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Abstract:

Establishing competitive plants is essential for restoring spotted knapweed infested rangeland.
Revegetation attempts typically fail because of weed competition during the initial stages of
establishment. First, we hypothesized that competitive interactions can be shifted from spotted
knapweed to intermediate wheatgrass by increasing wheatgrass seedling density over 1000 plants m-2.
Spotted knapweed and intermediate wheatgrass were grown in addition series mixtures to assess their
interference at low (0 to 1000 plants m-2) versus high (1000 to 10000 plants-2) densities. lathe spring
of 1995, 7 densities (0, 100, 500, 1000, 3000, 6000, and 10000 plants m-2) of each species were seeded
in a factorial arrangement (49 density combinations) in a randomized-complete-block design and
replicated 3 times at 2 sites in Montana. Plants were grown in pots (2250 mm2 X 380 mm deep) for 60
days before harvesting. Regressions predicting shoot weight, root weight, total weight, leaf area, and
root length were calculated using 1) low knapweed:low wheatgrass, 2) low knapweed:high wheatgrass,
3) high knapweed:low wheatgrass, and 4) high knapweed:high wheatgrass densities. Regression
coefficients indicated intraspecific interference was most important in predicting intermediate
wheatgrass weight at both sites. At the wet site (457 mm, annually), interspecific interference only
occurred at high spotted knapweed densities. At the dry site (305 mm, annually), interspecific
interference occurred at low densities. Increasing densities of intermediate wheatgrass from low to high
removed the effect of spotted knapweed on intermediate wheatgrass where interspecific interference
occurred.

The objective of our second study was to compare intermediate wheatgrass initial establishment at 4
seed rates in combination with tillage and/or glyphosate in spotted knapweed infested rangeland. We
hypothesized that the establishment of intermediate wheatgrass seedlings would be greatest at highest
densities. Treatments included glyphosate (with and without), tillage (with and without), and 4 seed
rates (0, 500, 2500, 12500 m"2) of intermediate wheatgrass. Treatments were factorially applied in a
randomized-complete-block design with 4 blocks at Bozeman and at Hamilton, Mont. Treatments were
applied during the fall of 1995, and were harvested during the summer of 1996. Intermediate
wheatgrass establishment did not occur at seed rates of 500 m-2 under any treatment or treatment
combination. Plots receiving the highest seed rate had higher wheatgrass density than those receiving
lower rates at Hamilton. At the highest seeding rate, tillage and tillage plus glyphosate increased
intermediate wheatgrass densities over other treatments at Bozeman. Our revegetation study suggests
that increasing grass seed rate will facilitate initial establishment of desirable grasses in spotted
knapweed infested rangeland.
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ABSTRACT

Establishing competitive plants is essential for restoring spotted knapweed infested
rangeland. Revegetation attempts typically fail because of weed competition during the initial
stages of establishment. First, we hypothesized that competitive interactions can be shifted
from spotted knapweed to intermediate wheatgrass by increasing wheatgrass seedling density
over 1000 plants m? Spotted knapweed and intermediate wheatgrass were grown in addition. .
series mixtures to assess their interference at low (0 to 1000 plants m) versus high (1000 to
10000 plants m?) densities. In the spring of 1995, 7 densities (0, 100, 500, 1000, 3000, 6000,
and 10000 plants m™ ) of each species were seeded in a factorial arrangement (49 density
combinations) in a randomized-complete-block design and replicated 3 times at 2 sites in
Montana. Plants were grown in pots (2250 mm* X 380 mm deep) for 60 days before
harvesting. Regressions predicting shoot weight, root weight, total weight, leaf area, and root
length were calculated using 1) low knapweed:low wheatgrass, 2) low knapweed:high
wheatgrass, 3) high knapweed:low wheatgrass, and 4) high knapweed:high wheatgrass
densities. Regression coefficients indicated intraspecific interference was most important in
predicting intermediate wheatgrass weight at both sites. At the wet site (457 mm, annually),
interspecific interference only occurred at high spotted knapweed densities. At the dry site
(305 mm, annually), interspecific interference occurred at low densities. Increasing densities
of intermediate wheatgrass from low to high removed the effect of spotted knapweed on
intermediate wheatgrass where interspecific interference occurred.

The objective of our second study was to compare intermediate wheatgrass initial
establishment at 4 seed rates in combination with tillage ,and/or glyphosate in spotted
knapweed infested rangeland. We hypothesized that the establishment of intermediate
wheatgrass seedlings would be greatest at highest densities. Treatments included glyphosate
(with and without), tillage (with and without), and 4 seed rates (0, 500, 2500, 12500 m™) of
intermediate wheatgrass. Treatments were factorially applied in a randomized-complete-block
design with 4 blocks at Bozeman and at Hamilton, Mont. Treatments were applied during the
fall of 1995, and were harvested during the summer of 1996, Intermediate wheatgrass
establishment did not occur at seed rates of 500 m? under any treatment or treatment
combination. Plots receiving the highest seed rate had higher wheatgrass density than those
receiving lower rates at Hamilton. At the highest seeding rate, tillage and tillage plus
glyphosate increased intermediate wheatgrass densities over other treatments at Bozeman.
Our revegetation study suggests that increasing grass seed rate will facilitate initial
establishment of desirable grasses in spotted knapweed infested rangeland.
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CMTER 1
LITERATURE REVIEW
Introduction

Spotted knapweed (Centaurea maculosa Lam.) is a deeply taprooted perennial
Eurasian weed rapidly’igvading rangeland throughout the northwestern Ijnited States and
Canada' (Watson and Renney 1974, Strang et al. 1979, Harris and Cranston 1979). Spotted
knapweed was grbwing éloﬁg Middle Creek Road éouth of Bozeman in 1927, and the first
forest service record for the Gallatin National Forest was in 1931 (Roche’ and Talbott 1986).
Spotted knapweed has been spreading at about 27% pef year and infests about 2.2 million
hectares of grassland in Montana (Chicoine et al. 1985, Lacéy et al. 1989). It also infests
about 10,000 hectares in eastern Wéshington (Roche’ 1988) and British Columbia (Cranston
1988) and can be found throughout most of the northwestern United States. This species
reduces forage production :(Watson and Renney 1974, Harris and Cranston 1979), plant -
species diversity (Tyser and Key 1988), and wildlife habitat (Bedunah and_.Carpent’er 19#9)..
Increases in bare-ground (Tyser and Key 1988), surface water runoff and stream
sedimentation (Lacey et aL 1989), and management costs are also associated with knapweed
infestations. |

Life history of spotted knapweed

Spotted knapweed bolts in May after overwintering as rosettes. Tmmature ﬁowers first

appear in mid-Fune. The flower heads open approximately. three weeks aﬁer maturity

(Watson and Renney 1974). Flowering begins in July, and are cross-pollinated by insects.

’
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Mature seeds are produced 18 t.o 26 days after fertilization (Watson and Renney 1974). It is
disseminated as dry, indehiscent single seeded fruit called an achene. These achenes are
referred to as-cyp'selas n spéfted knapweed because they are produced from an epigynous
flower. Spotted knapweed has high séed output an& longex;ity, which enables regeneration
after herbicidal cogtrol (Watson and Renney 1974, Schirman 198 1, Davis et al. 1993, Kalisz

and Mcpeek 1993). Under favorable conditions spotted knapweed can produce up to 349

seeds per plant with 80% viability (Watson and Renney 1974), and up to 48,000 seeds m”

(Schirman 1981). The seeds are disseminated up to ‘1 m by the flickering motion caused when
the plants are moved abruptly (Strang et al. 1979). Motorized x}ehicles are partly responsible
for the long distance spread of spotted knapweed in North Anierica (Mass 1985, Watson @d
| Renney 1974).

Nolan and Upadhyaya (1988) reported three types of ;germinatioil behavior in freshly
harvested spotted knapweed and diffuse knapweed (Centauréa diffusa Lam.) sgeds (non;
dormant, light-sensitive dormant, and ﬁght—insensitiVé dormant seeds). Knapweed seeds
imbibe water and germinate within 18 hours under optimum conditions (Chicoine 1984).
Maximum germination of seeds occurred at soil moisture ievels_ of 118 to 127% of field
capacity in the soil mixture used at temperatures ranging from 10 to 28° C. They germinate
in the fall and spring when soil moisture conditions are favorable. Seedlings that germinate
in fall overwinter as rosettes and flower the following June. Whereas, seedlings established
* in the spring usually flower the following season (Schirman 1981).

