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In attempts to reduce the amounts of conventional herbicides used, alternative practices are sought in the management of roadside
vegetation. In this investigation, alternative herbicides (citric-acetic acids, clove oil, corn gluten meal, limonene, and pelargonic
acid), flaming, and mulching were assessed in management of annual and perennial, herbaceous vegetation in field and roadside
plots. Several formulations of alternative herbicides applied singly or repeatedly during the growing season were evaluated and
compared with conventional herbicides (glyphosate and glufosinate ammonium) or with flaming or mulching. Citric-acetic acid
formulations, clove oil, limonene, or pelargonic acid applied as foliar sprays immediately desiccated foliage, but the efficacy
lasted for no longer than five weeks. Repeated applications were better than single applications of these herbicides in suppressing
plant vegetative growth. Corn gluten meal imparted little or no early control and stimulated late-season growth of vegetation.
A single flaming of vegetation gave no better control than the alternative herbicides, but repeated flaming strongly restricted
growth. Mulching with wood chips or bark gave season-long suppression of vegetation. Glyphosate gave season-long inhibition
of vegetation, but the efficacy of glufosinate ammonium waned as the growing season progressed. For season-long suppression of
vegetation with alternative herbicides or flaming repeated applications will be required.

1. Introduction
Management of vegetation is an important element for safety
and aesthetics in healthy roadside environments. Methods of
management to produce this environment include cultural,
biological, mechanical, and chemical procedures for weed
control. Mechanical methods, primarily mowing, are the
most widely used methods [1]. Chemical control involving
the use of herbicides is used substantially in management of
roadside vegetation [1].
Use of herbicides provides flexibility and low costs in
control of vegetation, considering the equipment and the
wide spectrum of materials that are available for use [1].
However, some of the public does not believe that commonly
used herbicides are safe for use along roadsides [2]. Consequently, state departments of transportation are investigating
alternatives to conventional herbicides in weed management.
Alternatives include chemical treatments with plant-derived
herbicides and mechanical treatments. Several alternative

herbicides that are marketed as products to manage growth
of vegetation have an active ingredient that is of plant origin
or include various by-products of food and feed processing
[3, 4].
Corn gluten meal (CGM) is the proteinaceous by-product
from the milling of corn grain to make cornstarch and corn
syrup and is about 60% protein or about 10% nitrogen by
weight [5]. Peptides in the material impart preemergence
herbicidal activity by inhibiting root growth from germinating seeds in soil [6, 7]. Corn gluten meal is nonselective,
and banded application for row-crop production was recommended over broadcast application to avoid yield suppression
of crops [8]. Corn gluten meal also can fertilize crops or
weeds and may thereby improve crop growth or increase
weed competition [9, 10].
Acetic acid and citric acid [11–19] are alterative materials
that work as nonselective, postemergence, contact herbicides
causing rapid desiccation of plant foliage. Their use as herbicides involves application as a foliar spray at concentrations
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ranging from 10 to 20% (v:v) acetic acid, citric acid, or blends
of the two on weeds that are about 6 to 9 inches tall or less [16].
As growth stage advances, control and biomass suppression
decreases and survival increases [12, 18]. Generally, 80 to
100% kill rates can be expected for small annual and perennial
weeds, but perennial species with persistent root systems
will regrow within several weeks. Repeated applications are
needed to control large annual and perennial weeds and
plants that grow from newly emerged seedlings [1, 19].
Reports noted that acetic acid or citric was nonselective and
that crop damage and yield suppression would occur if these
herbicides came in contact with the crops [13, 14].
Pelargonic acid (nonanoic acid) is a naturally occurring
fatty acid in the oil of geranium (Pelargonium spp. L’Her.)
[20, 21]. The commercial product is manufactured from other
fatty acids and is a nonselective, contact herbicide, which
effectively controls annual broadleaf and grass weeds that are
less than 6 inches high [22]. Repeated applications may be
required with large annual plants and perennials. Pelargonic
acid has been investigated also as a preharvest desiccant [23].
Research on use along highways is not evident, but uses in the
other applications indicate that this material could be used for
weed control on roadsides.
Clove oil, derived from the clove plant (Syzygium aromaticum Merr. and Perry), is active against various organisms
including nematodes [24], insects [25], microorganisms [26–
28], and plants [4, 29, 30] and may have potential as a
postemergence desiccant in roadside environments. Brainard
et al. [11] reported that a concentration of at least 7.5% (v/v)
of clove oil was needed for control of annual broadleaf weeds
but that poor control of annual grasses was achieved.
Limonene is a cyclic terpene derived from oil of the rind
of citrus fruits [21]. It has common uses as a cleaner or
degreaser in household and industrial uses and as an adjuvant
to increase the penetration of agricultural chemical into
plant leaves. Limonene also has insecticidal and antimicrobial
activities [31–35]. The phytotoxic response of some plants
to limonene suggests that it has herbicidal properties [36].
Limonene has not been evaluated for herbicidal activity in
roadside environments.
Burning of fields to reduce weed populations has been
a historic practice but has many disadvantages including air
pollution, reduced visibility caused by smoke, and the chance
of uncontrolled fire. Burner-type weeders deliver heat energy
to the plants directly by close contact to a flame. Ascard
[37, 38] and Rifai et al. [39] reported that weeds with thin
leaves and unprotected growing points were more susceptible
to flaming than grasses and other species with protected
growing points. All species were most susceptible to flaming
when small (0–4 true leaves) compared to larger plants (6–12
true leaves), and significantly more heat energy was needed
to control the larger plants.
Covering the soil with a mulch of a layer of organic
matter or with a barrier, such as plastic or landscape fabric,
has potential use in roadside weed control in small areas,
such as around sign posts, along fence rows, and under
guardrails. The weed-control function of mulches is based
on the blocking of sunlight from the plants or on the
presentation of a barrier through which the weeds cannot
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emerge [40, 41]. Some preparation of land, such as shallow
cultivation, is necessary to reduce early weed competition for
organic mulches such as wood chips to be effective in weed
control [42].
In field and roadside plots, this research investigated
the use of corn gluten meal, acetic-citric acid formulations,
pelargonic acid, clove oil, limonene, flaming, and mulches
as alternative practices for management of vegetation. These
practices were compared with use of conventional herbicides
of glyphosate and glufosinate ammonium. Mowing of vegetation also was investigated for its effects on the efficacy of
alternative herbicides.

