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Abstract

Herbicides are often used to reduce fuel loading by invasive species in the western United States.

We investigated the effect of two herbicides, their concentrations, and repeated herbicide

application after a prescribed fire on native and invasive alien plant species in the shrub-steppe.

Imazapic did not harm native vegetation.  It increased native vegetation cover about 10%

two years after application.  The number of native increasers increased from ten after natural

effects and fire to 17 after natural effects, fire and imazapic application.  There was a positive

relationship between native species richness and concentration the second year after application.

Alien species cover was reduced by about 40% at 0.56 kg ha-1 in the year after application and

alien species richness (4.73 ± 0.26) was significantly lower than with glyphosate (5.47 ± 0.18).

Glyphosate negatively affected native species by reducing their frequency.  The number

of decreasing native species increased with glyphosate whether applied one (5) or two (7) times.

Cover of native species increased with glyphosate, but was mostly the native annual, Epilobium

brachycarpum.  Poa secunda cover decreased with increasing glyphosate concentration in the

second year of repeated application.  The number of alien species decreasers increased with

increasing application frequency.  Alien cover was reduced with increasing glyphosate

concentration in the first year of application, but the effect was small.  Reduction in alien species

cover was stronger after two applications and was mostly associated with Bromus tectorum,

which was reduced from about 32% to near 0% at 0.14 kg ha-1.

While both herbicides reduce alien species cover, imazapic positively affects native

species.  Glyphosate had negative effects on native species.  Under the conditions of the test,

imazapic is the better herbicide.

Introduction

Bromus tectorum, an invasive alien annual grass, has become dominant in many areas of

the western United States (Mack 1981).  Because B. tectorum forms a continuous fuel load and

increases the length of the fire season (Pellant 2002), its presence leads to both increased fire

frequency (D'Antonio and Vitousek 1992; Stewart and Hull 1949; Whisenant 1990) and to larger

fires (Knapp 1998).  These fires lead to a reduction in the diversity and cover of native species

(Monsen 1994) which allows B. tectorum to increase its presence (Knick and Rotenberry 1997).
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It is possible to restore areas dominated by B. tectorum by establishing large perennial

native bunchgrasses.  A shrub-steppe ecosystem dominated by native plant species should result

in a return to near-historical fire frequencies (Whisenant 1990).  A common practice to establish

perennials is to reduce the cover of B. tectorum and other competitive exotic annuals using

herbicides (Whitson and Koch 1998) before seeding.  While herbicides have been used to control

invasive species in shrub-steppe ecosystems (Link et al. 2004), there is the concern that they

may also damage native plant species (Carpenter and Murray 2000).

In this study, we examined the effect of two herbicides on plant community structure

after a prescribed burn.  Prescribed burns are often used to clear surfaces for efficient application

of imazapic (Plateau®) to the soil as a pre-emergent herbicide.  Imazapic remains active in the soil

for a period where it can control germinating plants.  Imazapic can control weeds without

damaging other species (Vollmer 2005), but the application rate for control is sensitive to species

and environmental conditions.  Pre-emergence application of imazapic improved native forb and

grass establishment in Illinois (Masters et al. 1996) and Nebraska (Beran et al. 1999b).

Glyphosate (Roundup®) is a general herbicide that can kill most plants at high concentrations

(Zimdahl 1999).  Application rates up to 0.84 kg ha-1 have been effective for B. tectorum control

(Beck et al. 1995; Carpenter and Murray 2000).  It is often applied to B. tectorum at the two to

three leaf-stage to reduce its cover and competitive abilities.  Glyphosate is applied to foliage and

is quickly deactivated in the soil (Carpenter and Murray 2000). We also investigated repeated

application of glyphosate.  We tested the hypothesis that these herbicides will have no effect on

native species and a negative effect on invasive alien species.  The hypothesis was tested after a

prescribed fire at five application levels and with repeated application of glyphosate.

The purpose of this work was to determine the herbicide type, application rate, and

application frequency that will have the least effect on native species and the greatest negative

effect on invasive species.  The work was done in a set of replicated field plots where we

determined species richness and percent cover in response to treatments.  Species frequency was

determined across concentration levels for each herbicide treatment.

Methods

Study Area

The study area is on the Columbia National Wildlife Refuge (CNWR) in Grant County,

Washington.  The CNWR is semi-arid with most precipitation (annual average 203 mm) in the

fall and winter.  Snowfall is variable with winter high temperatures usually near freezing.

Lightning during the summer is a frequent cause of wildfire.  Slope of the study area is about 10°.

Aspect is about 270°.

Plant communities at the CNWR have been dominated by Artemisia tridentata,

Pseudoroegneria spicata, and P. secunda and are classified as an A. tridentata – P. spicata

association (Daubenmire 1970).  Cattle and sheep were introduced in the 1800's.  The area was

severely overgrazed and soon dominated by B. tectorum.  Grazing was halted more than 20 years

ago and fire is the most prominent disturbance to upland areas.  The study area burned in 1993.

Bromus tectorum remains the dominant cover, with variable amounts of annual and perennial

forbs.

Experimental Design and Treatment Application
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Forty-five plots (8.2 m x 33 m) were established in spring 2002.  The study area was burned in

the early afternoon on October 1, 2002.  The prescribed burn was conducted as a flanking fire,

with some backing, and brief periods of head fire.  Treatments were then randomly applied to the

plots.

Imazapic was applied on Nov. 14, 2002 as a pre-emergent.  Glyphosate was applied on

March 4, 2003 and again on March 10, 2004 to half the glyphosate plots.  In the second

glyphosate application, concentration levels matched those of the first glyphosate application.

Glyphosate and imazapic were applied at five concentrations (0, 1, 2, 4, 8, oz acre-1 or 0, 0.07,

0.14, 0.28, and 0.56 kg ha-1).  Glyphosate was applied with a surfactant and ammonium sulfate at

a rate of 5.71 kg ha-1.  Herbicides were applied using water at a rate of 281 kg ha-1.  Herbicides

were applied with a boom sprayer (Spider Sprayer, West Texas Lee Company).  There are three

replicates for each level of herbicide.