. Early”germination and rapid growth rates enable knapweeds (Centaurea spp.) to

capture resources before their competitors (Sheley et al. 1993). Polymorphic germination
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behavior is a common phenomenon among weed sl,;)ecies, which insures seed germination for
an extended period of time (Bewley a;1d Black 1982). Knépweedé display ger:minaﬁon.and
emergence polymorphism, which allows them to avoid intraspecific competition and occupy
all available safe-sites by developing a hierarchy of age classes within the population (Sheley
and Larson 1996). |
Economic impact

Spotted knapweed is well-adapted to a wide rangé of climatic and environmental

conditions (Watson and Renney 1974, Chicoine et al. 1985). This weed is a strong competitor

and relatively drought tolerant (Berube and Myers 1982). Chicoine et al. (1985) estimated -

~ that 18.8 million hectares could support spotted knapweed infestations in Montana.. The

direct impact of spotted knapweed infestations. in Montana is estimated at about $ 11 million

~ annually (Flirsch and Leitch 1996). Spotted knapweed can impact elk winter range by

disflhcing desirable forage species (Harris and Cfanst(;n 1979, Watson and Renney 1974).
: Spottgd knapwee(i control méasures
Cultural control
" Plowing: Spears et al. (1980) found that sp;)tted knapweed seeds did not emerge

when the seeds were placed 5 cm belbw the soil surface. Spotted knapweed seeds can be

" depleted through attrition if seed production is prevented or significantly reduced by repeated

. mowing at the flowering stage (Watson and Renney 1974). Spotted knapweed infested lapd

should be reseeded with é vigorous grass or legume species after ploﬁng to suppress

[§

reinfestation (Harris and Cranston 1979). -
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Burning: Dry structures of knapwéeds persist for years a1ﬁ1d they bum readjiy
(Carpenter 1986). Strang et al. (197 9) reported that spotted knapweed rarely invades burned
areas. According to Zednai (1.962'3) spotted knapweed seed gemﬁation was reduced from 68
to 3% after a burn. However, Chicoine (1984) reported that burning did not reduce-}he seed
bank of a natural spo&ed knapweed population.

szz'né: Nutrient content of sp otted kﬁapweed is adequate to meet livestock needs
during early summer and spring when the stems are succulen;c and actively growing (Kelsey
and Mhalovich; 1987). However, Kelsey and Mihalovich (1987) also reported that cnicin
(sesquiterpene lﬁctone) in leaves ﬁpaﬂs a bitter taste and may decrease palatability. Low to
- moderate levels of grazing of spotted knapweed by sheep, goats and cattle ﬁavé been reported
in Montana (Cox 1989, Robertson 1989). Recently,' Olson et ~al. (1997) foupd that areas
repeatedly grazed by sheep had lower densities of seedlings, rosettes, and mature spotted
knapweed plaﬁté than ungrazed areas. They also found that the number of spotted knapweed
seeds in the soil were reduced after three years of intensive sheep grazing.

Biological control

In Eurasia, a complex of monophagous insects foed on knapweed. As a result
knapweed populations exist in small patches: A major factor contributing to the success of
knapweed in North America is a lack of’ natlurall enemies. The first biological control agen;c to
be employed against knapweeds in United States and Canada was European seed head fly,
Urophora affinis (Harris 1980). In 1973, this Tephritidae fly was released in Montana and
degon (Story and Anderson 1978, Maddox 1982). Stdry (1989) reported that if screening

tests proceed satisfactoﬁly, atotal of 11 and 10 insects will be introduced against spotted and




‘effective biological control of spotted knapweed.

5 .
diffuse knapweed, fespectively, by 1995. Seed production of spotted knapweed has been
reduced by 50-75% by inseéts feeding on seed heads (Story et al 1991). Harris (1980)
reported up to 95 %. reduction in seed production in British Columbia. Metzneria
paucipunctella, a seed head moth releaséd m 1973_ in British Columbia, has spread in
Montana, Idaho, Oregon and Washjngton.

Harris (1980) reported that seed head flies were ineffective in reducing knapweed
populations. Schirman (1981) estimated that only 0.1% of survival of seeds produced was
required to maintain iﬁfestations. In a growth chamber study, Sheley and Jacobs (1996)
found that 45% control of spotted knapweed did not alter. the competitive relationship
between spotted knapweed and bluebunch wheatgrass. Ninety percent control Qf spotted
knapweed was necessary to shift the competitive balance in favor of bluebunch wheatgrass.

Root feeding insects reduce root storage capaci’ty, uptake of water and nutrients, and
enhance susceptibility to pathogens. Agapeta zoegana L., Pelochrista medullana Stgr.,
Pz‘er_olonche‘ inspersa Stgr., Cyphocleonus ac;haz‘es Fahr., all root feeding insects were
selecte& for introduction between 1979 and 1983 (Muller et al. 1988). Agapeta zoegana ig
the most promising insect introduce& for control of spotted knapweed, he;vy attack by‘ the
larvae of this moth can cause death to small pla:l'lts (Muller et al. 1988). Harris and Cranston
(1979) suggested that the establishment oi; at least six natural enemieé would be necessary for

Plant pathogens have been investigated for their potential as biological control agents.
Host specificity is one of the major problems limiting the use of plant pathogens like Puccinia

spp. (Watson and Clement 1986). Sclerotinia sclerotiorum (Lib) de Bary, is a soil borne
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fungus with a wide host range (Purdy 1979). Jacobs et al. (1996) fouﬁd that Scler'oz‘z'mﬁ
sclerotiorum reduced spoﬁed density by 68 to 80% Without reducing bluebunch Whéatgrass '
density. They also found that Sclerotinia sclerotiorum reduced spotted knapWeed per plant
weight. Long—ternﬁ control of spotted knapweeci using biological control agents may bé
effective in combination with other weed control methods (Cuda et al. 1989).
Chei.m'cal control

Long-term, sustained control of spotted kl.lapweed is difficult to achieve. Two,4-D
(2,4-diclorophenoxy acetic acid) épp]ied from bolt to early flowering stage provides adequate
control of spotted knapwéed (Lacey et al. 1986). Reapplication of 2,4-D lis necessary to
| control regrowth of older established plants (Lacey 1985). Ester formulations of 2,4-D are
more effective than amines (Belles et al. 1978). Dicamba (3,6-dicloro-o-anisic acid) gives 2
to 3 years control of spotted knapweed (Fay et al. 1989). |

Curren’;ly, some rangeland .managers rely on repeated application of persisfenf
herbicides like picloram (4-amino-3,5,6 trichloro-2-pyridinecarboxylic acid) to control spotted
knapweed. It is the most effective herbicide for long term control of s;,p otted knapweed (Lacey
1985). The efficacy of picloram depends on soil conditions, especially the presence of f)rganic
matter, m(.)isture and temperature (Goring aqd Haymaker 1971). The time between
. application of piéloram and occurance of precipitati(;n greatly influence’s loss of picloram
(Hall et ﬂ? 1968). Davis (1990) found that picloram applied at 0.07, 0.11, 0.14, 0.22, 0.25,
and 0.28 kg a.i./ha provided 4 and 7 years qf control with 200 gnd 700% increase in grass
yield, respectively, at two study sites in. Montana. However, aﬂer p‘iclo.ram dissip ate‘s, spotted

knapweed invades from its seed bank (Davis et al. 1993). Sheley and Jacobs (1997) found
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that picloram increased grass yield by an average"of 1500 kg ha™ and reduced spotted
knapweed density to zero. Clopyralid is more selective than picloram and has a shorter soil
residuai period, it provided 100% control of spotted knapweed 1 year follewing applicatien
“zithout affecting native forbs (Lacey et al. 1989). | |

Long-term chemical control is cest effective only on highly productive rangelaﬁd with

a residual grass understory (Griffith and Lacey 1991). However, reseeding of spotted

knapweed infested areas following herbicide treatment increases forage produetion by
suppressing knapweed seedling establishment (FHubbard 1975).
Revegetation of spotted knapweed infested rangeland

In areas where residual plant species are abseﬁt, herbicides (Davis et al. 1993, Griffith
and Lacey 1991) natural enemies (Story et al. 1991 Cuda et al 1989), or sheep grazing (Cox
1989) do not prov1de long-term control of spotted knapweed because desirable species are
not available to occupy niches opened by the control procedure (James 1992, Sheley et al.
1996). Tn these areas, estabﬁsﬁing competitive plants is esseqtial for successional management
of spotted knapweed ane the restoration of desirable plant commumnities (Sheley et al. 1996).
Revegetation with aggressi\;e species has been shown to inhibit the reinvasion of knapweeds

(Borman et al. 1991, Hubbard 1975, Larson and McInnis 1989).

