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Chapter 1 – General Introduction

In this thesis, I report on a study that used herbicides and surfactants to control
salal, an important shrub in PNW forests, that interferes with conifer seedling
establishment.

1.1 Salal
Gaultheria shallon, known commonly as salal, is a dense growing perennial
evergreen shrub that is native along the entire Pacific Coast from the Alaska panhandle to
southern California (Fraser et al. 1993). It occurs from the Pacific Coast inland to the
western slopes of the Cascade Mountains and throughout the northern California coastal
mountains (Hitchcock and Cronquist 1973). Within this range, salal is capable of growing
on a variety of site conditions that vary along nutritional, moisture, light, temperature,
climatic, and soil quality gradients (Sabhasri 1961; UBC Botanical Garden 1970; Klinka
1977; Haeussler et al. 1990). Although this thesis primarily portrays salal in terms of its
role as a weed, it has beneficial roles and uses as well.
Ecologically salal inhabits coniferous forests, rocky bluffs, and seashore areas
(Pojar and MacKinnon 1994). Its foliage and fruit can be used for both human and animal
consumption (UBC Botanical Garden 1970, Pojar and MacKinnon 1994). In particular,
ungulate species feed on young foliage and bird species such as grouse feed on fruits and
seeds. Aboriginal people of the Northwest Coast used the fruits for fresh and dried cakes,
as well as a food sweetener, and thickener of salmon eggs (Pojar and MacKinnon 1994).
Aside from its nutritional value, the dense cover and prolific underground rhizome
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biomass provided by salal also minimizes topsoil runoff from rain and acts as soil
stabilizer.
These rhizomes also play an important role in the treatment of salal by herbicides.
There are many meters of rhizomes beneath a patch of salal (Huffman et al. 1997) with a
potential bud or sprout every 0.5 inch. (Tappeiner et al. 2001) These buds can quickly
sprout and produce new rhizomes and new above-ground stems after the above-ground
salal stems have been disturbed.
Because of salal’s adaptability, and capacity to proliferate under various geoclimatic conditions, salal has become a common and problematic species for many forest
managers concerned with negative competitor – crop tree interactions (Fraser et al. 1993).
In particular salal forms a dense network of rhizomes below-ground that (Huffman and
others 1994) allows it to become a persistent competitor in both plantations and natural
environments. These rhizomes support a high density of above-ground stems that
compete with conifer seedlings and other plants for light and water. One component of its
adaptability is its shade tolerance and capacity to grow in both full and partial sunlight
environments; salal has a minimum light requirement of only 0.3 - 3.3% of full sunlight
(Messier and others 1989). However, as an understory species, salal typically has
decreased vigor with increasing overstory density (Huffman and others 1994). Although
salal is less prolific under the overstory, the effects of salal crop tree survival and growth,
especially with Douglas-fir (Pseudotsuga menziesii), western hemlock (Tsuga
heterophylla), western red cedar (Thuja plicata), Pacific silver fir (Abies amabilis), and
Sitka spruce (Picea sitchensis) has been so detrimental, that it is considered a weed.
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Furthermore, dense cover of salal in the understory of mature Douglas-fir may reduce the
growth of overstory trees (Price et al.1986).
Establishing a reforested site as “free-to-grow” in a prompt manner is a
fundamental goal of many timber production companies, and is mandated by the Oregon
Forest Practices Reforestation Rules - Division 610.Under this mandate, a reforested area
is considered “free to grow” when, according to ODF OAR 629-600-100:

“…the State Forester's determination that a tree or a stand of well distributed trees, of
acceptable species and good form, has a high probability of remaining or becoming
vigorous, healthy, and dominant over undesired competing vegetation. For the purpose of
this definition, trees are considered well distributed if 80 percent or more of the portion of
the operation area subject to the reforestation requirements of the rules contains at least
the minimum per acre tree stocking required by the rules for the site and not more than
ten percent contains less than one-half of the minimum per acre tree stocking required by
the rules for the site.”

Oregon Law requires that by the end of the sixth full calendar year post-harvest,
the landowner shall have established a “free to grow” stand of trees which meets or
exceeds the minimum stocking level required by ODF OAR 629-610-020. Similar
regulations exist in Washington and California. Because the relative abundance, or
deficiency, of such factors as light, soil nutrition, water availability, and growing space
affect the rapidity at which a reforested area may become “free to grow,” deficiencies
may be especially detrimental when interference from interspecies and/or intraspecies
competition is relatively high. A species such as salal, which can reduce two-year old
Douglas-fir ground-line diameters by 37% and heights by 40 % (Wellman and Harrison
1987), is detrimental to the advancement of “free to grow” conditions and may in fact
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prohibit seedling survival on extremely dry sites where the species is prolific. Therefore,
the control of salal is key in the promotion of seedling survival and success, as well as
lawful management.

1.2 The Primary Methods of Salal Control
Various methods to control salal have been attempted, with mixed success. The
three main weed control methods have been fire, mechanical removal, and chemicals.
Fire has proven to be an unreliable method of salal control for a variety of
reasons. Light intensity fires that primarily burn above-ground vegetation can often
increase salal cover above pre-burn levels as a result of bud stimulation on rhizomes and
aerial stem bases (Sabhasri 1961; Messier and Kimmins 1991). Only severe burns that
penetrate sufficiently deep into the soil to kill roots and rhizomes can reduce salal
abundance. However, light or moderately burned areas can be slow to recover to pre-burn
levels (Haeussler et al. 1990). Although it seems intuitive that high intensity burns reduce
sprouting due to increased rhizome mortality, and light burns may often stimulate
sprouting, research has yet to find conclusive evidence on the impact of salal from a wide
range of fire intensities (Vihanek 1985;Haeussler 1990). Thus, because factors such as
rooting depth, soil type, pre-burn vigor, rhizome and bud abundance below-ground, fire
intensity and fire frequency contribute to the success or failure of salal control, fire is not
a reliable method of salal control.
Mechanical removal of salal may, or may not, be effective (Haeussler et al. 1990).
The short-term effect of mechanical removal by heavy equipment provides significant
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crop tree growth response for multiple years (Haeussler et al. 1990). It is commonly an
effective site preparation method. However, any mechanical removal, especially cutting,
causes sprouting from as a response to bud stimulation. Because salal is quite shade
tolerant (UBC Bot. Garden 1970; Shipman 1974; Koch 1983; Messier and others 1989),
if it is not controlled from a site it persists throughout the development of the stand. If it
is not carefully controlled, and is quite dense it may reduce seedling survival and growth
(Price et al. 1986).
Salal control by herbicides has produced variable results; although, a small
number rigorously tested and documented studies have been conducted (Conard and
Emmingham 1984; Newton and Knight 1981; Boeteng and Herring 1990; Reynolds et al.
1988; Wellman and Harrison 1987; Barker 1988; Dunsworth 1986). However, because
several herbicides have proven to reliably induce phytotoxicity in salal, chemicals
seemingly provide a promising future for salal control. Furthermore, because of salal’s
ability to vigorously respond to mechanical control and controlled burns, a systemic
method of control, whereby rhizomes are impacted, is required for long-term control.
For control methods to be effective, they must impact the rhizomes which are the
major source of aerial stem sprouts and regeneration (Tappeiner et al. 2001). Without
doing so, buds are free to develop freely, and at 1 bud for every 1-2 inches of rhizome
length the impact on other plants such as Douglas-fir seedling can be significantly
detrimental.
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1.3 Previous Research Regarding the Effects of Herbicides on Salal
Salal is generally tolerant to many herbicides currently labeled for forestry use.
Although many levels of salal control have been documented, from a wide variety of
herbicide and adjuvant combinations, conflict among published literature exists. Among
the few herbicides that have consistently been effective at inducing mortality, dose rates
for these products are generally too high for treatment as they are toxic to conifers.
One herbicide, triclopyr ester, has been widely documented to provide reliable
and effective salal control (Conard and Emmingham 1984; D’Anjou 1990; Barker 1988;
Dunsworth 1986; Stewart 1974). Unfortunately, many of these studies assessed
phytotoxic damage by visual categorical estimations that do not translate well into a
homogenous and quantitative format, such as percent biomass reduction.
Salal appears to be most susceptible to foliage sprays of triclopyr ester in diesel
oil carriers when applied at or shortly after vegetative budbreak (D’Anjou 1990; Barker
1988; Dunsworth 1986; Stewart 1974), although a high level of control has been achieved
with water as the carrier in some cases (Conard and Emmingham 1984). It is generally
less susceptible to those treatments applied later in the growing season, and/or mixed
with water or oil-in-water emulsions (William et al. 2000; Stewart 1974). Use of triclopyr
at rates of at least 2 lb ai/acre in a 10 gallon per acre tank mix is common in operational
treatments (Bruce Kelpsas pers. comm. 2001). Picloram, market labeled for forestry use
as Tordon K, is another relatively common herbicide that provides effective salal control
(Conard and Emmingham 1984; Stewart 1974). It is effective at 0.5-1 lb ai/acre in a 10
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gallon per acre tank mix. The combination of triclopyr and picloram, independent of
carrier type, produced a high level of control (Conard and Emmingham 1984). Both
chemistries are in the same herbicide family, and therefore utilize the same mode of
action as growth regulators.
When triclopyr ester, formulated as Garlon 4, is combined with diesel, excellent
control has been shown to persist for over three years (Barker 1988). Other chemicals
such as silvex, dichlorprop, and dicamba, which are not lethal to salal when mixed with
water, result in high levels of salal control when mixed with diesel oil. Thus it appears
that adjuvant use may increase efficacy, given the appropriate adjuvant type and rate
(Stewart 1974).
Much of what is known about the effects of herbicides on salal is from case
studies where the level of replication in individual treatments, robustness in study design,
and focus on multi-factor interactions has been minor. At the request of the Vegetative
Management Research Cooperative, College of Forestry at Oregon State University, it
was decided that a formal study should be designed to answer questions about the effects
of treatment season, mix type, rate, and surfactant use on herbicide-salal interactions.

