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Abstract

Invasive annual grasses, such as medusahead (Taeniatherum caput-medusae [L.] Nevski), ventenata (Ventenata dubia [Leers]
Coss.), downy brome (Bromus tectorum L.), and Japanese brome (Bromus japonicus Thunb. ex Murr.), are negatively impacting
millions of hectares of US rangelands. Amino acid synthesis inhibitor and photosynthesis inhibitor herbicides are sometimes
used to control invasive annual grasses. Conversely, growth regulator herbicides are generally considered ineffective against
invasive annual grasses. However, in a recent study of pre-emergence herbicide applications, the growth regulator aminopyralid
appreciably reduced medusahead cover, primarily by killing emerging medusahead plants. Additionally, in recent studies of
postemergence herbicide applications, we found the growth regulators aminopyralid, dicamba, and picloram drastically reduced
downy brome and Japanese brome seed production. In these postemergence studies, growth regulators sterilized the plants
without otherwise greatly affecting them. The purpose of this greenhouse study was to extend our growth regulator/plant
sterility research from downy brome and Japanese brome to medusahead and ventenata. Each tested aminopyralid rate and
application growth stage (late seedling, internode elongation, heading) reduced medusahead seed production to nearly zero.
Picloram also reduced medusahead seed production, but not quite as consistently as aminopyralid. With ventenata,
aminopyralid applied at the seedling stage reduced seed production ~ 95–99%. Beyond the seedling stage, however, ventenata
responses to aminopyralid were highly variable. Picloram had low activity against ventenata seed production. These results
contribute to a growing body of evidence suggesting it may be possible to use growth regulators to control invasive annual
grasses by depleting their short-lived seedbanks.
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INTRODUCTION

Exotic annual grasses, such as downy brome, Japanese brome,

medusahead, and ventenata negatively impact millions of

hectares of US grasslands (Sheley and Petroff 1999; DiTomaso

2000; Sperry et al. 2006; Davies and Svejcar 2008). These

grasses can reduce native species richness and abundances

(Haferkamp et al. 2001b; Davies and Svejcar 2008), reduce

livestock carrying capacities (Knapp 1996; Haferkamp et al.

2001a), alter nutrient cycling (Rimer and Evans 2006) and

microbial communities (Belnap et al. 2005), and shorten

wildfire return intervals (D’Antonio and Vitousek 1992).

Herbicides are sometimes used alone (Shinn and Thill 2002;

Ward and Mervosh 2012) and other times combined with

seeding (Morris et al. 2009; Owen et al. 2011), prescribed fire,

and/or grazing (Whitson and Koch 1998; Calo et al. 2012) in

efforts to replace the invaders with more desirable vegetation.

The photosynthesis inhibitor herbicide tebuthiuron and the

amino acid synthesis inhibitor herbicides rimsulfuron, glyph-

osate, and imazapic are sometimes used to control invasive

annual grasses. Although these herbicides can provide partial,

short-term control (~ 1–2 yr) of invasive annual grasses, they
can damage or kill desirable perennial grass plants growing
with the weeds (Lym and Kirby 1991; Monaco et al. 2005),
including desirable grasses seeded around the time of herbicide
application (Shinn and Thill 2004; Sheley et al. 2007; Hirsch et
al. 2012).

Compared to amino acid synthesis inhibitors and photosyn-
thesis inhibitors, growth regulator herbicides, such as amino-
pyralid, clopyralid, 2,4-D, dicamba, and picloram, are
generally less damaging to desirable perennial grasses (Lym
and Messersmith 1985; Lym and Kirby 1991; Sheley et al.
2000; Shinn and Thill 2004). Growth regulator herbicides are
commonly used for controlling broadleaf weeds (Lym and
Messersmith 1990; e.g., Enloe et al. 2007; Seefeldt and Conn
2011), and these herbicides have historically been considered
ineffective against invasive annual grasses. However, recent
anecdotal reports indicate the growth regulator herbicide
aminopyralid applied pre-emergence has activity against some
invasive annual grasses, including downy brome and soft
brome (Bromus hordeaceus L.) (Kyser et al. 2012b). Moreover,
a recent study found aminopyralid applied pre-emergence was
as least as effective as rimsulfuron or imazapic at reducing
medusahead cover (Kyser et al. 2012b).