Typically, revegetation of spotted knépweed infested rangeland involves late-fall .

discing and application of a non-selective herbicide, such as glyphosate (n-phosphomethyl.

glycine). (Sheley and Larson 1994), after weeds emerge.” Then, desirable grasses are

1mmed1ate1y seeded Grass and knapweed germmatlon and emergence occur the followmg

spring. As long as there is adequate spnng precipitation, both grass and knapweed seedhngs




survive. If grass seedlings survive un'til ﬁlid‘-summer, a reduced rate of 2,4-D or mowing is
usually applied to weaken spotted knapweed. Seedling establishment is thé most vulnerable -

stage in the rehabi]itati;)n of plant communities in arid and semiarid regions (Call and Roundy

1991). Rehabilitation with desirable vegetation typically fails because of weed competition

during these initial stages of establishment (Borman et al. 1991, James 1992).

Density depéndent interference |
Crop density may influence weeq competition. Increasing seed rate has been shown

to decrease weed growth and weed-caused crop loss (Godel 1935, IRRI 1993, Thurston

1962, Pfeiffer and Holmes 1961). Rangeland weeds are more competitive than perennial gr'ass

seed]ings (Harns 1967, Prather and Callihan 1991). For example, Prather and Caﬂjhan (1991)
_found that yellow starthistle (Centaurea solstitialis 1..) was more competitive than pubescent
Wheatgrass (Thinopyrum intermedium spp. barbulatum (Schur) Barkw. and D. R. Dewey)
at densities up to 390 plants m™”. However, they also found the aggressiveness of pubesceﬁt _
wheatgrass increased with increasing wheatgrass densities. In a growth chamber, Jacobs et .

al. (1996) found that bluebunch wheatgrass (Agropyron spicatum (Puxsh. ) Scribn.. and Smith.)
was 4 times more competitive than spotted knapweed seedlings at densities considered high
“for seedings (1000-5000 plants m?). Although crop-weed @teractions at agronomic planting

densities have been widely studied, very little is known about interference at extremely lugh

densities (Zimdall 1980) . 3 ‘ - ' ’

Objectives of study
The overall objective of this study was to determine the potential to use plant density

as a tool to facilitate the establishment of desirable grasses in spotted knapweed infested
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rangeland. Specéﬁc objectives were to 1) quantify the interference i)etween intermediate
wheatgrass (Elytriga intermedia (Host) Nevski) and spotted knapweed, 2) compare the
change in interference between these species at low versus high densities, and 3) compare
_ intermedjéte wheatgrasé density and biomass at four seeding rates in com;bination W;.lth tillage
and/or glyphosate application. We hypothesized that competitive interactions can be shifted
from qutted knapweed ’éo intermediate wheatgrass by increasing wheatgrass seedling density
to over ldOQ plants m>. In the revegetation study, we expected intermediate wheatgrass
seed]iilg density to l;e highest and spotted knapweed biomass to be lowest at the highest

densities of wheatgrass.
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CHAi’TER 2
]NTERFERENCE BETWEEN SPOTTED KNAPWEED AND ]NTERMEDIATE
WHEATGRASS AT LOW VERSUS HIGH DENSIT]ES
Introduction

Spotted knapweed (Cenz‘aur.‘ea maculosa Lam.) is a deep taprootéd perennial Eurasian
weed rapidly ins;ading rangeland throughqut the northwestern United States and Canada
(Watson and Renney 197.4, Strang et al. 1979, Harris and Cranston 1979). Spotted knapweed
has been spreading at about 27% per year and infests about 2.2 million hectareé of grassland
in Montaﬁa alone (Chicoine et al. 1985, Lacey et al. 1989). This sI’>ecies reduces forage
production (Watson and Renney 1974, Harris and Cranston 1979), plant species diversity
(Tyser and Key 1988) and wildlife hab1tat (Bedunah and Carp enter 1989). Increases in ba:re—
ground (Tyser and Key 1988) surface water runoff (Lacey et al. 1989), and management
costs are also associated with knapweed infestations.

Spotted knapweed is adapted to a wide range of climatic and environmental conditions
(Watson and Renﬁey 1974, Chicoine et al. 1985). This weed is a strong coﬁapetitor and
relati\}ely drought tole;rant (B erube and Myers 1982). I?: has hlgh seed output and longevity,
which enables regeﬁeration after herbicidal control (Watson and Renney 1§-74, Schirman
1981, Davis et al. 1993', Kalisz an(i McPeek 1993). Early germination and rapid growth rates
enable knapweeds (Centaurea spp.) to capture resources before their competitors (Sheley et
a].. 1993). Knapweeds djsplay germination and emergence pblymorphism, which allows them
to avoid intraspecific conpetition and occupy all available safe-sites by developing a hierarchy ‘

of age classes within the population (Sheley and Larson 1996).
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In areas Whére residual plant species are absent, herbicides (Davis et al. 1593, Gﬁﬁith
and Lacey 1991), natural enemies (Story et al 1991, Cuda et al, 1989), br sheep .graz\ing (Cox
1989) do not provide long-term control of spotted knapweed because desi'réble épecies are
not av;lﬂable to occupy niches opened by the control procgdure. In these areas, establishing

competitive plants is essential for successional management of spotted knapweed and the

restoration of desirable plant communities (Sheley et al. 1996). Revegetation with aggressive -

' species has been shown to inhibit the re-invasion of knapweeds (Fiubbard 1975, Larson and -

McInnis 1989).

Typically, revegetation of spotted knapweed infested rangeland involves late-fall

discing and app]icatioﬁ of a non-selective. herbicide, such as glyphosate (n-phosphomethyl
'glyciile) (Sheley and Larson 1994), after weeds emerge. Desirable grasses are immediately
seeded. Grass and knapweed germination and emergence occurs the following spring. As long
.as there is adequate spring precipitation, both grass and knapweed seed]jngs survive, If grass
seedlings survive until mid-summer, a reduced rate of 2,4-.D (2,4-diclorophenoxy acetic acid)
or mowing is usually applied to weaken spottéd knapweed. Rehabilitation with desirable
vegetation typically fails because of weed competition auﬂng these initial stages of
establishment (Borman et al. i991).
Rangelaﬁd weeds are more competitive than perennial grass seedlings (Harris 1967,
Prather aﬁd Ca]]ihat; 1991). For gxample, Prather and Callihan (1991) found that yellow
starthistle (C’enz‘aulfea solstitialis L.) was moré competitive than pubescent wheatgrass
' .(Ihinopyrum intermedium épp. barbulatum (Schir) Barkw. & D. R. Dewey).at densities up

to 390 plants m?. However, théy also found the aggressiveness of pubescent wheatgrass
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increased w11:h increasing wheatgrass densities. In a growth chamber, Jacobs et al. (1996)
found that bluebunch wheatgrass was 4 times more competitive than spotted knapweed
seedlings at depsities considered high for seedlings (1000-5006 plénté m?). Altﬁough crop-
weed interactions at agronomic planting densities have been widely studied, little is known
about interference at extremely high densities (Zimdall 1980) .

The ovéra]l objective of th1s study was to determine the potential to use plant density
as 4 tool to facilitate the establishment of deﬁrable grasses in spotted knapweéd infested
rangeland. Specific objectives were to 1) quantify the interference bet‘ween intermediate
wheatgrass and spottéd hiapwéed, and 2) compare the change in interference between these
species at low versus high densities. We hypothesized that :comp etitive interactions can be
shifted from spotted knapweed t(\) intermediate wheatgrass by increasing wheatgrass seedling
density over 1000 plants m2

Materials and Methods
Sz‘udy sites

The study was conducted at two Montana State University res;earch sites. Both sites
lie on a Idaho fescue (Festuca idahoensis Elmer)-bluebunch wheatgrass habitat type
(Mﬁeggler and Stewart 1980). One site was at the Red Bluff Research Ranch (45°34'N, 111°
40' W) located 8 km east of Noxris, Mont. Elevation at the site is 1500 m. Average annual
. precipitation is 305 mm. Sité 2 was at the Arthur H. Post Rgsearch Farm (45° 41'N, 111°9'
W). This farm is located 6.5 km west of Bozeman, Mont. Elevation at this site is 1463 m w1th

an avefage annual precipitation of 457 mm. Precipitation and temperature were monitored

within 6.5 km of each site during the study period (Table 1).
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Inte;y‘grence

Monocdtures and mixtures of spotted kﬁapweed and intermediate wheatgrass were
grown to assess their interference using z.ldfﬁtion series methodology. Density series w.ere 0:0,
0:100, 0:500, 0:1000, 0:3000, 0:6000, 0:10000, 100:0, 100:100, 100:500, 100:1000,
100:3000, 100:6000, 100:16000, 500:0, 500:100, 500:500, 500:1000, 500:3000, 500:6000,
500:10000, 1000:0,'1000;100, 1000:500, 1000:1000, 1000:3000, 1000:60010, 1000:10000,
3000:0, 3000:100, 3000:500, 36,0(5:1000, 3000.:3000, 3000:6009, 3000:10,600, 6000:0,
6000:100, 6000:500, 6000:1,0.00, 6000:3000, 6000:6000, 6000:10000, 10000:0, 10000:100,
10,000:500, 10,000:1000, 10000:3000, 10000:6000, 10000:10000 plants m? for Spétted
knapweed and intermediate wheatgrass, respectively. Density matrices were arranged in a
randomized-complete-block design with 3 blocks (replications) at each site. .

