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Abstract Goatgrass (Aegilops) species are some of
the most aggressive invasive plants in the Western
U.S. Despite intense management efforts, goatgrass
continues to reduce the ecological and economic
integrity of natural and agroecological systems. The
mismatch between current research outcomes and
practical needs of land managers is likely a result of
limitations associated with generalizing from single
location, treatment, or season studies. We conducted a
systematic review of experiments testing control of
two dominant goatgrass invaders (A. cylindrica and A.
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triuncialis) to identify general patterns in treatment
efficiency. Using data from 391 separate experiments,
we found that experimental treatments were more
successful at controlling the dominance of A. cylindrica compared to A. triuncialis. For A. cylindrica, no
treatment demonstrated particular utility for control.
Treatment of A. cylindrica in the vegetative stage was
more effective for control than treatment at other
stages. For A. triuncialis, burning and grazing demonstrated effective overall control among all treatments,
although grazing produced variable results. Treatment
in the fruiting stage of A. triuncialis was more
effective for control than treatment at other stages.
For both species, multiple applications of a management treatment within a year resulted in no better
control than a single application within a year.
Additionally, treatments deployed in two consecutive
years resulted in better control of both species, than a
treatment deployed in a single year. This work
highlights promising avenues for more intensive
research on goatgrass weed control and suggests that
management funding is most effectively utilized when
employed across years rather than focused on a single
year.
Keywords Aegilops cylindrica  Aegilops
triuncialis  Grazing  Herbicide  Fire  IPM  Invasive
species  Prescribed burning
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Introduction
The spread of nonnative plant species across diverse
habitats is increasing. This worldwide invasion proceeds in tandem with increasing global connectivity
(Ehrenfeld 2003; Simberloff 2011), and changing
climatic conditions (Thomas 2010; Bradley et al.
2012), which can enhance the detrimental effects of
invasives. Biological invasions influence biodiversity
and ecosystem functioning and are an important driver
of overall global environmental change (Ehrenfeld
2010; Vila et al. 2011). The effects of invasive plant
species are broadly seen across both natural landscapes (Mack et al. 2000; Byers 2002) where they can
threaten conservation goals (Powell et al. 2011; Vila
et al. 2011), and in agroecological systems where they
threaten production (Duncan et al. 2004).
In response to these increasingly broad impacts,
invasion ecology research has been directed to understand species invasiveness and habitat vulnerability
(e.g., Richardson and Pyšek 2006), the effects of novel
invaders on community assembly (e.g., Richardson
and Pyšek 2006), and to predict and reduce the arrival
of novel pests (Levine and D’Antonio 2003; Westbrooks et al. 2014). For invasive plants alone,
thousands of field and greenhouse studies have been
conducted to evaluate effects on diversity of native
communities, their productivity, and nutrient cycling
(Vila et al. 2011). An even greater, peer-reviewed
literature and body of commercial research exists on
agricultural weed control (e.g., Parish 1990; Blackshaw et al. 2006).
Research on invasive plant management has largely
focused on comparing treatment methods, such as
chemical and mechanical approaches, and the reduction of local population growth rates (Shea et al. 2010).
These studies have been helpful for elucidating
successful habitat-specific management strategies for
controlling invasive species. For example, studies
documenting burning, biological control, herbicide,
grazing, mowing, hand-pulling, and seeding of more
desirable species have all been attempted with varying
degrees of success for many invasive annual grasses in
the western U.S. (e.g., James et al. 2015), each with
distinct tradeoffs between economic and ecologic
efficacy. However, the persistence and continued
range expansion of many historically noxious weeds,
even in areas where control is implemented (e.g.,
Westra et al. 1992), suggests that there remains an
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important need to bring the gap between current
research directives and the practical needs of land
managers and agricultural practitioners. It is likely that
this mismatch is the result of limitations associated
with generalizing from single location, single treatment, or single season studies.
Typically, studies of invasive plant management
compare effectiveness across different treatment types
(e.g., herbicides type). However, studies that investigate different treatment timing and treatment combinations may provide more insight into effective
control strategies than single treatment comparisons
(Smith et al. 2006; James et al. 2015). Understanding
the complexity of how management characteristics
might ultimately affect control outcomes is especially
important for developing and deploying effective
weed-control strategies for noxious species that invade
different types of systems.
One particularly aggressive invasive plant across
systems that has confounded most current management efforts for control is goatgrass (Aegilops spp).
Both Jointed goatgrass (Aegilops cylindrica Host.) and
barb goatgrass (A. triuncialis L.) are invasive annual
grasses of Eurasian origin that are rapidly expanding
in the central and western United States. Aegilops
species are typical colonizers that rapidly invade new
territories and develop large stands (Ostrowski et al.
2016), and can significantly modify both natural and
agricultural plant communities (Donald and Ogg
1991). While jointed goatgrass is primarily a pest of
wheat fields and adjacent areas (Westbrooks 1998),
barb goatgrass typically impacts resources of rangelands and noncrop areas (Davy et al. 2008). Much less
prevalent is the related congener ovate goatgrass (A.
geniculata Roth) which can hybridize with wheat.
Though a significant amount a research has been
conducted on the control of these species, the
increasing invasion of goatgrass highlights the need
for a more comprehensive approach to investigating
management approaches of this species in both natural
and managed ecosystems.
We used a systematic review and analysis to
synthesize data from the available published and
well-quantified, unpublished studies documenting
goatgrass control efforts to (1) identify if, on average,
different types of management approaches are effective in reducing the incidence of Aegilops spp.; (2)
identify if treatment characteristics (i.e., treatment
duration, treatment deployment timing, and
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phenology at the time of treatment) differentially
affected the dominance of Aegilops spp.; and (3)
identify if soil type differentially affected the dominance of Aegilops spp. Our goals were to identify
general patterns in treatment efficiency that could
ultimately be used to improve management strategies,
as well as identify key knowledge gaps of likely
management outcomes that will help prioritize and
justify future research efforts and ensure their utility to
stakeholder groups.