2. Materials and Methods
Two studies were conducted. This work was part of an
investigation in which several alternative methods of weed
control on roadsides were evaluated [1]. One study involved
experiments in field plots at a University of Massachusetts
research farm in South Deerfield, and the other involved
experiments on curbsides of a driveway and parking area at a
weigh station along Interstate 91 in Deerfield, Massachusetts.
2.1. Field Plot Research. This research was conducted in 2005
to gain information on the efficacy of alternative herbicides and mechanical treatments. Field plot experimentation
allowed for research on land with more uniform stands of
vegetation than those that existed along roadsides.
2.1.1. Evaluation of Conventional and Alternative Herbicides
and Mechanical Treatments for Control of Vegetation in Field
Plots. Two experiments were conducted. Experiment 1 investigated the efficacy of various alternative herbicides applied at
different amounts, mechanical treatments, and conventional
herbicides (Table 1). Experiment 2 investigated the effects of
repeated applications of alternative practices (Table 2). These
experiments were conducted in plots on two side-by-side
areas of land at the South Deerfield farm of the University
of Massachusetts. One area was infested with annual grasses
crabgrass, Digitaria spp. Haller; foxtail (Setaria glauca Roem.
and Schult); and annual broadleaf species (lambsquarters,
Chenopodium album L.; marestail, Conyza canadensis Cronquist; redroot pigweed, Amaranthus retroflexus L.), a situation
that was created by tillage of the land in the spring of the
year of research. The other area was infested mainly with
perennial grasses, almost entirely quackgrass (Agropyron
repens Beauv.) in untilled land. Each area received all of the
treatments described in the next paragraphs. Plot size was
1.2 m by 4.6 m, and the experimental design was a randomized, complete block with three replications in each experiment.
Field Experiment 1. Alternative herbicides (clove oil,
pelargonic acid, citric-acetic acid, and corn gluten meal) were
applied in different amounts (Table 1). These applications
were developed from the label recommendations and from
preliminary research in a greenhouse [1]. Also, included in
the experiment was the evaluation of flaming with a handheld
torch (500,000 BTU, Red Dragon, Flame Engineering, Inc.,
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Table 1: Treatments in experiments involving alternative herbicides
applied in differing amounts, conventional herbicides, and mechanical treatments in field plot research (Field Experiment 1).
Alternative practice
Herbicide†
Untreated
Clove oil
“
“
Pelargonic acid
“
“
Citric-acetic acid
Citric acid
Glyphosate
Glufosinate ammonium
Corn gluten meal
“
“
Mechanical treatments‡
Flaming
Bark mulch
Woodchips mulch

Application
Active ingredient, L ha−1
0
34
68
102
13
26
39
34
45
2.8
1.8
975 kg ha−1
2,925 kg ha−1
4,875 kg ha−1
Vegetation ashed
760 m3 ha−1
760 m3 ha−1

†

Clove oil, Matran EC, 500 mL/L a.i., EcoSMART Technologies, Franklin,
TN; pelargonic acid, Scythe, 570 mL a.i./L., Mycogen Corporation, San
Diego; citric-acetic acid, Ground Force, 50 mL citric acid/L, acetic acid
unspecified, Abby Laboratories, Ramsey, MN; citric acid, Brush and Blackberry Block, 200 mL a.i./L, Greenergy, Brookings, OR; glyphosate, Roundup
Pro, 410 mL a.i./L, Monsanto Company, St. Louis, MO; glufosinate ammonium, Finale, 200 mL a.i./L, Bayer Environmental Science, Montcalm, NJ;
and corn gluten meal, about 600 g crude protein/kg, applied to surface after
flaming vegetation by torch; tabulated application is total product.
‡
Flaming with propane-fired torch to ash vegetation to soil surface; bark
mulch, mixed tree-bark mulch, 7.5 cm thick; woodchips mulch, mixed tree
woodchips, 7.5 cm thick following flaming.

