October 1994) was imposed on six 5 X 10 meter plots by a smgle
automated rainout shelter while six adjacent plots received natural precipitation. Grazing
treatments were grazed during and after drought, grazed during drought and ungrazed after
drought, and ungrazed during and after drought. Plots were moderately grazed (45-55%
utilization) in late May and late June in 1994 and 1995. Control plots received 28% below
average precipitation in 1994 while drought plots received 70% below average precipitation.
Yearly precipitation was 19% below average on all plots in 1995, but spring (March, April
and May) precipitation was 20% above average. Tiller growth rates were analyzed using
repeated measures ANOVA. Tiller replacement, axillary tiller emergence, and net primary
production were analyzed using ANOVA. Tiller density was analyzed by ANOVA using
initial tiller density as a covariate. Drought had minimal impacts on tiller relative and absolute
growth rates of both species due in part to dry conditions on control plots. Drought did not
affect (p>.05) tiller growth rates the year following drought. Moderate defoliation early in the
growing season (28 May) increased (p<.05) tiller relative growth rates compared to ungrazed
tillers for both species in both years of the study. Absolute and relative growth rates later in
the growing season were not different (p<.05) from zero for both species in both years.
Grazing increased (p<.01) axillary tiller emergence of both species compared to ungrazed
tillers. However, axillary tiller emergence was 79% and 91% less (p<.001) under drought
conditions for blue grama and western wheatgrass, respectively. Axillary tiller emergence of
western wheatgrass was similar (p>.10) between drought and grazing treatment the year
following . drought. Ungrazed blue grama tillers exhibited lower (p<.05) axillary tiller
emergence the year following drought compared to tillers that were grazed both years and
only grazed during drought. Drought and grazing had no effect (p>.05) on tiller density or
tiller replacement of both species. Net primary production of blue grama was not affected
(p>.30) by drought or grazing in both years. However, net primary production of western
wheatgrass was lower (p<.05) under drought conditions in both years of the study. It appears
that moderate grazing in the Northern Great Plains during and after drought do not adversely
affect tiller processes under the conditions of this study. These results also indicate that short-
term tiller dynamics may be regulated by factors other than drought or grazing.
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CHAPTER 1

INTRODUCTION

Grasslands of the Northern Great Plains encompass approximately 96 million hectares in
the United States and Canada (Singh et al. 1983). This area extends from central Wyoming to
southern Saskatchewan, bounded on the west by the Racky Mountains and on the east bya
line near the 97th meridian (Singh et al. 1983). A large portion of the plant communities |
within the Northern Great Plains are dominated by western wheatgrass and blue grama
(Willms and Jefferson 1993, Lauenroth et al. 1994), Western wheatgrass (Pascopyrum
smithii, Rydb.) is a cool season (Cs) grass and blue grama (Bouteloua gracilis, [H.B.X.] Lag.
ex Griffiths) is a warm season (Cq) grass. In western North Dakota and eastern Montana
these two grassés comprise aproximately 40% and 60% of the a‘boveground biomaés,

respectively (Lauenroth and Whitman 1977, Karl et al. 1993). Lewis (1970) determined

" botanical composition of three different Northern Great Plains sites and found they consisted

of 15% western wheatgrass and 17% blue grama. Therefore, these two grasses play major
roles in the vegetational ecology of the Northern Great Plains. |

North American bison (Bison bison) numbers may have exceeded 40 million (equal to 7.2
million animal units AU), on the Great Plains before European settlement (England and Devos
1969, Mack and Thompson 1982). Presently the Northérn Great Plains livestock industry is
heavily dependent on the native vegetation of the region supporting about 6.5 million AU
(USDA. Agri. Stat. 1993) and 450,000 AU (Willms and Jefferson ‘1993) in the United States |
and Canada, respectively. Therefore, herbivores have been involved in the ecology of the

Northern Great Plains region in the past and will most likely be involved in the future.
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As in most rangeland environments, periodic droughts are common in the Northérn Great

Plains region. In eastern Montana, Campbell (1936) predicted two or three years out of 10
would be drought years. Hurtt (1951) estimated droughts in Montana occur on average once
every five years. Precipitation records for the ;10 years period form 1944 to 1984, support
Hurtt’s (1951) estimate with droughts occurring in 21% of the years (Holechek et al. 1989).

Vegetation of the Northern Great Plains has evolved under periodic grazing and droughts.
Both drought and grazing affect plant productivity, which increase with intensity of stress,
such that plant sustainability may by impaired (Ludlow 1986). When defoliation occurs under
drought -conditions, which is a common case for rangeland grasses (Ludlow 1986),
knowledge of how individual plants and plant communities persist becomes important.

One problem in designing research to quantify drought and grazmg effects is the mability
to include non-drought control plots n field drought studies. Paét research that attempted to
quantify drought and grazing impacts has primarily focused in two areas. First, research has
involved vegetation responses of rangelands that have been grazed before, during, and after
natural droughts (Ellison and Woolfolk 1937, Whitman et al. 1943, Hurtt 1951, Coupland
1958, Reed and Peterson 1961). In theseﬂst:udies grazing occurred before, during, and after
droughts therfore interactions between water stress and defoliation are unclear due to the

" confounded treatments (ie. drought and grazing occurred at the same time). Secondly,
researchers have studied the combined effects of clipping and water stress on individual plants
within greenhouses (Sosebee and Wiebe 1971, Mohammad et al. 1982). Greenhouses provide
very controlled environments, but do not mimic plant responses in sifu. Recently, controlled

studies in naturally competing environments have been used to separate water stress and
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defoliation effects at the md1v1dua1 plant level (Busso et al. 1989, 1990, Busso and Richards

1993, 1995).

Individual grass plants consist of an assemblage of tillers nitiated from a single axillary
bud of ontogenetically older tillers (Hyder 1972, Briske 1986, 1989, 1991). Following
establishment, long term survival of perennial grass plants and plant populations in
communities ultimately depend on growth, survival, recruitment and replacement of individual
tillers (Richards et al. 1987, Olson and Richards 1988a, 1988b, 1988c, Bullock et al. 1994,
Zhang and Romo 1995). However, quantitative studies on the impacts of grazing during and
after drought on tiller population dynamics :are lacking. In addition, the affect of rest (no
grazing) following drought is not well documented.

The oﬁjecﬁves of this study were to determine effects of grazing during and after a
growing season drought on tiller growth rates (relative and absolute), axillary tillgrﬁe;nergence,
tiller density, annual tiller replacement and net primary production of western wheatgrass and
| blue grama. These grass specieé‘ Wme used in th1s study because of their economical and

ecological importance in the Northern Great Plains.
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CHAPTER 2

LITERATURE REVIEW
Introduction

This literature review will begin with a overview of the hierarchical levels of grasslands ‘
and then discuss some structural and functional attributes important to the Northern Great
Plains to orient the reader to the ecosystem in which the study occurs. The review will then
focus on three areas: 1) effects of drought on plants, 2) effects of grazing on plants and 3)
combined effects of drought and grazing on plants. Emphasis will be on the rangélands of the

Northern Great Plains and western wheatgrass and blue grama where information is available.

Hierarchical Levels of Grassland Vegetation

Grassland vegetation is organized as a series of hierarchial levels of atomic particles,
molecules, cells, or@, ﬁﬂers, individual plants, plant populations and plant communities
that collectivély effect the production and sustainability of grassland systems (Briske 1989).
This is because organizational levels may respbnd to certain stresses in very dissimilar
manners (Briske 1989). For example, grazing may increase plant density on the community
level while reducing basal area on the individual plant level (Butler and Briske 1988). Thus, it
is important to reorganize differences between these hierarchical levels to accurately evaluate |
vegetation dynamics. |
Individual grass plants consist of an assemblage of tillers initiated from a single axillary bud of

ontogenetically older tillers (Briske 1986, 1989, 1991, Hyder 1972). A tiller is deﬁn_ed as an




5

accumulation of successive phytomers differentiated from a single apical menstem (Briske
1986, 1989, 1991). Individual phytomers, which consist of a blade, sheath, node, internode,
and axﬂlary bud, form the basic unit of grass growth (Briske 1986, 1989, 1991, Hyder 1972).
Tillers are generally annual plant structures, but can be produced during regrowth following
grazing. For example, Olson and Richards (1988b) found that grazing of crested wheatgrass
[Agropyron desertorum (Fisch. ex Link) Schult.n]‘ during internode elongation mcreased the
growth of axillary tillers.

The processes involved in tiller initiation are unclear. Hypotheses vary as to whether the
plant hormone auxin (IAA) directly or indirectly inhibit axillary tiller aevelopment (Murphy
and Briske 1992). With direct inhibition hypotheses, it is believed the auxin produced in the
apical meristem and young leaves directly inhibits ‘bud outgrowth. On the other hand, the
indirect hypotheses subscribes to\ the evidence sugesting that auxins produced in the apical
meristem block the synthesis or utilization of cytokinin within axillary buds thereby inhibiting
their growth. However, apical bud removal does not always promote tiller initiation in
grasses (Murphy and Briske 1992, Richards et al. 1987). Murphy and Briske (1992) stated
that environmental variables such as resource availability, fadiation qua]ﬁy and competition
may play primary roles in tiller initiation.

Longterm sustainability of individual plants and plant populations in communities
ultimately depend on growth, survival, recruitment and replacement of individual tillers
(Olson ahd Rlchards 19882, 1988b, 1988¢, Richards et al. 1987, Bullock et al 1994). In the

extreme case, if tillef recruitment is suspended for an interval equivalent to the longevity of
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the most recently developed tillers, the plant‘would lose all meristematic potential and die
(Briske 1991). In addition, Richards et al. (1987) found that the maintenance of crested
vwheatgrass was dependent upon the winter survwal of fall produced tillers.

A plant grows by the gain and loss qu parts. There have been many methods that try to
quantify this relationship. Primary techniques in quantifying this relationship invoh}es
measuring changes in plant dry weight or bio.mass‘ (Harper 1980). The major problem
involved with this methods is that it is destructive and measurements on the same plot. or
plant canmot be made through time. .Analysis of individual piants and plant parts (buds,
leaves, tillers ect.) is non-destructjve, so individual plants and plant parté can be followed over
time (Hafper 1980). The advantage of following individuals over time is that one knows the
preexisting condition of that individual and can f01.10w the fate of that individual over time,
Requnses tq treatments such as dr;)u'ght and grazing can be judged on a variety of
p@etm such as tiller birth and death rate, leaf number, or tiller growth rates. Community
analysis may indicate no differences in‘biomass due to a grazing treatmerit, but individual -
tillers vmthm the pasture may have quite different tiller b1rth or growth rates. Studying the
eﬂ‘ect of drought and grazing at the t1]1er level will indicate mechanisms of how plants

respond to these stresses.