Methods
Study species
Jointed goatgrass was first discovered in winter wheat
(Triticum aestivum L.) production in the United States
in the late nineteenth or early twentieth century, but
changing wheat production practices during recent
decades have exacerbated its impacts (Donald and
Ogg 1991). Jointed goatgrass and winter wheat have
similar phenological and morphological characteristics, creating direct competition between the species
that lowers winter wheat yield (Hill 1976). Jointed
goatgrass seeds are difficult to separate from harvested
grain of winter wheat and are considered a contaminant (Donald and Ogg 1991). Because of the close
genetic relationship between jointed goatgrass and
winter wheat, options for selective control are limited
(Young et al. 2010).
Barb goatgrass has been present in the western
United States since at least the 1920s (Jacobsen 1929;
Kennedy 1928). In natural areas, barb goatgrass poses
a considerable threat to native plant diversity (Drenovsky and Batten 2007). For example, unlike many
other invasive annual grasses, barb goatgrass can
successfully colonize and dominate serpentine grasslands (Lyons et al. 2010), which often contain high
levels of native plant diversity and endemism. Barb
goatgrass is also generally considered to be unpalatable to livestock unless grazed prior to the formation
of reproductive structures (Peters et al. 1996; Davy
et al. 2008).

control measures. We identified studies based on
keyword searches ((‘goatgrass’ OR ‘Aegilops triuncialis’ OR ‘Aegilops cylindrica’ OR ‘Aegilops geniculata’) AND (‘control’ OR ‘management’ OR
‘herbicide’ OR ‘mow’ OR ‘graze’ OR ‘burn’ OR
‘competition’ OR ‘seeding’)) using ISI Web of
Science, Google Scholar, Proquest, and WorldCat
databases for studies published prior to June 2017. We
also searched for candidate articles in the literature
cited of studies found in our initial search.
We screened the resulting 149 studies and included
their results in our analysis if they included (1) at least
one goatgrass management treatment (herbicide,
grazing, burning, mowing, seeding, or combinations
thereof; hereafter, ‘‘treatments’’); (2) a response to the
treatment in terms of goatgrass percent cover or fitness
correlates; and (3) experimental treatment units in an
appropriate and sufficiently replicated experimental
design. We used datathief III (datathief.org) to ascertain data points from published figures when necessary. We recorded means and standard deviations or
standard errors as available in published text, tables, or
figures and as received directly from study authors.
The sources reviewed yielded 56 separate studies. For
each of these, we collected data on target species (A.
cylindrica or A. geniculata or A. triuncialis), response
to treatment (cover or fitness), the maximum duration
of treatment and observation (months), soil type
(Serpentine soils or non-Serpentine soils), site type
(agricultural system or natural area or greenhouse),
and whether or not treatment costs were described.
We coalesced goatgrass cover, frequency, biomass,
density, number of inflorescences, and number of
spikelets into a single outcome metric. This was
appropriate because biomass and percent cover are
strongly correlated for grassland species (Robel et al.
1970) and because fitness measurements are correlated
with biomass for goatgrass (Supplement, Table S1).
Studies with other response variables (seed weight,
germination rate, etc.) were excluded. This reduced
the total number of experiments included in our
analysis (for all goatgrass species) to 391 from 24
studies (Table S2).
Analysis

Review and data extraction
We conducted a systematic review of research on
goatgrass to evaluate the breadth and efficacy of

Disparate studies in systematic reviews that have data
on means and errors are typically analyzed using metaanalysis. We took a different approach for several
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reasons. First, only 12 of the studies found included all
the data needed to conduct a formal meta-analysis. We
were reticent to significantly reduce our study sample
size while also introducing both a temporal bias (older
studies were much more likely to omit information
such as standard errors than newer studies) and a bias
against applied management research. Second, since
our objective was to provide information for management, we were interested in the success or failure of a
treatment, rather than an average effect size of a
treatment (the primary outcome of a meta-analysis). In
order to leverage all of the available data in a format
that would most directly address management questions, we employed binomial tests to ascertain differences between combinations of invasive plant