1.4 Overall Study Objective
The objective of this study was to examine the herbicidal control of salal with
four commonly used herbicides delivered individually by foliar means at operational and
high site preparation rate, with and without the addition of three different types of
surfactants, at multiple seasons of application. Surfactants are wetting agents that lower
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the surface tension of a liquid, allowing for easier spreading on leaf surfaces, and were
used as adjuvant products in this study to understand how they might affect herbicide
uptake. This study was ultimately done to determine how combinations of herbicides and
surfactants might improve the control of salal. There were several objectives in this
study, and each of the three main experiments described in Section 1.5 complemented
each other in an attempt to address those objectives.

1.5 Research Approach
Early in the development of this thesis, it was concluded that measuring only the
treatment effects on salal morphology, in a field setting, was inadequate for a thorough
understanding of the causal mechanisms of treatment effects. As a result, a field and a
radioisotope study were developed to examine both the morphological and physiological
effects of treatment applications.
The field study examined and measured the morphological effects of factors listed
below (trade names bracketed) on salal for a period of one year following application:








Herbicide type
o Triclopyr (Garlon 4), imazapyr (Chopper), glyphosate (Accord), picloram
(Tordon K)
Application rate
o Low, high
 Triclopyr: 2.0 lb ai/acre, 6 lb ai/acre
 Imazapyr: 0.5 lb ai/acre, 1.0 lb ai/acre
 Glyphosate: 2 lb ai/acre, 3.0 lb ai/acre
 Picloram: 0.5 lb ai/acre, 1.0 ai/acre
Surfactant type, and
o Seed oil (MSO), petroleum-based surfactant (Herbimax), a non-ionic
surfactant (X-77), water
Season of application
o Late spring or fall
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The radioisotope study was comprised of two experiments; both were
implemented in a laboratory setting to examine leaf sorption and translocation of each
herbicide within potted salal plants. The main radioisotope study was developed to
quantify the sorption and translocation effects that herbicide and adjuvant combinations
had on salal, when delivered at two distinct phenologies. Main study factors included:
Herbicide type
o Triclopyr (Garlon 4), imazapyr (Chopper), glyphosate (Accord), picloram
(Tordon K)
Surfactant type, and
o Seed oil (MSO), petroleum-based surfactant (Herbimax), a non-ionic
surfactant (X-77), water
Plant phenology
o Active foliar growth (AFG), dormant (D)







A second study with radioisotopes was developed to determine whether surfactant
rate alone was a significant factor in influencing sorption and/or translocation when
delivered at two plant phenologies. Main study factors included:






Herbicide type
o Triclopyr, imazapyr
Surfactant type
o MSO, Herbimax
Surfactant rate
o Low, high
 MSO: 12%, 30%
 Herbimax: 2.5%, 3.75%
Plant phenology
o Active foliar growth (AFG), dormant (D)

Together, these two experiments helped to decipher how such factors as season of
application, herbicide rate, and adjuvant addition affected the phytotoxicity of salal, while
providing a quantitative measure of leaf absorption and within-plant translocation.
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Chapter 2 – A field study on the influence of herbicide, adjuvant combinations, and
phenology on the control of salal (Gaultheria shallon)

2.1 Abstract
Salal is plant species that is native to forestland throughout the PNW and northern
California that has been identified as a competitor to early tree development. This study
tested four commonly used herbicides for site-preparation of Douglas-fir plantations on
salal (imazapyr, triclopyr, glyphosate, and picloram) from early spring through late fall
dormancy, using three surfactants (MSO, Herbimax, and X-77), and two herbicide
application rates. No herbicide or adjuvant was significantly more effective than the
others tested. Spring treatments were more efficacious than fall treatments (   0.05 )
and high application rates were more effective than low rates (   0.05 ). Only imazapyr
exhibited significant (   0.05 ) interaction with the treatments factors: adjuvant by
season and adjuvant by herbicide rate.

2.2 Introduction
This experiment investigated the response of salal to imazapyr, triclopyr,
glyphosate, and picloram, which were delivered individually at a traditional operational
site preparation rate and a high rate in combination with either water, a methylated seed
oil, petroleum based surfactant, or a non-ionic spreader surfactant.
These herbicides selected were chosen due to their prevalence in use by the
Vegetation Management Research Cooperative (VMRC) co-operators and that they
represent chemistries of varied soil activity, metabolic processing, and cost. In addition,
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they are commonly used products on other shrub species prevalent in the VMRC
ownership. To complement the herbicides, the adjuvants tested were chosen because of
their prevalent use by VMRC co-operators, diverse leaf surface activities, and cost.
Treatments were applied during four distinct phenological periods from June to
October 2001. Herbicide treatments were applied to 15-ft x 15-ft, or 225 ft2, square plots
that consisted primarily of salal as a vegetation component.
Each of the plots received treatment application, and then was monitored for one
year. Assessments were conducted immediately prior to treatment, as well as 1.5, 6, and
12 months after the application date. This study was designed as a randomized
incomplete block design, with five replications for each treatment.

2.3 Materials and Methods
2.3.1 Objectives & Hypotheses




Determine if the effect of a single herbicide mix varies due to the season of
herbicide application.
Determine if the concentration of a herbicide within a tank mix alters its effect on
salal.
Determine if there is an altered herbicidal effect with the addition of an adjuvant.

2.3.2 Study Location
Due to the lack in availability of research sites with large uniform cover of salal,
three locations were required to fulfill the desired level of replication. In doing so,
attention was given to protect the integrity of study design. Salal ranged in height from
approximately 1.5 – 5 ft and covered 40-100% of the plot area. The following
information provides information on these three sites, which were located within close
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proximity to each other. This study was located in Lincoln County, Oregon near the town
of Siletz.

2.3.2.1 Spencer Pit
The legal description of the Spencer Pit site is in the W ½ of the NW ¼ of section
34 T9S, R11W, Willamette Meridian. The latitude and longitude are 44.7480N and
124.0190W respectively (http://www.esg.montana.edu/gl/trs-data.html). UTM
coordinates are located within Zone 10, where X = 419337 and Y = 4955464
(http://www.esg.montana.edu/gl/trs-data.html). The approximate elevation of the site is
122 meters.
According to the USDA’s 1997 Lincoln County Soil Survey, soils on this site
belong to the Tolovana-Reedsport Association. This association is characterized as being
deep to moderately deep, with well-drained silt loams and loams that formed in
colluvium weathered from sedimentary rock. These soils are typically found in
mountainous areas and ridge tops. Furthermore, soil at the Spencer Pit site belongs to the
Tolovana-Reedsport Complex. Slopes on this site range from 3-35%. Native vegetation
consists mainly of Tsuga heterophylla, Pseudotsuga menziesii, Picea sitchensis, Thuja
plicata, Alnus rubra, Acer circinatum, Rubus spectabilis, Gaultheria shalllon, Berberis
aquifolium, Vaccinium parvifolium, Vaccinium ovatum, and Polystichum munitum. The
USDA 1997 soil survey states that the mean annual precipitation for this site is between
70 – 100 inches, the mean annual air temperature ranges from 8.9-11.1 C, and the
number of frost-free days/year ranges from145-210.
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2.3.2.2 Jaybird Road
The legal description of the Jaybird Road site is in the NW ¼ of section 25 T9S,
R11W, Willamette Meridian. The latitude and longitude are 44.7625N and 123.9782W
respectively (http://www.esg.montana.edu/gl/trs-data.html). UTM coordinates are located
within Zone 10, where X = 422586 and Y = 4957029
(http://www.esg.montana.edu/gl/trs-data.html). The approximate elevation of the site is
330 feet. According to the USDA’s 1997 Lincoln County soil survey, soils on this site
belong to the Tolovana-Reedsport Association and Complex.

2.3.2.3 Kosydar Road
The legal description of the Jaybird Road site is in the SW ¼ of section 32 T9S,
R10W, Willamette Meridian. The latitude and longitude are 44.7480N and 123.9374W
respectively (http://www.esg.montana.edu/gl/trs-data.html). UTM coordinates are located
within Zone 10, where X = 425797and Y = 4955387 (http://www.esg.montana.edu/gl/trsdata.html). The approximate elevation of the site is 330 feet. According to the USDA’s
1997 Lincoln County soil survey, soils on this site belong to the Tolovana-Reedsport
Association and Complex.
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2.3.3 Herbicides and Adjuvants
The use of trade names for herbicides and surfactants throughout this study is not
an endorsement of the products used in the study.