Historical Perspective

Vegetation of the Northern Great Plains has evolved under interactions between grazing
. and periodic droughts. Prior to European settlement the Northern Great Plians was the home

of nomadic Indian tribes and large numbers of bison, prairie dogs, elk, pronghom, bighorn
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sheep, and deer (Lauenroth et al. 1994), North American bison (Bz’son bison) mumbers may

have exceeded 40 million (72,000,000 animal units AU), of which most occupied the central
Great Plains region (Mack and Thompson 1982, England and Devos 1969). In the 1800s
settlers began reducing bison herds across the Great Plains, reblacing them with domestic

: livestock (Lauenroth et al. 1994). In the 17 western states grazing Ii.\/estock numbers peaked
in the mid-1930s at 27 million AU (Chapline 1936). By 1943 following implementation of
the Taylor Grazing Act, the rangelan&s of North and Squth Dakota, Nebraska, Wyoming and
Montana supported about 5 9 million AU (Stoddard and Smith 1943). Presently the
Northern Great Plains livestock industry is heavily dependent on the native vegetation of the
region supporting about 6.5 million AU (USDA Agri. Stat. 1993) and 450,000 AU (Willms
and Jefferson 1993) in the United States and Canada.

As in most rangeland environments, periodic droughts are common in the Northern Great
Plains. A drought year is defined as 75% or less than the longterm average annual
precipitation (Vallentine 1990, Societ.y for Range Management 1974). Reyﬁolds (1954)

| estimates droughts occur at intervals of two to five years m southwestern Arizona. In eastern
Montaﬁa, Campbell (1936) predicted two or ﬂﬁee years out of 10 ;Nould be drought years.
Hurtt (1951) estimated droughts in Montana occur on average once every five years.
Precipitation records for the 40 years period from 1944 to 1984 support Hurtt’s (1951)
estimate with droughts occurring in 21% of the years (Holechek et al. 1989). Both drought
and grazing affect plant productivity, which increase with intensity of stress, such that plant

sustainability may by impaired (Ludlow 1986). Although other environmental factors are
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important to plant productivity, this review will largely focus on how drought and grazing

effect rangeland vegetation.
Noﬁhern Great Plains Structure and Function

Physiography and Soils

- Grasslands of the Northern Great Plains mco@%s approximately 96 million hectares .in
the United States and Canada (Singh et al. 1983). Geographically this area extends from
central Wyoming ';o‘ southern Saskatchewan, bounded on the west by the Rocky Mountains
and on the east by a line near the 97th mend:an (Singh et al. 1983). This region includes
western North and South Dakota, eastern Montana, northeastern Wyoming, northwestern
Nebraska, souﬂleastem Alberta and southern Saskatchevs}aﬁ (Holechek et al. 1989, Goeti
1987, Singh et al. 1983).

The principle soils associated with the Northern Great Plains-are of the order Mollisol
(Holechek et at. 1989, Goetz 1987, Singh et al. 1983). Mollisols are well-developed soils
with thick, dark surface horizons high in organic matter and bases. Soils of the drier western
portions of this region are Aridisois which are lower in organic matter but still show
pedogenic horizons (Goetz 1987, Singh et al. 1983). Soil orders of Enisols and Alfisols aso

occur on limited areas of this region.

Climate
The climate of the Northern Great Plains is semiarid with a distinct north to south
temperature gradient and west to east precipitation gradients. Southern regions of the

Northern Great Plains have higher avefage annual temperatures (ave. 8-12°C) than the
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northern regions (ave. 0°C) (Lauenroth et al. 1994, Singh et al. 1983). As a result of this

temperature gradient, average frost-free period increases from approximately 100 days in the
north to 140 days in the south (Holechek et al. 1989). Average annual precipitation on the
Northern Great Plains increases from about 300mm in the west to 600-900mm in the east
(Lauenroth et al. 1994, Goetz 1987). Seventy to eighty percent of the annual precipitation is
received during the April through September growing season (Holéchek et at. 1989, Goetz

1987, Singh et al. 1983, Lauenroth and Whitman 1977).

Primary Production
Lauenroth et .al. (1994), Singh et al. (1983), Lauenroth and Whitman (1977) estimated

annual aboveground net primary production (ANPP) on the Northern Great Plains to be
about 3,000 kg/ha with peak standing crop occurring anywhere from lgte June to late July.
However, vegetational production of the Northern Great Plains is highly variable from year to
year. For example, in eastern Montana estimated ANPP varied from 1780 kg/ha in 1927 to
250 kg/ha in 1934 due to different amounts of precipitation (Campbell 1936). Sims and
Singh (1978) reported below ground net primary production (BNPP) from three Northern
Great Plains sites averaged 8,470 kg/ha while Lauenroth and Whitman (1977) estimate
1;ange£i from 9,310-12,210 kg/ha. Sims and Singh (1978) reported total net primary |
production (NPP) varied from 2,250-14,250 kg/ha within the Northern Great Plains region.
Differences in NPP between years and sites can be attributed to many factors, but
precipitation is generally the most important factor. Reynolds (1954) in southwestern Arizona
reported magnitude of rangeland forage production was primarily a function of precipitation.

In this research between 1924 and 1950, annual precipitation ranged from 127-584mm and
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ANPP ranged from 39-763 kg/ha. Similarly, Reed and Peterson (1961) reported that ANPP

varied from 602 kg/ha in 1938 with 147mm of annual precipitation to 1690 kg/ha in 1944
with 370mm of annual precipitation. Likewise, Clarke et al. (1947) reported pre-drougilt
(1932) ANPP averaged 410 kg/ha whereas after 2 drought years (1936) ANPP only
averaged 183 kg/ha in southern Alberta and Saskatchewan. Sims et al. (1978) reported
precipitation and evapotranspiration accounted for 50-70% of the variability of Ai\II;P in the
Great Plains While solar rédiation and anmual temperature accounted for 80-90% of the
variability of BNPP. Sims and Singh (1978) found there was a linear relationship between
increasing ANPP with increasing precipitation in ten western-grasslands. On the other hand,
there was a inverse .relationship with increasing BNPP with- decreasing mean annual
temperature. Sims ;md Singh (1978) attributed 48% of the NPP vanablhty to precipitation.
Water is esse'ntiall for plant life and is often the most hnntmg ﬁxqtgr mﬂuencmg plant
productivity in arid and semiarid rangelands.

Rangeland plants are also affected by environmental factors such as temperature, light, A
atmosphere, nutrients, and fire during all phases of growth and developmeﬁ (Haferkamp
1987). Many of these factors can act either singly or in combination to affect plant

' productivity (Haferkamp 1987). Intergctions between air temperature, soil temperature, the
evaporative power of the atmosphere (Lauenroth and Whitman 1977), soil nutrients,
terﬁporal diétribution of precipitation; water use efficiency (Wﬂ]ms and Jefferson 1993) and
litter (Willms et al. 1993) have been reported to inﬂuencf: N?P,_ but to a lesser degree than

annual precipitation.
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Plants maintain life through an energy storing process called photosynthesis. In the

presence of sunlight glucose is formed when water and carbon dioxide (CO,) are fixed in the
chlorophyll (Olson and Lacey 1988). Factors affecting this process are extremely important.
Sunlight and CO, in the atmosphere are not influenced by management and are seldom
limiting for rangeland plants (Holechek et al. 1989). However light may'beeome limiting if
shading occurs causing a decline in photosynthetic rates (Harper 1977). ). Water is essential
for photosynthe':sis' and is often the most limiting factor.

Vallentine (1989) reported that soil nutrient deficiencies (primarily nitrogen) reduce
forage production. For example, fertilization rates of 45 and 88 kg/ha of nitrogen increased
above ground biomass of ‘blue grama 64 and 103% above contrq]s, respectfully (Reed and
Dwyer 1971). Although forage préduction on semiarid rangelands can oﬁen be increased 50-
100% by the application of fertilizer, it still may not be an economically viable practice
(Vallentine 1989). @%teﬁ benefits from rangeland fertilization can be expected in areas
receiving greater than 635mm of annual precipitation W allentine 1989).

Ambient air temperature is also important to plant growth. Optimum growth (dry matter
increase of rélative growth rate) temperatures for C; and C, grasses are approximately 20-25°
and 30-35°C, respectfully (Haferkamp 1987). Bokhari and Singh (1974) found a decliné in
the growth rate of western wheatgrass (C;) at temperatures of 30°C compared to
temperatures of 13° and 24°C. Stubbendieck and Burzlaff (1969) reported that higher soil
temperature (>10°C) resulted in four week earlier tiller development of blue grama compared
to cooler soil te@aahues (<10°C). .Total biomass of western wheatgrass was two times

greater when growh at cooler temperatures, 20°C compared to 35°C and total biomass of
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blue grama was 3 times greater when grown at warmer temperatures, 35°C compared to -
20°C (Kemp and Williams 1980). In addition, Frank and Ries (1990) stated that
morphological development was primarily controlled by temperature whéreas forage
. production waé a function of available soil water and nitrogen.