Table 2: Treatments involved in repeated applications of alternative
herbicides or flaming in field plot experiments (Field Experiment 2).
Treatment
Clove oil
Pelargonic acid
Citric acid-acetic acid
Citric acid
Flaming

Application, active ingredient, L ha−1
34
13
34
45
‡
Ashing of vegetation

†

†

Applications occurred in July, July and August, and July, August, and
September (see Table 1 for identity of herbicides).
‡
Vegetation was ashed to ground surface on the three dates noted above for
applications.

LaCrosse, KS) and mulching with 3-inch layers of hardwood
bark or woodchips. Flaming to ash vegetation was used to
prepare plots for mulching and for application of corn gluten
meal. Treatments with conventional herbicides, glyphosate
and glufosinate ammonium (Table 1), were included in the
trial. Plots were treated on July 20, 2005, with alternative
or conventional herbicides, mulching, or flaming and were

Table 3: Visual indexing for scoring efficacy of treatments.
Index score Description of score
0
1
2
3
4
5
6
7
8
9
9.5

10

No control of vegetation
Less than 10% of vegetation controlled
Between 11 and 20% of vegetation controlled
Between 21 and 30% of vegetation controlled
Between 31 and 40% of vegetation controlled
Between 41 and 50% of vegetation controlled
Between 51 and 60% of vegetation controlled
Between 61 and 70% of vegetation controlled
Between 71 and 80% of vegetation controlled
Between 81 and 90% of vegetation controlled
A rating used when more than 90% of the vegetation
was controlled with only one or two live plants
remaining in a plot.
This rating was applied when all of the vegetation
was killed or if no regrowth occurred at the time of
rating.

evaluated on August 1, September 9, and September 23,
2005, by visual indexing (Table 3) and in the following
year without indexing. In the second year, the flamed and
herbicide-treated plots were overgrown with the original
week mass, and the mulched plots had sparse emergence of
dandelion (Taraxacum officinale F. H. Wigg) and milkweed
(Asclepias syriaca L.). In the first year, mass of shoot growth
was determined by weighing 0.25 m2 of the vegetation cut to
ground level after the final visual rating.
Field Experiment 2. Another experiment was conducted at
the same time and in the same areas as described above. In
the second experiment, several alternative herbicides were
evaluated with different times of repeated applications (Table
2). Treatments of alternative herbicides or flaming were
applied on July 21, August 15, and September 9, 2005. Some
plots received the treatments only in July; some received
the treatments in July and August, and some received the
treatments in July, August, and September. Mulching and
conventional herbicides were not included in this experiment. Treatments were evaluated on August 1, September 9,
and September 23, 2005, by visual indexing (Table 3), and
mass of shoot growth was determined by weighing 0.25 m2
of the vegetation cut at ground level on September 28. The
plots also were evaluated in the spring of 2006.
2.2. Roadside Research. This research involved two experiments in 2006 run simultaneously with alternative herbicides at curbsides along driveways at a weighing station
along Interstate 91 in South Deerfield, Massachusetts. In one
experiment, alternative herbicides of clove oil, pelargonic
acid, and limonene were applied in two amounts (Table 4).
In the second experiment, the lower amounts of these herbicides were used, and a citric acid-acetic acid based material
and a conventional herbicide (glyphosate) were additional
treatments (Table 4). The principal species was tall fescue
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Table 4: Treatments employed in two experiments in roadside research with alternative herbicides (Roadside Experiments).

Experiment 1
Application, active ingredient, L ha−1
Material†
Clove oil
34
“
68
Pelargonic acid
13
“
26
Limonene
18
“
36
Untreated
0

Experiment 2
Material†

Application, active ingredient, L ha−1

Clove oil

34

Pelargonic acid

13

Limonene

18

Clove oil
and limonene
Citric acidacetic acid
Glyphosate
Untreated

34
18
25
19
2.8
0

†

Clove oil, Matran EC, 500 mL a.i./L., EcoSMART Technologies, Franklin, TN; limonene, Natures Avenger, 175 mL a.i./L, Cutting Edge Formulations, Buford,
GA; pelargonic acid, Scythe, 570 mL a.i./L, Mycogen Corporation, San Diego; citric acid-acetic acid, AllDown, 80 mL citric acid/L and 60 mL acetic acid/L,
Summerset Products, Chaska, MN; and glyphosate, Roundup Pro, 410 mL a.i./L, Monsanto Company, St. Louis, MO.

(Festuca arundinacea Schreb.). The experimental design was
split plot with half of a block being mowed to 10 cm heights
with a string mower and with half of the block remaining
unmowed. The vegetation was about 20 cm high at mowing.
Mowing was on July 3, 2006, and treatments were applied
on July 6, 2006, in a randomized, complete block design
within the split plots and with three replications. Plot size
was 1.2 m by 4.6 m along on the shoulders. Control of growth
of vegetation (Table 3) was assessed at weekly or biweekly
intervals after application of the treatments. On September
28, the mass of shoot growth was determined by cutting
plants at ground level from 0.25 m2 of plot.
2.3. Statistical Procedures. Data were processed by analysis
of variance employing statistical software (SAS Institute,
Cary, NC), and means were separated by 𝐹-test or by least
significant difference (LSD, 𝑃 = 0.05) [43].