2.3.3.1 Picloram
Picloram was used in the form of the product Tordon K, which is used for the
control of susceptible annual and perennial broadleaf weeds, woody plants, and vines on
non-crop areas, which includes forest planting sites, industrial manufacturing sites, rightof-ways, communication lines, pipelines, roadsides, railroads, and wildlife openings in
forest and non-crop areas (Dow 1999). It is manufactured by Dow AgroSciences, and is a
restricted use pesticide. The active ingredient of this herbicide is picloram (4-amino3,5,6-trichloropicolinic acid, potassium salt). Picloram is a systemic, foliage-applied,
auxinic herbicide that belongs to the Pyridine carboxylic acid chemical family (Rao
2000). It has a residual field half-life of 90 days, and may exhibit toxicity to conifers if
applied less than 12 months prior to planting (Rao 2000).

Figure 1
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2.3.3.2 Imazapyr
Imazapyr was used in the form of the product Chopper, which is used for the
control of woody vegetation, site preparation on forest sites, and other non-crop
applications such as roadsides, ditches, and wildlife opening establishment (BASF 1999).
It is an emulsifiable concentrate that is mixable with water, petroleum oil, and other
recommended seed and/or penetrating oils (BASF 1999). It is manufactured by the BASF
Corporation. The active ingredient of this herbicide is imazapyr (2-[4,5-dihydro-4methyl-4(1-methyl)-5-oxo-1H-imidazol-2-yl]-3pyridinecarboxylic acid). Imazapyr is a
systemic, soil and foliage-applied, herbicide that belongs to the Imidazolinone chemical
family (Rao 2000). Its field half-life ranges from 25 to 142 days depending on soil and
environmental conditions (Rao 2000).

Figure 2

2.3.3.3 Triclopyr
Triclopyr was used in the form of the product Garlon 4, which is used for the
control of woody plants, as well as annual and perennial broadleaf weeds in forests, and
in non-crop areas that include industrial manufacturing and storage sites, roadsides,
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rights-of-ways, railroads, fence rows, non-irrigation ditches, around farm buildings, and
for the establishment and maintenance of wildlife openings (Dow 1999). It is
manufactured by Dow AgroSciences. The active ingredient of this herbicide is triclopyr
(3,5,6-trichloro-2-pyridinyloxyacetic acid, butoxyethyl ester). Trichlopyr is a systemic,
foliage-applied, auxinic herbicide that belongs to the Pyridine carboxylic acid chemical
family (Rao 2000). Its field half-life is 30 days, but ranges from 10-146 days depending
on soil and environmental conditions (Rao 2000).

Figure 3

2.3.3.4 Glyphosate
Glyphosate was used in the form of the product Accord, which is used for the
control of both herbaceous and woody plants. It mixes readily with water, and is
manufactured by Dow AgroSciences. The active ingredient of this herbicide is glyphosate
(N-(phosphonomethyl)glycine, isopropylamine salt). Glyphosate is a systemic, foliageapplied, herbicide that is unclassified (Rao 2000). Its field half-life is 47 days, and is
tightly held to soil particles (Rao 2000).
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Figure 4

2.3.3.5 Non-ionic spreader surfactant
The surfactant X-77, manufactured by Loveland industries, was used in this study
to represent a typical non-ionic spreading surfactant. Ninety percent of its composition is,
Alkylpolyoxethylene, fatty acids, glycols, and Dimethylpolysiloxane. Ineffective
adjuvant constituents comprise 10% of the surfactant. It primarily reduces surface tension
of spray droplets, thereby increasing the contact area of the leaf surface and spray droplet
and subsequent penetration.

2.3.3.6 Petroleum oil surfactant
The surfactant Herbimax, manufactured by Loveland Industries, was used in this
study to represent a typical penetrating oil surfactant. It is comprised of 83% petroleum
hydrocarbons and 17% surfactant. This surfactant is marketed to primarily increase the
penetration of post-emergent herbicides.

2.3.3.7 MSO
The surfactant MSO, manufactured by Loveland Industries, was used in this study
to represent a typical crop oil concentrate. It is comprised of 100% methylated seed oil
and emulsifying surfactants. This surfactant primarily is marketed to increase spray
droplet contact, decrease desiccation, and increase absorption.
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2.3.4 Treatment Composition
There were two main application periods in which herbicide treatments were
conducted, termed Phase I and II. These application periods coincided with two general
phenological states of salal: early foliar expansion (Phase I) and late summer dormancy
(Phase II).
The first application period was conducted during an early active foliar growth
state, approximately one week prior to full leaf expansion of the current year’s foliage.
These applications were delivered on the 17th – 20th of June, 2001. The second
application was conducted during the 3rd – 5th of October, after bud-set, during a dormant
state. Just prior to the Phase II applications, a visual estimate was conducted to determine
if 75% bud-set was achieved, with little to no aerial shoot elongation. Once that
benchmark was achieved, Phase II applications were made.
Twenty-four herbicide and adjuvant mixes, in addition to a “no treatment”
control, were used. Table 1 lists all treatments by season of application.
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Table 1 - Field Study Treatment List

1

1

Different rates of active ingredient (ai/acre) were used for each herbicide low and high
rate. The Low Rate for Chopper was 0.5 lbs ai/acre, Garlon 4 2 lbs ai/acre, Accord 2 lbs
ai/acre, and 0.5 lbs ai/acre. The High Rate for Chopper was 1 lbs ai/acre, Garlon 4 6 lbs
ai/acre, Accord 3 lbs ai/acre, and 1 lbs ai/acre.
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2.3.5 Experimental Design
This study utilized a randomized complete block design with five blocks where
each treatment was replicated once per block. Plots were blocked by aspect, topography,
salal coverage, salal height, and geographic location. Treatments were randomly assigned
to 48 contiguous plots, which comprised one block, where 48 plots were allocated to
Phases I and II. Each plot was 15-ft x 15ft square, and was comprised of predominately
salal as the vegetation component. Within this plot, treatments were delivered to the
interior 6.6-ft x 6.6-ft. Thus, an 8.4-ft buffer existed between treatment areas of each plot.

2.3.6 Treatment Application Procedures
Herbicide treatments were applied using a CO2 pressure regulated backpack
sprayer. A custom built hand-boom, measuring 9.5-ft across, was used in conjunction
with this sprayer. 80-02 Flat fan nozzles were used at a nozzle pressure of 22 psi (pounds
per square inch). Each treatment plot was 0.0009888 acres/plot. This apparatus was
calibrated to deliver 10.0 gallons/acre of the spray mixtures, equating to1.265
ounces/plot.
All treatment mixing was conducted in the field. Twelve mix vessels were used in
order to prevent cross contamination of treatment formulations. Each replicate of an
individual treatment was sprayed sequentially at a given study site. Nozzles and hoses
were cleansed and rinsed between each different treatment application, in an effort to
avoid contamination. Treatment applications were delivered in dry weather conditions,
where leaf surfaces were not wet.
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2.3.7 Measurements
All plot measurements were conducted immediately before treatment application,
as well as 1.5, 6, and 12 months after application. Live salal cover was determined for all
living biomass. A visual estimation of percent was determined in 5% increments on subplots across the plot. In addition, each treatment plot was given an herbicide damage
rating code, ranging from 1 (no herbicidal effect) – 5 (total mortality) (Table 2). Data
from September 1- 2 of 2002 was used in the analysis. At that time, all plots of each
phase were measured allowing for about one-year between treatment and final
measurements. Treatment effects were quantified by Herbicide Damage Rating (HDR,
Table 2) which is a measure of phytotoxicity and was recorded at the assessment periods.
Treatment effects were also visually quantified by the change in cover percent that
occurred from application date to final assessment (cover change %).
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Table 2 – Herbicide Damage Rating
1. Damage Class
 No herbicidal symptoms on current year foliage
 No herbicidal symptoms on past year foliage
2. Damage Class
 Slight to moderate herbicidal effects on current year foliage
 No herbicidal symptoms on past year foliage
 0-30% reduction in live ground cover
3. Damage Class
 Moderate to severe herbicidal effects on current year foliage
 Moderate herbicidal effects on past year foliage
 30-60% reduction in live ground cover
4. Damage Class
 Absence of current year foliage
 Moderate to severe mortality of past year foliage
 60-90% reduction in live ground cover
5. Damage Class
 95-100% mortality of all living aboveground tissue

2.3.8 Statistical Analysis
Data collected from this study was subjected to Analysis of Variance (ANOVA)
for a randomized complete block design separately for each herbicide. Thus, each
herbicide was analyzed individually for adjuvant, rate, and season of application (phase)
effects. An analysis of the interactions of the main factors was conducted. Tests for
normality, linearity, and constant variance were performed, and transformations were
conducted when appropriate to fulfill basic statistical assumptions for ANOVA.
SAS/STAT software, utilizing GLM procedures, was used for the analysis of all data.
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2.4 Results
This study focused on the treatment differences between phases I (active-foliar
application) and II (dormant application). An analysis for each herbicide describes the
effect of rate, adjuvant type, and application season on salal.
Although each herbicide was analyzed independently, common trends in the data
were quite clear. Among all herbicides evaluated, herbicide rate and season of application
(phase) were significant factors in explaining both salal cover reduction and HDR (Table
3).
Table 3 – Factor Significance by Herbicide

2

Among all of the herbicides analyzed, only imazapyr exhibited significant
interactions among the main study factors (Table 3). These interactions were evident only
in the final salal cover assessments. June applications were significantly (   0.05 ) more
effective than October treatments (Tables 4, 5), and high rates were significantly
(   0.05 ) more effective than low rates for all herbicide products (Table 6).