Fire is also a natural factor on rangelands and probably no range site has developed
without being influenced by burning (Vallentine 1989). Fire can effect plants directly through
héat damage or indirectly by reduciﬁg competition and releasing resources such as water,
nutrients and light (Haferkamp 1987).‘ Plant response following fire varies amoung speciés "
and dependents on plant' morphology and pheﬁological stage of developmém when burned
(Higgens et al. 1989, Vallentine 1989). Recovery following fire will ultimately be influenced -
by growing point location and amount of meristematic tissue lostlduring fire. Busso et al.
(1993) .found that burning Stipa tenuis Phil. ’dec_reased total axillary bud numbers 82%, but -
burned plants had similar tiller numbers and biomass compafed to unburned plants after the
growing season. |

The botanical composition of the Northern Great Plains is best described as mixed grass
prairie because it contains short, mid, and tall grasses as well as both cool and warm'season
grasses (Lauenroth et al. 1994, H‘oléchek et al. 1989). Short and midgrasses predomiﬁate this
regiom with the tall grasses being Timited td more mesic éites (Lauenroth et al. 1994). The
majority of the mid-height grasses are cool season (C; photosynthetic pathway) grasses which
initiate growth early in the spring, While the shortgrasses are typically warm season (Cs
photosynthetic pathway) species which initiate growth in late spring tc.> -early summer

(Lauenroth et al. 1994, Singh et al. 1983). .
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A large portion of the Northern Great Plains vegetation are dominated by western

wheatgrass and blue grama (Lauenroth et al. 1994, Willms and Jefferson 1993). Western
wheatgrass is a cool season (C;) midgrass and blue grama is a warm season (C,) shortgrass.
In western North Dékota and eastern Montana these two grasses comprise 40% and 60% of
the aboveground biomass, respectively (Léuenroth and Whitman 1977, Karl et al 1993).
Lewis (1970) determined botanical composition of three different Northern Great Plains sites
and found they consisted of 15% western wheatgrass and 17% blue grama. Therefore, these
two grasses play major roles in the ecology of the Northern Great Plains.

Western wheatgrass and blue grama maintain themselves in the community primarily by
vegetative reproduction (Gould and Shaw 1983, Stubbendieck et al. 1992)- and farely through
seedling establishment (Karl et al 1993). Karl et al. (1993) found that 95% of all seedlings
found on a eastern Montana mixed grass prairie site were annual plants and perennial grass
 scedlings were fow (<5%). Seedling establishment and survival of grass species have been
shown to be reduced by adult neighbors (Aguilera and Lauenroth 1993, Samuel and Hart
1992). Samual and Hart (1992) found that after transplanting four-week-old blue grama
seedlings into bare soil openings with diameters of 0,4,8, and 16 cm seedling survival was
42.79.88 and 92% following the first growing season. Greater seedling survival of blue
grama under optirnum soil water conditions was found only wheq bare soil openings were
30cm in diameter compared to smaller openings (Aguilera and Lauenroth 1993). Samuel and
Hart (1992) concluded for successful seedling establishment of blue grama in existing swards,
large artificial or natural openings must be created. Prolonged drought conditions may create

such large openings bare soil openings. Therefore, seédlings may play important roles in the
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recovery of grass plants following droughts. provided conditions are optimum (Weaver and

Albertson 1944) -

Impacts of Drought

Each plant species has different strategies for coping with drought. Ludlow (1986)
defined three coping strategies. Annual plants exhibit an “escape” strategy in which they
germinate early in the growing season, grow rapidly, flower, seed, and die before soil
moisture is depleted. Some perennial bMS exhibit an “avoidance” strategy where deep roots
or early dormancy help p]aqts endure dry periods. However a majority of plants posses a
“tolerance” strategy which includes osmotic and stomate adjustments, reduced leaf area and
continuec_i root growth during drought. In this section effects of drought on physiological

processes, individual plants and plant communities will be discussed.

Physiological and Individual Plant Responses.

Water is essential for plant life and consists of 80-95% of the mass of growing plant tissue
(Taiz and Zeiger 1991,_Hsiao et al. 1985). Root systems extract water from the soil and
transport it to the leaves through the x&lem where it is -then used for photosynthesis. The
mechanism for water transport within plants includé bulk flow, diffusion and osmosié. Bulk
flow moves water from a high pressure area to a low preésui”e area. Diffusion moves water
from regions of high water concentration (lovs} solute concentration) to low water
concentration (high solute concentration). Osmosis is the process by which water moves
between plant cells, across memb‘ranes via concentration gradients. These gradients depend

on the chemical potential of water, or water potential (Taiz and Zeiger 1991).




15
Water potential is directly related to osmotic pressure (cell solute concentration) and cell

ulrgor pressure(cell pressure) (Taiz and Zeiger 1991). This relationship may be written as:
water potential = cell turgor pressure - osmotic pressure.

Water in plant moves from regions of high water potentials to regions of low water potentials '

(Taiz and Zeiger 1991). Water movement and water balance within plants is maintained by

changing water potential. |

Adjustments in osmotic p.ressure is one way t'hatl'plants' change water'potential‘ to cope
with water stress. Solute accumulation in leaf" tissue of water stressed plants has been |
reported for Eustachys paspaloides, an east African C, grass and sorghmﬁ (Sorghum bicolor
[L.] Moench) (Toft et al. 1987, Jones and Tuner 1978). Soiute acc_mrﬁﬂation by cells results
in a decreased water potential and a greater .attraction "for water, while maintaming cell
turgor pressure. Maintenance of turgor pressure enables the continuation of cell elongation at
lower water potentials. However, osmotic adjustments rﬁay only be a short-term drought
strategy. Toft et al. (1987) found water stressed plants delayed permanent wﬂtmg for 24
hours through osmotic adjustment compared to non-st1;essed plants. ‘_Thqefore, osmotic
adjustment was not a mechanism for reducing the effects of long-term drought.

Leaf extension rates are very sensitive to water deﬁci'ts (Busso and Richards 1993, Hsiao
et al. 1985, Ong et al. 1985, Boyer 1970). Busso and Richards (1993) found leaf éxtension
. rates of crested wheatgr%ss were 70% lower in ‘drOught stressed plants compared to non-
stressed plants. Drymg of soﬂs from -3.0 to —4.O'bz;1r§ reduced elongation 10% and elongation
completely stopped when leaf water potential reached -6.5 bars (Hsiao et al. 1970). Reduced

leaf growth under water stress has been attributed primarily to a reduction in cell turgor
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pressure associated with a reduced leaf water pétential‘ (Boyer 1968). Boyer (1970) found it |

was not possible to obtain leaf tissue growth with a. water potential of zero, Leaf growfh of |
sunflower (Helianthus annuus L.) occurred only whén leaf water potentials were above -3.5
bars and therefore require a minimum turgor of -6.5 bars for enlargement (Boyer 1968).
Lower growth rates under water stress W111 ultimately affect p]ai;t morphological
characteristics (Busso 1988). For example, leaf number (Reed and Peterson 1961), leaf size
(Nesmith‘ and Richie 1992, Hogenboom et al. 1987), plant height (Chung_and Trlica 1980,
Reed and Peterson 1961, Coupland 1958, Ellison and Woolfolk 1937), flowering stalks,
(Coupland 1958) and tiller numbers (Héferkamp et al. 1992) are all reduced by wéter deficits.
Tiller numbers .of northern wheaigrass [dgropyron dasystachyum (Hook.) Scribn.] were
found to be positively correlated with soil water (=77) (Zhang and Romo 1995).  After
three consecutive years of imposed drought, axﬂlary bud numbers of crested wheatgrass and
bluebunch wheatgrass (Agropyron spicatum (Pursh) Scribn & Smith) -plants were lowest
under the drought treatments compared to higher moisture levels (Busso et al. 1989). This
reduces the bud pool for future tiller generations which reduces competitive abilities ax'id
ultimately lowers the plant’s longterm success in tﬁe community (Zhang and Romo 1995,
Busso 1988, Busso et al. 1989). Low water supp‘ly‘may cause a carbohydrate build up in
" plant tissues tBusso et al. 1996) because water stress restricts growth relatively more than
photosynthesis (Boyer 1970) For example, Chung and Trlica (1980) found greater “C
translocatxon to roots in water stressed blue grama. Busso et al. (1990) found that after two
years of imposed drought crested wheatgrass and bluebunch wheatgrass had seven times

higher total nonstructural carbohydrate (TNC) pools in the roots and crowns compared to
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non-stressed plants. These results indicate that regrowth of these species woﬁld not be
limited by carbohydrate availability and may exhibit rapid spring growth following elevation
from drought (Busso 1988). Wisiol (1979) found that water stressed blue grama had
conceptrations of proline 90 tlmes higher than controls. Proline has also been reported to
increase 67 and 43% in crested and western wheatgrass, respectfully, in response to water
stress compared to controls (Frank 1994). Proline is a protein that is closely related to new
growth through its role as a precursor of hydroxyproline,i essential for cell wall protein
(Wisiol 1979). Increased concentrations in proline may also serve as a readily Vavail‘able pool
of nitrogen fqr recovering plants following drought.

Net photosynthesis (P,) has been shown to recover.ﬁom leaf water potentials.as low as -
92 bars in Panicum maximum var. trichoglume (Ludlow and Ng. 1976). However, time
needed to regain pre-stress levels of photosynthesis increased with increasing water stress.
Wolf and Parish (1982) reported tillers of tall fescue (Festuca arundinacea Schreb.) exposed
to short-term (<28 hours), severe water stress (wilted) displayed rapid leaf elongation
immediately after watering. With longer periods bf water stress (>28 hours) elongation was
suspended for at least two hours (Wolf and Parish 1982). Hogenboom et al. (1987) reported
water stressed soybean [Glycine max (L.) Merr. braxton’] shoot gfowth was greater than |
plants grown without water stress (.025 vs. .020 nvday) afier rewatering drought stressed
plants. Thus, no longterm differences were observed between drought and nondrought
stressed plants. Sala and Lauenroth (1982) reported Smm or less rainfall events increased leaf
water potentials and stomatal conductance of field gfown blue grama within 12 hours and this

activity lasted for two days. They concluded that small rainfall events are ecologically
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important for the survival of this plant. But despite increased f)hysiological activity and leaf

elongation after rewatering drought stressed plants, final biomass was still less than that for
unstressed plants (Chung and Trlica 1980). |
Population and Community T evel Responses. -

The earliest response of vegefation during drought is reduced forage production (Weaye.;f
and Albertson 1944) althought other changes in the vegetation chmactedsﬁcs have been
documented. Gibbens and Beck (1988) reported that after 40 years of data collection, - -
drought appears to have tremendous influences upon perennial grass basal area “and
vulnerabnhty and recovery of grass species depend on plants ability the tolerate drought. |

Between 1934 and 1935 the Northern Great Plains region revieved about 25% of the
average annual precipitation thereby causing extensive chaﬁg,es in the vegetation (Reed and
Peterson 1961). Drought reduced total basal area from 28% in 1933 to 2% in 1937 in south
eastern Montana (Reed and Petersoﬂ 1961) and from 30% in 1933 to 13% in 1936
western North Dakota (Whitman et al. 1943) in response to drought. Sanberg bluegrass |
(Poa secunda Presl) was the only perenmal grass species in southeastern Montana that
increased in basal area during the drought, increasing from 75% (Hurtt 1951) to 400% (Reed
and Peterson 1961) depending upon study site. Sandbergs bluegrass uses thg “avoidance”-
drought strategy by early spring compietion of the growth cycle, before extreme soil moisture
depletion (Olson 1982). Between 1933 and 1937 western wheatgrass and blue grama basal
area declined 90 and 95%, respectively (Hurtt 1951). In addition, density of western
wheatgrass and blue grama declined 74 and 75% in southeast Montana (Eltison and Woolfolk '

1937) and 67 and 64% in western North Dakota (Whitman et al. 1943), respectively.