In other recent research, we found that postemergence
applications of the growth regulators dicamba, picloram, and
aminopyralid, but not 2,4-D, drastically reduced seed produc-
tion of downy brome (Rinella et al. 2013) and Japanese brome
(Rinella et al. 2010a, 2010b). This suggests growth regulators
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could be used to help control invasive annual grasses by
depleting their short-lived seedbanks (Hulbert 1955; Burnside
et al. 1996; Smith et al. 2008). In our studies, the majority of
the decline in seed production resulted from growth regulators
inducing plant sterility, not from the herbicides reducing plant
size or survival. Similarly, studies of wheat and other grass
crops have shown growth regulators can cause sterility without
otherwise substantially impacting plant growth, particularly
when the herbicides are applied from jointing to heading
(Friesen et al. 1968; Rinella et al. 2001; Sikkema et al. 2007).

The purpose of the study described here was to extend our
growth regulator research from Japanese brome and downy
brome to medusahead and ventenata. Medusahead has been
estimated to impact negatively nearly 1.0 million ha (2.4
million acres) in 17 western states (Duncan et al. 2004). If
aminopyralid consistently induces high levels of sterility in
medusahead, then this, combined with findings of Kyser et al.
(2012b), would suggest a wide range of aminopyralid
application timings could be used to control this aggressive
invader. To our knowledge, no studies have been published on
the biology or control of ventenata, but this invasive annual
grass is spreading rapidly in some western states, including
Idaho, Oregon, and Washington. Ventenata was the topic of a
special symposium at the 2011 annual meetings of the Western
Society of Weed Science, and this illustrates the growing
concern over this species (Pavek et al. 2011).

In a greenhouse, we evaluated medusahead and ventenata
seed production responses to growth regulators applied at three
growth stages. The specific growth regulators we evaluated
were picloram and aminopyralid, because these herbicides
appeared most effective at reducing invasive annual grass seed
production in our Japanese brome and downy brome research.
We developed two hypotheses based on our previous research.
Our first hypothesis was that aminopyralid and picloram
would drastically reduce medusahead and ventenata seed
production at all rates and timings of application. Our second
hypothesis was that the herbicides would have only minor
effects on medusahead and ventenata biomass production.

METHODS

Experimental Design and Measurements
Ventenata and medusahead seeds were collected July 2010
from a grassland site near Monument, Oregon (lat 44.819870,
long �119.420866). Fungal infections have hindered our
previous efforts to grow seed-bearing invasive annual grasses
in the greenhouse. Therefore, in October 2011 (Experiment 1)
and November 2012 (Experiment 2), seeds were coated with a
powder formulation of the fungicides captan (N-trichloro-
methylthio-4-cyclohexene-1, 2-dicarboximide) and carboxin (A
5, 6-dihydro-2-methyl-N-phenyl-1, 4-oxathiin-3-carboxamide)
at a rate of 19.55% and 0.45% by weight, respectively. Seeds
were planted in flats (51 3 26 3 6 cm) containing commercial
potting soil (Sunshine Mix 1, Sun Gro Horticulture, Inc.,
Bellevue, WA). When medusahead and ventenata seedling
heights averaged 5.1 cm and 1.9 cm, respectively, flats were
transferred to a growth chamber held at 68C with an 8-h
photoperiod to induce vernalization. Flats were maintained in
the growth chamber for 60 d, during which time soils were kept

moist. Following vernalization, two medusahead seedlings per
pot (21 cm diam 3 21 cm, 7.6 L) were planted in 56 pots and
two ventenata seedlings per pot (18.5 cm diam 3 16.5 cm, 2.9
L) were planted in 28 pots containing the previously described
potting soil mix, and the pots were placed in a greenhouse.
Greenhouse temperatures were 188C (day) and 108C (night)
until mid-March, when the daytime temperature was raised to
218C. To attain desired day and nighttime temperatures,
temperatures were gradually increased beginning 2 h before
sunrise and gradually decreased beginning 2 h after sunset.
Plants received no artificial light and were watered when soils
appeared dry.

The five medusahead herbicide treatments were amino-
pyralid at 0.069 (half rate) or 0.120 (full rate) kg � ae � ha�1,
picloram at 0.21 (half rate) or 0.42 (full rate) kg � ae � ha�1, and
a no-herbicide control. The three ventenata treatments were
aminopyra l id a t 0 .120 kg � ae � ha�1 , p i c loram at
0.42 kg � ae � ha�1, and a no-herbicide control. These are
common rates for broadleaf weed control, and these rates
greatly reduced Japanese brome (Rinella et al. 2010a, 2010b)
and downy brome (Rinella et al. 2013) seed production in
previous research. Herbicides were applied with the use of a
CO2-pressurized backpack sprayer with 4-XR TeeJet 8200VS
nozzles (T-Jet Technologies Wheaton, IL) calibrated to deliver
131 L � ha�1. Herbicide treatments were applied with the
applicator, while the experimenter walked parallel to the pots
arranged in a row.