Seeds of spotted knai)weed were collected frorﬁ Deer Lodge County, Mont. in August
1989. ‘Oahe’ intermediate wheatgrass seeds were purchased ﬁom Circle S Seeds Inc., Three
Forks, Mont. in March .1994. Seeds of intermediate wheatgrass and spotted knapweéd were
sownin plastic pots, each with 2256 mm? soil surface area and 380 mm deep. Pots provided
minimal rooting restﬁction to knapweed plants grown for a similar duration (Sheley and
Larson 1994). Pots were filled with pasteuﬁzed soil mixture consisting of 2/3 Farland silt
loam (fine silty, mixed Typic Agriboroll), and 1/3 sand. The soil was sa‘gurated with watér and
allowed to equﬂibrate 'to column capacity in the greenhouse and then transferred to each site. |

Pots were placed underglround with the soil squa‘ce m pots ievel to that of the
surrbunding afea. Seeds were broadcast on the 'soi_l surface of each pot during June 10

through June 14, 1995 at Red Bluff and June 16 through 20, 1995 at the Post Farm. Based
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on a preliminary emergence test, see@g densitieé were 2 times that of the desired plant
densities. Seeds were manﬁall‘y alrangeq until a uniform djstn'bution was achieved. Lesé than.
2 mm depth of dry soil was used to cover seeds. Initially, pots were lightl'y‘ watered‘ and
coveréd with clear plastic to ensure uniform seedling emergence. There was no additional
watering. Plantg were allowed to grow for 60 days.

Initial densities of spotted knapweed and intermediate wheatgrass were counted 1
week after emergence. Final harvesting involved manually silaking the dry soil from the roots,
sefarating the species, anci counting the number .of plants of eacﬁ species in each pot. Roots
were cut from shoots, measured for total length (m) using a root length scanner (Comair
Corp., Melbourne, Australia), dried to cénstant weight (48 hours, 60° C) and weighed (mg).
Shoots and leaf material were scanned for surface area (cnf) (Licor-3100 with conveyor belt,
LI-COR, Inc. Lincoln, Neb.) and tilen dried to a constant weight and weighéd (mg).

Addition series data were divided into low (0-1000 plants m'®) and high (1000-10000
- plants m?®) density matrices for each species. Data wére transformed to their inverse and
incorporated into multiple linear regression models (Spitters 1983). Coeflicients of
determination, sums of squares, and residuals were evaluated to determine the most suitable
model. Regressions were calculated usipg 1) low knapweed:low wheatgrass, 2) low
- knapweed:high wheatgrass, 3) high ]mapweed:low.wheatgrass, apd 4:) high knapweed:high

- wheatgrass densities. - |

Regressions predicted shoot Wéight; root weight, total weight, leaf area and root

length. using harvest densities of spotted knapweed and intermediate wheatgrasé as

. independent variables. Models were of the form:
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W, = Boy + BN, + Bs;&iz
wi = By + BalN; + Bi;st

where w, a:l;d W were tile ave'ragetpelr plant growth response for spotted knapweed and

' intermediate wheatgrass, respectively, and ‘NS and N; were their ,deilsity. Regréssion
coefficients P, and B, represent the nverse of the maximum response of eacﬁ variable fér
an isolated individual for spotted knapweed and intermediate wheatgrass, respectivéiy.
Regression co‘eﬂiqientsl B, and B; and B and B, represent intraspecific and iﬁterspéciﬁc
competitive coefficient for spotted knapweed\ and intermediate wheatgrass, respectively.

The extra sums of squares procedure was used to compare slopes generated using

each density matrix (Snedecor and Cochran 1980). For example, slopes generated from low
spotted knapweed and intermediate wheatgrass densities Weré comp ared to slopes from low
sp.otted knapweed and high wheatgrass densities. Coefficient of determination R? Vall;es
were calculated to éndicate the proportio_n of the variability associate& with the dependent
variables that were accounte& for by plant density. |
Growth analysis

\ Isolated plants of spotted knapweed and intermediate wheatgrass were grown by
broadcasting 15 seeds on the so—il surface of each individual pot. Seeds were sown, similar to '
that described above, on June 15 (Red Bluff) and June 20, 1995 (Post Farm). Plants were
ﬁgﬁﬂy watered alid 'covéred with plastic to facilitate seedling emergence and fhen thinned to
a single individual 10 days after emergence. Pots were replicated to provide 5 harvest dates

. and 3 blocks in a randomized-block design (2 species,.5 harvest dates, 3 blocks). Harvest

dates occurred on. 12-day intervals beginning 16 days after planting. Final harvests occurred
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on August 30 (Red Bluff) and September 3 (Post Farm), 1995. Sampling procedures‘followed
those.of the interference experiments. Data were analyzed using simple linear regressionlusing
time as the independent variable.
Emergence and survivorship

Initial densities were fitted into simple linear regression models using seeding density
as the independent variable. Similarly, harvest densities were fitted into linear regression
models using initial density as the independent variable.

Results

Interferenge ' |

Intermediate wheatgrass: Intraspecific i.nterference was most Jmp ortant in predicting-
intermediate wheatgrass weight at all densities at the Post Farm (Tables 2 and 3). Based on
plant weight, regressions indicate that no interspecific interference occurred between spotted
knapweed and intermediate .wheat;grass at low spotted knapweed densities at this site. At high
spotted knapweed and low wheatgrass densities, quttéd knapweed reduced intermediate _
wheatgrass total and shoof weight. Effects of spotted knapweed were removed at high
| whe;atgrass densities. At the Post Farm, regressions I;redicting infermediaté wheatgrass leaf
area and root length followed a similar pattern as that of weight (Tables 3 and 4).

Only models at iow spotted knapweed densities were significant in predicting
intermediate wheatgrass weight at Red Bluff -(Tabies 2 and 3). Intraspecific interference was’
m;)st important at all densities, similar to that’ at the Post Farm. At low densities of both

speciés, increasing spotted knapweed density reduced intermediate wheatgrass total and shoot




23

weight. At high wheatgrass densities, the effects of spotted knapweed were removed on this
site. ’

At low densities of both species, only intraspecific interference was associated with
intermgdiate wheatgrass leaf area and root length at Red Bluff (Tables 3 and 4 ). At’ low
spotted knapweed and high'int’ermedi'ate whe‘atgrass delAlsities, spotted knapweed was most
important in predicting intermediate wheatgrass leaf area. Density was ﬁot associated with
root length at these densities at this site.

Spotted Knapweed: At low spotted knapweed densities, models predicting spottéd

knapweed weight, leaf area, or root length were either non-significant or had a poor fit at the

Post Fatm (Tables 5, 6, and 7). At high spottéd knapweed and low wheatgrass densities, only

intraspecific interference was associated with spotted knapweed fotal and shoot weight.

Intraspecific and interspecific interference was associated with spotted knapweed leaf area

at these densities. At high densities of both species, wheatgrass density was most important

in predicting spotted knapweed weight and leaf area at this site.
Regression models indicated that at low sp otted knapweed densities and high
wheatgrass densities, spotted knapweed increased its own weight at Red Bluff (Table 5 and

6) At these same densities, only wheatgrass density was associated with spotted knapweed

leaf area (Table .6 and 7). All other regressions were either non-significant or poor fitting

models.
Growth Analysis
Regressions predicting total plant weight over time-indicate that intermediate

Wheatgraés grew 4 and 14 times faster than spotted knapweed at the Post Farm and Red
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Blufé respectively (Table 8). Intérn_lediate wheatgrass and spotted knapweed grew 2 and 7
times faster at the Post Farm than at Red Bluff. Other paranieters followed a smnlar pattemn '
to total weight.
Emergence and Survivorship

Regressions p_redicting itial density based on seeding rate indicated that 29 and 18%
of the seeds emerged f(l)r.spotted knapweed and intermediate wheatgrass at the Post Farm.
Conversely, 19 and 36% of knapweed and wheatgrass emerged at Red Bluff

Regfession models predicting harvest .densities using initial densities as the
ind_epen_denf variable showed that 83% of spotted imapweed plants and 86% of the
wheatgrass plants survi\./ed to the end of the exi) eriment at the Post Farm. Only 13% of the
initial spotted knapweed seedlings survived to the end of the experiment at Red Bluff,
whereas 91% of the wheatgrass séedlings survived.