-~
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Vegetation of the Northern Great Plains are continually. changing with climatic variables.

During extended dry periods species composition shifts towards shortgrass (blue grama) by
. eliminating the rmdgrass component. For example, covef of midgrasses were decreased to
near zero, Ihowever shoﬁgrasses were more drought tolerant and tended to dominated durmg
the 1930s drought (Newbauer et al. 1980, White et al. 1978, Coupland 1958). In contrast,
species composition shifts toward midgrass domination with less shortgrass cover when
rainfall is above average (Newbauer et al. 1980, White et al. 1978, Coupland 1958). For
Mexample, above av@e precipitation caused total plant basal area to increase 23% in
southern Canada between 1940-1950 (Coupland 1958) and 61% during 1963-1976 in
southeastern Montana (Newbauer et al. 1980). Newbauer et al. (1980) foﬁnd that species
composition on silty, sandy and thin hilly range sites, shifted from 16% midgrass [western -
wheatgrass, needleandthread (Stipa comata Trin. & Rupr.)], prairiec junegrass (Koeleria
pyramidata Lam. Beauv.], 71% shortgrass [blue grama and threadleaf sedge (Carex ﬁlz'folic‘z :
nutt.)] in 1936 to 30% midgrass/53% shortgrass in 1976 in response to 13 years of above
average rainfall. Western wheatgrass composition has been documented to increase with
increasing precipitation (Coupland 1958, Newbauer et al. 1980). |
Shifts in species composition can be attributed to the _diﬂ'ergnce in drought t_olerance'
between C; and C, grasses. Warm season (C(4) grasses (i.e.'Blue grama) have evolved under
arid environments and are more efficient in photosynthésizing duﬁﬁg drought than C; grasses
(Gould and Shaw 1993). Warm season MS can store CO; in the bundle sheath cells at ,
night. This allows the plant to photosynthesize during the day at the high levels of CO, while

keeping the stomates closed. Stomate closure during the day minimizes water loss through
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transpiration. This is a fundamental reason why C, shortgrasses may dominate during

drought periods and the C3\ midgrasses decrease. Therefore, continual changes in vegetation
of the Northern Great Plains can be expected in plant communities as the precipitation
changes (Olson et al. 1985).

Most plant specieg suffer durmg drought. One year of favorable pfecipﬁaﬁon is generally
not enough to restore the vegetation to predrought conditions (Ellison and Woolfolk 1937);1
Reed and Peterson (1961) reported that recovery of western wheatgrass and blue grama to
predrought conditions following the 1930s drought was not complete within eight years. On
the other hand, thtman et al. (1943) reported blue grama recovered to pre‘droﬁght
conditions in 2-3 years whereas western wheatgrass completely recovered in 6]years after the
severe drought conditions of the 1930s. Recovery rate following drought depends upon:
predrought conditions of vegetation (vigor), degree of de;pletion of vegetation during
drought; plant species remaining, dust burial damage, grazing intensity before, during and
after drought, and the amount and distribution of precipitation following drought (Coupland

1958).

Impacts of Herbivory

Physiological and Individual Plant Response
Defoliation results in the loss of photosynthetic tissue which alters a plant's ability to

produce photosynthate. Available evidence indicates that when an individual leaf blade is
removed, net photosynthetic rates (P,) per unit of imtact area of the damaged leaf is

decreased. Detling et al. (1979a) reported sMed grasshopper grazing (25% leaf removal)




. 21 ‘
of western wheatgrass decreased P, 66%. However, undamaged leaves on defoliated plants

showed increased P,, When 50-75% of western wheatgrass tillers were removed by clipping,

P, of remaining undamaged leaves averaged 25-35% greater than leaves of the same age. in

undamaged control plant (Painter arid Detling 1981, Detling and Painter 1983). Caldwell et

al. (1981) observed leaf blades on regrowing tillers of defoliated plants had greater
photosynthetic capacities than leaf blades growing on undefoliated plants. ' In spite of
apparent compensatory photosynthesis, enhanced plant performance following grazing is’
questionable (Detling 1987). Nowak and Caidwell (1984) reported that compensatory

photosynthesis was greatest in the two oldest leaves at the tir:né of defoliation. These leaves - |
contributed only a small portion of the photosynthetic area, therefore contributi(;n to total
carbon assimilation was rather small.

To understand defoliation effects on primary p;oduction, it is important éo consider P, ‘(‘)f
whole growing plants (Detling 1987). Detling et al. (1979b) measured the P, of the entire
shoot systems of defoliated and undeféliated blue gama plants. They found mean P, per unit
of leaf area of defoliated plants was réduced by 60% immediately following defoliation.
However, three days after defoliation, mean P, rates on regrowiné defoliated plants had
exceeded that of non-defoliated plants by 21% and remained higher for at léast 10 days.
Detling (1987) stated initial declines in P, following defoliation were probably due to
reductions in individual leaf P, rates and increased proportion of less -efﬁcignt photosyntileﬁc
structures (ie. high stem:leaf) while increased Pn rates 3-4 days following defolation are
probably due to mm photosynthesis of remaining undamaged tissue and a increase in

leaf'to stem ratio.
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Reece et al. (1988) found that under short duration grazing, tiller number per plant

increased 65% for blue grama and needleandthread. Zhang and Romo (199§) reported
defoﬁtion of northern wheatgrass enhanced tillering 71% and survxval cbmpared to controls.
In contrast however, most of the recent literature indicates that defoliation generally
decreases tillering in perennial grasses (Murphy and Briske 1992). Olson and Richards
(1988c) reported that tiller replacement was inversely related to grazing intensity. Stroud et
al. (1985) reported that clipping western wheatgrass to 2-5cm heights 4 times during the
growing season, decreased tiller density 57%, while controls increased 28%. Tiller numbers
have also been reported to decrease under he-avy defoliation for little biuestem (Bulter and
Briske 1988). Biweekly defoliations of pinegrass (Calamagrostis rubescens Buckl) to 5, 10,
and 15cm stubble heights decreased tiller density 95, 55, and 25% compared to controls,
respectively (Stout et a1. 1980).

Grazing tolerant plants may have the ability to rapidly produce more tillers in response to
defoliation. For example, when crested and bluebuﬁch wheatgrass plants were clipped to 5-7
cm heights, grazing tolerant crested wheatgrass produced 18 times more tillers than the
grazing sensitive bluebunch wheatgrass (Mueller and Richards 1986). Although species

produced more tillers when grazed, tiller replacement on heavily grazed crested wheatgréss
was inadequate for plant maintenance, particularly those grazed during or after internode
elongation (Olson and Richards 1988a).

Tillers are frequently produced within 2-3 weeks after defoliation (Olson and Richards
1988b, Richards et al. 1988) and the rate of tillering depends on many variables. For example,

Olson and Richards (1989a) showed heavy grazing of crested wheatgrass before internode
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elongation seldom affected tiller replacement, while grazing during or after internode

elongation increased over winter mortality of fall produced tillers and reduced the number and
height of replacement tillers. Two and six week intervals of defoliation of northern
wheatgrass in south-central Saskatchewan had little influence of tiller survival, but initating
defoliation near the time of tiller emergence reduced survival whereas delaying defoliation
until August increased tiller survival (Zhang and Romo 1995). Enriched red light at the base
of undefoliated dallisgrass (Paspalum dilatatum Poir.) increased tiller numbers three times
compared to those with no supplementalrred light (Deregibus et al. 1985). In contrast,
defoliation reduced tiller recruitment 88% with or without erﬁiched red llight at the base of
little bluestem plants (Murphy and Briske 1994). Tiller recruitment appears to be regulated in
a density dependent manner minimizing the overproduction ef tillers within clones (Murphy
and Briske 1994). The complexity of mechanisms regulating axillary bud growth and the
large number of potential intervening factors (e.g. environmental variables, species-specific
responses, stage of development, frequency and intensity of defoliation) minimize the
likelihood of consistent tillering responses to defoliation between species ' (Briske and
Richards 1994).

Defoliation may be more appropriately viewed as a means of altering the timing or season
of tiller recruitment (Murphy and Briske 1992). Fo;' example, Bullock et al. (1994) found
heavy summer grazmg of Agrostis stolonifera and Lolium peretene did not affect tiller density
but increased tiller turnover by higher tiller birth and death rates., This "flush" of tillers
following grazing may reduce maximum tiller recruitment in defoliated plants relative to

periods of maximum recruitment in undefoliated plants (Bulter and Bﬁske 1992). In addition,
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increased tiller recruitment following spring grazing of crested wheatgrass did not contribute

to tiller recnﬁtmerﬂ: the following season due to greater tiller mortality in grazed plants than in
ungrazed ‘plants (Olson and Richards 1988a). Therefore, in spite of a brief period of -
increased recruitment immediately following defoliation, grazed plants may not produce
greater number of tillers than undefoliated plants when evaluated over one or more growing
seasons (Brisllce and Richards 1994).

_Changing tiller populations affect photosynthate producticl)n in grazed plants which
influences above and belowground biomass production. Plant response to defoliation may
depend on the timing, frequency, and amount removed during a grazmg event. Grazinghas
been shown to increase plant:production compared to un'grazed plants. Shoot weights were
66% and 2§% greater than controls for héavy and moderate clipping, respeétfully at the end
of an 80 day growing period (Bokhari and Singh 1974). This study was conducted in a green
house under ideal growing conditions.