3. Results
3.1. Field Plot Research
3.1.1. Effects of Applications of Conventional Herbicides
and Alternative Herbicides and Effects of
Mechanical Treatments on Control of Annual and
Perennial Vegetation
Field Experiment 1 (effects of different amounts of alternative
herbicides and mechanical treatments on management of
vegetation). No differences in efficacy in weed management
among amounts of application of alternative herbicides
occurred at the first two ratings of the field plots (August 1 and
September 9); hence, means of the various rates are reported
(Table 5). The effects of the two citric acid-based herbicides
(Ground Force or Brush and Blackberry Block, Table 1) or the
two mulches (bark or woodchip) were not different and are

included as means in the table. The effects of treatments at the
end of the experiment (September 23) are reported in Table
6, which gives the visual indices and the mass of the plants.
Averages of treatments in Table 6 are reported as described in
Table 5.
Annual Weeds. For plots infested with annual vegetation, the
visual indexing indicated that about 10 days (August 1) after
application of treatments, the citric acid-based treatments
gave little suppression of annual vegetation and that the
clove oil and pelargonic acid gave weak to moderate control
(Table 5). Flaming or application of the two conventional
herbicides (glyphosate or glufosinate ammonium) gave full
control of annual vegetation at this time. As the season
progressed to about 6 weeks after treatment (September 9),
suppression of annual vegetation from burning or application of glyphosate or glufosinate ammonium persisted, but
the alternative herbicides had few suppressing effects on
vegetation. At 6 weeks, plant growth from seeds or from
surviving crowns of plants in the soil gave return of vegetation
to the plots that were flamed. The conventional herbicides
(glyphosate and glufosinate ammonium) fully controlled the
annual vegetation at the September 9 date of assessment.
In August, the benefits of the corn gluten meal in the
suppression of annual weeds may be due to flaming before
application of the meal. The meal stimulated growth of
vegetation relative to the growth with flaming alone as is
indicated by the lesser suppression with the meal than with
flaming alone in the September 9 rating. Mulch applied after
flaming suppressed weeds through the September 9 date of
evaluation. No visual differences were noted between bark
mulch and woodchip mulch; hence, the ratings of these plots
are pooled into one entry. No weeds were emerging through
either of the mulching materials, whereas, with the flaming
alone, weeds were reappearing in the plots.
The end-of-season visual indexing (September 23) indicated that the efficacy of all alternative, sprayed herbicides
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Table 5: Assessments of conventional and alternative herbicides and mechanical treatments on early season control of vegetation in field
plots with annual and perennial vegetation (Field Experiment 1).
Rating and type of vegetation and date†
Treatment

August 1
Annual

September 9
Perennial

Annual

Perennial

0
0.7
0.7
0
4.7
7.8
9.0
8.8
8.5
1.3

0
0.7
0.7
0.4
3.2
5.0
9.2
7.0
1.0
1.0

Visual index‡
None
Clove oil§
Pelargonic acid§
Citric acid¶
Corn gluten meal§
Flaming
Mulches¶
Glyphosate
Glufosinate ammonium
LSD (𝑃 = 0.05)

0
2.6
4.8
0.5
9.7
10.0
10.0
10.0
10.0
1.0

0
4.1
4.1
2.4
8.5
8.0
10.0
10.0
10.0
1.6

†

Treatments applied on July 20, 2005. See Table 1.
Visual rating index of efficacy of materials; see Table 3.
§
Means of 3 rates of alternative herbicides; effects of rates of application were nonsignificant.
¶
Including means of two citric acid based herbicides, the effects of which were not significantly different. Bark mulch or woodchips mulch did not differ in
effects, and means of the two mulches are tabulated.

‡

Table 6: End-of-season weed mass and visual indexing of treatments with alternative herbicides, mulches, burning, or conventional
herbicides in field plot research with annual and perennial vegetation (Field Experiment 1).
Treatment†
Untreated
Clove oil
Pelargonic acid
Citric acid
Corn gluten meal
Mulch
Flaming
Glyphosate
Glufosinate ammonium
LSD (𝑃 = 0.05)

‡

Weed mass, g fresh wt m−2
Annual
Perennial
2,910
1,574
2,332
954
2,360
774
2,340
808
1,743
1,350
32
208
1,486
384
638
741
854
644
1,164
472

Visual index rating§
Annual
Perennial
0
0
0.2
0.2
0.3
0.3
0.5
0.4
3.2
3.1
9.3
9.3
5.0
5.0
7.0
7.0
1.0
1.0
1.4
1.1

†

All treatments were applied on July 20 and July 21, 2005. Amounts of alternative herbicides, sources of citric acid, or kind of mulch had no significant effect
on efficacy; hence, means of the applications are reported. See Table 1 for presentation of treatments.
‡
Weed fresh mass was measured on September 28, 2005.
§
Visual rating index on September 23, 2005. See Table 3.