Discussion

Our $udy indicates that density;indep endent and density-dependent factors interact
to determine seedling survivél and competitiveness of spotted knapweed and to a lesser
- extent, intermediate wheatgrass. Weldon and Siauson (1986) proposed that R? values from
addi’;ion series regressions indicate the degrée to which interference is important to the
' suc.cess of the target species. R? for sl;otted knapwee& at all density ranges, except high
densities of both species, were below 0.29 at the Post Farm. In this case, we believe that
competition v.s'ias minimized by high precipitation (T eible 1). At higil dénsities, competition

became more important.
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At the drier site, Red Bluff, R* values ranged from 0.46 to 0.64 at low densities of
spotted knapweed and high densities of intermediate wheatgrass. All other models had lower
" R% This suggests that enough soil moisture was available at lower densities to minimize
interference. At higher densities of spotted knapweed, survivorship lines (Figure 1) and R*
values show that seedling mortality was high. Furthermore, growth rates of isolated spotted
knapweed individuals were lower on this site than on at the Post Farm. »

Survivorship lines and R x\/alues indicate that, in most situations, interference was
important in determining the suc.cess of intermediate wheatgrass. In those cases, intraspecific
competition account’éd for most of the variation in ti1e model. However, at high densities of
both species under the dry COnditions at Red Bluff, intermedia'te wﬁeatgrass was influenced
by other factors than density. A majority of those individuals emerging survived to the end
of the study, suggesting mortality was qot a major factor. |

Tnterference between species dep ends on their density, proportion, and spatial
arrangement (Radosevich 1987). In a growth chamber study', Jacobs et al. (1996) found
bluebunch wheatgrass was more competitive than spotted knapweed at densities ranging from
1000 to 5000 plants m™. In our study, increasing intermediafe wheatgrass density removed
the competitive influence of spotted knapweed under those conditions where interspecific
interference was significant. Our stﬁdy indicates that the competitive balance between spotted
knapweed and intermediate wheatgrass‘can be shifted from qutted knapweed by establishing
high densities (>1000 plants m?*) of wheatgrass under those conditions wherg mterspecific

interference occurs.
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| CHAPTER 3
USING SEED RATE TO ENHANCE INTERMEDIATE WHEATGRASS
ES’i‘ABLISHN[ENT IN SPOTTED KNAPWEED M‘ESTED RANGELAND
Introduction

Spotted knapvx;eed (Centaurea maculosa Lam.), a deep-taprooted pereﬁnial weed of
Eurasian origin, has been invéding rangeland throughout the northwestern United States and
Canada since the late 1800s (Roche and Talbott 1986, Watson and Renney 1974, Strang et
al. 1979, Hams and Cranston 1979). This invasive weed has been spreading at about 27% per
year and infests abou’; 2.2 mﬂ]ion hectares of grassland in Montana (Chicoine et al. 1’985,
Lacey et al. 1989). It also infests about 10,000 hectares in eastern Washjﬁgton (Rocile’ 1988)
and in British Columbia (Cranston 1988), and it can be f(‘)lmd throughbut most of the
northwestern United States. Spotted knapweéd reduges forage production (Watson. and
Renney.1974, Harris and Cranston 1979), plaqt species diversity (Tyser and Key 1988), and
wildlife habitat (Bedunah and Carpen;cer 19893. Increases in bare-ground (Tyser and Key
1988), surface water runoff and stream sedimentation (Lacey et al. i989), a;1d management
costs are also associated with knapweed (Centaurea spp.) infestations.

In areas where residual plant species are absent, spotted knapweed control is short-
term because desirable species are not available to occupy niches opened by the control
procedure (James 1992, Sheley et al. 1996). In these areas, establishing competi;ciVe plants .
is essential for successful managemént of spotted knapweed and the restoration of desirable
plant cbmniunities. Once established, competitive species inhibit the reinvasion of knapweeds -

(Hubbard 1975, Larson and McInnis 1989, Borman et al. 1991).
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Typically, revegetation of spotted knapweed infested rangeland involves late-fall
discing and application of a non-selective herbicide, such as glyphosate (n-phosphomethyl
glycme) (Sheley and Larson 1994). Desirable grasses are immediately seeded. Grass and
knapweed germination and emergence occur the following spring. With adequate spnng
. precipitation, both grass and k’napweed seedlings survive. If grass seedlings survive until mid-
summer, a reduced rate of 2,4-D (2,4-diclorophenoxy, acetic acid) or mowing is usually
applied to weaken spotted knapweed. ﬁowever, land managets are reluctant to revegetate
spotted knapweed infested'tangeland because of the difficulty in seedling esta‘t‘>]ishmen‘t.

Seedling establishment is the most vuinerable stage in the rehabilitation of plant |
communities in arid and semiarid regions (Call and Roundy 1991). Rehabilitating knapweed
infested rangeland with desirable grasses typicaﬁy fails because of weed competition during
the initialstages of establishment (Borman et al. 1991, James 1992).

Plant density may influence weed - competition during the initial stages of
establishment. In a growth chamber, Jacobs et al. (1996) found that bluebunch wheatgrass
(Agropyron spicatum (Pursh ) Scribn. and Smith.) was 4 times more competitive than spotted
knapweed seedhngs at densities cons1dered high for seedings (1000-5000 plants m?). ’

Similarly, Velagala et al. (1997) found that increasing intermediate wheatgrass (Ebtriga -
intermedia -(Hos't) Nevskl) from low (< 1000 plants m?) to high (>1000 plants .m'z) densities
removed the effect of spotted knapweed on intermediate wheatgrass where interspecific
_interference occurred.
The overall objective of this study was to determine the f)otential to use plant density

as a tool to facilitate the initial establishment of desirable grasses in spotted knapweed infested
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rangeland. The specific objective was to compare intermediate wheatgrass dénsity and
biomass at four seed rates in combination with tillage and/or glyphosate appﬁcation. We
hypothesized tﬁat the establishment. of intermediate wheatgrass seedlings would be greatest
at their highest densities. We also expected spoﬁed knapweed biomass would be lowest at
the highest densities of Wheatgrass. -
Matérials ‘and Methods

Study sites |

The study was conducted during 1995 and 1996 at two sites in Montana. Site 1 Was
located 11 km east-northeast of Hamilton, Mont. (4t‘50 17'N, '1 14° 1' W) at an elevation of
1341 m. Site 2 was located 15 km southwest of Bozeman, Mont. (45° 36' N, 111° 11' W) at
an elevation of 1524 m. The Hamilton site lies on a Festuca scabrelld/ Agropyron spicatum
habitat tybe aﬁd the Bozeman site lies on a Festuca idahoensis/ Agropyron spz‘caz‘uﬁ habitat
type (Mueggler and Stewart 1980). Hamilton soils were Stecum stony loamy coarse sand,
moderately steep (mixed typic Cryorthents). Bozeman sqils were loamy-skeletal over saﬁdy
or sandy skeletal (mixed typic Argiboroll). Annual precipitation at Both sites fanges from 406
to 457 mm. The mean annual temperaturé at the Hamilton site is 6.6 ° C.~@d 6.1‘; C. at
Bozeman. Precipitation and temperature were nionifored w1th111 6.5 km of each site during
the study period (Table 9).
Procedures .