End of season blue grama tiller weights ﬁnder short duration graz:mg (3.8 AU/ha) were
shown to dg.crease 26% compared to ungrazed tlllers (Reece et al. 1988). Stout et al. (1980)
found that light, moderate and heavy clipping of pinegrass within three British Columbia
Douglas fir (Pseudotsuga menziesii) zones én average decreased final biomass 55%
compared to con&ob Eecause tiller height were 16% shorter than controls. In comparing
continuous grazing to uniform clipping, Stroud et al (1985) reported that two years of
continuous grazing treatment did not affect herbage production of western wheatgrass, but

under uniform extreme clipping decreased 67% compared to controls.
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Root production also generally decreases with increasing grazing intensity. Richards

(1984) found that root growth length of grazing tolerant crested wheatgrass was 50% that of
intact plants. Belowground biomass of western wheatgrass decreased as herbage removal
increased after two years of simulated grazing (Stroud et al. 1985). Ingham and Detling
(1984) found that western wheatgrass and little bluestem [Schizachyrium scoparium (Michx.)
Nash] BNPP was 50-60% lower on more heavily grazed sites. Increased intensity 6f .
defoliation resulted in reduced root biomass of both western whegtgxass and blue grama
(Santos and Trlica 1978). Ingham and Detling (1984}) concluded that reduced root
production following grazing was due to less aboveground photosynthetic area and 1éss
proportion of photosynthate going to the roots. However, root production has been reported
to be unaffected or increased in response to grazing; Buwai and Trlica (1977) reported that
undefoliated biue gama and western wheatgrass had the same root weights as did plants
heavily defoliated.
Recovery |

Following defoliation, plants must rapidly reestablish above ground tissue to mamtam
themselves in the community. Traditional views of plant regrowth were that carbohydrates
stored in the roots were the primary sources of carbon following regrowth, however this
hypothesis has been discounted. Richards and Caldwell (1985) quantified the amount of
carbon supplied to regrdwth from storage organs compared to current photosynthesis of
crested and bluebunch wheatgrass. They found that crested wheatgrass produced more
regrowth than bluebunch wheatgrass but the differences in regrowth were not correlated with

non-structural carbohydrate concentration, total pools or the amount of carbohydrates:
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utilized during regrowth. Current photosynthesis supplied 89-99% of the carbon used for

regrowth and utilization of carbon reserves exceeded utilization of photosynthesis only for 2-
5 days. Bokhari (1977) found that carbohydrates stored in roots of western wheatgrass were
utilized for regrowth following clipping until aboveground tissue was reestablished in ébout
10 days. Even when regroyvth potential was reduced by loss of apical meristems, utilization
of current. photosynthesis during regrowth immediately exceeded utilization of stored carbon
sources (Richards and Caldwell 1985). Carbohydrate reserves rarely limit regrowth and
should be thought of as a short-term buffer fo "jump start' regrowth (Richards and Caldwell
1985). Richards and Caldwell (1985) concluded that meristen’]atic limitations were the
dominant control in shoot regrowth in crested and bluebunch wheatgrass.

Allocation of photosynthetic products within grasses is altered by defoliation (Briske
1991, Briske and Richards 1994). Generally, grazing toleraﬁt plants have: flexible carbon
allocation and utilize more of their current photosynthesis products for the synthesis of new
shoots following defoliation (Briske and Richards 1994, Briske 1991, Ingham and Detling
1984, .Richards 1984). Detling et al. (1980) reported that 40% of the new gx_'owth of
undefoliated blue gama plants were in the roots and crowns, while only 20% of the new
growth of defoliated plants were in the roots and crowns. Relatively more resource
allocation tc; éhoot systems and curtailed root grov’vthﬂin crested wheatgrass resulted in three
to five times the photosynthétic ‘surfaces compared to- bluebunch wheatgrass, which
continued root growth (Caldwell et al. 1981).

Inter-tiller resource allocation following defoliation is a potential mechanism of herbivory

tolerance by facilitating tiller survival and rapid reestablishment of photosynthetic surfaces
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(Briske and Richards 1994). Resource import rates from attached undefoliated tillers were

increased following partial tiller defoliation (Welker et al. 1987) Resource import may not
represent an absolute increase because defohatlon reduces the total resource requn'ement by
decreasing shoot mass and total carbohydrate smk size. Modlﬁcanons in resource a]locatlon'
were controlled by the relative size of sinks (Briske and Richards 1994)./ For example, apical
meristems and young leaves exhibit large sinks compared to roots, sheath and stems (Briské .
and Richards 1994). Consequently, if defoliation removes the predominant shoot sinks
(apical and intercalaty meristems), fesources are allocated to smaller sinks (roots, sheaths and
stéms). |

Replacement of' photosyrrthetic surfaces following grazing is largely a ﬁmgtion of the
number, source and location of meristems following defoliation (Briske 1991). The basal
position of thé apical meristem, as exhibited by culmless grasses (e.g. blue grama), limit the
removal of growing points by grazing animals (Hyder 1972). On the other hand, culmed
grasses (e.g. western wheatgrass) elevate growing points above the soil surface and therefore
can be easily removed by grazing amma]s (Hyde1; 1972). Culmed grasses growth is similar to .
culmles‘g : grasses at first in that a ‘number of leaves reach maturity before internode elongation
(Hyder 1972). Leaves can be removed without stopping leaf regrowth before internode
elongation begins, at the time of floral induction. When apical menstems are elevated they
: bécome susceptible to removal by grazing during internode elongation. Leaf replacement and
additional growth aﬁer apical menstem removal orlgmates from axﬂlary buds which produce"

new - shoots (Hyder 1972). ThlS may explam why Santos and Trlica. (1978) found that




28
increased frequency of clipping decreased aboveground production of western wheatgrass,

but had little effect on blue grama in a greenhouse expé:riment.

Growth will occur most rapidly from intercalary meristems, followed by newly formed
leaf primordia and least rapidly from newly initiated axillary buds (Hyder 1972, Bﬁske 1986).
~ When existing meristems are removed by grazing, leaf replacement must originate ﬁom'
axillary buds of grazed tillers (Briske 1992). Tillering ensures perennation of rangeland plants
by providing a meristematic source for the production of subsequent tillers in the spring or
when existing meristems are removed by grazing (Briske 1993).

Phénological stage at the time of defoliation plays an important role in the recovery of
plants. Olson and Richards (1988b) reported that relative tiller growth rates of crested
wheatgrass tussocks grazed before internode elongation were greater than ungrazed
tussocks. However, tussocks grazed during'and after internode elongation decreased tiller
relative growth rates compared to .ungrazed tussocks (Olson and Richards 1988b). Miller et
al. (1990) reported that during five growing seasons the amount of regrowth of crested
wheatgrass produced by summer dormancy was 64% l'ess for plants clipped during apical
meristem elevation compared to plants clipped in the vegetative stage. On the other hand,
defoliation has been reported to increase plant performance above that of undefoliated plants.
Bokhari and Singh (1974) reported that clipped western wheatgrass shoots continued to
grow throughout the 80 day experiment while unclipped shoots stopped growth after 50 days
in a greenhouse study. Growth rates were greatest with moderate clipping (10cm height) and

slowest with no clipping (Bokhari and Singh 1974).
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Overcompensation of plant processes (i.e. such as P, or biomass production) following

grazing has been documented. However, insufficient data are available to support the
conclusion that it is widely occurring in grassland ecosystems (Briske and Richards 1994).
Belsky (1986) reviewed 48 studies referencing . abovegrdund production in response to
grazing and found that 34 documented a decrease in production, 5 reported no change and 9
reported increase production. It is possible that plants partially compensate for lost tissue.
Partial compensation implies that plant productivity is not suppressed in direct proportion to
frequency and intensity of defoliation (McNaughton 1933), but only infrequently increase
total goﬁh beyond that of undefoliated plants (Briske and Richards 1994). In fact, Idaho
fescue (Festuca idahoensis Elmer) plants exposed to full competition with extreme clipping
treatments, even under complete protection from or defoliation for five years, still produced
less the two-thirds than biomass of controls (Mueggler 1975).
Population and Community Level Responses

The effects of grazing on NPP of ten western United States grasslands were unaffected
(Simos et al. 1978) and increased an average of 10% (Sims and Singh 1978). In addition,
Smo.liak et al. (1972) reported that belowground plant biomass was 21,086 and 29,465 kg/ha
on ungrazed and grazed pasture in southern Alberta, respectfully. Root response to
defoliation can be very different between species and. does not always decrease root growth.
For example, Richards (1984) found that root growth of bluebunch wheatgrass was not
- affected by grazing during a 9 day regrowth period. Root response following defoliation may

very well be a function of resource allocation within a particular plant.
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Vogel and Van Dyne (1966) found neither moderate grazing (35% removal) nor

complete protection from grazing caused any changes in basal cover of grasses, sedges, forbs,
litter and bare soil during a four year study in the Northemn Great Plams Living plant cover
on protected areas changed from 13.1% in 1953 to 12.5% in 1957 and on grazed areas from
12.1% to 12.4%. Hofman and Ries (1989) reported no changes in live plant basal area classes
between 1982 and 1988 (30% in grazed and 32.5% in ungrazed areas).

On a Northern Great Plains site in Wyoming, botanical composition did not differ
' between light and heavy grazing after six years (Hart et al. 1988). Changes in species
compositioﬁ with grazing in the Northern Great Plains are generally of a greater magmtude
than on the stortgrass steppe, although change may be slower than in the more.productive
tallgrass types (Lauenroth et al. 1994). The shortgrass component usually increases with
grazing and decreases without grazing (Lauenroth et al.-1994). Thurow et al (1988)
reported that after 6 years of continuously, heavy stocked (4.6 ha/AU) pastures in the |
Edwards Plateau region of Texas, midgrass cover was eliminated whereas midgrasses basal
area increased in continuously, moderately stocked (8.1 ha/AU) pastures. In a four year
| enclosure in western Nortﬁ Dakota, Smoliak et al. (1972) reported that basal area of blue
grama increased with increased grazing intensity (.3% ungrazed, 3.6% heavy) whereas basal .
area of western wheatgrass and needleandthread decreaséd (1.3% ungrazed, .7% heavy and -
2.2% mgrazp¢ .5% heavy) with increasing grazing pressure. Brand and Goetz (1986)
reporteddthe major differences between grazing enclosures protected for’ 40 years and

adjacent grazed areas (40-50% utilization) was species composition. The production of blue
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grama was lower on ungrazed pastures, but mid and tallgrasses were more dominant in only

one of the four exclosures.