and glufosinate ammonium had waned to 10% or less control
of vegetation (Table 3, Table 6). The different amounts of
alternative herbicides applied had no effect on growth or
indexing, and results are combined for tabulation. Glyphosate
continued to provide strong efficacy for weed control until
the end of the experiment. Increased amounts of application
of corn gluten meal did not improve its efficacy; hence,
means of all rates of the meal are reported. Based on visual
indexing, corn gluten meal following flaming gave somewhat
better control than the alternative herbicides. Also, based
on visual indexing or shoot mass, corn gluten meal, which
was applied to flamed plots, had lower efficacy than flaming
alone, indicating that the corn gluten meal had a stimulatory
effect on weed growth, likely through its action as a nitrogen

fertilizer. The shoot mass of weeds in the flamed plots was
about half of that in the untreated plots, whereas the average
mass of vegetation from the plots treated with corn gluten
meal following burning was about 60% of the untreated plot
biomass. At the end of the growing season, the treatments
with corn gluten meal kept the weeds green and sustained
growth, whereas the plants in the other treatments were
senescing.
The pelargonic acid herbicide had high efficacy in initial
killing of annual vegetation, but this efficacy dissipated
during the growing season as the surviving roots and crowns
of the plants recovered from the initial dieback and emerging
seedlings grew to produce shoot biomass that was not
different from that of the untreated plots or of the clove
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oil, citric acid, or corn gluten meal treatments. Glyphosate
or glufosinate ammonium restricted weed mass more than
the alternative treatments except flaming or mulching. The
mulches gave the best season-long control of vegetation of all
of the treatments employed in this experiment.
Perennial Weeds. In August (10 days after treatment), the
citric acid-acetic acid treatments gave only a slight growth
suppression of perennial weeds, which were almost all quackgrass (Table 3, Table 5). No suppression by these treatments
was evident on September 9, about 6 weeks after application.
The clove oil or pelargonic acid treatment showed some
suppression in August, but this control also had abated by
the early September date. After giving growth suppression
at the August rating, the efficacy of glufosinate ammonium
was lost by September 9. Glyphosate was effective in control
of perennial vegetation on both dates. In the plots cleared
of vegetation by flaming, annual and perennial weeds were
emerging in the plots initially dominated by the perennial
vegetation, but the control remained moderately effective
through early September. Few weeds were emerging through
the mulches on any date. Corn gluten meal gave only weak
suppression of vegetation at the early September date and was
not as effective as flaming alone even though the plots with
corn gluten meal had been preburned.
Generally, the plots treated with alternative, sprayed
herbicides had smaller end-of-season (September 28) (Table
6) biomasses than untreated plots, but visual indexing did not
make this distinction, suggesting that the aesthetics of the
plots treated with alternative herbicides was not better than
no treatment. The mass of weeds in the plots treated with
corn gluten meal did not differ from that of the untreated
plots, although visual indexing suggested some control from
the meal. The visual rating may have assessed a sparser
population of larger plants in the plots treated with corn
gluten meal than in the untreated plots.
Glyphosate gave strong suppression of weed growth at
the end of the season. Based on visual indexing, glufosinate
ammonium had little efficacy in season-long control of
weeds, indicating that the early season control had dissipated.
Also, the mass of vegetation did not differ from many of the
treatments with alternative herbicides, although the mass of
weeds in plots treated with glufosinate ammonium was less
than that from the untreated plots.
Plots flamed with a weed torch had weed masses that
were about 20% of the end-of-season growth of the untreated
perennial weed plots (Table 6). Flamed plots also had higher
weed suppression indexes than the untreated plots or plots
treated with alternative herbicides.
Mulching with wood chips or bark chips had strong
suppressive effects on perennial vegetation at the end of
the season, continuing the early season suppression that
was noted. Suppression of weed mass was greater with the
mulches than with any other treatment.
With either the annual weeds or the perennial weeds,
visual observations in the spring of the following year showed
that only the mulched plots had a residual effect on weed
control. In these plots, milkweed and dandelion were growing
sparse populations. All of the other treatments showed
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no residual control and were not distinguishable from the
treatment of no herbicide applied in the previous season.
Field Experiment 2 (effects of repeated applications of alternative treatments on control of vegetation). This experiment
was conducted at the same time and site as Experiment 1.
Treatments of alternative herbicides or flaming were applied
in July, August, and September. One-third of the plots
received the treatments only in July; one-third received
the treatments in July and August, and one-third received
the treatments in July, August, and September (Table 2).
Mulching and conventional herbicides were not included in
this experiment.
Annual and Perennial Weeds. Immediately after application of
the treatments, vegetation treated with clove oil, pelargonic
acid, or either of citric-acid based materials showed wilting
and burning of foliage. At 10 days (August 1) and at 6 weeks
(September 9) after treatment applications, the efficacies of
the one-time applications were assessed (Table 7). The effects
of the citric-acetic acid herbicide and the citric acid herbicide
differed, and the results of these materials are reported separately. The alternative herbicides had only weakly suppressive
effects on growth of vegetation, and the effects diminished
as time after treatment advanced from 10 days to 6 weeks.
These materials are contact herbicides, which kill the foliage
that is exposed to contact but which do not damage the
entire plant so that perennials resumed growth. Also, some
of the returning growth was from newly emerged plants,
especially in the plots with annual weeds. Flaming had much
better short-term effects on suppression of vegetation than
the alternative herbicides, but the effects of flaming also
diminished with time, as a result of emergence of new plants
from the soil and regrowth from roots and crowns.
Suppression in weed mass indicates that increasing the
number of applications of alternative herbicides increased
the control of weeds (Table 8). However, visual indexing,
based on observations of the appearance of the plot of
vegetative coverage of the plots, suggested that the multiple
treatments of the alternative herbicides were not effective on
the aesthetics of the plots at the end of the season. Each
flaming eliminated all aboveground vegetation so that the
multiple treatments with fire gave good end of the season
control of weeds.
Based on weed masses, pelargonic acid or flaming gave
the best control of annual or perennial weeds (Table 9).
Based on weed mass, the citric acid or clove oil treatments
were better than no application of herbicide with annual or
perennial vegetation. Judging of the plants by visual indexing
suggested that only the flaming treatment was better than no
treatment with the annual species and that all treatments were
better than no treatment with the perennial species.
3.2. Roadside Research
Roadside Experiment 1 (clove oil, pelargonic acid, and limonene applied at two concentrations to mowed or unmowed
plots). Mowing of the plots did not increase the efficacy of
the herbicides, as no differences occurred between mowing