Glyphosate (with and wii.:hout), tillage (with and without), and 4 seed rates (0, 500,
2500, 12500 m™) of intermediate whéatgrass seéds were factorially applied in a randomized-

complete-block design with 4 blocks (rep]icatioﬁs) at each site. Glyphosate was api)]ied at
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1.16 1ha™ using a CO, préssun'zed backpack sprayer caﬁl;rated to deliver 410 1ha™. Tﬂlage
was accomplished using a tractor mounted rototiller which mixed the soil to a depth of ab out
200 mm. Seeds of ‘Oz‘lhe’ intermediate wheatgrass were broadcast on the soil §1rface of éach
plot .(1.82 m?) immediately after application and were covered with a small amount of soil (<
2 mm). Intermediate wheatgrass seeds were purchased from Circle S Seeds Inc., Three Forks,
Mont. in October 1995, Ninety-four percent of the seeds germiﬁatéd in a standard test.
Treatments were applied during November 4 through November 8, 1995 at Bozeman, and
November 11 through November 14, 1995 at Hamjlton.‘

Sampéz’ng _ |

Density of .intennediate wheatgrass; spotted knapweed, cheatgrass (Bromus tectorum -
L.), Idaho fescué (Festuca idahoensis Elmer), and other forbs were determined by counting
the num‘t;er of plants in a 0.44 m circular hoop in each plot. Biomass was determined by
clipping plants to ground level. Plants were separated by species, dried to a constant yveight
a:nd- weighed. Sampling occurred on Jully 11 and July 12, 1996 at Hamilton, and Iuly 22
through July 30, 1996 at Bozeman.

Analysis .

Analysis of variance was used to determiné the effects of giyphosate, tﬂlgge, and
intermediate wheatgrass seed rate on\depsity_ and biomass of intermedia;é wheatgrass,
spotted knapweed, cheatgrass, Idaho fescue, and other forbs. Glyphosate, tillage, seed rate,
glyphosate*seed rate, glyphosate*ti]iage, tillage*seed rate, and glyphosate*tillage*seed rate
were iﬁcluded in the modei. Means were separated using Figﬁer’s protected L.S.D.

comparisons. Error bars represent +2 S.E.
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Results
Intermediate wheatgrass

Anélysis of variance indicated glyphosate*tillage*seed rat‘e interacted to affect
intermediate wheatgrass density at the Hamilton and Bozeman sites (Table 10). Unseeded
plots and those seeded at rates of 500 m> yielded similar wheatgrass density, regardless of
any additional treatment at both sites (Figures 2a and b). Plots receiving the highest seed rate
had higher wheatgrass density than those receiving lower rates at Hamilton. At 2500 seeds
m?, tillage increased wheatgrass densit?t over all other treatments. Plots tilled and seeded_at
12500 m”had the highest wheatgrass density (312 plants m™) at this sité.

At the highest seeding rate, tillage and tillage plus glyphosate in;:reased intermediate
wheatgrass densities over all other treatments at Bozeman (Figure 2b). Tillage in combmation-
with glyphosate at the highest seed rate had the highest wheatgrass densities (572 plants m?).
All other treatments yielded similar wheatgrass densities at this site.

-Glyphosate combined with the -highest seed rate yielded the Mgﬁest wheatgrass
biomass at Hamilton (Figure 3#). At this seed rate, tillage increased intermediate wheatgrass -
biomass nearly 7 times that of all other treatments at Bozeman (Figure 3b). Analysis of
variance of weight per I;lant indicates intraspecific competition did not affect individual
wheatgrass weight (Hamilton: Mean = 0.019 g plant'l,'P = 0.693; Bozeman: Mean = 0.022
gplant™, P = 0.804).

Spotted knapweed
Spotted knapweed density wés not affected by any treatments at Hamilton (Table 10).

However, tillage*glyphosate™seed rate interacted to affect spotted knapweed density at
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Bozeman (Figﬁre 4). Among unseeded plqts, those withoﬁ either ti]la.ge or glyphosate
yielded the highest knapweed dénsit’y. Tillage and tﬂlage plus glyphosate yielded similar
knapweed densities in unseeded plots. Seeding (all rates), glyphosate or glyphosate plus
tillage at the highest seed rate reduced knapweed to the lowest density. At 2500 s‘eeds m('z,‘
plots treated with glyphosate and tilled had ‘ghe highest density. At the highest seed rate tilled
piots had the highest knapweed density.
Tillage and glyphosat.e reduced spotted knapweed biomass from 108 to 73. gm? (P
.= 0.0015) and 103 to 78 g m>(P = 0.0192), resi)ectively at Hamilton. Increasing the
wheatgrass seed rate reduced knapweed biomass af Bozeman (Figﬁre 5). The highest seed~
rate alone yielded greater knapweed_biomass than those treatments inchuding tillage and/or
’ glyphosate. The only exception was that unseeded plots, sprayed ﬁth glyph;)sate, yielded
similar knapweed biomass as those seeded at the highest rate alone.
Cheatgrass
| Cheatgrass density was no"c affected by any of the treatments ’at Hamilton (Table 10).
Glyphosate combined with tillage inqreased cheatgraés biomass over all cher treatments at
this s'ite. Glyphosate increased| cheéitgrass density (54 to 126 plantsm?, P = 0.098) and
biomass (2.2 to 8.43 g m® P = 0.0002) over those treatments without’the hérbicide at
Bozeman.
Idaho fescue
Idaho fescue was absent at Hamilton. Glyphosate and tillage reduced Idaho fescue
density from 177 to 84 plants m’z ®= 0.0184) an& 220 to 41 plants m> (P =0.0001),

respectively, at Bozeman. Idaho fescue biomass was also reduced by glyphoseite (10.6to 4.4
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g ﬁl’z, P =0.0816) and tillage (13 to 2 gm™ P = 0.9027)‘ at this site.
Discussion
| Most revegetation sfudies of weed infested rangeland have examined metﬁods using
agronomic seed rates that are designed to optjmize crlop yield. The recommende'd'se'ed rate
of intermediate wheatgrass ranges from 170 (.Granite Seed Co. Lehi, UT) to 430 seeds m™
(Sheley and Larson 1994). In our study, initial wheatgrass establishment did not occur at 500
seeds m” under any treatment or treatment combinations. Since wheatgrass seeds remgin in
. the seedbank, seedﬁngs may become establisﬁed under more favorable conditions.
Our revegetation sfudy suggests that increasing grass seed rate will faéﬂitate initial
, estéb]ishment of desirable grasses in spotted knapweed infested rangeland an;l in some cases
. can reduce knapweed density and biomass. We believe in_creasing the number of available
seeds increased their probability of reaching safe sites (Harper et al. 1965). In addition, weed
gompetitioﬁ may have been reduced at higﬁ wheatgrass densities (Jacobs et al. 1996, Velagala‘
| et al. 1997). The fact that spotted knapweed densit;II and biomass was fed-uced at high seeding
rates at Bozeman supports this hypothesis.
Tillage tended to enhance initial establishment of infermediafe wheatgrass, especially
at the highest seed rate. Tillage may have created safe sites (Kocher and Stubbendieck 1986),
while high seed rate may havé provided enough seeds to fill a majority of those safe sites
(Young 1988, Call and .Ihkoundy 1991). In addition, improved soil conditions may have
enhanced Zg;rowth (Donahue et al. 1977).
' Glyphoséte? when applied with tillage and hlgh seed rate, decreased spotted knapweed

density at Bozeman, which resulted in an increase in wheatgrass density. We speculate that
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a decrease in knapweed density increased the availability of safe sites for intermediate
wheatgréss seedlings. At Hamilton, this combination of tréatmeﬁts reduced 'knapweec.l
biomass, but had no eﬂ'ec’; on its density. Knapweed biomass reduction resulted in a
corresponding iﬁcrease in intermediate wheatgrass biomass. In this case, we believe safe sites
remained occupied and intermediate wheatgrass could only respond in the form of biomass.
We believe plant density can be used as a tool to facilitate thé initial establishment of
desirable grasses in spotted knapweed infested rangeland. Strategies which maximize the
advantage of high seed rate, while. feducing the blanke_t distribution of seeds are ﬁeeded in

order for this tool to become economically feasible.
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Table 1. Precipitation and temperature at sfudy sites.

Mean temperature
Site _Period (1995) Total précipitation Min Max
| (o) ¢0)
Red Bluff 15 Jun. to 1 Jul. | 13 125 14.2
2 Jul. to 13 Jul, 23 161 180
. 14 Jul. to 25 Jul 6 16.2 18.5
26 Jul to 6 Aug, 13 187 20.9
7 Aug. to 18 Aug, . 27 - 14.6 16.5
19 Aug. to 30 Aug, . 25 16.6 18.8
Post Farm 20 Jun. to 5 Jul. . 23 ‘142 221
6 Jul. to 17 Jul. 21 ' 9.7 26.5
18 Jul. to29 Tul. 20 9.9 28.6
30 Jul. to 10 Aug, 65 8.5 26.4 “
11Avg t022 Avg, , - 3 . 66 - 264 f
23 Aug, to 3 Sep. 12 i 7.8 28.5

Environmental conditions were monitored daily. Twelve day valués are presentéd during the
study to correspond with harvest dates. Precipitation amounts are 12 day cumulative values.