Measurements

Measurements were taken before the fire in 2002 and repeated in 2003 and 2004.  The response

variables are species richness and cover.  Species richness was determined in each plot by

identifying all vascular plant species.  This was done by inspection.  Inspections occurred in two

periods (late March and early April, late May and June) in each year of the study.

Percent cover of each vascular plant species, bare soil, soil cryptogams, and litter was

determined in May and June in each year of the study.  Cover was determined using a tape

(Bonham 1989; Elmore et al. 2003; Link et al. 2005) and identifying the first observed (tallest)

cover type at each 0.25 m hash mark on the tape. The tape was stretched tightly between two

pieces of rebar metal stakes in the ground at the ends of any transect.  Two tape transects were

observed between plot corners in each plot.  Observations were initiated and ended 5 m from the

ends of the tape to minimize edge effects.  Where transects crossed, data were thrown out from

one transect to minimize over-sampling, resulting in at 205 observations in a plot.

Analysis

Species frequency is the proportion of plots with a particular species present.  Species

frequency was determined for nine fire control plots, and 12 each of fire plus imazapic, fire plus

one application of glyphosate, and fire plus two applications of glyphosate.

Species increasers and decreasers are defined as those that show a monotonic frequency

change over the three year period, or have the same frequency in the first two years with an

increase or decrease in the third year.

The relationship between the difference in B. tectorum % cover from 2003 and 2002

adjusted so all values are positive (!Y = % cover2003 - % cover2002 + 30.244) and imazapic

concentration is based on crop yield response equations (Thornley and Johnson 1990):

! 

"Y =
#( imazapic[ ] + $)

1+ %( imazapic[ ] + $)n
, (1)

where ", #, $, and n are empirical parameters.  The relationship between the natural log of alien
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species richness (Y) and concentration of imazapic is also defined by Eq. 1.

The relationship between percent cover and herbicide concentration is:

! 

Y = "e#$[herbicide] , (2a)

where " estimated % cover without herbicide and #defines how rapidly % cover decreases with

increasing herbicide concentration.  Equation 2a describes the relationship between B. tectorum

cover and glyphosate in 2003 and 2004 in the plots where glyphosate was applied two times.

Equation 2a describes the relationship between S. altissimum cover and imazapic.

The relationship between the change across years in % cover (!Y) of alien and native

species and herbicide concentration is:

! 

"Y = # +$e%&[herbicide] , (2b)

where % + " estimate !Y without herbicide and #defines how rapidly !Y decreases with

increasing herbicide concentration.  Equation 2b describes the relationship between the change

(2003-2002) in alien species cover and imazapic, the change (2003-2002 and 2004-2002) in alien

species cover and glyphosate applied two times, and the relationship between the change (2002-

2004) in native species cover and glyphosate applied two times.

The relationship between the change across years in % cover (!Y) of S. altissimum and

native species and glyphosate concentration is:

 

! 

"Y = b0 + b1[glyphosate]+ b2[glyphosate# glyphosate]
2
, (3)

where b0, b1, b2 are linear regression parameters.  Equation 3 describes the relationship between

the change (2002–2004) in cover and glyphosate applied one time and the relationship between

the change (2002–2003) in cover and the treatment where glyphosate was applied two times.

The relationship between the change across years of % cover (!Y) and herbicide

concentration for many cases is:

! 

"Y = b0 + b1 # herbicide , (4)

where b0 is the estimated change in % cover without herbicide and b1 defines how rapidly change

in % cover changes with increasing herbicide concentration.  Equation 4 describes relationships

between change (2003-2002) of B. tectorum and alien species cover and glyphosate applied one

time, change (2004-2002) of P. secunda cover and glyphosate applied two times, and change

(2003-2002 and 2004-2002) of P. secunda cover and imazapic.  The relationship between the

natural log of native species richness (Y) and imazapic concentration in 2004 is also defined by

Eq. 4.

Analyses were done using JMP version 5, software (SAS Institute 2002). !  Linear and

non-linear regression was used to assess herbicide concentration effects.  Species richness count

data are likely to have a Poisson distribution, thus were transformed with the natural log for
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regression analysis (MacNally and Fleishman 2004).  Matched pair comparisons are made to test

differences between years using a two-sided t-test (p > |t|).  Error terms are one standard error of

the mean.  Statistical significance is set at the " = 0.05.

Results

Species composition and frequency

There were 47 species in the plots (Appendix, Table 1).  There are 26 annuals/biennials

(17 native) and 21 perennials (18 native).  There are seven grass species, 36 herbaceous dicots,

two subshrubs, and two shrubs.

The relative frequency of all species varied from 2002, before treatment application, and

after treatment application in 2003 and 2004 (Appendix, Table 1).  In the fire control treatment,

12 species became more and four less frequent.  In the fire plus imazapic treatment, 19 species

became more and three less frequent.  In the fire plus one application of glyphosate treatment, 14

species became more and eight less frequent.  In the fire plus two applications of glyphosate

treatment, 16 species became more and 11 less frequent.

Of the 35 native species, the number that became more frequent (increasers), over the

three-year period was always greater than the number that became less frequent (decreasers) in

any of the four treatment combinations (Fig. 1).  Two native species became less frequent with

only fire or fire plus imazapic.  Five native species became less frequent with fire and one

application of glyphosate increasing to seven species with two applications of glyphosate

(Fig.1).

Of the 12 alien species, only two became more frequent in any treatment combination

(Fig. 1).  Fire plus one application of glyphosate resulted in three alien species becoming less

frequent and four became less frequent with two applications of glyphosate (Fig. 1).

Figure 1.  The number of native and alien species that changed frequency (increasing or

decreasing) over the three-year observation period.
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Fire effects on cover

The effect of fire on cover dynamics of the major species, alien, and native species groups

were variable over the three-year observation period (Table 2).  There was no significant

difference in B. tectorum cover in 2002 before the fire and in 2003 after the fire (Table 2).