The three growth-stage treatments were seedling, internode
elongation, and heading. These treatments were applied 102,
134, and 191 d after planting (Experiment 1) and 98, 139, and
167 d after planting (Experiment 2), respectively. At the
seedling stage, medusahead and ventenata plants were approx-
imately 14 and 4 cm tall, respectively. At the internode
elongation stage, tillering was complete but no inflorescences
were visible. At the heading stage, flowering had begun. Pots
were arranged in the greenhouse in a randomized complete
block design (medusahead: four blocks3four herbicide treat-
ments3three plant growth stagesþeight nontreated con-
trols 3two experiments¼112 pots; ventenata: four
blocks3two herbicide treatments3three plant growth stages
þfour nontreated controls3two experiments¼56 pots).

Seeds were clipped from plants when the seeds were ripe but
had not yet dropped from the plants. Seeds were stored at room
temperature in paper bags and approximately 4 mo after
harvest, seeds were subjected to a germination test. Germinable
seeds per pot was estimated by multiplying seeds per pot by
germination ratios. Germination ratios were estimated by
incubating 200 seeds in 100315-mm petri dishes (� 33 seeds
per dish). Each dish contained a piece of filter paper supported
by a polyurethane foam disc. Distilled water was supplied
continuously via a cotton wick inserted in a hole in the center
of the disc. Seeds were recorded as germinable and removed
from petri dishes if radicles and coleoptiles exceeding 5 mm in
length developed within 30 d. Medusahead seeds had long
awns, which were removed prior to germination tests. A 12-h
photoperiod was supplied with cool-white fluorescent bulbs
(PAR¼28 lmol �m�2 � s�1), and the temperature was held at 21
and 158C during light and dark periods, respectively. After
seeds were clipped from plants, plants were clipped at soil level,
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placed in a drying oven at 608C for 2 d and weighed in order to
assess herbicide effects on biomass.

Statistical Analysis
The medusahead seed production data did not follow a normal
distribution because no viable seeds occurred in 51 pots, so 51
of 104 data values equaled zero. Therefore, the bootstrap
procedure was used to simulate P values for assessing statistical
differences among all treatment combinations within each
experiment (Efron and Tibshirani 1993).

Linear regression models were used to analyze the ventenata
seed data and medusahead and ventenata biomass data. The
responses were ventenata seeds per pot and ventenata and
medusahead biomass per pot. The independent variables were
experiment, block, growth stage, herbicide, herbicide rate (in
the case of medusahead), and all two- and three-way
interactions not involving block. Histograms of model residuals
supported the regression assumption that, conditional on the
independent variables, the response data were approximately
normally distributed with constant variance, so the data were
not transformed. Statistical differences among treatments were
calculated from uncertainty estimates on the regression
parameters with the use of methods outlined by Gelman and
Hill (2007). All analyses were performed with the use of
Mathematicat (Wolfram Research 2007).

RESULTS

In support of our first hypothesis, all aminopyralid and
picloram treatments significantly reduced viable medusahead

seed production (Fig. 1; P , 0.01), and all aminopyralid rate

and timing combinations had statistically equivalent effects on

medusahead seed production (Fig. 1; P . 0.05). According to

treatment means, all aminopyralid treatments reduced medusa-

head seed production . 90%, and aminopyralid applied at the

internode and heading stages reduced seed production 96–

100% (Fig. 1). Compared to aminopyralid, picloram appeared

somewhat less damaging to medusahead seed production,

particularly when applied at the heading stage (Fig. 1).

However, picloram was significantly less effective than amino-

pyralid only at the heading timing in Experiment 2 (P , 0.01).

The herbicides had highly variable effects on ventenata seed

production, so the ventenata data do not strongly support our

first hypothesis. Like medusahead seed production, ventenata

seed production was reduced more by aminopyralid than

picloram (P , 0.05), except perhaps at the internode timing in

Experiment 1 (P¼0.25) and the heading timing in Experiment

2 (Fig. 2; P¼0.09). Aminopyralid applied at the seedling

growth stage provided the most consistent reductions in

ventenata seed production (Fig. 2).

The data generally support our second hypothesis that

herbicides would have only minor effects on biomass produc-

tion. However, full rates consistently reduced medusahead

biomass when applied at the seedling stage (Fig. 3; P , 0.01).