2

P-values summarized by main study factors and interactions.
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Table 4 – Comparison of Treatments to Control

3

3

P-values summarized by All treatments to Control and Phase I and II Treatments to
Control. Analyses conducted by individual herbicide for main factors and interactions.
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Table 5 - Efficacy by Treatment Season

4

4

Sig. refers to significant differences between means at the 5% alpha level and are
expressed in terms of “a” and “b” distinction. SE refers to standard error. 95% CI refers
to 95 % confidence interval of the mean.
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Table 6 – Efficacy by Herbicide Rate

The herbicide imazapyr, when measured by the change in live salal cover percent,
exhibited a phase by adjuvant interaction (Table 7).
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Table 7 – Phase By Adjuvant Interaction With Imazapyr

Spring applications of imazapyr with MSO, Herbimax, X-77, and water were
significantly more efficacious than fall applications. However, the ranking of adjuvant
products changed with the season of application. Spring applications of imazapyr
provided the greatest level of efficacy without an adjuvant, followed by X-77, MSO, and
then Herbimax. The non-surfactant (water) treatment, along with X-77 and MSO were
not significantly different (   0.05 ). MSO and Herbimax were not significantly
different either (   0.05 ). However, in the fall applications the greatest level of control
was achieved with MSO, followed by Herbimax, water, and then X-77. MSO, Herbimax,
and water were significantly different than X-77. Furthermore, the magnitude of
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difference between spring and fall applications with water and X-77 is greater than the
margin of difference for Herbimax and MSO between the seasons of application. Thus,
both the rank and magnitude of surfactant effects changed by season of application
(phase).
The herbicide imazapyr, when measured by the change in live salal cover percent,
exhibited an adjuvant by herbicide rate interaction (Table 8). High application rates of
imazapyr with MSO, Herbimax, X-77, and water were significantly more efficacious than
low applications. However, the ranking of adjuvant products changed with the rate of
application. High rate applications of imazapyr provided the greatest level of efficacy
with either X-77 or Herbimax, followed by water, and then MSO. All treatments at the
high application rate were not significantly different (   0.05 ). However, in the low rate
treatment applications the greatest level of control was achieved with MSO, followed by
water, X-77, and then Herbimax. The low rate application of imazapyr with MSO, was
not significantly different than any of the high rate treatments (   0.05 ). It was,
however, significantly different than the X-77 and Herbimax treatment applied at the low
rate (   0.05 ). All low rate treatments, aside from MSO, were not significantly different
(   0.05 ).Furthermore, the magnitude of difference between imazapyr with X-77,
water, and Herbimax against imazapyr with MSO was greater in the low treatment rates.
Thus, both the rank and magnitude of adjuvants used in this study changed by herbicide
rate.
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Table 8 – Adjuvant By Herbicide Rate Interaction With Imazapyr

2.5 Discussion
Although some herbicides are chemically designed for specific weed species in
agriculture, herbicides used in forestry typically are not. In practice, the application that
often “works the best” in a forestry setting is one in which an optimum combination of
herbicide type, adjuvant, herbicide dose rate, and application timing are brought together
in one treatment. In addition, the practice of “killing-off” a targeted weed species is not
always the objective as less than lethal applications may achieve desired silvicultural
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goals. In any case, understanding how the various components of a treatment application
can be designed for optimum efficacy on the weed species is critical to the efficient use
of financial resources and ethical management of natural resources.
Salal is a plant species capable of surviving difficult site conditions and limited
resources. It is also capable of surviving the impacts of various herbicide applications.
However, a thoughtful approach about the type of herbicide, timing of application,
herbicide rate, and mix composition will greatly affect the efficacy achieved in the
management of salal by chemical means. In this regard, there are several findings in this
study:







There appears to be no single “best” herbicide that “kills-off” salal, as season of
application, dose rate, and adjuvant type together affect the efficacy of
treatments.
Only 18 of the 241treatments tested reduced the above-ground biomass more than
75% of the original pre-treatment cover and only 169 of the 24 treatments tested
reduced the above-ground biomass more than 25%.
Higher dose rates provided a greater level of above-ground biomass reduction and
leaf surface phytotoxicity.
Spring treatments were significantly more efficacious than fall treatments

Although spring treatments were generally more efficacious than fall treatment
application, the results suggest that an interaction exists for at least one herbicide,
imazapyr, between season of treatment application and adjuvant use. In this case, it
appears that imazapyr was more efficacious in the spring with a water carrier alone than
with any additional wetting or cuticle penetrating surfactant agents. While this was the
case in the spring, the fall applications were more efficacious with cuticle penetrating
adjuvants than water alone.
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It appears that without the barrier of a thickened cuticle to prevent the absorption
of imazapyr into leaf transport structures, imazapyr alone is an effective herbicide in the
control of salal. In addition, the costs associated with surfactants like MSO and Herbimax
are unnecessary if imazapyr were to be applied in the spring when leaf cuticles are
relatively thin. However, if fall applications are necessary it seems that the value of
products like MSO and Herbimax may be realized. It bears repeating however that fall
applications of imazapyr with MSO, Herbimax, and water were not significantly different
at the 5% alpha level of significance. Finally, the “spreader” surfactant X-77 provides no
significant benefit in spring over water and performed significantly poorer than the other
products in the fall.
In keeping with imazapyr, the results (see paragraph 2.4.1.2) suggest that there is
an adjuvant by herbicide rate interaction with imazapyr. In this case, MSO appeared to
elevate the control of salal by low-rate treatments to the same level of significance as the
high rate treatments. This impact of MSO in the fall application above likely contributed
to this effect.
In conclusion, the question as to which herbicide provides the best level of salal
control was not answered. No herbicide was overwhelmingly better than the others, as
measured by cover change. However, glyphosate consistently ranked as the least
efficacious herbicide and triclopyr the best. Overall, the best control occurred in the
spring with triclopyr, dosed at high a rate, with MSO as a surfactant. Table 9 provides a
summary of the effects each treatment had on study plots, using the 12 month assessment
data.
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Table 9 – Herbicide Effect by Treatment
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Chapter 3 – An Evaluation of Leaf Sorption and Translocation of 14C Labeled Herbicide
and Adjuvant Combinations Relative to Plant Phenology on Salal
(Gaultheria shallon)

3.1 Abstract
This experiment investigated the absorption and translocation patterns of
glyphosate, imazapyr, picloram, and triclopyr within salal when these herbicides were
applied at different phenologial periods, and in formulation with surfactants. The most
efficacious products tested were imazapyr (Chopper) and triclopyr (Garlon 4). These
herbicides delivered the highest concentrations of herbicide into leaves, stems, and
rhizomes. In addition, the phenological period that treatments were delivered was
generally a significant factor. Spring (active foliar) treatments aided in leaf absorption
and fall (dormant) treatments had greater concentration of labeled material in belowground rhizomes. Surfactants generally aided in the absorption of herbicide through the
leaf cuticle. In particular methylated seed oil (MSO) was the most effective surfactant
among all surfactants tested. It is hypothesized that MSO aided in cuticle penetration and
leaf surface dispersion, which enabled herbicides to be more effective than with a water
carrier.

3.2 Introduction
Salal is an erect and prostrate shrub with waxy leaves, woody stems that can grow
1 – 10 feet in height, with dense below-ground vascular systems that include roots and
rhizomes (Bunnell & McCann 1999). Vegetative reproduction tends to be the most
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significant form of regeneration on established sites, with regeneration generally
declining with stem age. Stem age can be well over a decade depending on site
conditions, with older stems having a diminished capacity to translocate herbicides
compared to young stems. (Bunnell 1990). Because of the traits described above, the
author wanted to examine the effects of the Field Study on salal plants from a
physiological perspective and understand how herbicides move through the plant during
various treatment seasons.
Therefore, in an effort to further understand the results from the field study,
described in Chapter 2, this experiment was conducted to examine the rain fastness,
absorption, and translocation patterns of glyphosate, imazapyr, picloram, and triclopyr
within salal when these herbicides were applied at distinctly different phenologial
periods, and in formulation with surfactants. Rain-fastness is a term used to describe how
well a herbicide “sticks” to the leaf surface after a period of rain or leaf washing. The two
phenological periods can simply be described as a general state of active foliar growth
(AFG), as well as a resting dormant condition (D). Surfactant effects were quantified for
each of these herbicide products, at both AFG and D phenological periods.
Trial A was designed to quantify absorption and translocation patterns of the 14C
labeled herbicide within salal in order to understand rain-fastness and translocation at
AFG and D. Trial B (a minor study) was designed to examine the effects of surfactant
rate effects alone on two of the four herbicides used in Trial A and the Field Study:
imazapyr and triclopyr.
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3.3 Methods and Materials
3.3.l Objectives and Hypotheses – Trial A




Determine if the season of treatment application significantly influences
absorption and translocation of 14C labeled material.
Determine if herbicide type significantly influences absorption and translocation
of 14C labeled material.
Determine if surfactant use significantly influences absorption and translocation
of 14C labeled material.
3.3.2 Objectives and Hypothesis – Trial B



Determine if surfactant rate significantly influences absorption and translocation
of 14C labeled material.