Bromus tectorum cover was significantly less in 2004 than in 2002 or 2003.  Sisymbrium

altissimum cover was significantly greater after the fire in 2003 than before the fire in 2002 or

about 19 months after the fire in 2004.  There was no significant difference between S. altissimum

cover in 2002 and 2004 (Table 2).  Poa secunda cover decreased significantly after the fire, then

increased significantly between 2003 and 2004.  Poa secunda cover remained significantly lower

in 2004 than in 2002 (Table 2).  Cover of all alien species increased significantly after the fire in

2003 and then decreased significantly in 2004 compared with cover in 2002 or 2003 (Table 2).

Cover of all native species decreased significantly after the fire in 2003, then increased

significantly in 2004 compared to 2003 returning to a level no different from that in 2002 (Table

2).  Soil cover increased significantly after the fire and remained significantly greater in 2004

compared with 2002 (Table 2).  Litter cover was not significantly affected by the fire, but

significantly increased in 2004 compared with 2003.  There was no significant difference in litter

cover between 2002 and 2004 (Table 2).

Table 2.  Mean cover ± 1se of major species, species groups, soil, and litter in 2002 (before the

fire), 2003 (about 7 months after the fire), and 2004 (about 19 months after the fire) without

herbicide treatment (n = 9).  Matched pair comparisons are made to test differences between

years using a two-sided t-test (p > |t|).

Percent cover by year and differences between years

Species

or groups

2002 2003 2004 2003

-2002

p 2004-

2003

p 2004-

2002

p

Bromus
tectorum

48.1

± 2.42

45.3

± 2.08

31.7

± 1.54

-2.76

± 2.87

0.364 -13.7

± 1.84

<0.0001 -16.4

± 2.71

0.0003

Sisymbrium
altissimum

5.09

± 0.85

21.5

± 2.9

8.08

± 1.84

16.4

± 2.78

0.0004 -13.4

± 2.16

0.0003 2.98

± 2.16

0.2045

Poa
secunda

19.6

± 0.99

8.08

± 1.06

13.9

± 0.96

-11.5

± 0.76

<0.0001 5.85

± 1.31

0.0020 -5.64

± 1.18

0.0014

Alien
species

56.5

± 2.06

70.4

± 2.24

39.9

± 2.56

13.9

± 2.14

0.0002 -30.5

± 2.82

<0.0001 -16.5

± 2.45

0.0001

Native
species

22.4

± 1.57

11.7

± 2.16

23.5

± 2.31

-10.7

± 1.04

<0.0001 11.8

± 2.08

0.0005 1.08

± 2.30

0.6495

Soil 1.5

± 0.39

7.86

± 1.04

6.99

± 1.39

6.40

± 0.94

0.0001 -0.87

± 1.31

0.5259 5.53

± 1.13

0.0012

Litter 13.9

± 0.88

9.98

± 1.06

15.7

± 1.11

-3.90

± 1.83

0.0663 5.74

± 1.35

0.0028 1.84

± 1.42

0.231

Fire plus herbicide effects on cover

The effect of imazapic on B. tectorum cover was only significant at the two highest
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concentrations (Fig. 2).  The difference in cover between 2002 and 2003 at 0.28 kg ha-1 was

significant (p = 0.013).  At 0.56 kg ha-1, the difference was significant between 2002 and 2003 (p

= 0.0174) and between 2002 and 2004 (p = 0.0073). The difference between cover in 2003 and

2002, after making values greater than zero (Eq. 1), was a nonlinear function of imazapic

concentation (" = 217.74 ± 135.94 , # = -0.1295 ± 0.0881, $ = 135.85 ± 84.09, n = 4.109 ±

1.612, r2 = 0.84, p < 0.0001).  The difference between cover in 2004 and 2002 was not related to

imazapic concentation, thus the grand mean (-13.9 ± 2.74, n = 15) describes the effect (Fig. 2).

The effect of one application of glyphosate herbicide on B. tectorum cover was significant

at three concentrations (Fig. 3).  The difference in cover between 2002 and 2003 at 0.07 kg ha-1

was significant (p = 0.027), at 0.28 kg ha-1 (p = 0.007), and at 0.56 kg ha-1 (p = 0.0319).  The

difference in cover between 2002 and 2004 at 0.07 kg ha-1 was significant (p = 0.0051) and at

0.28 kg ha-1 (p = 0.0006).  The difference between cover in 2003 and 2002 was a linear function

of herbicide concentation (Eq. 4, b0 = -5.79 ± 3.13, b1 = -49.7 ± 10.8, r2 = 0.62, p = 0.0005).  The

difference between cover in 2002 and 2004 was not related to herbicide concentation, thus the

grand mean (-21.4 ± 2.16, n = 15) describes the effect (Fig. 3).

The effect of two applications of glyphosate herbicide on B. tectorum cover was

significant (Fig. 4).  After one application in 2003 there were significant differences at two

concentrations.  The difference in cover between 2002 and 2003 at 0.14 kg ha-1 was significant (p

= 0.0459) and at 0.56 kg ha-1 (p = 0.0043).  The difference in cover between 2002 and 2004 was

significant (p < 0.05) at all concentrations.

Fig 2.  Relationship between imazapic herbicide concentration and B. tectorum cover in 2003, six

months after application and in 2004, 18 months after application.  Values in 2002 are controls

before fire and herbicide application.  Bars are one standard error of the mean (n = 3).  Matched

pair comparisons were made to test differences between years (2003-2002, 2004-2002).  The

notes, “3-2” and “4-2” indicate that matched pair differences are significant.  The difference

between cover in 2002 and 2003 is predicted with a nonlinear regression (Eq. 1).  There was no
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relationship between the difference of cover between 2002 and 2004 and is predicted with a grand

mean.

The relationship (Fig. 4, Eq. 2, " = 47.64 ± 3.59, # = -2.717 ± 0.561) between glyphosate

concentration and B. tectorum cover in 2003 was significant (r2 = 0.77, p < 0.0001).  The

relationship (Fig. 4, Eq. 2, " = 31.80 ± 1.48, # = -20.02 ± 2.366) between glyphosate

concentration, after repeated application, and B. tectorum cover in 2004 was significant (r2 =

0.96, p < 0.0001).