Changes in ANPP of the Northern Great Plains in response t0 grazing are generally
negative or not significant (Lauenroth et al. 1994). After four years of grazing, Hoénan and
Ries (1988) observed 31% and Vogel and Van Dyne (1966) observed 12% greater
production on protected areas. Six to eight years of heavy grazing at 65% removal red@
production 37% in South Dakota and nine years of heavy grazing (65%) reduced forage
production 13% in North Dakota, compared to ungrazed sites (Sims and Singh 1978). Brand
and Goetz (1986) reported greater production in protected areas in southwestern North
Dakota in only one of four different sites after 40 years of 45% utilization of the above
ground primary productioﬁ Lacey and Van Poolen (1981) reviewed 12 field studies of
moderately grazed (40 to 60% removal of current years growth) and ungrazed rangelands in
the western United States and found 68% higher standing crop on sites protected form
livestock grazing.

Plants grow in communities where they compete with neif'ghboring‘plants for resources.
Neighbor plant removal 60 cm around Idaho fescue plants increased herbage production
three-fold and flowering stocks four-fold (Mueggler 1970). Olson and Richards (1989)
found that elimination of competing vegetation one meter in diameter around crested
wheatgrass increased the size of individual tillers and stimulated spring tiller préduction two
fold. Competition with neighboring plants will determine the degree individual plants are able
to recover from external factors like drought, grazing and fire (Caldwell 1984) Meuggler

(1972) demonstrated this very clearly for the grazing intolerant species bluebunch wheatgrass.
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The effects of extreme defoliation at a time when this species is sensitive. to grazing could be

more than offset by eliminating competing vegetation. Unclipped plants subjected to
| cdmpetiﬁg vegetation produced 'less herbage and had reduced flowering stocks compared to
plants subjected to extreme' c]ipping‘in the absence of competing vegetation. Mueggler
(1972) stated thi—lt it may be competition, not removal of plant parts that hmIts plant rlecovery
following_ grazing,.

Cﬁanging enviromneM conditibns may provide enhanced growing conditions for one
plant over another in grazed systems (Haferkamp 1987). For example soils beneaih crested
wheatgrass plants defohated in the boot stage were cons1stent1y ‘wetter than soils under
undefoliated plants Mer et al. 1990). The reduction in soil water depleuon resulting from
c]ipping was attributed to reduced leaf area removal and growth (Caldwell et al. 1981,
Richards 1984). Delayed soil moisture depletion may increase the period of availability of
active plant growth, butgeﬁerally at the end of the growing sea‘son soil waierls similar
- between grézed and uﬂgrazed pas‘tureé (Miller et al. 1990, Wraith et al. 1987). .

* Competitive abiiity may constrain growth‘to‘ an equal or greater: extent than the direct
effects of defoliation (Briske and R10hards 1994). For example, if grazing increases the
'avajlability of soil water, a competitive advantage would be gained by ﬁngrazed plants. These
studies indicate the importance of plant-plant competitioﬁ and thus greatly influences
recovery rates followiné disturbances. Misleading information can arise whenlexu‘apolation

of defoliation research is conducted in the absence of natural competitive environments.
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Interaction Effects of Drought and Grazing

Available data indicates that preci;;itation overrides grazing influences. Dwyer et al
1984, Reed and Peterson (1961), Hurtt (1951), Coupland (1958), Clarke et al. (1947);.
Whitman et al. (1943), Ellison and Woolfolk (1937) stated that major trends in the vegetation
characteristics of the Northern Great Plains are deterrrﬁned by major changes in precipitation
and that changes in these major trends are influenced by grazing intensity. Hurtt (1951)
found six of the Northern Great Plains most dominant range species declined 90% in
abundance due to drought regardless of the stocking rates. In addition, drought has been
shown to reduce cover 57% (Whitman et al. 1943), density 75% (Ellison and Woolfolk
1937), and basal area 93% (Reed and Peterson 1961) of dominant Northern Great Plains .
plants.

Many studies have documented plant community changes in response to drought and
grazing (Weaver and Albertson 1936, Ellison and Woolfolk 1937, Whitman et al. 1943, Hurtt
1951, Albertson et al. 1957, Coupland 1958, Reed and Peterson 1961, Newbauer et al. 1980,
Olson 1982, Olson et al. 1985). They primarily focused on reductions of basal area, forage
production or other aggregate measures of plant responses. These studies did not address
individual plant recovery from these stresses. Mohammad et al. (1982) examined the effects
of water stress and defoliation on individual &eﬁed wheatgrass and russian wildrye (Elymus
Jjunceus Fisch) plants and found heavy defoliation (80%) and high water stress (1.8% soil
moisture) resulted in a 100% death and no regrowth of either species in a greenliouse

experiment. Although, greenhouse experiments using individual plants were very controlled
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and limited external variables, plants were not in natural competing environments and thus

interpretation of results to in situ situations are limited.
A central problem in natural systemns is t.hat‘ the effects of drought-and grazing are usually
confounded. For example, many times overgrazing accompanies droughf because of the |
reduced forage production (Ludlow 1986). Busso and Richards (1993) found leaf extension
rates of crested and blusbunch wheatgrass were lowest under the combined effects of water
stress and clipping compared to higher water levels and that plants defoliated under water
stress did not regrow. Busso et al. (1989) also found that the number of axillary buds 6n
tillers of the above species to decrease one year in the water stressed and defoliated plants ~
compared to water §uessed undefolié.ted plants. | |
Interactions - between drought and grazing after drought périods is.largely unknown. "
Whitman et al. (1943) reported Northern Great Plains vegétaxionhlzécovered té pred:ougﬁ
conditions in about 8 years. However, it is unclear if the ai;ove recovery period was due to
drought alone or the reduced stocking réte follov;'ing drought. Ganskopp and Bedell (1981)
found that a severe one-year drought (49% of average) in eastern Oregon, reduced growth
and available forage of Idaho fescue, bluebunch wheatgrass, crested wheatgrass and Thurber
needlegrass (Stipa thurberiana Piper), but did not have as much effect on these grasses as
previous lévels of grazing. However, in this §tudy (Ganskopp énd Bedell 1981) eﬂ'ects of
drought on &1ese ‘grassses wefe not possible t<; assess H'since no predroughf measurements
were made for comparison. |
After drought, md1v1dual plant recbvery may be limited by decreaése tiller emergence

(Zhang and romo 1995), decreased axillary bud banks for future tiller production (Busso et
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al. 1989), reduced growth rates (Busso and Richards 1989), or enhanced by increased total

nonstructural carbohydrates. concentrations in drought stressed plants (Busso et al. 1990).
Quantitatiye studies on the effects of grazing during and after drought recovery rates in -
controlled studies set in natural systems a.re lacking.

There is no question that defoliation before, during, and after drought conditions has
pronounced effects on vegetation. However, it is less clez;r if vegetational responces are due
to grazing during, ﬁcer, or both during and after. It may be possible that grazing during
drought has less effects on rangeland vegetation compared to grazing both durring and after
drought. ‘Therefore, questions reguarding how grazing during and following drought affect
recovery and sustainability of the Northern Great - Plains vegetation, merits further
investigation. Furthermore, the immediate effects of drought and grazing and how these
stresses interact to effect recovery of western wheatgrass and blue grama tlllers on the

Northern Great Plains region is unknown.
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CHAPTER 3

METHODS

Study Area

Research was conducted on the Fort Keogh Livestock and Range Research Laboratory
near Miles City, Montana (46°19°45°N 105°49°45°W). The area is representative of the semi-
arid mixed grass prairie of the Northern Great Plains. Native vegetation on the 22,500-ha
research station is a grama-needlegrass-wheatgrass (Bouteloua-Stipa-Agropyron) mix
(Kuchler 1964). Long-term annual precipitation averages 356 mm with about 60-70%
received during the mid-April‘ through mid-September groWing séason (NOAA 1994).
Temperatures may exceed 38°C during summer and decrease to -40°C during winter. The
average frost-free period is 150 days.

The experiment was cqnducted during the 1994 and 1995 growing seasons on native
rangeland that had not been grazed two years prior to the study. Precipitation in the area was
30% (530 mm). aﬁove average the year before the study. The study site was located on a toe
slope i)osition, silty range site and in fair range condition (SCS). The soils are very deep, well-
drained, fine, montmorillonitic, frigid Aridic Ustochrepts. Vegetation at Ithe. site was

dominated by blue grama (40-45% by weight) and western wheatgrass (30-35% by weight).
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Design and Treatments

A completely randomized split-plot design was used in which precipitation regime was
whole-plot and grazing was the sub-plot. Drought and natural precipitation treatments were
imposed on twelve 5 X 10 m plots (6 for each precipitation treatment). A ramout-shelter
(ROS) was constructed over six plots to impose a one-year severe growing season drought.
The ROS automatically covered the drought plots whenever a sensor was moistened by
precipitation from 19 May to 25 October (1994). Moﬁthly precipitation and distribution of
rainfall events during the study are reported in Figures 1 and 2. Control plots (natural
precipitation) received 260 mm of precipitation in 1994 which was 28% below average for the
area. Drought treatments received 110 mm of precipitation in 1994 which was 70% below
average. Yearly precipitation in 1995 was 290 mm (19% below average). Although
precipitation in 1995 was below average, rainfall in March, April, and May was 20% above
average.

One of three grazing treatments, replicated once per whole-plot, were randomly applied
to each plot. Graﬁng treatments were: 1) grazed during drought (1994) and grazed after
drought (1995, GG), 2) grazed during drought (1994) and ungrazed after drought (1995,
GU) and, 3) ungrazed during drought (1995) and ungrazed after arought (1995, UU). Plots
were moderately grazed (45-55% utilization) on 30 May in 1994 and 1995 and 28 June in
1994 and 3 July in 1995 (Fig. 3.). Plots were defoliated by six ewes (Ovis aries) with twin

lambs at side.
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Tiller Marking

Six permanent 14 X 18 cm quadrats per plot were randomly established within mixed blue
grama and western wheatgrass communities. Random locations were determined by throwing
a ring over the' shoulder. Quadrats had to be in areas not previously sampled before, at least
50 cm away from the plot edge, and at least 5 tillers of blue grama and of western wheatgrass
had to be present. Quadrats were permanently marked by dnvmg two 15 cm spikes into the
ground, one in the lower left and one uppér right corner when facing north. The lower left
nail head was painted white to establish 00,00 for marked tiller location. If a marked tiller, at
anytime during the growing season, produced axillary tillers, they were marked with black
colored wire rings and evaluated the same as a primary tiller. The same quadrats were used
for the duration of the research.