International Journal of Agronomy

7

Table 7: Efficacy of alternative herbicides and burning of vegetation at ten days and six weeks after one application of treatments in field plot
experiment with repeated applications on annual and perennial vegetation (Field Experiment 2).
Rating by date and type of vegetation
Treatment

August 1

†

September 9

Annual

Perennial

Annual

Perennial

0
0.7
0.7
0
4.7
1.3

1.0
1.4
1.2
0.5
2.7
1.3

Visual index‡
Clove oil
Pelargonic acid
Citric-acetic acid§
Citric acid§
Flaming
LSD (𝑃 = 0.05)

1.7
3.3
2.7
0.3
9.5
1.0

0.9
7.3
4.7
0.7
8.7
1.0

†

One application of the herbicides or burning was made on July 21, 2005.
Visual index. See Table 3 for indexing scale.
§
Citric-acetic acid was Ground Force; citric acid was Brush and Black Berry Block. See Table 1.

‡

Table 8: End-of-season mass of shoots of weeds and ratings of efficacy of treatments with repeated applications of alternative practices in
field plot research with annual and perennial vegetation (Field Experiment 2).
Treatment
Clove oil

Pelargonic acid

Citric acid-acetic acid

Citric acid

Flaming
LSD (𝑃 = 0.05)

Times repeated†
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3

‡

Weed mass, g fresh wt m−2
2,174
860
1,226
708
496
415
1,241
546
1,128
353
474
241
2,037
875
924
776
827
394
1,960
686
1,779
753
1,954
717
1,046
381
453
336
150
90
611
234

Visual index rating§
0.3
1.0
0.3
1.0
0.3
1.0
0.7
1.7
1.3
1.3
1.3
1.3
0.7
1.0
1.3
1.3
1.0
1.3
0
0
0
1.0
0
0.7
4.7
4.0
9.5
4.3
9.5
4.7
1.0
1.0

†

1, first application, July 21; 2, second application, August 15; and 3, third application, September 9, 2005.
Fresh mass on September 28, 2005.
§
Visual rating index on September 23, 2005. See Table 3 for indexing scale.

‡

treatments or between the interaction of mowing with herbicides or with date of observation (Table 3, Table 10). In fact,
in the short term (1 week), the efficacy on the unmowed plots
(mean index rating 5.6 on the 10-point scale) was slightly
larger than with the mowed plots (4.6 rating), and the mean
of all season-long ratings showed a similar relationship with
the unmowed mean being 3.3 and the mowed mean being
3.0 on the visual index for the herbicide-treated plots. The
mass of harvested top growth did not differ between mowing
treatments (Table 11).
Pelargonic acid applied to mowed or unmowed plots
gave strong control of vegetation (mean rating of 7.5) at one
week after application (Table 10). The efficacy of this material

declined with time after treatment so that, after 5 weeks,
control of vegetation was weak (mean rating of 1.8 for both
amounts applied). Clove oil (mean rating of 4.0) or limonene
(mean rating of 3.8) was less effective than pelargonic acid in
management of vegetation at one week following treatment.
At 5 weeks after application, the efficacy of clove oil and
limonene declined to ratings of 1.0 or less, thereby imparting
essentially no suppression of weeds. Application of higher
amounts of clove oil or pelargonic acid appeared to increase
the short-term (1 week) efficacy of treatments, but this effect
was not evident after 5 weeks. The higher amount of limonene
was less effective than the lower amount at some dates (Table
10). The higher concentration was too viscous for successful
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Table 9: Main effects of herbicide treatments on end-of-season
weed mass and visual index rating of annual and perennial vegetation (Field Experiment 2).
†

Weed mass, g m−2
Annual
Perennial
Clove oil
1,299
661
Pelargonic acid
948
380
Citric-acetic acid 1,263
682
Citric acid
1,898
722
Flaming
550
269
Untreated
2,910
1,174
LSD (𝑃 = 0.05)
270
270
Treatment