The effect of imazapic herbicide on S. altissimum cover was only significant at two

concentrations (Fig. 5).  The difference in cover between 2002 and 2003 at 0 kg ha-1 was

significant (p = 0.0243) and at 0.14 kg ha-1 was significant (p = 0.0153).  At 0.14 kg ha-1, the

difference was significant between 2002 and 2004 (p = 0.042).  The relationship (Fig. 5, Eq. 2, "

= 20.16 ± 1.304, # = -43.30 ± 19.21) between imazapic concentration and S. altissimum cover in

2003 was significant (r2 = 0.94, p < 0.0001).  The relationship (Fig. 5, Eq. 2, " = 5.967 ± 1.875,

# = -11.13 ± 11.85) between imazapic concentration and S. altissimum cover in 2004 was

significant (r2 = 0.40, p < 0.0113).

Fig 3.  Relationship between glyphosate herbicide concentration and B. tectorum cover in 2003

three months after application and in 2004, 15 months after application.  Values in 2002 are

controls before fire and herbicide application.  Bars are one standard error of the mean (n = 3).

Matched pair comparisons were made to test differences between years (2003-2002, 2004-2002).

The notes, “3-2” and “4-2” indicate that matched pair differences are significant.  The difference

between cover in 2003 and 2002 is predicted with a linear regression.  There was no relationship

between the difference of cover between 2004 and 2002 and is predicted with a grand mean.
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were no significant differences between cover in 2003 and 2002 or 2004 and 2002 at any level of

herbicide.  There were no linear regression relationships between the difference in cover between

2003 and 2002, thus data were combined across all concentrations resulting in a significant

difference in cover between 2003 and 2002 (-13.2 ± 2.02, n = 15).  There was a significant (p =

0.0106, r2 = 0.53) linear regression (Eq. 3) between the difference in cover between 2004 and

2002 and herbicide concentration (b0 = 0.602 ± 1.58, b1 = 5.27 ± 7.67, b2 = -104.8 ± 34.44).

There were effects of repeated application of glyphosate on S. altissimum cover (Fig. 7).

The difference in cover between 2002 and 2003 at 0.28 kg ha-1 was significant (p = 0.0204) and at

0.56 kg ha-1 (p = 0.0085).  The difference in cover between 2002 and 2004 at 0.07 kg ha-1 was

significant (p = 0.024), at 0.28 kg ha-1 (p = 0.0143) and at 0.56 kg ha-1 (p = 0.0323).  There was a

significant (p = 0.0055, r2 = 0.58) linear regression (Eq. 3) between the difference in cover

between 2002 and 2003 and herbicide concentration (b0 = -9.56 ± 2.90, b1 = 1.95 ± 14.07, b2 = -

187.6 ± 63.24).  There were no linear regression relationships between the difference in cover

between 2002 and 2004, thus data were combined across all concentrations resulting in a

significant difference in cover between 2002 and 2004 (-10.8 ± 2.03, n = 15).

Fig 4. Relationship between glyphosate herbicide concentration and B. tectorum cover in 2003

three months after application and in 2004, three months after a repeated application. Values in

2002 are controls before fire and herbicide application.  Matched pair comparisons were made to

test differences between years (2003-2002, 2004-2002).  The notes, “3-2” and “4-2” indicate that

matched pair differences are significant.  Bars are one standard error of the mean (n = 3).  The

predicted curves in 2003 and 2004 are based on equation 2a.
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imazapic concentration and the difference between P. secunda cover in 2003 and 2002 was

significant (r2 = 0.46, p = 0.0055).  The relationship (Eq. 4, b0 = -3.83 ± 1.73, b1 = 15.2 ± 5.98)

between imazapic concentration and the difference between P. secunda cover in 2004 and 2002

was significant (r2 = 0.33, p < 0.0249).

The effect of fire and glyphosate herbicide, applied in 2003, on P. secunda cover was

significant at three concentrations (Fig. 9).  The difference in cover between 2002 and 2003 at 0

kg ha-1 was significant (p = 0.0068), at 0.07 kg ha-1 (p = 0.0426) and at 0.14 kg ha-1 (p = 0.0157).

There were no linear regression relationships between the difference in cover between 2003 and

2002 or between 2004 and 2002 and herbicide concentration, thus data were combined resulting

in a significant difference in cover between 2003 and 2002 (-9.56 ± 1.27, n = 15) and between

2004 and 2002 (-6.67 ± 1.44, n = 15).

Fig 5.  Relationship between imazapic herbicide concentration and S. altissimum cover in 2003,

six months after application, and in 2004, 18 months after application.  Values in 2002 are

controls before fire and herbicide application.  Matched pair comparisons were made to test

differences between years (2003-2002, 2004-2002).  The notes, “3-2” and “4-2” indicate that

matched pair differences are significant.  Bars are one standard error of the mean (n = 3).  The

predicted curves in 2003 and 2004 are based on equation 2a.
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17.86 ± 6.05).

Fig 6.  Relationship between glyphosate herbicide concentration and S. altissimum cover in 2003

three months after application and in 2004, 15 months after application.  Values in 2002 are

controls before fire and herbicide application.  Bars are one standard error of the mean (n = 3).

There was no relationship between the difference of cover between 2002 and 2003 and is

predicted with a grand mean.  The difference between cover in 2002 and 2004 is predicted with

equation 3.

The effect of imazapic herbicide on alien species cover was only significant at three

concentrations (Fig. 11).  The difference in cover between 2002 and 2003 at 0 kg ha-1 was

significant (p = 0.0213), at 0.28 kg ha-1 (p = 0.0432), and at 0.56 kg ha-1 (p = 0.0185). The

difference in cover between 2002 and 2004 at 0.28 kg ha-1 was significant (p = 0.0005), and at

0.56 kg ha-1 (p = 0.0138).  The relationship (Eq. 2b, % = -36.31 ± 8.53, " = 49.88 ± 8.02, # =

3.818 ± 1.505) between imazapic concentration and the difference between alien species cover in

2003 and 2002 was significant (r2 = 0.88, p < 0.0001).  There was no regression relationship

between imazapic concentration, and the difference between alien species cover in 2004 and

2002, thus the data were combined resulting in a mean (-20.39 ± 2.99).
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Fig 7.  Relationship between glyphosate herbicide concentration and S. altissimum cover in 2003

three months after application and in 2004, three months after a repeated application.  Values in

2002 are controls before fire and herbicide application.  Matched pair comparisons were made to

test differences between years (2003-2002, 2004-2002).  The notes, “3-2” and “4-2” indicate that

matched pair differences are significant.  Bars are one standard error of the mean (n = 3). The

difference between cover in 2002 and 2003 is predicted with equation 3.  There was no

relationship between the difference of cover between 2002 and 2004 and is predicted with a grand

mean.