Within each quadrat five representative western wheatgrass and blue grama tillers
exhibiting green growth were selected for tiller measurements. Tillers selected were
int-erspersed throughout the quadrat as much as possible. Colored _wire rings were used to
permanently mark tillers by placed them around the base of each tiller at the soil surface. For
each species within a quadrat, one ring color was used to reduce the possibility of tiller
misidentification. A new set of tillers were remarked, in the same manner described above, in

1995.
Tiller Measurements

Weekly measurments (17 weeks 1994, 14 weeks 1995) were taken on 270 blue grama

tillers and 329 western wheatgrass tillers in 1994 and 320 blue grama tillers and 341 western
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wheatgrass tillers in 1995. Tiller measurements started in mid-May and continued weekly

through August with addﬁionﬂ fall readings taken to incorporate any autumn growth.
Information gathered on an individual tiller during each visit included: height, phenology,
number of leaves, axillary tﬂlermg and tiller senescence.

Measuring tillers nondestructively prevented direct estimates of cumulative biomass
through time. Height measurements were converted to biomass by developing height-weight
relationships of tillers adjacent to the plote. Tusler (1993) described the method used. For
each species, tillers were measured, clipped at the soil surface and bundled together with other
tillers of the same height (+/- 1 cm). Five bundles per species representing the range of
heights for those tillers found in the experimental plots were collected before each grazing
event. Individual bundles containing 5 western wheatgrass and 10 blue grama tillers were
placed 'in plastic bags, transported to the laboratory and immediately cut into segments. Tiller
bundles were cut into segments of 1 and 3cm in length, from the base upward, for blue grama
and western wheatgrass, respectively. .Each segment was placed into a ‘numbered bag
beginning with #1, which was closest to the soil surface. All segments were then dried at 60°C
for 48 hours. Individual segments were removed from the dryer and immediately weighed to
the nearest .0001 g. Heighf and weight were then regressed to develop equations (Table 1).

Tiller relative growth rates (g g’ c\l'l) were calculated according to Radford (1967) as:

RGR = (loge Wy - log. W) *T*
were W was tiller weight (g), t was initial time (d), anci I was the time increment (d). Tiller
absolute growth rates (g d™) lwere calculated according to Radford (1967) as:

AGR = (W - W) * I
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1994 ‘ 1995

equation e equation r
Blue Grama y=-.019+.0047x .84 y=-.021+.0045x .85

Western Wheatgrass  y=-.031+.0084x .80 y=-.077+.0100x .88

Table 1. Regression equations used to convert tiller height measurements (x) to tiller weight

(y) for blue grama and western wheatgrass.
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were W was tiller weight (g), t was initial time (d), and I was the time increment (d).

Axillary tillering was defined as any marked tiller that produced additional (secondary)
tillers within the growing season. Axillary tillering represents the proportion of marked tillers
that produced at least one ’secondary tiller.

Density of western wheatgrass was determined by counting the number of ‘]ive tillers
within each quadrat. Because of the “mat-like” growth form of blue grama, density was
determined by counting the number of tiller within a 5.75 cm’ circular plot. Circular plots
were randomly located within a quarter of the quadrat. Density was measured 24 May in
1994 and 1995.

Tiller replacement was defined as the ability of tillers to replace themselves ffom one
spring to the next. Replacement represents the proportion of marked tillers that replaced
themselves following one year of treatments. Only one year of data on ‘density and tiller
replacement were collected.

Standing crop inside 10 randomly located 250 cm’ quadrats per plot was harvested
monthly by species. Samples were oven dried at 60°C, separated into live and dead
components and then weighgd. Aboveground net primary production (ANPP) was calculated
for blue grama and western wheatgrass by summing all positive increments in standing crop
from April to November (Singh et al. 1975). |

Data is

Relative and absolute tiller growth rates were analyzed using a univariate repeated

measures analysis of variance (ANOVA). Growth rates were analyzed using average growth
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rates within three distinct periods (see Fig: 1)..These periods included: 1) before grazing .
(1994, 1995 n=2 weeks); 2) after grazing event one (1994 n=4 weeks, 1995 n=5 weeks); and
3) after grazing event two (1994 n=8 weeks, 1995 n=4 weeks). Generally, before grazing
was the last two weei(s in May, after grazing event #1 was the month of June and, after
grazing event #2 was July, August, September and October. Two-way ANOVA was used to
| determine the effects of drought and grazing on percent axillary illeting and percea tiller -
replacement. ‘Tiller growth rates, axillary tiller emergence, end tiller replacement are reperted
| for tillers that were grazed during both grazing eventé (e.g. grazed twice). Becauee initial
tiller density varied between plots before treatiments were imposed, ANOVA using initial tiller
density as a covarite was used to determine changes in ‘tﬂler densities betweee drought and
grazing treatments. Means were separated by a‘pn'ori Iineer contrasts and were considered to |
be significantly different when p<05 Individual blots were the experimental units for all
analyses.
The experimental design has logistical limitations for the drought treatments. In the case
of the rainout shelter, cost precluded classical treatment replication. Hurlbert stated (1984,
p199): R '
...when the cost of replication is very great experzments znvolvzng unreplzcated
treatments may also be the only or best option.
The drought treatment was no'e replicated therefore, any tests on the effects of drought using .
ANOVA could be considered invalid. However, the use of a siﬁgle rainout shelter to test the
effects of drought is common thoughout the Hteraxuee (Busso 1988, Busso et al. 1989, Busso -

etal 1990, Frank and Ries 1990, Nesmith and Richie 1992, Busso and Richards 1993, Busso
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and Richards 1995) even though true replication was lacking. Statistical tests used in this

thesis were conservative in that the experimental units were not quadrats, individual plants, or
individual tillers. I will pl;ace emphasis on the results when differences in plant response under

the different treatments are large and statistical veracity of the data is obvious.
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CHAPTER 4

RESULTS
Blue Grama

Approximately 98% (265 out of 270 marked tillers) and 97% (309 out of 320 marked
tillers) of marked blue grama tillers remained in a vegetative phenological stage for the 1994
and 1995 growing seasons, respéctively. Utilization levels by drought and grazing treatments
are listed in Table 2. On average, utilization was 39% + SE 7% and 47%+ SE 8% on blue
grama tillers for the first and second grazing event in 1994. Utilization was 23%+ SE 5% and
45%+ SE 3.5% for the first and second grazing event in 1995 Analy51s of drought and

grazing effects on blue grama tillers are listed in Table 3 (1994) and Table 4 (1995).

Grazing During Drought (1994).

Relative growth rates of blue grama tillers in 1994 are listed in Figure 4a. Relative growth
rates of blue grama tillers were 29% lower (p=.01) under drought conditions compared with
patural precipitation before grazing. Tﬁler relative goﬁh rates were similar between drought
and natural conditions following the first (p=.83) and the second grazing events (p=.30).
However, the analysis indicated the grazing period by drought interaction was not significant

"(p=21). Relative growth rates of blue grama tillers varied between grazing beriod and’
grazing treatment (grazing period*grazing treatment p=.01). Grazed blue grama tillers
exhibited 107% greater (p=.02) relative growth rates compared to ungrazed tiller after the

first grazing event, but were similar (p=.08) following the second grazing event.
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a. 1994
Grazing event # 1 Grazing event # 2
Drought Natural Drought - Natural
GG 32+4 47%3 36%2 53+14
GU 39+ .3 40+ 14 5045 48+3
[8]9) 0 0 0 0
b. 1995
Grazing event # 1 ' Grazing event # 2
Drought Natural Drought Natural
GG 17+1.3 28+33 49+23 41+ 2
GU 0 0 0 0
UU 0 0 0 , 0
¢. 1994
Grazing event # 1 Grazing event # 2
Drought Natural Drought Natural
GG 47+12 44+ 16 69£2 50+£.8
GU 57+4.6 48+ 10 64+1 45+5.6
Uu 0 0 0 0
d. 1995
Grazing event # 1 Grazing event #2
Drought Natural Drought Natural
GG 46t .5 | 62+2.8 51£1.2 42+3.5
GU 0 0 0 0
UuU 0 0 ' 0 0

Table 2. Percent utilization (on a dry weight basis) of grazed tillers under drought and
natural precipitation for blue grama (a and b) and western wheatgrass (c and d). Each mean
+ standard error represents the average utilization of grazed tillers averaged across two
plots. Utilization was similar (p>.05) between grazing treatments in 1994 and 1995.
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a.
Between Subjects Within  Subjects
Drought Grazing Grazing
D) Treat. (G) D*G Period(®) P*D  P*G P*D*G
B.G.
Relative . 1332 .0683 5412 .0001 2134 .0106 4926
Absolute 0173 1073 1441 0001 0781 1379 6771
WWG.
Relative .6091 .0022 5395 .0001 2293 .0008 4273
Absolute 1292 .0211 .5370 .0001 2970 3050 .6048
b.
Model Drought  Grazing Treat.
D) (5] D*G
B.G.
Axillary Tillering .0008 .0001 .0047 0768
Tiller Density .0698 3191 .0666 .6462
Tiller Replacement .7286 .1896 7487 9943
Primary Production 3970 9474 7565 1360
W.WG.
Axillary Tillering . .0001 .0001 .0419 .0780
Tiller Density .0075 .0829 .0855 .0690
Tiller Replacement 2012 .0942 4886 1726
Primary Production .0504 .0048 .6618 4247

Table 3. Statistical analysis of grazing during drought (1994). Repeated measures ANOVA
table and p-values for growth rates of blue grama (B.G.) and western wheatgrass (W.WG.)
tillers in 1994 (a). ANOVA table and p-values for axillary tiller emergence, tiller density, tiller
replacement, and aboveground net primary production of blue grama (B.G.) and western
wheatgrass (W.WG.) in 1994 (b).
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Between Subjects

Within _Subjects

Drought Grazing

Grazing

D) Treat. (G) D*G  Period(P) P*D P*G  P*D*G
BG. .
Relative .0039 .0002 0156 .0001- .0202 .0035 .0960
Absolute .6691 0045 7429 .0001 3133 .0003 5097
W.WG.
Relative .6922 .0020 .8390 .0001 .8487 0001 4781
Absolute 3371 3103 .8638 .0001 9117 0266  .6123
b.
Model Drought  Grazing Treat.
D) (S)] D*G
B.G.
Axillary Tillering .0410 1581 0125 5013
Primary Production 8437 3870 .8444 7176
W.WG.
Axillary Tillering 2568 1755 1233 .8461
Primary Production .0806 .0297 .1303 2516

Table 4. Statistical analysis of grazing after drought (1995). Repeated measures ANOVA
table and p-values for growth rates of blue grama (B.G.) and western wheatgrass (W.WG.)
tillers in 1995 (a). ANOVA table and p-values for axillary tiller emergence and aboveground
net primary production of blue grama (B.G.) and western wheatgrass (W.WG.) in 1995 (b).
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Relative growth rates of all treatment combinations were not different (p>.05) than zero after

the second grazing event.