treatments across the studies that we collected.
We evaluated treatment success on a per-species
relative scale since published literature does not report
an absolute criterion. We calculated the percent
control of each treatment replicate as (control plot—
treated plot)/control plot 9 100 and pooled the data
within species. We did not combine species in the
analysis because biological differences among species
(Schneider et al. 2008) likely result in differential
response to management approaches. We then split
each species-specific dataset into quartiles. We
defined ‘‘low control’’ as the lowest 25% of treatment
responses including those where goatgrass increased
after treatment. We defined ‘‘high control’’ as the
highest 25% of control values. Because treatment
efficacy varied by species, ‘‘low control’’ and ‘‘high
control’’ represent different absolute percent control
values for A. cylindrica and A. triuncialis. There were
not enough studies with A. geniculata to investigate
this species separately.
Each experimental treatment group was ranked as
‘‘low control’’, ‘‘high control,’’ or ‘‘other’’ using the
overall per-species quantile definitions. We summed
the number of replicates in each control category for
each treatment type (treatment type, herbicide type,
phenology at application, soil type, number of treatments/year, and years of treatment). A replicate with
more than one treatment category (i.e., early-season
grazing) would be included in both categories.
Different response types (i.e., % control, % fitness)
were analyzed together.
We defined ‘‘ineffective’’ treatments as those with
more ‘‘low control’’ replicates than would be expected
by chance. Likewise, an ‘‘effective’’ treatment
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achieved a greater proportion of ‘‘high control’’
replicates than would be expected by chance. A
treatment type could be simultaneously effective and
ineffective if it resulted in a disproportionate numbers
of both low and high control replicates (i.e., eliminated
goatgrass if applied at the right time but otherwise
increased goatgrass density).
Because the classifications of effective and ineffective were not mutually exclusive, we evaluated
statistical efficacy and inefficacy independently. We
performed separate, one-sided exact binomial tests to
calculate the probability that the number of high (or
low) would occur at the given sample size if the 25%
null probability were true. This approach allowed us to
include data without standard error measurements, and
decreased the bias contributed by outlying treatment
responses.
We did not perform post hoc adjustments for
multiple comparison because we anticipated a probability of Type II errors. By nature, the determination
of statistical significance across multiple studies is
likely to include more confounding errors than a single
site with many replicates. Furthermore, an experimental treatment represents a series of replicates,
decreasing the overall probability of a Type 1 error.
Finally, the lack of error information in many studies
forced us to use binomial tests, which are less
statistically powerful than tests which incorporate
error information.
We were not able to test for significant interactions
between treatment type and target phenology due to
low sample size and bias in treatment timing. In order
to perform log-linear models that account for sampling
bias, the expected values would need to be 4 or greater
(Crawley 2013). Application was inherently limited
by physiological constraints (i.e., herbicide must be
applied when the plant is still taking in nutrients) and
management policies (i.e., burn restrictions), and
skewed toward previously effective treatments. We
present the sample sizes as observational data in the
results section to highlight gaps in knowledge and
constraints in treatment.
We argue that the proportion of high-control
treatments represents a better metric for invasion
control. That is, treatments that consistently produce
high control are more likely to be successful than those
that have a higher average effect size. Our approach
represents the best compromise for the long-spanning,
highly unbalanced data set yielded from literature
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searches. Traditional meta-analysis techniques were
inappropriate as our many studies lacked error information, and the low sample size in some treatment
categories precluded log-linear models. The use of
overall distribution to provide relative categories of
treatment success enabled us to incorporate relative
effect size into our evaluation.