3.3.3 Study Location
Research was conducted at Virginia Polytechnic Institute and State University in
Blacksburg, VA. Treatments for both trials were applied at the Reynolds Homestead
Research Center in Critz, VA. The Reynolds Homestead Research Center is a field
station associated with Virginia Polytechnic Institute and State University.

3.3.4 Herbicides and Surfactants Studied
3.3.4.1 Picloram
Picloram was used in the form of the product Tordon K, which is used for the
control of susceptible annual and perennial broadleaf weeds, woody plants, and vines on
non-crop areas, which includes forest planting sites, industrial manufacturing sites, rightof-ways, communication lines, pipelines, roadsides, railroads, and wildlife openings in
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forest and non-crop areas (Dow 1999). It is manufactured by Dow AgroSciences, and is a
restricted use pesticide. The active ingredient of this herbicide is picloram (4-amino3,5,6-trichloropicolinic acid, potassium salt). Picloram is a systemic, foliage-applied,
auxinic herbicide that belongs to the Pyridine carboxylic acid chemical family (Rao
2000). It has a residual field half-life of 90 days, and may exhibit toxicity to conifers if
applied less than 12 months prior to planting (Rao 2000).

Figure 5
3.3.4.2 Imazapyr
Imazapyr was used in the form of the product Chopper, which is used for the
control of woody vegetation, site preparation on forest sites, and other non-crop
applications such as roadsides, ditches, and wildlife opening establishment (BASF 1999).
It is an emulsifiable concentrate that is mixable with water, petroleum oil, and other
recommended seed and/or penetrating oils (BASF 1999). It is manufactured by the BASF
Corporation. The active ingredient of this herbicide is imazapyr (2-[4,5-dihydro-4methyl-4(1-methyl)-5-oxo-1H-imidazol-2-yl]-3pyridinecarboxylic acid). Imazapyr is a
systemic, soil and foliage-applied, herbicide that belongs to the Imidazolinone chemical
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family (Rao 2000). Its field half-life ranges from 25 to 142 days depending on soil and
environmental conditions (Rao 2000).

Figure 6

3.3.4.3 Triclopyr
Triclopyr was used in the form of the product Garlon 4, which is used for the
control of woody plants, as well as annual and perennial broadleaf weeds in forests, and
in non-crop areas that include industrial manufacturing and storage sites, roadsides,
rights-of-ways, railroads, fence rows, non-irrigation ditches, around farm buildings, and
for the establishment and maintenance of wildlife openings (Dow 1999). It is
manufactured by Dow AgroSciences. The active ingredient of this herbicide is triclopyr
(3,5,6-trichloro-2-pyridinyloxyacetic acid, butoxyethyl ester). Trichlopyr is a systemic,
foliage-applied, auxinic herbicide that belongs to the Pyridine carboxylic acid chemical
family (Rao 2000). Its field half-life is 30 days, but ranges from 10-146 days depending

39
on soil and environmental conditions (Rao

2000).
Figure 7

3.3.4.4 Glyphosate
Glyphosate was used in the form of the product Accord, which is used for the
control of both herbaceous and woody plants. It mixes readily with water, and is
manufactured by Dow AgroSciences. The active ingredient of this herbicide is glyphosate
(N-(phosphonomethyl)glycine, isopropylamine salt). Glyphosate is a systemic, foliageapplied, herbicide that is unclassified (Rao 2000). Its field half-life is 47 days, and is
tightly held to soil particles (Rao 2000).

Figure 8

3.3.4.5 Non-ionic spreader surfactant
The surfactant X-77, manufactured by Loveland industries, was used in this study
to represent a typical non-ionic spreading surfactant. Ninety percent of its composition is,
Alkylpolyoxethylene, fatty acids, glycols, and Dimethylpolysiloxane. Ineffective
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adjuvant constituents comprise 10% of the surfactant. It primarily reduces surface tension
of spray droplets, thereby increasing the contact area of the leaf surface and spray droplet
and subsequent penetration.

3.3.4.6 Petroleum oil surfactant
The surfactant Herbimax, manufactured by Loveland Industries, was used in this
study to represent a typical penetrating oil surfactant. It is comprised of 83% petroleum
hydrocarbons and 17% surfactant. This surfactant is marketed to primarily increase the
penetration of post-emergent herbicides.

3.3.4.7 Methylated seed oil
The surfactant MSO, manufactured by Loveland Industries, was used in this study
to represent a typical crop oil concentrate. It is comprised of 100% methylated seed oil
and emulsifying surfactants. This surfactant primarily is marketed to increase spray
droplet contact, decrease desiccation, and increase absorption.

3.3.5 Plant Material and Storage
This experiment was conducted from February 11th – March 29th of 2002. On
December 13th, four hundred 3.5 inch potted salal plants were shipped from an Oregon
nursery to the Reynolds Homestead Research Center where they were kept in a dormant
state in a darkened growth chamber at approximately 40o F. On January 31st of 2002,
when all of the potted plants were in a dormant state, 200 plants were removed and put
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into a greenhouse, watered from below, and kept at approximately 70o F to induce active
foliar growth qualified by new leaf expansion and shoot elongation.

3.3.6 Radioisotope Materials
Radioisotope 14C materials used in Trials A and B were obtained from
DowAgroSciences and BASF. DowAgroSciences provided the radiolabeled 14Cpicloram, 14C-triclopyr, and 14C-glyphosate. BASF provided the radiolabeled 14Cimazapyr. Radiolabeled 14C-picloram (SPS Ref. no. F0571-55b, inventory # 1542,
DowAgroSciences, 9330 Zionsville rd., 306-D2, Indianappolis, IN, 46268-1053) had a
radioactivity of 0.100 mCi, specific activity of 24.6 mCi/mmol, and radiochemical purity
of 99%. Radiolabeled 14C-triclopyr (SPS Ref. no. F0859-41A, inventory # 1619) had a
radioactivity of 0.0035 mCi, specific activity of 24.2 mCi/mmol, and radiochemical
purity of 97.9%. Radiolabeled 14C-glyphosate (SPS Ref. no. F0329-149a, NEN lot #
3385-051, inventory # 1493) had a radioactivity of 0.100 mCi, specific activity of 51.1
mCi/mmol, and radiochemical purity of 98.2%. Radiolabeled 14C-imazapyr (lot # AC
11396-108, BASF Corporation, Clarksville rd., Princeton, N.J., 08543) had a
radiochemical purity of 98.1%, specific activity of 25.49 Ci/mg, and radiochemical
purity of >99%. All of the material used in this study was deemed suitable to the
scientific standards of the Critz, VA lab staff.
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3.3.7 Treatment Formulations
Four herbicides, and three surfactants, were utilized in Trial A as described in
Section 3.3.3. Glyphosate, triclopyr, imazapyr, and picloram are the active ingredients of
each herbicide. The surfactants were of the following type: a non-ionic spreading
surfactant, a penetrating methylated seed oil surfactant, and penetrating emulsified
petroleum based oil surfactant. Selected combinations of these active and adjuvant
ingredients were delivered to salal plants whose foliage was either growing or dormant..
Eleven chemical treatments were utilized in Trial A. These herbicide and
surfactant treatments were be applied to the potted salal plots at two phenological states,
thus equaling 22 total treatments. Table 10 provides a description of the treatments that
were used in this study.

Table 10 – Treatment List A
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Because glyphosate and picloram are formulated as salts and MSO and Herbimax
are formulated as esters, the interaction of these factors was not tested in this study due to
chemical incompatibility. In addition, because past radiotracer studies conducted at VPI
have shown that glyphosate, without a surfactant, tends to roll off waxy leaf surfaces, this
herbicide and surfactant combination was not tested.
Eight treatments were utilized in Trial B. These herbicide and surfactant
treatments were be applied to the potted salal plots at two phenological states, thus
equaling 16 total treatments. Table 11 provides a description of the treatments that were
used in this study.

Table 11 – Treatment List B

3.3.8 Experimental Design
Both trials utilized a randomized complete block design. Three blocks were used
where each treatment was replicated three times within a given block. Each block in Trial
A had 66 plots that represented the 11 base treatments, by two phenologies, and
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replicated three times. Trial B had 48 plots that represented the 8 base treatments, by two
phenologies, and replicated three times. All plots were blocked based on the time at
which they were scheduled for treatment with radio-labeled material. Treatment
allocations and applications were randomized within the study prior to application.
A 1-year old, 3.5-inch size potted salal plant constituted a treatment plot. To
provide reasonable uniformity in plant size, they were grade selected from a nursery in
the Willamette Valley of Oregon for quality and morphological homogeneity prior to
shipment to Virginia. Plants selected generally fit within 4-6” top height and did not
exhibit any apparent growth abnormalities or disease. The salal in this study was
harvested from field sites by the nursery, and potted for secondary use in December of
2001. Thus, at the time this study was initiated, all above-ground stems were
approximately one-year old from the rooted rhizomes collected by the nursery.