Only three herbicide treatments applied after the seedling stage

significantly reduced medusahead biomass, and only in

Experiment 1 (Fig. 3; P , 0.05). Ventenata biomass did not

vary significantly among treatments (P . 0.05), although

seedling-stage applications appeared to slightly reduce vente-

nata biomass (Fig. 4).

Figure 1. Effects of growth regulator herbicides on viable seed production
of medusahead. Herbicide half and full rates were 0.069 and
0.120 kg � ae � ha�1 for aminopyralid and 0.21 and 0.42 kg � ae � ha�1 for
picloram, respectively. Bars denote standard errors, and treatments without
a letter in common are significantly different (P , 0.05).

Figure 2. Effects of growth regulator herbicides on viable seed production
of ventenata. Herbicide half and full rates were 0.069 and
0.120 kg � ae � ha�1 for aminopyralid and 0.21 and 0.42 kg � ae � ha�1 for
picloram, respectively. Bars denote standard errors. and treatments without
a letter in common are significantly different (P , 0.05).
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DISCUSSION

In order to explore potential management roles for our
treatments, it is useful to consider past medusahead herbicide
research. Kyser et al. (2012a) found glyphosate reduced
medusahead seed production ~95% during the year of
application, which compares favorably with our seed produc-
tion results. In addition, glyphosate had the advantage of
controlling established medusahead plants (Kyser et al. 2012a).
However, glyphosate control of medusahead is not entirely
consistent: Glyphosate provided only ~ 61% medusahead
control at one site in another study (Kyser et al. 2013).
Moreover, glyphosate has the disadvantage of being potentially
damaging to perennial forage grasses (Lym and Messersmith
1994; Lym 2000).

Imazapic, the herbicide most researched on medusahead,
sometimes provides nearly 100% control of this weed (Sheley
et al. 2007, 2012), and imazapic occasionally continues
partially controlling medusahead 2 yr after application (Kyser
et al. 2007, 2013). But in some studies imazapic provided only
~30–75% medusahead control (Shinn and Thill 2002;
Monaco et al. 2005), and like glyphosate, imazapic can
damage desirable perennial grasses growing with medusahead
(Shinn and Thill 2002; Monaco et al. 2005).

It is yet to be seen if our growth regulator treatments will
provide more consistent control of medusahead than glyph-
osate or imazapic. It is clear that growth regulators pose less
risk to established perennial grass plants (Lym and Messersmith
1985; Lym and Kirby 1991; Sheley et al. 2000; Shinn and Thill
2004). However, growth regulators may reduce seed produc-
tion of perennial grasses that are at susceptible growth stages
when medusahead is treated. But because perennial grasses rely
heavily on vegetative propagation for population growth,

growth regulator applications are unlikely to reduce perennial
grass populations appreciably. Instead, perennial grass popula-
tions often increase when growth regulators are used to control
weedy species (Lym and Messersmith 1985; Sheley et al. 2000).

In addition to perennial grasslands, medusahead is also a
problem in annual grasslands because it reduces forage
production of desirable annual forage grasses such as wild
oat (Avena fatua L.), slender oat (Avena barbata Pott ex Link),
and Italian ryegrass (Lolium perenne L. subsp. multiflorum
[Lam.] Husnot) (Kyser et al. 2012b). It is somewhat risky to use
glyphosate and imazapic to control medusahead in annual
grasslands because these herbicides could damage annual
forage grasses. Conversely, it may be possible to use amino-
pyralid to control medusahead seed production without risking
damage to annual forage grasses, because medusahead gener-
ally begins producing seed after other annual grasses have
completed seed production (McKell et al. 1962). In a current
study, we are testing aminopyralid applications made before
medusahead flowers but after other annual grasses have
completed seed production.

The postemergence applications we tested may be more
effective against medusahead than the pre-emergence amino-
pyralid applications of Kyser et al. (2012b). Treatment means
from Kyser et al. (2012b) indicate pre-emergence applications
reduced medusahead cover by 52–69%, and aminopyralid did
not significantly reduce seed production of those medusahead
plants that survived aminopyralid exposure. Assuming a 1:1
relationship between cover and seed production, these results
sugges t aminopyra l id app l i ed pre -emergence at
0.12 kg � ae � ha�1 reduced medusahead seed production 52–
69%. In contrast, our estimates suggest this same aminopyralid
rate applied at internode and heading stages consistently
reduced medusahead seed production . 95% (Fig. 1). More-

Figure 3. Effects of growth regulator herbicides on medusahead biomass.
Herbicide rates were 0.120 kg � ae � ha�1 for aminopyralid and
0.42 kg � ae � ha�1 for picloram. Bars denote standard errors and treatments
without a letter in common are significantly different (P , 0.05).