Results
Trends and bias
Treatment of A. cylindrica yielded greater control
(n = 174, median = 63.4%, IQ range median
25.3–85.9%) than treatment of A. triuncialis (n = 84,
median = 10.5%, IQ range 4.6–50.8%; W = 10570,
p \ 0.001). No cost information associated with
experimental treatments were recorded in any of the
studies used in our analysis.
Aegilops cylindrica
Treatment types
At the p = 0.05 level, all treatment types were
statistically equivalent in controlling A. cylindrica
(Fig. 1a, Table 1). At the p = 0.10 level, herbicide
was more effective than other treatments (43 of 139
treatments, p = 0.067 Fig. 1, Table 1).
Herbicides varied greatly in ability to control A.
cylindrica. Imazamox (high-control/total treatments = 27/71, p = 0.01), Pronamide (high-control/total treatments = 3/3, p = 0.016), and Propham
(high-control/total treatments = 3/3, p = 0.016) were
particularly effective at controlling A. cylindrica
(Fig. 1b, Table 1) while Ethiozin (low-control/total
treatments = 5/5, p \ 0.001) and Ethiozin and Metribuzin (low-control/total treatments = 3/3, p = 0.016)
were particularly ineffective (Fig. 1b, Table 1). Sulfosulfuron was marginally ineffective (low-control/total treatments = 7/15, p = 0.057 Fig. 1b, Table 1).
Treatment characteristics
Treatments applied to the vegetative stage were more
effective (high-control/total treatments = 29/62,
p \ 0.001) than those applied at seed (high-control/total treatments = 9/38, p = 0.063), seedling (high