3.3.9 Treatment Application Procedures
Treatment application began on February 21, 2002 for Trial A and February 25th
for Trial B. In both trials, plants were treated with both a non- 14C labeled herbicide
application and a14C labeled herbicide application. A hooded over-head track sprayer that
was calibrated for a 10 gallon per acre (GPA) use rate delivered the non-labeled
applications. These applications preceded the 14C labeled treatments. Once the plots had
been assigned a treatment, they were treated in 6 plant groups of identical tank mixtures.
Care was taken to minimize the time-span between non-labeled and 14C labeled
applications.
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For each 14C labeled treatment application, two currently expanding leaves in
each pot were each treated with 20,000-50,000 disintegrations per minute (DPM) of 14C
labeled material. Due to stocking limitations, only 20,000 DPM were used with triclopyr
ester. 50,000 DPM were applied to picloram, glyphosate, and imazapyr. Each leaf was
treated with ten 0.24 l drops, in groups of five that were spaced equally on both sides of
the midrib of the leaf.
Immediately prior to a 14C labeled application for each plot, an application
standard of ten 0.24 l drops of labeled treatment formula was collected in a vial, which
was then used to estimate the amount of labeled material applied to the plant. The amount
of labeled herbicide measured from each plant was expressed as a percent of this
standard.
One treatment leaf was allowed to absorb the 14C labeled material for one hour
after treatment (1 HAT). At this time, this treatment leaf was harvested. A second leaf
was harvested 2 WAT (weeks after treatment), which allowed for both absorption and
translocation of the 14C labeled material. At that time (March 4, 2002) all treatment plots
were harvested from Trial B and on the 7th for Trial A.

3.3.10 Measurements and Procedures
This trial intended to primarily quantify the 1-HAT and 2-WAT rain-fastness of
14

C labeled material, the 1-HAT and 2-WAT leaf absorption of 14C treated leaves, the 2-

46
WAT cuticle binding properties of leaves treated with 14C labeled herbicides, as well the
2-WAT translocation properties of salal plants treated with 14C labeled herbicides.
The 1-HAT rain-fastness test was implemented by washing the 1-HAT treatment
leaf with de-ionized (DI) water. Leaf washing was conducted in a funnel that will drain
wash fluid into a vial. De-ionized water wash sample sizes are 20-ml. Samples were
comprised of three 5-ml leaf rinses and one 5-ml funnel rinse. At the time of wash sample
processing, a 1-ml aliquot was sampled from the rinse and mixed in 6-ml Scintiverse II
scintillation cocktail. Samples were analyzed with a Packard LSC Tri-Carb 2900TR
scintillation counter.
At two weeks, the potted plants were harvested. At this time, the second treatment
leaf was excised, bagged, and frozen. The remainder of the plant material was severed at
the root collar, categorized into three sample types (treatment leaf, above-ground
biomass, below-ground biomass), and then frozen for at least a 24-hour period to stop any
metabolic activity. The above-ground and below-ground biomass was then transferred to
a kiln dryer for one week at 65 C.
The first procedure was to analyze the second treated leaf. First, an analysis was
initiated to approximate the percent of 14C labeled material that did not diffuse into the
membrane transport system of the plant. This 2-WAT procedure was conducted with the
same procedure as the 1-HAT wash.
Following the 2-WAT leaf wash, the percent of cuticle bound 14C was analyzed.
The cuticle was stripped with a solution of 5% cellulose acetate in acetone. Cuticle strips
were then placed in a 15-ml scintillant of 90.5% Dioxane, 9% Napthalene, and 0.5 %
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PPO. Samples were analyzed with a Packard LSC Tri-Carb 2900TR scintillation counter.
After the second treatment leaf has been washed and stripped, it was then oxidized in a
RJ Harvey Biological Oxidizer OX500 at 900 C. RJ Harvey brand 14C scintillant was
used in the oxidation process to capture 14C from the gas into a scintillation vial. Samples
were then counted for 14C by a Packard LSC Tri-Carb 2900TR scintillation counter.
After the remaining leaf material, below-ground root biomass, and above-ground
woody stem biomass was dried, it was then ground finely in a contained glove box to
preserve the integrity of the samples. An oven-dried 0.25g sample was then be oxidized
in a RJ Harvey Biological Oxidizer OX500, and then analyzed through a Packard LSC
Tri-Carb 2900TR scintillation counter. It took two weeks for these analyses.

3.3.11 Statistical Analyses
Data collected from this study was subjected to Analysis of Variance (ANOVA)
for a randomized complete block design separately for each herbicide. Thus, each
herbicide was analyzed individually for surfactant and phenology effects. An analysis of
the interactions of these main factors was conducted as well. Tests for normality,
linearity, and constant variance were performed, and transformations were conducted
when appropriate in an effort to fulfill these basic statistical assumptions. SAS/STAT
software, utilizing GLM procedures, was used for the analysis of all data.
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3.4 Results – Trial A
Seven measures of radiolabeled imazapyr, triclopyr, glyphosate, and picloram
were analyzed as a function of plant phenology and surfactant type: 1-HAT water wash
%, 1 HAT leaf %, 2-WAT water wash %, 2-WAT leaf %, 2 WAT cuticle %, 2-WAT
stem %, 2-WAT root %. Explanatory variables for this study were: surfactant type, plant
phenology, and the interaction of these factors. Only those explanatory variables that
were significant (   0.05 ) are reported. None of the variability in the data associated
with the seven measures of radiolabeled material could be significantly (   0.05 )
explained for glyphosate. This herbicide was analyzed only for effects associated with
plant phenology.

3.4.1 Imazapyr Analysis
Table 12 summarizes the significance of each study factor by measurement
parameter.

Table 12 – Imazapyr: Factor Significance

5

5

P-values summarized by main study factors and interactions.
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3.4.1.1 1-HAT Water Wash %
The water wash was used in this study to understand rain-fastness. By dispensing
water from a syringe onto the treatment leaf 1-hour after application, I was able to
determine how well the herbicide was taken into the leaf structure and/or “stuck” to the
leaf. Surfactant type was the only significant (   0.05 ) factor for this parameter (Table
12). Significantly (   0.05 ) less labeled material was washed off, after 1-hour, with
MSO than with X-77 or water at each phenology (Table 13).

Table 13 - Imazapyr: 1-HAT Water Wash By Surfactant

Herbimax was not significantly different than MSO, X-77, or water. However,
this analysis suggests that an interaction may exist between surfactant type and plant
phenology (P = 0.088). The AFG treatment of imazapyr with MSO, at 47.8%, was
significantly (   0.05 ) lower than all other treatments among both phenologies (which
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ranged from 85.9 – 117.9%), including the D applications of imazapyr with MSO (Table
14). Thus, although MSO was statistically a superior surfactant for minimizing herbicide
wash-off for both phenologies, it’s only significant benefit of reducing herbicide loss was
achieved with the AFG applications of this product (Table 14).

Table 14 - Imazapyr: 1-HAT Water Wash Phenology By Surfactant

3.4.1.2 1-HAT Leaf %
Surfactant type, plant phenology, as well as surfactant type by phenology were all
significant factors in explaining the variation of this data (Table 12). Significantly
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(   0.05 ) more of the surfactant MSO was able to absorb into the treatment leaf, after
1-hour, than Herbimax, X-77, or water for both phenologies (Table 15).

Table 15 - Imazapyr: 1-HAT Leaf % By Surfactant

Furthermore, for all surfactants tested, a significantly greater amount of labeled
herbicide was able to absorb into the leaf structure with the AFG treatments relative to D
(Table 16).
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Table 16 - Imazapyr: 1-HAT Leaf % By Phenology

However, this main effect is largely the result of significantly (   0.05 ) greater
herbicide absorption with MSO at an AFG status (Table 17).
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Table 17 – Imazapyr: 1-HAT Leaf % By Phenology and Surfactant

The interaction between phenology and surfactant type was a result of a
difference in magnitude between MSO in relation to Herbimax, X-77, and water by
phenology (Table 17). Plants experiencing AFG with Herbimax, X-77, and water did not
absorb any more of the labeled herbicide than any of the D treatments, including MSO
(Table 17). Thus, the high absorption percent (52.3%) of AFG applications of imazapyr
with MSO in relation to the significantly lower absorption percents of all other
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phenologies by surfactant interaction (ranging from 0.2 – 9.0%) was the causal
mechanism for the significance of this interaction, as well as phenology (Table 17).

3.4.1.3 2-WAT Water Wash %
Surfactant type and plant phenology were significant (   0.05 ) factors in
explaining the variation of these data (Table 12). Each surfactant, when applied with
Chopper, was significantly (   0.05 ) different than the other three tested (Table 18).

Table 18 – Imazapyr: 2-WAT Water Wash By Surfactant

MSO provided the least amount of herbicide loss (20.5%) from the leaf wash 2WAT, followed by Herbimax (48.8%), X-77 (69.4%), and then water at 86.1% (Table
18). Furthermore, across all surfactants tested, significantly less labeled material was
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washed off the leaf surface with the AFG treatments (37.2%) relative to D treatments at
75.2% (Table 19).

Table 19 – Imazapyr: 2-WAT Water Wash By Phenology

3.4.1.4 2-WAT Leaf %
A water wash was conducted on treatment leaves 2-weeks after treatment to
understand the rain-fastness of the treatments after an extended period. Surfactant type,
plant phenology, as well as surfactant type by phenology were all significant factors in
explaining the variation of these data (Table 12). Significantly (   0.05 ) more of the
surfactant MSO was able to absorb into the treatment leaf (63.1%), after two weeks, than
Herbimax (32.8%), X-77 (30.9%), or water (15.3%) among both phenologies (Table 20).
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Table 20 – Imazapyr: 2-WAT Treatment Leaf % By Surfactant

Herbimax and X-77 treatments were similar, and significantly greater than the no
adjuvant treatment. Furthermore, across all surfactants tested, a significantly greater
amount of labeled material was able to absorb into the leaf structure with the AFG
treatments (58.1%) relative to the D treatments at 13.0% (Table 21).