†

‡

Visual index rating‡
Annual
Perennial
0.3
1.0
1.1
1.4
1.0
1.2
0
0.6
0
0
0
0
1.0
1.0

Fresh mass on September 28, 2005.
Visual rating index on September 23, 2005. See Table 3 for indexing scale.

application by spraying. This preparation clogged the nozzle
of the sprayer, thereby giving uneven and perhaps inadequate
coverage of the plots.
Roadside Experiment 2 (experiment with clove oil, pelargonic
acid, limonene, citric-acetic acid, and glyphosate applied to
mowed or unmowed plots). Mowing of the plots did not
affect the efficacy of the herbicides, as the mean index rating
for mowed or unmowed plots was 3.2 for each mowing
regime (Table 12). The interaction of mowing with herbicide
treatment or with date of observation also was nonsignificant.
In this experiment, the short-term (1 week) efficacy of
pelargonic acid by index rating (mean 7.3) was the highest of
the alternative herbicides (Table 12). At this time, limonene
also gave good control of vegetation with a mean rating of
5.8, but control with clove oil was weak with a mean rating
of 2.6. A mixture of clove oil and limonene (rating of 1.7 at 1
week) was less effective than the herbicides used individually.
Perhaps, this effect resulted from uneven application of the
viscous mixture of clove oil and limonene. The citric acid
formulation at 1 week was rated as 5.0 on the indexing scale.
The efficacy of each of the alternative herbicides declined with
time over a 5-week period to impart little or no observable
control at the end of the growing season. On the other
hand, glyphosate gave strong initial control (rating of 7.8 at 1
week) and increased in efficacy with time. The mass of weeds
harvested at the end of the season (September 26, 2006)
indicated that the treatments with alternative herbicides
or with mowing did not differ in season-long control of
vegetation (Table 13).

4. Discussion
An urgent need exists to develop and implement effective
organic-compliant herbicides to meet consumer demand
for organic products for farm and highway use [1, 18, 19].
Natural products represent a vast repository of materials and
compounds with biological activity, including phytotoxicity
[44]. Selected organic acids, such as pelargonic acid, citric
acid, and acetic acid, are effective nonselective herbicides for
a wide spectrum of annual weed species [20, 44]. The present

study evaluated many organic products derived from plants.
Research has shown that concentration used in this study
with at least 15% to 20% acetic acid provided acceptable weed
control of broadleaf annual weeds but gave poor control of
annual grasses [11, 14]. Application and timing are critical
to maximizing weed control with alternative herbicides [12].
As growth stage advances, control and biomass suppression
is decreased, and survival is increased. In the current study
and in prior work, a single application was not as effective as multiple applications over the growing season. For
example, a single application of pelargonic acid demonstrated
immediate or short-term suppression of growth of vegetation;
however, the efficacy lasted for no more than 6 weeks,
after which regrowth was not distinguishable from untreated
vegetation [1]. Also, formulations of citric-acetic acid gave
no control or only weak suppression of vegetative growth
soon after application, and no suppression was evident after
6 weeks [1]. Repeated applications of alternative herbicides
were necessary for season-long efficacy. Two seasons of application were needed for control of stiltgrass (Microstegium
vimineum A. Camus) [45].
The effects of flaming lasted for about 6 weeks, similar
to the effects of alternative herbicides in the current study
and in prior work [1]. Flaming, however, appeared to improve
the efficacy of applications of corn gluten meal and mulches.
Other research showed that corn gluten meal or flaming
used individually was not an effective herbicide in strawberry
(Fragaria × ananassa Duchesne) production [46]. No suppression of growth of roadside vegetation occurred with the
use of corn gluten meal, which acted as a nitrogen fertilizer to
promote growth [1]. Strawberry yield in plots receiving corn
gluten hydrolysate as a fertilizer increased in one year but did
not show an increase in another two years of research [9].
Even when used in combination with cultivation, corn gluten
meal or clove oil was ineffective and offered little potential
in a weed management system for organic peanut (Arachis
hypogaea L.) production [47].
In this study, mulches of bark or woodchips were equally
effective in imparting strongly suppressive against emerging
vegetation for 2 years but were more effective in the first
year than in the second year after application. Law et al.
[42] reported that no treatment with mulches or corn gluten
mean provided acceptable season-long weed control and
resulted in low yields of pepper (Capsicum spp. L.). If
treatment applications were delayed for 6 weeks, with three
shallow cultivations which were used to reduce early weed
competition before mulching, average weed control rating
provided by the mulches ranged from 45% to 86% and
resulted in greatly improved yields [42]. Previous reports
noted that the costs of materials and labor for the alternative
practices, especially mulching, were substantially more than
for the conventional herbicides used in this study [1, 19].
Costs of materials alone for natural products were two to ten
times the cost of glufosinate ammonium and six to thirty
times the cost of glyphosate. Pelargonic acid was the most
economical alternative herbicide with materials costing about
three times that of glufosinate ammonium and six times the
cost of glyphosate. Cost of mulch was about 200 times the cost
of glyphosate. Young [48] reported that, for control of annual
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Table 10: Assessment of control of vegetation by alternative herbicides applied at two concentrations to mowed or unmowed plots in roadside
research (Roadside Experiment 1).
Management of vegetation and time after treatment
Herbicide