control/total treatments = 5/42, p = 0.99) and fruiting
stages (high-control/total treatments = 0/10, p = 1.0)
while those applied to flowering stage were particularly ineffective (low-control/total treatments = 3/3,
p = 0.016; Fig. 1c, Table 1). Within one generation, a
single application (high-control/total treatments = 43/
157, p = 0.27) performed as well as multiple applications (two applications: high-control/total treatments = 0/7, p = 1.0, and four applications: highcontrol/total treatments = 0/6, p = 1.0, Fig. 1d,
Table 1). However, treatment in two consecutive
years was more effective than treatment within 1 year
(1 year:
high-control/total
treatments = 34/52,
p = 0.80; 2 years: high-control/total treatments = 9/
20, p = 0.041; Fig. 1e, Table 1).
Treatment type by timing interaction
Only herbicide was sufficiently replicated to perform
treatment by contingency analysis (n [ 20 for 5
phenologies). Moreover, a complete offset in timing
between the two most common treatments (herbicide
at seed, seedling, and vegetative stages and burn
during reproductive stages) indicates that the influence
of treatment timing cannot be separated from the
effects of treatment type (Table 2).
Aegilops triuncialis
Treatment types
Burning (4 of 6 treatments high control, p = 0.038)
and grazing (high-control/total treatments = 4/6,
p = 0.038) produced more high control replicates than
would be expected by chance (Fig. 2a, Table 3), but
the results of grazing were mixed overall. While four
of six grazing treatments achieved [ 54% control, the
remaining two actually increased the density of A.
triuncialis (Fig. 2a, Table 3). Both treatments which
benefitted A. triuncialis were applied multiple times
per year (early and mid season, 20% increase;
continuous grazing at 20 cm, 84% increase). Treatments with high control included early-season grazing
(n = 1, 67% decrease), and grazing supplemented with
hand clipping to remove thatch (n = 3, 83-88%
control).
Fluazifop was particularly effective compared to
other herbicides (high- control/total treatments = 4/5,
p = 0.015, Fig. 2b, Table 3). Aminopyralid was
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a treatment type

b herbicide type

100
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25%

20
0
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Goatgrass Control (%)
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20
0
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Glyphosate

20
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Clomazone

Burn
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Graze

Herbicide
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Ethiozin

Glyphosate

Metribuzin

2,4 D

+

+

100

Vegetative

Flowering

Fruiting

Sulfosulfuron

Propham

e years of treatment
100

80

75%

40

60

80

0

20

25%

60
40
25%

20
0
20

40

40

Seedling

Pronamide

Paraquat

75%

20

0

20

25%

Goatgrass Control (%)

40

60

80

75%

Seed

Metribuzin

Imazamox

d treatments per year

20

Goatgrass Control (%)

Dicamba

100

c phenology

+

Glyphosate

Ethiozin

Goatgrass Control (%)

Goatgrass Control (%)

Pre emergent
Post emergent

100
75%

40
1

2

4

1

2

3

Fig. 1 Percent control and quartile breaks of Aegilops cylindrica within a treatment type, b herbicide type, c phenological stage,
d treatments/year, and e years of treatment

marginally ineffective (low-control/total
ments = 7/13, p = 0.08, Fig. 2b, Table 3).

treat-

Treatment timing
Treatments applied in the fruiting phase were very
effective overall (high-control/total treatments = 7/
12, p = 0.014), whereas treatments applied in the
vegetative phase were marginally ineffective (lowcontrol/total treatments = 8/15 treatments low control, Fig. 2c, Table 3). Two treatment applications per
generation (high-control/total treatments = 16/68,
p = 0.66) performed no better than single treatment
applications (high-control/total treatments = 4/14,
p = 0.48, Fig. 2d, Table 3). However, application of
treatments over two years (high-control/total treatments = 14/21, p \ 0.001) was more effective than
treatment within a single year (high-control/total
treatments = 6/62, Fig. 2e, Table 3).
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Treatment type by timing interaction
As in Aegilops cylindrica, only herbicide was sufficiently replicated to perform treatment by contingency
analysis (n [ 20 for 5 phenologies, Table 4). In fact,
the remaining treatments were all performed at only
one phase, preventing independent evaluation of
treatment timing and method.

Discussion
In synthesizing all the available published studies on
Aegilops cylindrica and A. triuncialis control experiments that were amenable to our analyses, we found
that treatments tested to reduce A. triuncialis were less
effective than those tested on its agricultural weed
congener. Although ecological differences between
the two species might suggest differential responses to
management approaches (Daehler 1998), it is likely
that this result is an artifact of experimental
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Table 1 Statistical output overview for Aegilops cylindrica
Total n