Absolute growth rates of blue grama tillers in 1994 are listed in Figure 5a. Repeated -
measures ANOVA indicated insignificant grazing period by drought (p=.08) and grazing
period by grazing treatment (p=.14) interactions. Absolute tiller growth rates were 38%
lower (p=.03) under drought conditions compared with natural precipitation before grazing.
Absolute tiller growth rates were snm]ar between drought and natural conditions following
both the first grazing event (p=.30) and the second grazing event (p=.88). Grazed blue grama
tillers exhibited 116% greater (p=.02) absolute growth rates compared to ungrazed tillers after
the first grazing. Grazed blue grama.tillers exhibited 645% greater (p=.007) absolute growth
rates compared to ungrazed tillers fé]lowing the second grazing event. After the first and
second grazing event grazed tillers had positive absolute growth rates while ungrazed tillers
had negative absolute growth rates. Absolute growth rates of all treatment combinations were

not different (p>.05) than zero after the second grazing event.

Axillary tiller emergence varied in magnitude between precipitation and grazing'tréatments |
(drought*grazing p=.08). Drought reduced (p=.0001) total axillary tiller emergence of blue
grama 79% (Fig. 6a.). Grazing increased (p=.0016) axillary tiller emergence 67% compared
to ungrazed treatments (Fig. 6a.). Sixty percent of blue grama daughter tillers were produced
after the first grazing event (Fig. 7a.). Of the blue grama tillers that produced axillary tillers
under drought conditions, none produced more than one. In contrast, of the blue grama tillers

that produced axillary tillers in normal precipitation, 18% produced two secondary tillers.




Al

- IIF
H-HH.F,
H-HHH.
& & &
+( 6
- A
H-HH.F,
H-HHH.
& & &
+( 6
& A- "& < R& S# " & " ! &, & &
& RS &, & # & RS- , & & , & #
& R S$ &, & & & , # & R S$ & , &
# & RS- ( ! & < # &, &R.F
JIAID< S$ # # & ,& 4 R&, & .$/IFJF< $ JAJA< S$
H#H"< & ( &,& 4 R&,&D$ JF]IG< $ /A ]JF< S-

(" R ]DS-



AF
- &

.HH
/H
GH~+
9H -
ax  OH

‘& 0- "°?™ ™ &( " & RS < < & RS
! &,& & & RIFS &,& # & RIAS &
&, & # & RS$&, & & &,
# & RS$ &, & # & RS- ( !
(2™ ™1 # Lo (
&< & - (" R ]DS-



(
R
# &, &4
DG JIF

$ IIF

&
S #
IH'
IA-

MIFRS
? nn

JIF

JIA RS-

JIA-



56

Tiller density of blue grama was not affected by one year of drought (p=32 Fig. 8a.).
Tiller density changes were variable across grazing treatments, but nof different (p=.07). The
ability of marked blue grama tillers to replace themselves annually was not affected by drought
(p=.19) or grazing treatment (p=75 Fig. 9a). In addition, aboveground net primary

production of blue grama was not affected by drought (p=.95) or grazing (p=.76 Fig. 10a.).

Grazing After Drought (1995).

Relative growth rates of blue grama tillers in 1995 are listed in Figure 4b. The analysis
revealed significant grazing period by drought (p=.02) and grazing period by grazing .
treatment (p=.004) interactions. Tillers exposed to the drought in 1994 had 18% greate;'
(p=.01) relative growth rates compai‘ed to tillers under natural conditions prior to grazing.
Tiller relative growth rates were similar between drought and natural conditions following the
first (p=.83) and the second (p=.30) grazing events. Ungrazed tillers exhibited 19% greater
(p¥.02) relative growth rates compared to tillers that were grazed the previous year (GG, GU)
before defoliation treatments in 1995. Blue grama tillers that were grazed both years had 22%
greater (p=.02) relative growth rates compared to ungrazed tillers and 55% greater (p=.0003)
relative growth rates compared to tillers grazed the previous year (GU) following thé first
grazing event. After the second grazmg event, relative growth rates of tillers grazed both years
were 121% greater (p=.009) than ungrazed tillers (p=.009) and 147% greater (p=.004) than
tillers grazed the previous year. Relative growth rates of all treatment combinations were not

different (p>.05) than zero after the second grazing event.
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Absolute growth rates of blue grama tillers in 1995 are reported in Figure 5b. Absolute

tiller growth rates were similar between drought and natural conditions before grazing (p=.50)
and after the first grazing event (p=.50). Tillers exposed to drought the year before exhibited
greater (p=.03) absolute growth rates compared to natural conditions following the second
grazing event. However, the grazing period by drought interaction was not significant

(p=-31). Although absolute growth rates were different (p=.03) between drought and natural

precipitation in 1995 after the second grazing event, growth rates were less then .00001 gd™ |

and not different (p>.05) than zero. Absolute growth rates of blue grama tillers varied
between grazing period and grazing treatment (grazing period*grazing treatment p=.0003)
Absolute growth rates of uﬁgrazed tillers were 34% greater (p=.01) than tillers that were
grazed the previous year (GG, GU) prior to defoliation treatments in 1995. Following the
first grazing event, mgazed tillers had 38% greater (p=.01) absolute growth rates than tillers .
grazed both years and had 63% greater (p=.0008) absolute growth rates than tillers which
were grazed only the previous year. Tillers which were grazed two years exhibited 186%
greater (p=.01) absolute growth rates compared to ungrazed tillers and tillers grazed the
previous year following the second grazing event. However, absolute growth rate for blue
grama t1]1ers grazed both years was only .00003 g d”'. At this rate it would take 33,333 days
to accumulate one gram of material per tiller. In addition, following tile second grazing event
absolute growth rates of all treatment combiﬁations were not different (p>.05) than zero.
Axillary tiller emergence in 1995 was similar (p=20) between drought and natural
conditions (Fig. 6a.). Axillary tiller emergence for ungrazed tillers was 57% lower (p=.005) '

than tillers that were grazed both years (GG) and 22% lower (p=.04) than tillers that were
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~ grazed the previous year (GU). Axillary tiller emergence in 1995 was similar (p=.14) between

tillers grazed both years (GG) and tillers that were only grazed the first year (GU) of the study
(Fig. 6a.). Ninety-eight percent of the axillary tiller emergence occurred after the first grazing
event (Fig. 7.b.). On average 30%+ SE 5% of the blue grama tillers that produced axillary

tillers produced two secondary tillers. Aboveground net primary production of blue grama in

1995 was not affected by drought (p=.39) or grazing (p=.84).

Western Wheatgrass

Approximately 98% (323 out of 329 marked tillers) and 94% (322 out of 341 marked
tillers) of marked western wheatgrass tillers remained in a vegetati‘ve phenological stage for
the 1994 and 1995 growing seasons, respectively. Utilization levels by drought-and grazing
treatments are listed in Table 2. On average, uFination was 49%+ SE 9% and 51% = SE 8%
on western wheatgrass tillers for the first and second grazing event in. 1994, respectively.
Utilization of western wheatgrass was 53%+ SE 7% and 46%+ SE 4.5% for the first and
second grazing event in 1§95, respectively. Analysis of .drought and grazing effects on

western wheatgrass tillers are listed in Table 3 (1994) and Table 4 (1995).
Grazing During Droggl_ﬁ:.

Relative growth rates of western wheatgrass tillers in 1994 are listed in Figure 1la.
Repeated measures ANOVA indicated a insignificant grazing period by drought interaction
(p=23). Relative growth rates of western wheatgrass tillers were similar between drought and

natural conditions before grazing (p=.24), after the first grazing event @=.32), and after the
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second grazing event (p=.81). Relative growth rates of western wheatgrass tillers varied
between grazing period and grazing treatment (grazing period*grazing treatment p=.0008).
Grazed western wheatgrass tillers had 107 a;ld 800% greater relative growih rates compared
to ungrazed tillers following the first (p=.002) and the second grazing event (p=.02),
respectively. Although a large difference in relative growth rates existed following the second
grazing event, the highest growth was .0001 g g d” . Also, after the second grazing, grazed
tillers exhibited positive growth rates while ungrazed tillers exhibited negative growth rates.
However, relative growth rates of all treatment combinations were not different (p>.05) than
zero after the second grazing event.

Absolute growth rates of western wheatgrass tillers in 1994 are listed in Figure 12a.
Repeated measures ANOVA revealed insignificant grazing period by drought .(p=.30) and
grazing period by grazing treatment (p=.31) interactions. Absolute tiller growth rates was
27% less (p=.04) under drought compared to natural precipitation before grazing, but were
similar after the first grazing event (p=.69) and after the second grazing event (p=.76).
Absolute tiller growth rates were similar between grazing treatments before grazing (p=.10)
and after the first grazing event (p=.12). Following the second grazing event absolute growth
varied between grazing treatments (p=.02). Absolute growth rate after the second grazing
were not different (p>.05) than zero between all treatments.

Axillary tiller production varied in magnitude between precipitation and grazing
treatments (drought*grazing p=.08). Drought reduced | (p=.0001) total axillary tiller
emergence of western wheatgrass 91% (Fig. 6b.). Grazed western wheatgrass tillers exhibited

greater (p=.01) axillary tiller emergence compared with ungrazed tillers (Fig. 6b.). More than



























































