Table 21 – Imazapyr: 2-WAT Treatment Leaf % By Phenology
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The interaction between phenology and surfactant type was a result of a
difference in magnitude of herbicide concentration in the water wash between Herbimax,
X-77, and water between the AFG and D phenological states (Table 22). Plants
experiencing AFG and treated with Herbimax and X-77 absorbed a significantly
(   0.05 ) greater amount of labeled material than with water (Table 22). However, this
significance was nonexistent when plants were dormant (Table 22). Imazapyr with MSO
provided significantly greater herbicide absorption into the leaf, relative to the three other
surfactant combinations, in both phenological states (Table 22).
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Table 22 – Imazapyr: 2-WAT Water Wash % By Phenology and Surfactant

3.4.1.5 2-WAT Cuticle %
None of the study factors significantly (   0.05 ) explained the data in this
analysis (Table 12). A relatively small amount of labeled herbicide (1.5% - 5.8%) was
measured in the cuticle for all surfactant types among both phenologies.

3.4.1.6 2-WAT Stem %
None of the study factors significantly (   0.05 ) explained the data in this
analysis (Table 12). A relatively small amount of labeled herbicide (0.5% - 5.7%) was
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measured in the above ground stem biomass for all surfactant types among both
phenologies.

3.4.1.7 2-WAT Root %
Surfactant type, plant phenology, as well as surfactant type by phenology were all
significant factors in explaining the variation of these data (Table 12). Significantly
(   0.05 ) more of the surfactant MSO was able to absorb into the below-ground tissue
(1.3%), after two weeks, than Herbimax (0.4%), X-77 (0.3%), or water (0.1%) across
both phenologies (Table 23).

Table 23 – Imazapyr: 2-WAT Root % By Surfactant

Furthermore, across all surfactants tested, a significantly greater amount of
labeled material absorbed into the below-ground biomass with the D treatments (0.9%)
relative to the AFG treatments at 0.1% (Table 24).
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Table 24 – Imazapyr: 2-WAT Root % By Phenology

However, this main factor effect is largely the result of significantly (   0.05 )
greater herbicide absorption with MSO at a dormant status (2.4%), relative to any other
surfactant type between both phenologies, with values ranging from 0.1% to 0.5% (Table
25).
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Table 25 – Imazapyr: 2-WAT Root % By Phenology and Surfactant

Imazapyr with MSO simply provides significantly greater translocation of labeled
herbicide than all other surfactant by phenology combinations. In addition, none of the
other surfactant and phenology combinations were significantly different from each other
(Table 25). The interaction between phenology and surfactant type was a result of both
rank and magnitude changes of surfactant types by phenology (Table 25).
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3.4.2 Triclopyr Analysis
The following Table 26 summarizes the significance of each study factor by
measurement parameter.
Table 26 – Triclopyr: Factor Significance

6

3.4.2.1 1-HAT Water Wash %
None of the study factors significantly (   0.05 ) explained the variation of the
data in this analysis (Table 26). Leaf wash percentages ranged from 51.6% – 92.6%
between both phenological states.

3.4.2.2 1-HAT Leaf %
None of the study factors significantly (   0.05 ) explained the variation of the
data in this analysis (Table 26). Leaf absorption percentages ranged from 6.1% – 11.6%
among both phenological states.

6

P-values summarized by main study factors and interactions.
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3.4.2.3 2-WAT Water Wash %
Surfactant type, plant phenology, as well as surfactant by phenology were all
significant factors in explaining the variation of this data (Table 26). Significantly
(   0.05 ) less of the surfactant MSO was washed off the treatment leaf (8.4 %), after
two weeks, than Herbimax (16.9%), X-77 (19.9%), or water (23.7%) across both
phenologies (Table 27).

Table 27 – Triclopyr: 2-WAT Water Wash By Surfactant

Furthermore, across all surfactants tested, significantly less labeled material was
washed off the treatment leaf with the AFG treatments (14.1%) relative to the D
treatments at 20.4% (Table 28).
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Table 28 – Triclopyr: 2-WAT Water Wash By Phenology

An interaction existed between surfactant and phenology, as a result of rank and
magnitude changes of surfactant types by phenology (Table 29). Within the AFG
treatments, none of the surfactants were significantly different; the surfactant X-77
provided the least herbicide loss (9.5%), followed by MSO (11.5%), Herbimax (17.3%),
and then water at 18.0% (Table 29). Within the D treatments significant differences were
evident, where MSO provided the least herbicide loss (5.3%) and was significantly
different from both X-77 (30.3%) and water at 29.5% (Table 29). Under D conditions
Herbimax provided 16.4% herbicide loss and was significantly different from X-77 and
water, but not from MSO (Table 29).
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Table 29 – Triclopyr: 2-WAT Water Wash By Phenology and Surfactant

3.4.2.4 2-WAT Leaf %
Surfactant type, plant phenology, as well as surfactant type by phenology were all
significant factors in explaining the variation of this data (Table 26). Significantly
(   0.05 ) more of the surfactant MSO was able to absorb into the treatment leaf
(39.1%), after two weeks, than Herbimax (28.1%), X-77 (27.1%), or water (24.4%)
among both phenologies (Table 30). Herbimax, X-77, and water treatments were not
statistically different (Table 30).
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Table 30 – Triclopyr: 2-WAT Treatment Leaf % By Surfactant

Furthermore, among all surfactants tested, a significantly greater amount of
labeled material was able to absorb into the leaf structure with the AFG treatments (34.2
%) relative to the D treatments at 25.2% (Table 31).

Table 31 – Triclopyr: 2-WAT Treatment Leaf % By Phenology
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However, an interaction existed between these factors, as a result of rank and
magnitude changes of surfactant types by phenology (Table 32). Within the AFG
treatments, none of the surfactants were significantly different; the surfactant X-77
provided the greatest absorption (41.0%), followed by water (34.3%), Herbimax (32.2%),
and then MSO at 29.3% (Table 32). Within the D treatments significant differences were
evident, where MSO provided the greatest absorption (49.0%) and was significantly
different from Herbimax (24.0%), water (14.6%), and X-77 at 14.0% (Table 32).
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Table 32 – Triclopyr: 2-WAT Treatment Leaf % By Phenology and Surfactant

3.4.2.5 2-WAT Cuticle %
None of the study factors significantly (   0.05 ) explained the data in this
analysis (Table 26). A considerable amount of labeled herbicide ranging from 8.7% –
22.5% was measured in the cuticle for all surfactant types among both phenologies.
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3.4.2.6 2-WAT Stem %
None of the study factors significantly (   0.05 ) explained the data in this
analysis (Table 26). A considerably small amount of labeled herbicide (0.5% - 2.5%) was
measured in the above ground stem biomass for all surfactant types at both phenologies.

3.4.2.7 2-WAT Root %
Plant phenology was the only significant (   0.05 ) factor in this analysis (Table
26). Significantly more labeled herbicide was measured in the below ground rooting
biomass with D treatment applications (0.9%) relative to AFG treatment applications at
0.3% (Table 33). Among both phenologies, 0.2% - 1.1% of labeled triclopyr was
delivered to the root system from the treatment leaf after two weeks (Table 34).

Table 33 – Triclopyr: 2-WAT Root % By Phenology
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Table 34 – Triclopyr: 2-WAT Root % By Phenology and Surfactant

3.4.3 Glyphosate Analysis
None of the study factors significantly (   0.05 ) explained the variation of the
data in this analysis (Table 35). Accord applications were delivered, in combination with
X-77, to AFG and D plants. On 1-HAT leaves, over 100% (relative to the application
standard) of the labeled material was washed off after 1-hour; approximately 135.3% of
the labeled material was lost with the AFG treatments and 114.1% with the D treatments
in comparison to the application standard. Nearly none of the labeled material was able to
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absorb into the leaf structure after 1-hour; approximately 0.3% of the labeled material
was absorbed into the leaf structure with the AFG treatments and 0.6% with the D
treatments. Approximately 128.6% of the labeled material was washed-off the 2-WAT
leaves with AFG treatments, and 53.9% with dormant plants. Absorption of labeled
herbicide was greater with 2-WAT leaves than 1-HAT, with AFG treatment leaves
absorbing 3.5% and D treatment leaves 20.8%. Cuticle bound herbicide in AFG
treatments was 0.9%, and 11.6% with D treatments. The amount of labeled material in
the above ground biomass of the AFG treatment 2-WAT was 0.4% and 2.3% for D
applications. Finally, the amount of labeled material in the below ground biomass of the
AFG treatment 2-WAT was 0.3% and 1.4% for D applications.
Table 35 – Glyphosate: Factor Significance

3.4.4 Picloram Analysis
The following Table 36 summarizes the significance of each study factor by
measurement parameter.
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Table 36 – Picloram: Factor Significance

3.4.4.1 1-HAT Water Wash %
None of the study factors significantly (   0.05 ) explained the variation of the
data in this analysis (Table 36). Leaf wash percentages ranged from 103.5% – 108.9%
among both phenological states.