Low control n \ 25.3%

High control n [ 85.8%

p

p

Treatment type
Burn

11

8

0.54

0

1.00

8
139

5
105

0.32
0.59

1
43

0.90
0.067

12

10

0.84

0

1.000

2

2

1.00

0

1.00

Clomazone

6

0

1.00

3

0.17

Ethiozin

5

5

< 0.001

0

1.00

Ethiozin ? Metribuzin

3

3

0.016

0

1.00

Glyphosate

7

3

0.24

1

0.87

Glyphosate ? 2,4-D

9

0

1.00

4

0.17

Glyphosate ? dicamba

4

0

1.00

2

0.26

Imazamox

71

7

0.99

27

0.010

Metribuzin

4

1

0.68

0

1.00

Paraquat

3

2

0.15

0

1.00

Pronamide

3

0

1.00

3

0.016

Propham

3

0

1.00

3

0.016

15

7

0.057

0

1.00

Competition
Herbicide
Till
Till and Burn
Herbicides

Sulfosulfuron
Phenology
Flowering

3

3

0.016

0

1.00

Fruiting

8

2

0.63

0

1.00

Seed

40

12

0.28

9

0.63

Seedling

42

13

0.23

5

0.99

Vegetative

62

12

0.88

29

< 0.001
0.27

Treatment frequency
Once/generation

157

44

0.21

43

Twice/generation

7

0

1.00

0

1.00

Four times/generation

6

0

1.00

0

1.00

One year

152

41

0.31

34

0.80

Two years

20

3

0.22

9

0.041

92
6

24
20

0.44
0.20

29
9

0.09
0.99

4

0

1.00

1

0.68

Treatment duration

Site type
Agricultural setting
Greenhouse
Natural area

Bolded values indicate significant (at alpha = 0.05) contributions of factors to differences in cover or fitness

limitations. For example, invasive plant management
in agricultural systems benefit from a greater history
and volume of research fueled by the financial cost of
agricultural pests, compared to natural areas weeds
(Radosevich et al. 2007). Moreover, natural systems
might present lower accessibility to researchers where

policy on natural lands might preclude testing of
competitive species, the use of specialty equipment,
and frequent monitoring in order to protect native
populations. As a result, techniques for managing
invasive plants in natural areas are likely much less
refined, well tested, and effective than those typically
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Table 2 Distribution of
treatment types by
treatment phenology for
Aegilops cylindrica

Seed

Seedling

Vegetative

Flowering

Fruit

Burn

3

8

0

0

0

Competition

0

4

0

0

0

38

38

63

2

0

0

0

0

2

0

Herbicide
Till

b herbicide type
100

a treatment type
100

Pre emergent
Post emergent

25%

0
20
40

80
60

75%
40

20

20

75%
40

Goatgrass Control (%)

60

25%

0

60

20

80

Aminocyclopyrachlor

Aminopyralid

Aminocyclopyrachlor

Competition

Graze

Herbicide

100

e years of treatment

80

0

Vegetative

Fruiting

25%

20

20

0
20

Seedling

60

25%
0

25%

75%
40

60
40

75%

20

40
20

Goatgrass Control (%)

60

80

80

100

100

d treatments per year

75%

Seed

Glyphosate

Chlorsulfuron

c phenology

Goatgrass Control (%)

Fluazifop
Clethodim

+

Mow

20

Burn

Goatgrass Control (%)

Goatgrass Control (%)

80

1

2

1

2

Fig. 2 Percent control and quartile breaks of Aegilops triuncialis within a treatment type, b herbicide type, c phenological stage,
d treatments/year, and e years of treatment

deployed in agricultural systems. This work highlights
a need for a more concerted effort by researchers to
perform realistic and management-relevant experiments on invasive plant control in natural areas (e.g.,
Kettenring and Adams 2011).
Differences in herbicide identity used to treat A.
cylindrica and A. triuncialis partially explain the
discrepancy in herbicide effectiveness between species. For example, A. triuncialis trials were skewed
toward ineffective herbicides, particularly aminocyclopyrachlor and aminopyralid (e.g., Beeler et al.
2012; Ferrell et al. 2012), while most herbicide
research on A. cylindrica implemented the
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imidazolinone herbicide imazamox in conjunction
with imazamox-resistant wheat. Although imazamox
demonstrates highly effective control for a variety of
grass and broadleaf crop weeds (Blackshaw 1998;
Nelson et al. 1998), strict state-specific restrictions
likely prevented the use of imazamox and other
herbicides effective in agricultural settings in experiments involving A. triuncialis.
In our analysis, imazamox was likely highly
effective against A. cylindrica for two reasons. First,
both A. cylindrica and domestic wheat are cool-season
C3 annual grasses, overlapping strongly in phenology.
By negatively impacting A. cylindrica, but not wheat,
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Table 3 Statistical output overview for Aegilops triuncialis
Total n