The effect of glyphosate, applied in 2003, on alien species cover was significant at three

concentrations (Fig. 12).  The difference in cover between 2004 and 2002 at 0 kg ha-1 was

significant (p = 0.0307), at 0.07 kg ha-1 (p = 0.0023) and at 0.28 kg ha-1 (p = 0.005). There was a

significant (p = 0.0463, r2 = 0.27) linear regression (Eq. 4) between the difference in cover

between 2003 and 2002 and glyphosate concentration (b0 = 6.58 ± 4.06, b1 = -30.99 ± 14.07).

There was no linear regression relationship between the difference in cover between 2004 and

2002 and glyphosate concentration, thus data were combined resulting in a significant difference

in cover between 2004 and 2002 (-22.1 ± 1.75, n = 15).

There were effects of repeated application of glyphosate on alien species cover (Fig. 13).

The difference in cover between 2003 and 2002 at 0 kg ha-1 was significant (p = 0.0119).

Differences in cover between 2002 and 2004 at 0.07 kg ha-1 (p = 0.0194), at 0.14 kg ha-1 (p =

0.0017), at 0.28 kg ha-1 (p = 0.0003), and at 0.56 kg ha-1 were significant (p = 0.0177).  The

relationship (Eq. 2b, % = -6.53 ± 3.96, " = 27 ± 6.68, # = 17.24 ± 11.28) between glyphosate

concentration and the difference between alien species cover in 2003 and 2002 was significant (r2

= 0.58, p < 0.0009).  The relationship (Eq. 2b, % = -36.78 ± 2.36, " = 22.31 ± 4.27, # = 24.35 ±

15.11) between glyphosate concentration and the difference between alien species cover in 2004
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and 2002 was significant (r2 = 0.70, p < 0.0001).

Fig 8.  Relationship between imazapic herbicide concentration and P. secunda cover in 2003, six

months after application and in 2004, 18 months after application.  Values in 2002 are controls

before fire and herbicide application.  Matched pair comparisons were made to test differences

between years (2003-2002, 2004-2002).  The notes, “3-2” and “4-2” indicate that matched pair

differences are significant.  Bars are one standard error of the mean (n = 3).  The difference

between cover in 2003 and 2002 plus between 2004 and 2002 as a function of herbicide

concentration are predicted with linear regression.

There was no effect of imazapic herbicide on native species cover (Fig. 14).  The

difference in cover between 2002 and 2003 at 0 kg ha-1, associated with fire, was significant (p =

0.0413).  There was no regression relationship between imazapic concentration and the difference

between native species cover in 2002 and 2003, thus the data were combined resulting in a mean

(1.42 ± 1.62, n = 15) not significantly different from zero, or between 2002 and 2004 with a

mean significantly different from zero (-9.57 ± 2.36, n = 15).

The effect of glyphosate, applied in 2003, on native species cover was significant at two

concentrations (Fig. 15).  The difference in cover between 2002 and 2003 at 0 kg ha-1 (fire only)

was significant (p = 0.011) and at 0.14 kg ha-1 (p = 0.0258).  There was a significant difference

between cover in 2002 and 2004 at 0.28 kg ha-1 (p = 0.0255).  There was no linear regression

relationship between the difference in cover between 2002 and 2003 and glyphosate

concentration, thus data were combined resulting in a significant difference in cover between 2002

and 2003 (6.63 ± 1.81, n = 15).  There was a significant (p = 0.008, r2 = 0.55) regression (Eq. 3)

between the difference in cover between 2004 and 2002 and glyphosate concentration (b0 = -8.74

± 2.21, b1 = -35.48 ± 10.73, b2 = 179.8 ± 48.2).
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There were effects of repeated application of glyphosate on native species cover (Fig.

16).  The difference in cover between 2003 and 2002 at 0 kg ha-1 (fire only) was significant (p =

0.0224).  The differences in cover between 2002 and 2004 at 0.28 kg ha-1 was significant (p =

0.0027.  There was no linear regression relationship between the difference in cover between

2002 and 2003 and glyphosate concentration, thus data were combined resulting in a significant

difference in cover between 2002 and 2003 (6.18 ± 2.50, n = 15).  The relationship (Eq. 2b, % = -

25.36 ± 5.32, " = 28.41 ± 8.14, # = 12.41 ± 8.71) between glyphosate concentration and the

difference between alien species cover in 2004 and 2002 was significant (r2 = 0.51, p < 0.0028).

Fig 9.  Relationship between glyphosate herbicide concentration and P. secunda cover in 2003

three months after application and in 2004, 15 months after application.  Values in 2002 are

controls before fire and herbicide application.  Bars are one standard error of the mean (n = 3).

Matched pair comparisons were made to test differences between years (2003-2002, 2004-2002).

The notes, “3-2” and “4-2” indicate that matched pair differences are significant.  There were no

relationships between the difference of cover between 2003 and 2002 or between 2004 and 2002,

thus differences are predicted with grand means.
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Fig 10.  Relationship between glyphosate herbicide concentration and P. secunda cover in 2003,

three months after application and in 2004, three months after a repeated application.  Values in

2002 are controls before fire and herbicide application.  Matched pair comparisons were made to

test differences between years (2003-2002, 2004-2002).  The notes, “3-2” and “4-2” indicate that

matched pair differences are significant.  Bars are one standard error of the mean (n = 3).  The

difference between cover in 2004 and 2002 is predicted with equation 4.  There was no

relationship between the difference of cover between 2003 and 2002 and is predicted with a grand

mean.
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Fig 11.  Relationship between imazapic herbicide concentration and alien species cover in 2003,

six months after application and in 2004, 18 months after application.  Values in 2002 are

controls before fire and herbicide application.  Matched pair comparisons were made to test

differences between years (2003-2002, 2004-2002).  The notes, “3-2” and “4-2” indicate that

matched pair differences are significant.  Bars are one standard error of the mean (n = 3).  The

difference between cover in 2003 and 2002 as a function of herbicide concentration is predicted

with equation 2b.  There was no relationship between the difference of cover between 2004 and

2002 and is predicted with a grand mean.
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Fig 12.  Relationship between glyphosate herbicide concentration and alien species cover in 2003,

three months after application and in 2004, 15 months after application.  Values in 2002 are

controls before fire and herbicide application.  Bars are one standard error of the mean (n = 3).