3.4.4.2 1-HAT Leaf %
None of the study factors significantly (   0.05 ) explained the variation of the
data in this analysis (Table 36). Leaf wash percentages ranged from 0.17% – 0.5% among
both phenological states.

3.4.4.3 2-WAT Water Wash %
Plant phenology was the only significant (   0.05 ) factor in explaining the
variation of this data (Table 36). Among surfactants tested, significantly (   0.05 ) less
labeled material was washed off the treatment leaf with the D treatments (86.2%) relative
to the AFG treatments at 97.0% (Table 37).
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Table 37 – Picloram: 2-WAT Water Wash By Phenology

3.4.4.4 2-WAT Leaf %
Surfactant type, plant phenology, and surfactant type by phenology were all
significant factors in explaining the variation of this data (Table 36). Significantly
(   0.05 ) more of the surfactant X-77 was able to absorb into the treatment leaf (9.6%),
after two weeks, than water (2.1%) among both phenologies (Table 38).

Table 38 – Picloram: 2-WAT Treatment Leaf % By Surfactant
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Furthermore, among all surfactants tested, a significantly greater amount of
labeled material was able to absorb into the leaf structure with the AFG treatments (8.5
%) relative to the D treatments at 3.2% (Table 39).

Table 39 – Picloram: 2-WAT Treatment Leaf % By Phenology

However, an interaction existed between these factors, as a result of magnitude
differences between surfactant types by phenology (Table 40). Within the AFG
treatments X-77 provided 15.4% leaf absorption compared to 1.7% from picloram with
water (Table 40). Within the D treatments X-77 provided 3.7% leaf absorption, which
was not significantly greater than water carrier (2.6%) treatment (Table 40). Thus, the
only significant benefit of X-77, regarding leaf absorption, was achieved in the AFG
phenology. All other values among both phenologies were not significantly (   0.05 )
different.
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Table 40 – Picloram: 2-WAT Treatment Leaf % By Phenology and Surfactant

3.4.4.5 2-WAT Cuticle %
Plant phenology was the only significant (   0.05 ) factor in explaining the
variation of this data (Table 36). Among all surfactants tested, significantly (   0.05 )
less labeled material was contained in the leaf cuticle with the AFG treatments (1.0%)
relative to the D treatments at 2.4% (Table 41).
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Table 41 – Picloram: 2-WAT Cuticle % By Phenology

3.4.4.6 2-WAT Stem %
None of the study factors significantly (   0.05 ) explained the data in this
analysis (Table 36). A considerably small amount of labeled herbicide (0.7% - 4.5%) was
measured in the above ground stem biomass for all surfactant types among both
phenologies.

3.4.4.7 2-WAT Root %
Plant phenolgy was the only significant (   0.05 ) factor in this analysis (Table
36). Significantly more labeled herbicide was measured in the below-ground rooting
biomass with D treatment applications (0.2%) relative to AFG treatment applications at
0.1% (Table 42). Across both phenologies and surfactant types, only 0.1% - 0.3% of the
labeled picloram applications was delivered to the root system from the treatment leaf
after two weeks.
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Table 42 – Picloram: 2-WAT Root % By Phenology

3.5 Results – Trial B
Table 43 and Table 44summarize the results of significance from the minor surfactant
rate trial. Surfactant rate was only significant with Triclopyr two weeks after application
in the stem biomass. Approximately 1.7% of the applied herbicide was measured in the
biomass of high application rates compared to 0.7% with low application rates.
Table 43 – Imazapyr: Factor Significance of Surfactant Rate

78
Table 44 – Triclopyr: Factor Significance of Surfactant Rate

3.6 Discussion
The control of salal, by herbicides, has been a prominent component of intensive
silvicultural practices in the forest industry. The most common application methods have
been either by aerial backpack sprayers. It has been assumed that herbicides penetrate the
leaf cuticle most easily in the spring, absorb into the leaves and stems, and thus spring
applications provide the above-ground control and fall applications provide the best
opportunity to kill rhizomes and buds below-ground.
The purpose of this study was to a) test the above assumptions and b) quantify the
rain fastness, absorption, and translocation of triclopyr, picloram, glyphosate, and
imazapyr over two distinct phenological periods (spring and fall with and without the use
of surfactants). As a whole, this study validated that the phenological state of salal (or
season of application) has a significant impact on the absorption and translocation of
herbicides. Spring is the best season for achieving the greatest level of penetration into
the leaf structure by herbicide. This is because cuticle thickness is much less of a barrier
on newly formed leaves emerging in spring/summer shoot elongation periods.
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Furthermore this study substantiated the idea that fall, or dormant, periods allow for the
translocation of chemical into roots.
With regard to individual herbicides, imazapyr and triclopyr provided the best
overall level of control, leaf absorption, and rhizome penetration. They tended to have
better rain fastness than glyphosate or picloram, especially with MSO. MSO proved to
be the best surfactant tested. It reduced the amount of herbicide washed off in rain
simulations and enabled high quantities of herbicide to penetrate leaves, and thus move
throughout the plant.
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Chapter 4 – General Conclusion

A combination of study methods was used in this thesis to examine the interaction
of various herbicide products on salal. One method was to observe the phytotoxic effects
of herbicide treatments on salal in the field. Another was to examine how salal absorbs
and translocates herbicide throughout its biomass. By combing these methods, several
points are clear.












Spring is the most efficacious season to apply herbicides on salal.
High application rates in excess of conventional site preparation rates are
more effective than conventional rates.
Herbicides applied to salal with surfactants do not show greater visual
phytotoxity or reduction in biomass/unit area than those applied with
water carriers.
Triclopyr was the most effective herbicide on salal.
Imazapyr tends to interact with season of application and surfactant type
more readily than other herbicides.
The leaf cuticle provides a significant barrier to herbicide absorption.
Generally more herbicide is absorbed into the leaf membrane with the
addition of a surfactant than without.
Generally more herbicide is absorbed into the leaf membrane in AFG
rather than D conditions.
Generally more herbicide is translocated to below-ground structures in a D
rather than AFG condition.
None of the herbicide treatments exhibited significant rain fastness,
although imazapyr and triclopyr penetrated the leaf cuticle better than
picloram.

For herbicides to be effective they must be appropriate for the targeted plant
species, applied at rate adequate for a phytotoxic effect, and be translocated throughout
the plant. For salal, there is evidence that triclopyr and imazapyr are reliably effective.
Furthermore, common site preparation rates (or low study rates) are adequate for
achieving a herbical effect, but higher rates (even at 200% of a common site preparation
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rate) still do not achieve total control. Delivery to plant transport structures seems to be
the greatest area of opportunity for herbicide translocation, be it by application season or
the use of adjuvant products to aid in leaf/tissue penetration.
The most effective herbicides used in this study move via the symplast pathway
through plasmodesma between plant cells and through the cytoplasm. Functionally, this
allows these herbicides to be allocated to areas of relatively low nutrient and water
concentrations within the plant thereby killing pre-existent tissue and new growth. Plants
treated with herbicides such as triclopyr and imazapyr, which primarily move via
symplast pathways, are expected to experience seasonal treatment effects; spring
treatments move herbicides into above-ground structures and fall treatments in belowground structures. In contrast to the symplast pathway, the apoplast pathway occurs
through the cell wall by a diffusion gradient. Although both glyphosate and picloram can
be translocated by the symplast, they are also capable of movement by the apoplast
pathway. It is curious that of the four herbicides tested in this study, those that move
primarily by the symplast pathway were seasonally more effective than those capable of
movement in both.
This study demonstrates that understanding how herbicides act within a plant
species may enable efficient use of funds and help to achieve specific management
objectives. It also provides a practical source of knowledge on the topic of herbicide-salal
interactions. Practically, for forest managers of the PNW, it provides empirical data to
use in managing salal. It also provides a fresh look at how to understand the relationship
between a targeted plant species and method of control. By looking inside the plant, as
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well as on the surface, this process allows us to understand what is happening – not just
what happens.
One of the limitations of this study was that treatments effecting below-ground
herbicide movement were conducted in a laboratory setting with small potted plants that
had larger shoot to root ratios than with what is evident in forests. In addition, the
measurement period at two-weeks after treatment in the radioisotope study was much
shorter than what would occur in a field setting. It is clear from the radioisotope study
that a small amount of herbicide was translocated into below-ground biomass and the
seedlings use in the translocation study had not yet developed rhizomes. However, in
application, translocation of a herbicides into the dense network of rhizomes below
ground is likely needed for satisfactory control.
Logical next steps should include an assessment of translocation of potentially
effective herbicides into the rhizomes of older salal, especially over larger treatment
environments and longer time periods, typical of actual treatments, and for both growingand dormant- season applications. Although this study’s focus has been on how to control
salal, the next step is to examine the relationship between salal as a weed and trees as a
crop. Prior to taking any action to control salal, the question must be asked: whether or
when to control salal?
Conceptually, the Law of Final Constant Yield (Kira et al. 1953) states that when
density is sufficiently high and resources become limited, the effects of competition will
result in a constant biomass due to a proportional decrease in the size of the individuals.
In accordance with this law, and in the context of this study, continuous cover of salal
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may indeed significantly prohibit early crop tree development. However, in
circumstances where salal is patchy the effect may not be as great on crop yield. In order
to make the most use of this study, it is prudent to study those circumstances in nature
where it is advantageous to control for management purposes.
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