N \ 4.68% control

p

High control n [ 50%

p

Treatment type
Burn

6

0

1

4

0.038

Competition
Graze

6
6

0
2

1
0.47

2
4

0.47
0.038

Herbicide

60

18

0.22

3

1

Mowing

4

1

0.68

2

0.26

Aminocyclopyrachlor

16

4

0.6

0

1

Aminocyclopyrachlor ? chlorsulfuron

16

6

0.2

0

1

Aminopyralid

13

7

0.08

0

1

Clethodim

3

0

1

0

1

Fluazifop

5

0

1

4

0.015

Glyphosate

6

0

1

3

0.17

Fruiting

12

1

0.97

7

0.014

Seed

14

4

0.59

0

1

Seedling

20

4

0.78

3

0.91

Vegetative

15

8

0.017

3

0.76

Treatment frequency
Once/generation

68

17

0.54

16

0.66

Twice/generation

14

3

0.72

4

0.48

One year

62

19

0.19

6

1

Two years

21

2

0.99

14

Agricultural setting

3

1

0.57

0

Greenhouse

6

0

1

2

Natural area

28

2

1

18

< 0.0001

Serpentine

67

47

0.22

12

0.93

Nonserpentine

15

14

0.99

7

0.056

Herbicides

Phenology

Treatment duration
< 0.001

Site type
1
0.47

Soils

Bolded values indicate significant (a = 0.05) contributions of factors to differences in cover or fitness

Table 4 Distribution of
treatment types by
treatment phenology for
Aegilops triuncialis

Seed

Seedling

Vegetative

Flowering

Fruiting

Burn

0

0

0

0

5

Competition

0

6

0

0

0

14

14

15

2

3

0

0

0

0

4

Herbicide
Mow

imazamox can provide a competitive advantage to the
crop species (Davies et al. 2015), further limiting
goatgrass dominance through enhanced competitive

interactions. Second, imazamox is a post-emergent
herbicide that must be taken up through actively
growing tissue. This limits the application of