Figure 4. Effects of growth regulator herbicides on ventenata biomass.
Herbicide rates were 0.120 kg � ae � ha�1 for aminopyralid and
0.42 kg � ae � ha�1 for picloram. Bars denote standard errors. There were
no significant differences between treatments (P , 0.05).
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over, we observed that nearly halving the postemergence rate
from 0.12 to 0.069 kg � ae � ha�1 did not compromise control of
medusahead seed production (Fig. 1), whereas medusahead
control declined with declining pre-emergence rate at one or
more of three sites in the Kyser et al. (2012b) study.

Picloram did not sharply reduce ventenata seed production,
and ventenata responses to aminopyralid were quite variable
(Fig. 2). Future research may identify better herbicides for this
invader of increasing concern. It is unclear why the growth
regulators were more effective against medusahead than
ventenata. In both species, and all cereal and weed grasses of
past studies, growth regulators reduced germinable seed
production by causing normal seeds to be replaced with
shriveled, nongerminable seeds lacking endosperm (e.g.,
Rinella et al. 2001, 2010a). Growth regulator modes of action
are not completely understood, but it is known that differences
in herbicide metabolism and target site sensitivity cause grass
species to differ in their responses to growth regulators (Cobb
1992; Sterling and Hall 1997; Grossmann 2003). Metabolism
and target site characteristics likely explain variation between
ventenata and medusahead responses, as well as variation in
responses to different growth regulators, rates, and timings.

Medusahead responses in the field will likely mirror our
greenhouse results. Growth regulator effects on wheat (Triti-
cum aestivum L.) and Japanese brome seed production did not
vary greatly between the greenhouse and field (Rinella et al.
2001, 2010a, 2010b). One potential caveat involves our
seedling stage results. Medusahead, downy brome, and other
winter annual grasses emerge in fall and remain as seedlings
until warm wet conditions stimulate rapid spring growth. By
applying our seedling stage treatments after vernalization, we
simulated seedling applications at the onset of rapid spring
growth. Had we applied the herbicides prior to vernalization,
~60 d earlier, we would have simulated applications to newly
emerged seedlings. In this case, medusahead seed production
might have been greater, because the seedlings would have had
more time to metabolize the herbicides before producing seed.

Invasive forbs commonly grow in association with invasive
annual grasses on degraded range sites (e.g., Sheley et al. 2004;
Rinella et al. 2010a; Ortega and Pearson 2011). In the case of
medusahead, yellow starthistle (Centaurea solstitialis L. CEN-
SO.) appears to be the most commonly associated invasive forb
(Sheley and Larson 1994; Shinn and Thill 2002). Medusahead
can increase in abundance after herbicides are used to control
yellow starthistle (DiTomaso et al. 2006). It may be possible to
avoid this problem by applying aminopyralid pre-emergence or
at growth stages when yellow starthistle and medusahead are
both susceptible to aminopyralid (Kyser et al. 2011, 2012b).

IMPLICATIONS

The growth regulator herbicides aminopyralid and picloram
applied postemergence drastically reduced medusahead seed
production in this study. This implies growth regulators may be
useful for controlling medusahead, because populations of this
annual invader decline rapidly when adult plants are prevented
from replenishing the seedbank (Young et al. 1998). Growth
regulators have the advantage over other invasive annual grass
herbicides of being generally less damaging to desirable

perennial grasses (e.g., Shinn and Thill 2002). However,
because growth regulators can reduce seed production in many
grass species, these herbicides may reduce seed production in
native annual grasses. Moreover, like all other herbicides used
to control invasive annual grasses, growth regulators can
damage desirable forbs and shrubs (Rinella et al. 2009; Davies
and Sheley 2011; Ortega and Pearson 2011; Louhaichi et al.
2012). Therefore, caution is warranted in planning and
executing herbicide applications for invasive annual grass
control. Combined with results from Kyser et al. (2012b),
our results suggest a wide range of aminopyralid application
timings (i.e., pre-emergence, late seedling, internode, heading)
may be effective against medusahead, whereas other herbicides
are only highly effective pre-emergence (e.g., imazapic) and/or
early postemergence (e.g., imazapic, glyphosate).