Maximum and minimum temperatures are means for the designated time period.
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Table 2. Regression coefficients predicting intermediate wheatgrass weight (mg) using

harvest densities'.

Density Dependent Post Farm Red Bluff
matrices variable (W) Bo: Bs Bs 7 R’ Boi B. Bs R?
Low,Low;  Total weight 0 60.0 0 0.78 3085 . 608 107 081
(NS) 638 (NS (74.7) (48)  (43)
Shoot weight 0 91.6 0 0.71 412.8 985 199 073
(NS) (12.6) (NS) (150.7) - (98) (8.7)
Root weight 0 190.0 0 049  1262.0 162.2 0 0.53
(NS) (392) (NS) (378.4)  (247) (NS)
Low,High, Totalweight 0 49.8 0 0.75 0  63.9 0 -098
(NS) (78) (NS) ™s)y . @7 @S
Shoot weight 0 74.2 0 ~ 076 0 109.5 0 0.93
™) @20 @ s) w7 s
Root weight 0 149.0 0 0.52 0 1513 0 0.93
™s) = (331) @®s) (NS) (145)  (@S)
High,Low, Totalweight 427.1  50.7 3.4 0.67 0 0 0 0.87
(139.5) (9.7 0.9) (@9) (NS) (NS)
Shootweight 0 .  83.0 73 0.69 0 0 0 0.85
NS) (15.6) 1.5) NS) NS) NS)
Rootweight 27100  108.0 0 024 .0 0 0 0.89
(640.0) (445) (NS) NS) ®S) (S
High, High, Totalweight. 0 74.4 0 0.93 0 0o . 0
XNS) (700 M9 (NS) XS) (NS) NS
Shoot weight 0 102.7 0 0.78 0 0 0
(NS) (164) (NS) (NS) NS) Ns) NS
Root weight 0 253.9 0 0.82 0 0 0

(NS) @39 ®s) ' (NS) (NS) NS) NS
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"The mq‘deluse‘d was: W' = By + B ;N; + B N . Where w, is the average per plant growth
response for intermediate wheatgrass, an& N; is its density. Regression coefficients B; ,[3; and |
B, represent the nverse of the maximum response of each variable for an isolafed jﬁdividual,

intraspecific competitive coefficient and the interspecific competition coefficient for

intermediate wheatgrass, respectively.




Table 3. Extra sums of squares' comparing intermediate wheatgrass regression slopes generated for each density range.

Low, Low, Low, Low; Low, Low; Low, High; Low, High, High, Low;
| Tntermediate Dependent Vs Vs Vs vs " vs vs
‘wheatgrass - variable M,I—_Iigh;_ ﬂgl_l;m_ Hich, High; _High, Low; Xich, High, High, High;
Foal  Fstat Foal Fstt  Foal.  Fstat  Foal  Fstat  Feal  Fetat  Fodl  Ftat
‘Pos_t Farm Total weight . 42.7 4.08 1.49 3.21 1.84 1.78 4.13 1.74 ’ 039 3.01 - "11.04 295
Shoot weight -42.6 4.08° 1.34 3.21 2.19 1.77 3.65 1.73 0.-26 3.01 - 12.8 2.93
Root weight 42.1 4.08 -1.36 - 3.21 132 . 1.78 538 1.74. 021 3.01 10.7 2.95
Leaf area 32.5 4.08 11.5 3.21 .2.-74 1.77 231 1.73 -0.02  3.01 11.8 2;93 .
Root length 43.4 4.08 -2.75 3.21 3.07 1.78 7 238 1_.74 -0.24  3.01. 10.39 295
Red Bluff Total weight 25.4 3.21 -0.03 3.23 NS Né 0.29 2.65 NS NS NS NS
\ Shootwe:ight 213 3.21 -0.10 3.23 NS NS 0.24 2.65 NS NS© NS NS
Root weight 34{.42 3.21 -0.80 3.23 NS NS 0.39 2.65 NS NS NS NS -
Leaf area 30.06 3.21 0.92 3.23 NS NS 0.35 2.65 NS NS NS NS
Rootlength 390 221 477 323 NS NS 562" 265 NS NS NS NS
— - -

'Slopes were compared at P = 0.05

6V




50

Table 4. Regression coefficients predicting intermediate wheatgrass leaf area (mm?) and root _

-

length (cn'l). using harvest densities".

Density 7 Dependent Post Farm _ 7 Red Bluff

matrices variable (V)

Bai By Bis R? Bo Bu Bs R/
Low, _Lééfarea 0 0.01 0 0.73 0.97 0.13 0 1 0.54
Low, S m®) Q00D @Sy ©3) (002 @S)
Rootlength 0 038 0 069 264 03 0 031
@S) | (0.05)  (NS) (125 (0.08)  (NS)
Low, Leafarea - 0 013 0 7 065 223 009 014 097
' High, s (002 (NS ©.73)  (0.005)  (0.05)
Rootlength 0 031 0 037 2855 0 . 0 0.07
®™S) (011  (NS) ©07) @) @) ,
High, Leafarea ~ 0. °~ 001 001 064 0 - 0 0 0.53
Low, ™NS)  (0.02) ' (0.002) @S) (NS') (NS)
Rootlengfh 0 0.66 0 034 0 0 0 0.25
(NS) 0.24) (NS) (NS) NS) (NS)
High, Leafatea 0 012 0 052 0 0 0 NS
High; NS)  (©04)  @S) &) SORES
Rootlength 0 0 0 033 0 0 0 NS
NS)  (NS) (NS) - (NS) (NS) XNS)

"The model used was: V;'= s+ BN, + B,N,; where V; is the average per plant growth response for intermediate
wheatgrass, and N, is its density. Regression coefficients B ; ,f ; and B ;, represent the inverse of the maximum
response of each variable for an isolated individual, intraspecific competitive coefficient arid the interspecific

competition coefficient for intermediate wheatgrass, respectively.
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Table 5. Regression coefficients predicting spotted knapweed weight. (mg) using harvest

densities!. -
Density Dépendent ’ ) Post Farm ' ' Red Bluff
“ matrices  variable (W) Bos B ~ Ba R? - Pu B B: R
Low, . Totalweight 291300 0 0 0.11  139740.0 0 0 0.07
Low; - (15630.0)  (NS) (NS) (40370.0)  (NS) (NS)
Shoot weight 0 0 0 0.11  147240.0 0 0 0.09
™S ®s) @S) (47990.0) s) (NS)
Root weight 0 0 0 0.07  591510.0 0 0. 004
NS) (NS) (NS) (17994.0) (NS) (NS)
Low, Total weight 0 0 0 007 2048500  -4013.0 O 0.64
High, . NS) (NS) @S) (27990.0)  (1223.0) (NS)
Shoot weight 0, 0 0 0.05 2381400  -6130.0 O 0.59
(NS) (NS) ©  (NS) (36360.0)  (2080.0) (NS)
Root weight 0 0 0 0.12 0 0 0 0.46
™S) @S @S ) ™s) @)
High, Total weight 0 51.9 0 0.27 0 0 0 0.04
Low; : . ™S) (23.4) (NS) (NS) ™NS) . NS)
Shoot weight 0 67.2 o 02 . 0. 0 0 0.02
NS) (27.1) NS) (NS) (NS) (NS)
Root weight 0 0o - 0 0.08 0 0 0 031
(NS) NS) (NS) NS) @s) XS
High, Total weight 0 0 7038  0.67 0 0 0 NS
High; @S) ™NS) (183.9) MS) NS) NS)
Shoot weight 0 0 8051 068 0 0 o NS
XNS) (NS) (205.0) . . (NS) (NS) NS)
Root weight 0 0 56240  0.64 0 0 0 NS

(NS) (NS)  (1695.0) (NS) NS) (NS)
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“The model used was: w;' =By + BN, + BN 5 where w _ is the average per plant growth response for spotted

knapweed, and N isits density. Regression coefficients B, B and B; represent the inverse of the maximum

response of each variable for an isolated individual , intraspecific competitive coefficient and the interspecific

competition coefficient for spotted knapweed, respectively.




Table 6. Extra sums of squares' comparing spotted knapweed regression slopes generated for each density range.