Matched pair comparisons were made to test differences between years (2003-2002, 2004-2002).

The notes, “3-2” and “4-2” indicate that matched pair differences are significant.  The difference

between cover in 2003 and 2002 is predicted with equation 4.  There was no relationship

between the difference of cover between 2004 and 2002 and is predicted with a grand mean.
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Fig 13.  Relationship between glyphosate herbicide concentration and alien species cover in 2003,

three months after application and in 2004, three months after a repeated application.  Values in

2002 are controls before fire and herbicide application.  Bars are one standard error of the mean (n

= 3).  Matched pair comparisons were made to test differences between years (2003-2002, 2004-

2002).  The notes, “3-2” and “4-2” indicate that matched pair differences are significant. The

difference between cover in 2003 and 2002 plus between 2004 and 2002, as a function of

herbicide concentration, are predicted with equation 2b.
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Fig 14.  Relationship between imazapic herbicide concentration and native species cover in 2003,

six months after application and in 2004, 18 months after application.  Values in 2002 are

controls before fire and herbicide application.  Matched pair comparisons were made to test

differences between years (2003-2002, 2004-2002).  The notes, “3-2” and “4-2” indicate that

matched pair differences are significant.  Bars are one standard error of the mean (n = 3).  There

were no relationships between the difference of cover between 2002 and 2003 or between 2002

and 2004 and herbicide concentration, thus predictions are with grand means.
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Fig 15.  Relationship between glyphosate herbicide concentration and native species cover in

2003, three months after application and in 2004, 15 months after application.  Values in 2002

are controls before fire and herbicide application.  Bars are one standard error of the mean (n = 3).

Matched pair comparisons were made to test differences between years (2003-2002, 2004-2002).

The notes, “3-2” and “4-2” indicate that matched pair differences are significant. There was no

relationship between the difference of cover between 2002 and 2003 and is predicted with a grand

mean.  The difference between cover in 2002 and 2004 is predicted with equation 3.
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Fig 16.  Relationship between glyphosate herbicide concentration and native species cover in

2003, three months after application and in 2004, three months after a repeated application.

Values in 2002 are controls before fire and herbicide application.  Bars are one standard error of

the mean (n = 3).  Matched pair comparisons were made to test differences between years (2003-

2002, 2004-2002).  The notes, “3-2” and “4-2” indicate that matched pair differences are

significant. There was no relationship between the difference of cover between 2002 and 2003

and is predicted with a grand mean.  The difference between cover in 2004 and 2002, as a

function of herbicide concentration, is predicted with equation 2b.

Species richness

When all applied herbicide levels were combined for each herbicide and year of

application species richness was affected (Table 3).  Native species richness was significantly

greater in 2003 after imazapic application than after glyphosate application.  In contrast, alien

species richness was significantly less in 2003 after imazapic application than after glyphosate

application (Table 3).  In 2004, native species richness was significantly greater after imazapic

application than after either glyphosate application type, which, were not different from one

another.  Alien species richness was not related to herbicide type or application rate in 2004

(Table 3).
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Table 3.  Mean species richness ± 1se with the number of plots (N) before and after the fire plus

herbicide application.  Means with differing letters within observed years are significantly

different (p < 0.05).  Mean tests were conducted on natural log transformed data.

Year

observed

Treatment Year

applied

N All species Native species Alien species

2002 None 45 13.5 ± 0.4 8.62 ± 0.36 4.84 ± 0.16

2003 imazapic 2002 15 17.4 ± 0.64
a

12.7 ± 0.55
a

4.73 ± 0.26
a

2003 glyphosate 2003 30 16.5 ± 0.46
a

11.0 ± 0.40
b

5.47 ± 0.18
b

2004 imazapic 2002 15 18.8 ± 0.79
a

14.4 ± 0.76
a

4.4 ± 0.25
a

2004 glyphosate 2003 15 15.5 ± 0.5
b

11.3 ± 0.52
b

4.2 ± 0.14
a

2004 glyphosate 2004 15 16.2 ± 0.59
b

12.1 ± 0.6
b

4.07 ± 0.23
a

There was a significant (r2 = 0.51, p < 0.0027) nonlinear regression (Eq. 1, " = 65.13 ±

26.28, # = 0.04 ± 0.0209, $ = 66.05 ± 32.23, n = 1.4) between the natural log of alien species

richness and imazapic concentration in 2003 (Fig. 17).  Data and predicted curve were

transformed back to count data for interpretation in figure 17.

Figure 17.  Relationship between alien species richness as a function of imazapic herbicide

concentration in 2003, 6 months after application with means, one standard error of the

mean, and the nonlinear regression prediction (Eq. 1) after transformation from natural log

to count.

There was a highly significant (p < 0.0001, r2 = 0.77) linear regression (Eq. 4) between

natural log of native species richness and imazapic concentration (b0 = 2.47 ± 0.0369, b1 = 0.848
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± 0.128) in 2004 (Fig. 18).  Data and predicted curve were transformed back to count data for

interpretation in figure 18.

Figure 18.  Relationship between native species richness as a function of imazapic

herbicide concentration in 2004, 18 months after application with means, one standard

error of the mean, and the linear regression prediction after transformation from natural

log to count (Eq. 4).