LITERATURE CITED

BELNAP, J., S. L. PHILLIPS, S. K. SHERROD, AND A. MOLDENKE. 2005. Soil biota can change
after exotic plant invasion: does this affect ecosystem processes? Ecology

86:3007–3017.
BURNSIDE, O. C., R. G. WILSON, S. WEISBERG, AND K. G. HUBBARD. 1996. Seed longevity of

41 weed species buried 17 years in eastern and western Nebraska. Weed

Science 44:74–86.
CALO, A., S. BRAUSE, AND S. JONES. 2012. Integrated treatment with a prescribed burn and

post-emergent herbicide demonstrates initial success in managing cheatgrass in a
northern Colorado natural area. Natural Areas Journal 32:300–304.

COBB, A. H. 1992. Auxin-type herbicides. Herbicides and plant physiology. London,
UK: Chapman and Hall. p. 82–106

D’ANTONIO, C. M., AND P. M. VITOUSEK. 1992. Biological invasions by exotic grasses, the
grass/fire cycle, and global change. Annual Review of Ecology and Systematics

23:63–87.
DAVIES, K. W., AND R. L. SHELEY. 2011. Promoting native vegetation and diversity in

exotic annual grass infestations. Restoration Ecology 19:159–165.
DAVIES, K. W., AND T. J. SVEJCAR. 2008. Comparison of medusahead-invaded and

noninvaded Wyoming big sagebrush steppe in Southeastern Oregon. Rangeland

Ecology & Management 61:623–629.
DITOMASO, J. M. 2000. Invasive weeds in rangelands: species, impacts, and

management. Weed Science 48:255–265.
DITOMASO, J. M., G. B. KYSER, J. R. MILLER, S. GARCIA, R. F. SMITH, G. NADER, M. J.

CONNOR, AND S. B. ORLOFF. 2006. Integrating prescribed burning and clopyralid for
the management of yellow starthistle (Centaurea solstitialis). Weed Science

54:757–767.
DUNCAN, C. A., J. J. JACHETTA, M. L. BROWN, V. F. CARRITHERS, J. K. CLARK, J. M. DITOMASO,

R. G. LYM, K. C. MCDANIEL, M. J. RENZ, AND P. M. RICE. 2004. Assessing the
economic, environmental, and societal losses from invasive plants on rangeland
and wildlands. Weed Technology 18:1411–1416.

EFRON, B., AND R. TIBSHIRANI. 1993. An introduction to the bootstrap. New York, NY,
USA: Chapman & Hall. 436 p.

ENLOE, S. F., R. G. LYM, R. WILSON, P. WESTRA, S. NISSEN, G. BECK, M. MOECHNIG, V.
PETERSON, R. A. MASTERS, AND M. HALSTVEDT. 2007. Canada thistle (Cirsium arvense)
control with aminopyralid in range, pasture, and noncrop areas. Weed

Technology 21:890–894.
FRIESEN, H. A., W. H. V. BORN, C. H. KEYS, R. D. DRYDEN, E. S. MOLBERG, AND B. SIEMENS.

1968. Effect of time of application and dosage of dicamba on tolerance of wheat,
oats and barley. Canadian Journal of Plant Science 48:213–215.

GELMAN, A., AND J. HILL. 2007. Data analysis using regression and multilevel/
hierarchical models. New York, NY, USA: Cambridge University Press. 625 p.

GROSSMANN, K. 2003. Mediation of herbicide effects by hormone interactions. Journal

of Plant Growth Regulation 22:109–122.
HAFERKAMP, M. R., E. E. GRINGS, R. K. HEITSCHMIDT, M. D. MACNEIL, AND M. G. KARL.

2001a. Suppression of annual bromes impacts rangeland: animal responses.
Journal of Range Management 54:663–668.

410 Rangeland Ecology & Management



HAFERKAMP, M. R., R. K. HEITSCHMIDT, E. E. GRINGS, M. D. MACNEIL, AND M. G. KARL.
2001b. Suppression of annual bromes impacts rangeland: vegetation responses.
Journal of Range Management 54:656–662.

HIRSCH, M. C., T. A. MONACO, C. A. CA, AND C. V. RANSOM. 2012. Comparison of
herbicides for reducing annual grass emergence in two Great Basin soils.
Rangeland Ecology & Management 65:66–75.

HULBERT, L. C. 1955. Ecological studies of Bromus tectorum and other annual
bromegrasses. Ecological Monographs 25:181–213.

KNAPP, P. A. 1996. Cheatgrass (Bromus tectorum L.) dominance in the Great Basin
desert. Global Environmental Change 6:37–52.