- Low,Low; Low, Low; Low, Low; Low, High; Low, High, High, Low,
Spotted knapweed  Dependent Vs - Vs Vs vs s
variable Low, High; . High, Low; _ High High, ~ Hish Low,_ High, Hich, High, High; _
Fod  Fstst  Fod ' Fstat  Foal  Fstat  Fod  Fstat  Fodl  Fetst  Foal  Fstat
Post Farm Total weight 167.06  4.08 -12.27 3.21 0.95 177 158 1.73 055  3.01 81 293
Shoot weight 40.8 4.08 -11.8 321 1.55 1.77 1.45. 1.73 -1.64  3.01 8.02 293
Root weight 459 4.08 -;21.2 3.21 1.09 ~ 177 0.87 1.73 -1.66  3.01 7.60 - 293
Leaf area 165.9 4.08 -4.6 3.21 0.82 1.77 7.79 1.73 -0.14 "3.01 6.09 293
Root length 60.5 4.0§ -8.57 321 1.53 1.78 190 ° 174 0.96 °3.03 532 293
Red Bluff Total weight -2.49 3.23 395 3.26 . NS NS 2.06 304 NS NS NS NS
Shoot weight 9.74 321 36.4 3.23 NS NS 162 265 NS NS NS NS
Root weight -3.45 2.87 -8.47 3.29 NS NS .006 3.35 NS NS NS NS
Leaf area 546 3.21 45.1. 3.23 NS NS .09 265 NS NS NS NS
Root length’ -16.65 3.23 3.08 3.26 NS NS 0.21 3.04 NS NS NS NS

!Slopes were compared at P = 0.05

€¢
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Table 7. Regression coefficients predicting spottéd knapweed leaf area (mm?) and root length

(cm) using harvest densities'. -

Density ~ Dependent Post Farm , Red Bluff
matrices  variable (V) o Bes B RS Bos Bs ° B R;2
Low, Leaf area 0 0 0 0.06 9473 0 0 0.02
Low, - s) ™s) (9 (3216) (s)  (NS)
Root length 3566 0 0 007 26400 0 0 0.05
(1205 (@NS)  (NS) (1240.0) (NS) = (NS)
Low, Leaf area 0 ' 0 0 0.09 8496 0 041 051
High, T @S) (NS)  (NS) (2450) (NS)  (0.17)
Root length 0 0 T0 0.11 0 0 0 036
(NS) ™Ns)  (NS) (NS) NS) NS
High,  Leafarea 0 0.07 0.68  0.52 0 0 o 002
Low, @S) 0.02)  (0.24) © @S (NS) (NS).
Root length 0 0 0 019 0 0 0 0.06
(s) sy  (NS) NS)- ®s)  (NS)
High,  Leafarea 0 0 062 048 0 0 0 NS
“High, Sy S) (0.24) S) ®s)  (NS)
Rootlength  441.2 0 . 0 036 0 0 0 NS
(1745) (NS)  (NS) . (NS) NS) (NS)

The model used was: V! = B,, + BN, + p;N ; where V, is the' average per plant growth responsefor spotted
knapweed, and N is its density. Regression coefficients B, ,p, and f; represent the inverse of the maximum
response of each variable for an isolated individual , intraspecific competitive coefficient and the interspecific

competition coefficient for spotted knapweed, respectively.
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Table 8. Mean total weight, leaf area, shoot weight, root length, root weight per day for

spotted knapweed and intermediate wheatgrass at Post Farm and Red Bluff.

Red Bluff

"Post Farm
Growth parameter Knapweed Wheatgrass Kinapweed Wheatgrass
Plant weight (mg d) 40.5 162.5 '5.38 81.6
(11.66) (22.33) | (2.08) (11.66)
' Leaf area (em?d™) 2.73 7.68 0.44 4.37
(0.53) (0.98) (0.17) (0.53)
Shoot weight (mg d*) 34.1 130.7 4.1 ' 58.3
(10.66) (17.50) (1.66) (10.25)
Root 1enlgtﬁ (m d?) 027 2.29 70.06 2.01
. ' (0.09) - (0.45) (0.02) " (0.55)
Root weight (mg d™) 6.0 31.6 1.6 22.5
' (1.665 (6.66) (0.75) (5.33)

H
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Table 9. Precipitation and témperature at study sites.

Mean temperature
Site . Period ¢ Total precipitation Max © M
 (mm) 0
Hamilton Nov. 95 44 8.8 -12
Dec. 95 40 1.6 5.7
Tan. ‘96 38 12 8.0
Feb. ‘96 16 , 35 8.0
' Mar. ‘96 9 8.6 43
Apr. ‘96 64 15.5 2.0
May ‘96 40 . 161 3.4
Tun. 96 ‘ 37 | 249 © 69
Tul. <96 13 30.7 10.0
Bozeman Nov. ‘95 31 89 3.5
Dec. ‘95 15 ' 3.6 9.0
Yan. €96 . 13 0.6 -12.9
Feb. 96 25 ’ 38 96
Mar. 96 12 4.8 79
Apr. ‘96 31 14.6 03
May ‘96 115 14.7 22
Jun. ‘96 a1 ‘ 25.2 6.8
Jul. ‘96 2 ‘ 293 13.9

Environmental conditions were monitored daily. Precipitation amounts are monthly

cumulative values. Maximum and minimum teraperatures are means for the designated period.




Table 10. Pr <F values generated from ANOVA.

Intermediate
Site Treatment wheatgrass _Spotted knapweed Cheatgrass Idaho fescue
" Density Biomass Density - Biomass Density Biomass . Density Biomass
(plantsm®)  (gm?) (plants m?%) (g m?) (i)lan‘cs m?2) (g m?) (plants m’%) (g m?)
_ Hamilton  Block 0.7890 | 0.6442 0.0131 0.1309 0.0054 0.4680 - -
_ Tillage 0.0029 0.0765 0.7596 0.0015 0.6237 0.1179 - -
Glyphosate 0.2953 0.6429 0.6230 0.0192 0.1127 0.2286 - -
Seed rate 0.0001 0.0001 0.5350 . 0.1474 0.4761 0.3469 - -
Tillage* 0.0540 0.1113 0.8959 0.3545’“ 0.2310 0.4711 - -
Glyphosate
'Tillage* . 0.0369 0.5341 0.7699 0.394;0 0.3023 0.5109 - -
Seed .Iate
Glyphosate*® 0.4719 0.1058 0.8227 0.6703 0.5258 0.4501 - -
Seed rate
Tillage* 0.1063 0.2236 0.1239 0.8237 0.3844 0.0903 - -
Glyphosate* -
Seed rate
Bozeman Bloqk 0.1123 0.1218 0.641;1 0.7699 0.0226 0.6181 6.0436 ’ 0.0843
| Tillage 0.0001 0.0024 . 0'.0008_ _ 0.0001 0.5843 0.1781 0.0001 0.0027
. Glyphosaté 0.0453 0.2780 0.3215 0.0001 0.0080 0.0002 .0.018'4 l 0.0816

LS




Intermediate

Site Treatment ‘wheatgrass Spotted knapweed Cheatgrass Jdaho fescue

Density . Biomass Density Biomass Density Biomass Density Biomass

Seed rate 0.0001 0.0001 0.0162 0.0007 " 0.9209 0.3551 0.3706 0.5858

Tillage* 0.103§ 0.7033 0.2538 0.0001 . 0.0874 0.7273 0.2140 0.3204

Giyphosg:te .

:l'illage* - 0.0001 0.0005 0.1747 0.0023 0.9346 0.8309 0.1883 0.5154

Seed rat.e

Glyphosate* 0.01é7 0.5923 0.2370 0.1353 0.9496 0.5409 0.8858 0.6061

Seed rate .

Tillage* 0.0533 - 09232 0.1084 0.0403 0.8392 0.8022 0.8347 0.5984

Glyphosate*

Seedrate

8¢

™
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APPENDIX B

FIGURES 1-5
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Figure 1. Regression predicting spotted knapweed (SKW) and intermediate wheatgrass

(IWG) survivorship.
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Figure 2a. Effects of glyphosate*tillage*seed rate on intermediate wheatgrass density

Hamilton (P = 0.1063).
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Figure 2b. The effects of glyphosate*tillage*seed rate ou intermediate wheatgrass density at

Bozeman.
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Figme 3a. Effects of glyphosate*seed rate on intermediate wheatgrass biomass at Hamilton.
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Figure 3b. Effects of tillage*seed rate on intermediate wheatgrass biomass at Bozeman.
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Figme 4. Effects of glyphosate*tillage*seed rate on spotted knapweed density at Bozeman.
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Figure 5. Effects ofglyphosate*tillage*seed rate on spotted knapweed biomass at Bozeman.