Application
a.i. L ha−1

†

Mowed‡
1 wk

3 wk

Unmowed
5 wk

1 wk

3 wk

5 wk

Visual index§
Clove oil
Pelargonic acid
Limonene
None

34

1.3

0.7

0.3

2.3

1.7

1.0

68

5.0

4.0

1.0

7.3

4.0

1.0

13

6.3

5.0

0.7

7.7

5.0

1.3

26

7.3

6.3

1.7

8.7

7.7

3.3

18

5.0

3.3

1.0

3.7

4.3

1.0

36

2.7

1.7

0.3

3.7

2.3

0.3

0

0

0

0

0

0

Mean

3.0 NS

3.3

†

a.i.: active ingredient.
Mowed to 10 cm height above ground.
§
Visual rating index. See Table 3 for rating scale.
LSD (𝑃 = 0.05) is 1.1 for comparing herbicides in columns and is 0.3 for comparing dates in rows under mowed or unmowed treatments. NS: no significant
difference between mowed and unmowed plots by 𝐹-test.
‡

Table 11: Mass of vegetation harvested from roadside plots treated with alternative herbicides or with mowing (Roadside Experiment 1).
Herbicide
Clove oil
Pelargonic acid
Limonene

Mass of vegetation, g fresh wt m−2

Application†
a.i. L ha−1

Mowed‡

Unmowed

34

1,163

1,210

68

1,156

1,120

13

1,116

1,340

26

1,273

1,180

18

1,172

1,035

36

1,150

1,250

None

1,487

1,126

Mean

1,217

1,180

†

a.i.: active ingredient.
Mowed to 10 cm height above ground.
Neither herbicide treatment, mowing, nor their interaction had a significant effect on mass by 𝐹-test (𝑃 > 0.05).

‡

vegetation compared to glyphosate, a single application of
acetic acid was 79% as effective and pine oil was 40% or
less as effective. Essential oils from plants were about 80%
as effective as glyphosate. Generally, multiple applications of
natural products were needed to attain relative efficacy of 80%
compared to glyphosate. The cost of one or more applications
of natural products was more than ten times the cost of one
or two applications of glyphosate [48]. Economics may not
always be the limiting factor in the use of natural products
for pest control in agriculture.
Concerns over the potential impact of pesticides on the
environment and stringent pesticide registration procedures
are growing. New regulations have reduced the number

of synthetic pesticides available in agriculture, and reliance
on these pesticides needs to be considered [49]. Dayan et
al. [49, 50] reviewed the use of pesticides derived from
natural products and noted their current applications and
potential for impacts in organic and conventional agriculture.
These researchers emphasized the needs for development of
pesticides from natural products to meet the requirements for
new products especially in weed management. The current
and previous work demonstrates that alternative methods
can be effective means of weed management at roadside sites
and for crops in fields but at high economic costs. Multiple
applications of the materials will be necessary for effective
season-long weed control. End of season results suggested
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Table 12: Assessment of control of vegetation by alternative herbicides and a conventional herbicide applied to mowed or unmowed roadside
plots (Roadside Experiment 2).

Herbicide

Clove oil
Pelargonic acid
Limonene
Clove oil and
limonene
Citric acidacetic acid
Glyphosate
None

Application†
a.i. L ha−1
34
13
18
34
18
25
19
2.8

Management of vegetation and time after treatment
Mowed‡
Unmowed
1 wk

3 wk

5 wk
1 wk
Visual index§

3 wk

5 wk

2.3
6.3
6.0
1.7

0.7
3.3
3.3
0.3

0
1.3
1.3
0

3.0
8.3
5.7
1.7

0.7
4.7
3.7
2.3

0
1.3
1.0
1.0

5.7

1.7

0.3

4.3

1.3

0.3

8.3
0

9.8
0

10.0
0

7.3
0

10.0
0

10.0
0

†

a.i.: active ingredient.
Mowed to 10 cm height above ground.
§
Visual rating index. See Table 3 for indexing scale.
LSD (𝑃 = 0.05) is 1.4 for comparing herbicides in columns and is 0.7 for comparing dates in rows under mowed or unmowed treatments.
‡

Table 13: Mass of vegetation harvested from plots treated with alternative herbicides or a conventional herbicide applied to mowed or
unmowed roadside plots (Roadside Experiment 2).
Herbicide
Clove oil
Pelargonic acid
Limonene
Clove oil and
limonene
Citric acidacetic acid
Glyphosate
None
Mean

Application†
a.i. L ha−1
34
13
18
34
18
25
19
2.8

Mass of vegetation, g fresh wt m−2
Mowed‡
Unmowed
950
773
980
1,011

773
926
900
814

1,074

1,059

0
971
823

0
968
786

†

a.i.: active ingredient.
Mowed to 10 cm height above ground.
Except for the effect of glyphosate, which differed from all other treatments, neither herbicide treatment or mowing nor their interaction had a significant effect
on mass (𝑃 > 0.05). LSD (𝑃 = 0.05) = 350 for the interaction. Mowing and not mowing did not differ by 𝐹-test, 𝑃 > 0.05.

‡

that no second-season control except for mulching would be
imparted.
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