KYSER, B. G., V. PETERSON, S. B. ORLOFF, S. D. WRIGHT, AND J. M. DITOMASO. 2011. Control
of yellow starthistle (Centaurea solstitialis) and coast fiddleneck (Amsinckia

menziesii) with aminopyralid. Invasive Plant Science and Management 4:341–
348.

KYSER, G. B., J. M. DITOMASO, M. P. DORAN, S. B. ORLOFF, R. G. WILSON, D. L. LANCASTER,
D. F. LILE, AND M. L. PORATH. 2007. Control of Medusahead (Taeniatherum caput-
medusae) and other annual grasses with imazapic. Weed Technology 21:66–75.

KYSER, G. B., J. E. CREECH, J. M. ZHANG, AND J. M. DITOMASO. 2012a. Selective control of
medusahead (Taeniatherum caput-medusae) in California sagebrush scrub using
low rates of glyphosate. Invasive Plant Science and Management 5:1–8.

KYSER, G. B., V. F. PETERSON, J. S. DAVY, AND J. M. DITOMASO. 2012b. Preemergent
control of medusahead on California annual rangelands with aminopyralid.
Rangeland Ecology & Management 65:418–425.

KYSER, G. B., R. G. WILSON, J. M. ZHANG, AND J. M. DITOMASO. 2013. Herbicide-assisted
restoration of Great Basin sagebrush steppe infested with medusahead and
downy brome. Rangeland Ecology & Management 66:588–596.

LOUHAICHI, M., M. F. CARPINELLI, L. M. RICHMAN, AND D. E. JOHNSON. 2012. Native forb
response to sulfometuron methyl on medusahead-invaded rangeland in Eastern
Oregon. Rangeland Journal 34:47–53.

LYM, R. G. 2000. Leafy spurge (Euphorbia esula) control with glyphosate plus 2,4–D.
Journal of Range Management 53:68–72.

LYM, R. G., AND D. R. KIRBY. 1991. Effect of glyphosate on introduced and native
grasses. Weed Technology 5:421–425.

LYM, R. G., AND C. G. MESSERSMITH. 1985. Leafy spurge control and improved forage
production with herbicides. Journal of Range Management 38:386–391.

LYM, R. G., AND C. G. MESSERSMITH. 1990. Cost-effective long-term leafy spurge
(Euphorbia esula) control with herbicides. Weed Technology 4:635–641.

LYM, R. G., AND C. G. MESSERSMITH. 1994. Leafy spurge (Euphorbia esula) control,
forage production, and economic return with fall-applied herbicides. Weed

Technology 8:824–829.
MCKELL, C. M., A. M. WILSON, AND B. L. KAY. 1962. Effective burning of rangelands

infested with medusahead. Weeds 10:125–131.
MONACO, T. A., T. M. OSMOND, AND S. A. DEWEY. 2005. Medusahead control with fall-

and spring-applied herbicides on northern Utah foothills. Weed Technology

19:653–658.
MORRIS, C., T. A. MONACO, AND C. W. RIGBY. 2009. Variable impacts of imazapic rate on

downy brome (Bromus tectorum) and seeded species in two rangeland
communities. Invasive Plant Science and Management 2:110–119.

ORTEGA, Y. K., AND D. E. PEARSON. 2011. Long-term effects of weed control with
picloram along a gradient of spotted knapweed invasion. Rangeland Ecology &

Management 64:67–77.
OWEN, S. M., C. H. SIEG, AND C. A. GEHRING. 2011. Rehabilitating downy brome (Bromus

tectorum) –invaded shrublands using imazapic and seeding with native shrubs.
Invasive Plant Science and Management 4:223–233.

PAVEK, P., J. WALLACE, T. PRATHER, B. FOUNTAIN, T. RAUCH, D. THILL, ET AL. 2011.
Proceedings of the Western Society of Weed Science. In: B. McCloskey (ed.),
Annual Meeting of the Western Society of Weed Science; Spokane, WA, USA:
Curran Associates. p. 107–110.

RIMER, R. L., AND R. D. EVANS. 2006. Invasion of downy brome (Bromus tectorum L.)
causes rapid changes in the nitrogen cycle. American Midland Naturalist

156:252–258.

RINELLA, M. J., M. R. HAFERKAMP, R. A. MASTERS, J. M. MUSCHA, S. E. BELLOWS, AND L. T.
VERMEIRE. 2010a. Growth regulator herbicides prevent invasive annual grass seed
production. Invasive Plant Science and Management 3:12–16.