Discussion

This experiment was done using temporal controls.  All plots were measured before treatments

were applied.  The entire area was burned and then herbicide treatments applied, thus

conclusions are limited to herbicide use after a prescribed fire.  Results may also be applied to

wildfires in the fall where herbicides are used in similar ecosystems.  We will examine responses

without herbicide to assess natural dynamics before and after fire.  This will assist in separating

herbicide effects from natural effects.  Fire effects (burned and unburned controls) were

investigated in a related study (Link and Hill 2006) and will be used to assess the effect of fire in

this study.
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The frequency of 12 species (10 natives) increased after the fire.  Essentially the same response

was observed after fire but also in unburned controls (Link and Hill 2006).  The increase in

species frequency after fire in the current study is not related to fire (except for two species), but

to natural processes as in (Link and Hill 2006).  The only effect of fire on species frequency in

the current study was an increase for D. pinnata and D. richardsonii.  These species increased

frequency after fire compared with controls in Link and Hill (2006).  Descurainia pinnata is

recognized as an early seral species that does well after fire (Goodrich 1999).

Bromus tectorum cover did not change in the year after the fire, but was reduced

significantly in the following year.  A similar response was noted in Link and Hill (2006)  where

it was also found that cover was significantly lower than in unburned controls.  Fire does have a

small effect on B. tectorum cover decreasing from about 51% in controls to 39% in burned plots

(Link and Hill 2006), but the effect gone in the following year. The low cover in 2004 may be

because the majority of B. tectorum germinated in late winter which reduces shoot size compared

with plants that germinate in the fall (Mack and Pyke 1983).  Variation in B. tectorum cover

without herbicides can be used to account for and partition herbicide from fire plus natural

effects.

Sisymbrium altissimum cover increased sharply after the fire returning to pre-fire cover in

the second year after the fire.  This is a fire effect.  A similar response to fire occurred while there

was no change across years in control plots (Antos et al. 1983; Link and Hill 2006).

Poa secunda cover was reduced significantly after the fire, but increased in the second

year after the fire.  This response was similar to that in Link and Hill (2006), but is not related to

fire.  Wright and Klemmedson (1965) also found that P. secunda was not affected by fire.  In

unburned controls (Link and Hill 2006), P. secunda cover was significantly less than in fire plots

suggesting other factors affect P. secunda.  Daubenmire (1975) notes that populations of P.

secunda (a short-lived perennial) are naturally in a constant state of flux.

Fire plus herbicide effects

Bromus tectorum

Imazapic application at 0.28 and 0.56 kg ha-1 resulted in a significant cover reduction in

2003 compared with 2002.  There was a reduction of about 25% from 2002 to 2003 to about

20% cover.  This level of control was less than the nearly complete control observed at 0.42 kg

ha-1 in Carson City, Nevada (Vollmer 2005).  Imazapic was applied in the fall with observations

taken the next summer (Vollmer 2005) as in our study.  Some of the difference may be associated

with application technology.  In our study, as in Whitson and Koch (1998), herbicide application

was done with a boom sprayer that may have allowed variation in application rates as it bounced

along the uneven surface.  By 2004, imazapic effects were gone and the 14% reduction in cover

from 2002 was associated with natural variation after the prescribed fire.

Glyphosate applied (0.56 kg ha-1) one time at the 2 to 3 leaf stage resulted in a reduction

in cover from nearly 50% in 2002 to about 15% in 2003.  Control is variable in other studies.

Bromus tectorum was 80-90% controlled when glyphosate was applied at the 3 to 5 leaf stage at

0.20 kg ha-1 (Blackshaw 1991) while only 80% control was obtained when glyphosate was

applied at 0.41 to 0.56 kg ha-1 (Beck et al. 1995).  There was no carry over effect in 2004 when

the reduction in cover was not related to concentration, but to natural variation after fire.
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In the repeated glyphosate application treatment, the effect after the first year was similar

to the single application treatment.  Repeated treatment very strongly reduced cover to near zero

at 0.14 kg ha-1 and higher concentrations.  Some of the reduction (14%) is associated with natural

effects after the fire, but much of the effect is associated with glyphosate.  At 0.07 kg ha-1 the

total reduction from 2002 to 2004 is about 40% (Fig. 4), thus reduction of 26% was caused by

glyphosate.  It is possible that at the higher rates, the seed bank was depleted by application in

2003.  Bromus tectorum seeds usually germinate within one year, but can remain viable for up to

three years (Young et al. 1969).  Mosley et al. (1999) also reports control when glyphosate is

applied at 0.5 kg ha-1 during the vegetative growth stage for three years.

The most effective strategy to significantly reduce B. tectorum cover using the smallest

amount of herbicide, under the conditions of the test, is to apply glyphosate at 0.07 kg ha-1 two

times.

Sisymbrium altissimum

Imazapic very strongly reduced cover to zero at 0.07 kg ha-1 and higher concentrations six

months after application.  The effect remained 18 months after application with essentially no

cover at concentrations greater than 0.07 kg ha-1.  The strong control in the second season after

application may be because imazapic remained active in the soil or killed the long-lived (Hild et

al. 2001) seed bank in the first year.  Mustards are very sensitive to imazapic (Becker 2002).

Glyphosate applied one time had no effect.  The difference between cover in 2002 and

2003 across concentration levels is a fire effect.

Repeated application of glyphosate increased cover most strongly at the highest

concentration.  The difference between cover in 2002 and 2003 at the highest concentration is

about 32%, of which half is caused by fire.  Given that there was no statistically significant effect

with the single application plots assigning an effect to glyphosate is questionable.  The difference

between cover in 2002 and 2004 was about 11% across concentration levels and can be assigned

to glyphosate.  It is likely that increases in S. altissimum cover are caused by competitive release

from other species that were damaged by glyphosate.

Poa secunda

Imazapic concentration was positively and linearly related to the difference in cover

between 2003 and 2002 plus between 2004 and 2002.  It is likely that cover increases are related

to increasing release from competition with increasing concentration.  Imazapic lead to increased

warm-season grass cover by reducing cover of an alien grass in Kentucky (Washburn et al. 2002).

Bunchgrasses responded positively to reductions in annual species caused by imazapic

application in Nevada (Vollmer 2005)

There was no relationship between glyphosate concentration applied one time and cover

(Fig. 9).  Cover differences between 2003 and 2002 plus between 2004 and 2002 are fire effects.