123

Plant Ecol

imazamox to early in the life cycle of the target
invasive. Early plant life stages, particularly the
seedling stage, are noted for their vulnerability to
disturbance and management treatments compared to
later stages (Gornish et al. 2015). Our analysis of A.
cylindrica supported this expectation as this species
was most vulnerable to management treatments at the
vegetative stage, compared to the fruiting stage.
Herbicide was not the only treatment that provided
evidence for stage-specific effects in management
outcomes. Although the grazing treatments differed
slightly across experiments, we found that when A.
triuncialis was grazed similarly to A. cylindrica, only
early-season intense grazing reduced goatgrass density. Targeting young plants with early-season grazing
has shown promise for the control of other invasive
annual grasses, such as medusahead (Davy et al. 2015)
and suggests that grazing that targets early life stages
might hold utility for controlling goatgrass.
Targeting early life stages, however, might not be
ideal for all treatment types. For example, employing
fire earlier in the season when plants are still green can
result in lower fire temperatures and less effective
control (Willis et al. 1988). In fact, we found that the
most effective burn treatments were applied in late
summer after goatgrass vegetative and reproductive
structures had dried, likely leading to fires that burn at
higher temperatures. Because the large spikes of
Aegilops can insulate seeds from external temperatures (Sweet et al. 2008), burn temperature may be
especially critical for goatgrass control. The success of
late season burns for controlling goatgrass is also
reinforced by phenology. Typically, late season burns
affect senesced goatgrass individuals, particularly
goatgrass seeds that are vulnerable to mortality when
exposed to fire (Willis et al. 1988; DiTomaso et al.
2001). Late in the season, goatgrass individuals are
also unable to compensate for tissue loss through
additional seed production or tillering.
Prescribed burning demonstrates promise for goatgrass control while potentially enhancing the cover of
native forbs and grasses (DiTomaso et al. 2001)
through litter and competition reduction (Menke
1992). However, the utility of fire for weed control
is restricted by social concerns such as adjacent
property ownership, public perceptions and federal
regulations (Taylor and Daniel 1984). Environmental
factors can also modify fire effects. For example,
burning can be less effective for controlling grassland
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weeds in highly productive locations (Kyser et al.
2008). As an invader of low-productivity sites, A.
triuncialis is likely to be the primary producer of
thatch. Prescribed burning may therefore be particularly effective in heavily infested areas, where goatgrass thatch can carry fire, but ineffective in sparsely
populated sites. Aigner and Woerly (2011) found
burns were not possible after two years of A.
triuncialis treatment because goatgrass density had
been reduced to levels insufficient to carry a fire.
Overall, fire may be a tool for goatgrass control that is
best confined to dense populations in remote areas
when possible.
For both species, we found that increasing the
number of treatments used within a single year did not
affect control outcomes. Treatments deployed earlier
in the season to target early stages of goatgrass likely
indirectly lead to elevated resource availability for late
season neighboring plant species (Flory and Clay
2009), enhancing competitive dominance of the
nontarget plant community. The nontarget plant
community is subsequently able to better suppress
any goatgrass individuals that might have escaped the
initial treatment deployment, rendering a second
treatment superfluous. Alternatively, a later season
treatment deployment tends to occur after goatgrass
loses its ability to compensate for tissue loss. In this
case, a second treatment is unnecessary and would not
result in added control.
In contrast to an absence of effects of repeated
treatments within years, we found a strong multitreatment effect across years. This is likely a result of
compensatory effects that have been documented for
other invasive annual plants (Gornish and James
2016). Multi-year treatments are able to control
dominance of individuals that might have escaped a
single year treatment, as well as address reinvasion
from the seed bank. For example, sibling seeds of A.
triuncialis germinate in alternate years (Dyer 2004),
highlighting a need for treatments that address this
invasion source. Burning might be a particularly
effective approach in the second year of weed
treatment because prescribed fire can produce higher
temperatures at the soil surface than at plant height
(Marty et al. 2015), resulting in higher seed mortality
at the soil surface compared to the plant canopy.
Weed control is typically accompanied by significant environmental, social, and economic costs.
Research that attempts to identify successful invasive
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plant management with minimal nontarget effects is
critical for healthy desired plant communities and
productive systems. Since the length and complexity
of research experiments can be limited, syntheses that
identify patterns of treatment effectiveness across
disparate experiments can provide insight into promising management approaches that might not be apparent from single studies. This work highlights several
management recommendations for controlling goatgrass based on aggregated research data. These
include the consideration of stage-specific treatment
targets as well as the value of employing treatments
across two consecutive years instead of multiple
treatments within a single year.
This work also underscores important directions for
future research. Variability in the effectiveness of
grazing and herbicide illustrates differential effects of
treatments based on type, duration, and timing.
Research that includes these types of control
approaches would provide better information to managers if treatments were employed at different levels
(e.g., seasonal timing, amount/duration, type) to
clarify irregularities associated with particular strategies. Research should also focus on investigating the
utility of particular approaches across years, which has
been shown to be more effective than single year
control efforts. Finally, cost information associated
with weer-control approaches is critical for managers,
yet this information was essentially absent from the
papers we reviewed. Researches should provide this
information, when available, to enhance translation of
research to practice. The work presented here is also a
reminder of the need to link weed management
research with end users through outreach and extension activities that attempt to provide science-based
recommendations to managers. The utility of applied
experimental outcomes is really enhanced when
decision makers have a role in accessing, employing,
and sometimes providing commentary on research
information. Perhaps the more regular incorporation
of end users in the design, deployment and assessment
process of weer-control experiments would enhance
the relevance of research as well as increase the rate at
which experimental outcomes are employed in the
field.
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