RINELLA, M. J., J. J. KELLS, AND R. W. WARD. 2001. Response of ‘‘Wakefield’’ winter
wheat (Triticum aestivum) to dicamba. Weed Technology 15:523–529.

RINELLA, M. J., R. A. MASTERS, AND S. E. BELLOWS. 2010b. Growth regulator herbicides
prevent invasive annual grass seed production under field conditions. Rangeland

Ecology & Management 63:487–490.

RINELLA, M. J., R. A. MASTERS, AND S. E. BELLOWS. 2013. Effects of synthetic auxin
herbicide on downy brome (Bromus tectorum) seed production. Invasive Plant

Science and Management 6:60–64.

RINELLA, M. J., B. D. MAXWELL, P. K. FAY, T. WEAVER, AND R. L. SHELEY. 2009. Control
effort exacerbates invasive species problem. Ecological Applications 19:155–
162.

SEEFELDT, S., AND J. CONN. 2011. Control of orange hawkweed (Hieracium

aurantiacum) in southern Alaska. Invasive Plant Science and Management

4:87–94.

SHELEY, R. L., M. F. CARPINELLI, AND K. J. R. MORGHAN. 2007. Effects of imazapic on target
and nontarget vegetation during revegetation. Weed Technology 21:1071–1081.

SHELEY, R. L., C. A. DUNCAN, M. B. HALSTVEDT, AND J. S. JACOBS. 2000. Spotted knapweed
and grass response to herbicide treatments. Journal of Range Management

53:176–182.

SHELEY, R. L., J. S. JACOBS, AND J. M. MARTIN. 2004. Integrating 2,4-D and sheep
grazing to rehabilitate spotted knapweed infestations. Journal of Range

Management 57:371–375.

SHELEY, R. L., AND L. L. LARSON. 1994. Observation: comparative live-history of
cheatgrass and yellow starthistle. Journal of Range Management 47:450–456.

SHELEY, R. L., AND J. K. PETROFF. 1999. Biology and management of noxious rangeland
weeds. Corvallis, OR, USA: Oregon State University Press. 438 p.

SHELEY, R. L., E. A. VASQUEZ, A. M. CHAMBERLAIN, AND B. S. SMITH. 2012. Landscape-scale
rehabilitation of medusahead (Taeniatherum caputmedusae) -dominated sage-
brush steppe. Invasive Plant Science and Management 5:436–442.

SHINN, S. L., AND D. C. THILL. 2002. The response of yellow starthistle (Centaurea

solstitialis), annual grasses, and smooth brome (Bromus inermis) to imazapic
and picloram. Weed Technology 16:366–370.

SHINN, S. L., AND D. C. THILL. 2004. Tolerance of several perennial grasses to imazapic.
Weed Technology 18:60–65.

SIKKEMA, P. H., L. BROWN, C. SHROPSHIRE, AND N. SOLTANI. 2007. Responses of three types
of winter wheat (Triticum aestivum L.) to spring-applied post-emergence
herbicides. Crop Protection 26:715–720.

SMITH, D. C., S. E. MEYER, AND V. J. ANDERSON. 2008. Factors affecting Bromus

tectorum seed bank carryover in western Utah. Rangeland Ecology &

Management 61:430–436.

SPERRY, L. J., J. BELNAP, AND R. D. EVANS. 2006. Bromus tectorum invasion alters
nitrogen dynamics in an undisturbed arid grassland ecosystem. Ecology 87:603–
615.

STERLING, T. M., AND J. C. HALL. 1997. Mechanism of action of natural auxins and the
auxinic herbicides. In: R. M. Roe, J. D. Burton, and R. J. Kuhr (EDS.). Herbicide
activity: toxicology, biochemistry and molecular biology. Amsterdam, The
Netherlands: IOS Press. p. 111–141.

WARD, J. S., AND T. L. MERVOSH. 2012. Nonchemical and herbicide treatments for
management of Japanese stiltgrass (Microstegium vimineum). Invasive Plant

Science and Management 5:9–19.

WHITSON, T. D., AND D. W. KOCH. 1998. Control of downy brome (Bromus tectorum)
with herbicides and perennial grass competition. Weed Technology 12:391–396.

WOLFRAM RESEARCH, I. 2007. Mathematica, Version 8.0. Champaign, IL, USA: Author.

YOUNG, J. A., J. D. TRENT, R. R. BLANK, AND D. E. PALMQUIST. 1998. Nitrogen interactions
with medusahead (Taeniatherum caput-medusae spp. asperum) seedbanks.
Weed Science 46:191–195.

67(4) July 2014 411