The greatest glyphosate concentration applied (0.56 kg ha-1) was less than 0.7 kg ha-1 that will

damage (Laufenberg et al. 2005) or kill perennial grasses (Whitson and Koch 1998).

When glyphosate was applied two times, there was a negative relationship between cover

and concentration.  While concentrations were less than the lethal rate (Whitson and Koch 1998),

it is possible that the plants had been weakened with the first application making them more

sensitive to lower glyphosate concentrations in a second application.
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Alien species

Fire and herbicide treatments had effects on all alien species, but effects were

dominated by the two most common species, B. tectorum and S. altissimum.  Fire plus

imazapic resulted in a total reduction of about 40% at 0.56 kg ha-1 from controls in 2003.

The change of about 20% from 2004 to 2002 across all imazapic levels is dominated by

reductions in B. tectorum cover associated with late germination (Link and Hill 2006).

Imazapic is most effective in reducing alien species cover in the season after prescribed

fire and application.

Fire plus glyphosate applied one time lead to a reduction of about 20% at 0.56 kg

ha-1 from controls in 2003.  The change of about 22% from 2004 to 2002 across all

glyphosate levels is dominated by reductions in B. tectorum cover associated with late

germination (Link and Hill 2006).

Fire plus glyphosate applied two times lead to a reduction of about 23% at 0.28

kg ha-1 from controls in 2004 and is mostly accounted for by reductions in B. tectorum.

The change of about 35% from 2004 to 2002 at levels above 0.07 kg ha-1 is associated

with reductions in B. tectorum cover with about half the reduction caused by glyphosate

and half by natural effects (Link and Hill 2006).

Native species

Fire plus imazapic had no effect on the difference of all native species cover between

2002 and 2003.  The 10% increase in cover in 2004 compared with 2002 across all concentrations

is likely caused by a release from competition with alien species.

Fire plus glyphosate applied one time lead to a small reduction in native species cover

across concentration levels in 2003 compared with 2002 largely associated with reductions in P.

secunda cover.  The increase, up to about 16%, in native species cover in 2004 compared with

2002 is largely associated with an increase in the cover of the native annual, E. brachycarpum

(data not shown).  Poa secunda is sensitive to glyphosate under the conditions of the test.  In

contrast, Carlson and Gorchov (2004) found one application of glyphosate improved native

species condition by reducing competition from an invasive biennial.

Fire plus glyphosate applied two times lead to an even larger increase, about 23% at high

concentrations, in native species cover from 2002 to 2004.  Although P. secunda cover,

decreased, E. brachycarpum cover increased more in 2004 (data not shown).  This native annual

must have germinated after the herbicide was applied in 2004.

Species frequency and richness

The number of native species with increased frequency increased from 10 associated with

only natural effects and fire to 17 with imazapic.  This effect suggests that imazapic reduced

competitive effects by reducing cover of alien annuals that may allow other native species to

become more common across plots.  Imazapic did not cause a reduction in the frequency of

native species relative to fire.  Glyphosate led to increased frequency of some native species, but

also to decreases in other native species.  Glyphosate also led to an increase in the number of

alien species with frequency reduction.
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Native species richness was greater with imazapic than with glyphosate while alien

species richness was less in 2003 with imazapic than with glyphosate.  The reduction in alien

species richness at high imazapic concentration is likely caused by the pre-emergent action of

imazapic and because most alien species are annuals in this study.

The strong increase in native species richness with increasing imazapic concentration in

the second growing season after application suggests activity remains in the soil.  There was no S.

altissimum cover at high concentrations suggesting these long-lived seeds (Hild et al. 2001) were

damaged by imazapic.  Mustards are very sensitive to imazapic (Becker 2002).  It is possible the

seed of other families is less sensitive to imazapic and may have survived to germinate in the

second season after application.  The increase in native species richness with increasing

concentration may be explained by reductions in competition.  Imazapic application in areas with

high weed infestation led to greater native wildflower establishment than in areas with less weed

infestation (Beran et al. 1999a).

Conclusions and management implications

Land managers need to reduce the presence of invasive alien species such as B. tectorum

to reduce fire risk (Whisenant 1990).  Efforts to reduce invasive species using herbicides often

occur after a wildfire or prescribed fire.  Under these circumstances, it is important that the use of

herbicides does little damage to the native vegetation while significantly reducing invasive aliens.

Imazapic does not harm native vegetation.  It increased native vegetation cover, the

frequency of native species, the number of native increasers, and led to a positive relationship

between native species richness and concentration the second year after application.  Alien

species cover and richness decreased the first year after application.  The hypothesis that

imazapic would have no effect on native species and a negative effect on invasive alien species

was false for native species and true for invasive alien species.

 Glyphosate negatively affected native species by reducing their frequency.  The number

of decreasing native species increased with glyphosate whether applied one or two times.  Cover

of native species increased with glyphosate, but was mostly the native annual, E. brachycarpum.

Cover of P. secunda decreased with increasing glyphosate concentration in the second year of

repeated application.  The number of alien species decreasers increased with increasing

application frequency.  Alien cover was reduced with increasing glyphosate concentration in the

first year of application, but the effect was small.  Reduction in aliens species cover was stronger

after two applications and was mostly associated with B. tectorum.  The hypothesis that

glyphosate would have no effect on native species and a negative effect on invasive species was

false for native species and true for invasive alien species whether applied one or two times.

While both herbicides reduce alien species cover, imazapic positively affects native

species.  Glyphosate had negative effects on native species.  Under the conditions of the test,

imazapic is the better herbicide.

Imazapic should be used with caution where rare native mustards (Cruciferae) are present,

because mustards are thought to be very sensitive this herbicide (Becker 2002).  In our study, the

native mustard, D. pinnata, increased frequency after imazapic application.  Further testing

should be done on the sensitivity of rare native mustards and other rare native annuals and

biennials to imazapic.

Our results can be applied in similar ecosystems in the shrub-steppe, but should be used

with caution in differing ecosystems especially where rare annuals and biennials occur.
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