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ABSTRACT

INFLUENCE OF SOIL PROPERTIES AND SOIL MOISTURE ON THE EFFICACY OF

INDAZIFLAM AND FLUMIOXAZIN ON KOCHIA SCOPARIA

Indaziflam and flumioxazin are two broad spectrum preemergence herbicides both
labeled for control of kochia (Kochia scoparia L.). There is currently limited understanding of
the significant effect of soil properties and soil moisture on the efficacy of these herbicides. Soil
water retention curves were generated for soils with a wide range of soil physicochemical
properties. The direct effect of soil moisture was then evaluated in a greenhouse bioassay. The
dose required for 80 percent growth reduction (GRgo) for both herbicides showed correlations
with percent organic matter and cation exchange capacity. Results from the linear regression
analysis show the single best parameter explaining the highest proportion of variability in the
GRaso rates was soil organic matter (R? = 0.792 and 0.721) and CEC (R? = 0.599 and 0.354).
There were two significant multiple regression models for indaziflam (R? = 0.914 and 0.901) and
one for flumioxazin (R? = 0.814). As soil matric potential increased there was a significant
effect of soil moisture on kochia percent dry weight reduction. Indaziflam and flumioxazin
phytotoxicity was shown to be greatly reduced at -2 and -4 bars, and previous research has
shown that kochia can germinate at moisture potentials greater than six times these values. The
driving factors that were found to be correlated with this moisture effect was percent organic
matter, CEC, percent sand, and percent clay. In these studies, kochia was found to germinate at
moisture potentials below the moisture required for herbicide activation, and is likely why this
weed is difficult to control with preemergence herbicides. There is a complex interaction

between soil properties and soil moisture that influences kochia herbicide efficacy.
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INTRODUCTION

Introduced to the United States from Europe as an ornamental, kochia (Kochia scoparia
L.), has escaped cultivation and spread across cultivated fields, along roadsides, and in waste
areas throughout North America®. Resistance has been documented in three countries, against
four different sites of action! 2. Kochia germinates very early in the spring and is tolerant to
heat, cold, drought, pH, and salt' 3. A single plant can produce up to 15,000 seeds®. Kochia
can germinate at soil moisture potentials between -13.2 and -16 bars, and will often favor dry soil
moisture conditions®* 7. Efficacy of many preemergence (PRE) herbicides for control of kochia
differs among soils based on soil physicochemical properties and soil moisture. Without
adequate soil moisture for herbicide activation, PRE herbicide efficacy decreases dramatically®
11_

Previous studies showed the efficacy of many PRE herbicides differs among soils based
on soil properties’??°, Better understanding the interaction between herbicide efficacy and soil
physical properties on kochia control, may provide additional information to make more accurate
PRE use recommendations, while decreasing negative environmental impacts such as off-target
movement. Soil organic matter is often directly correlated with herbicide availability, and may
be the only soil parameter found to be correlated with herbicide efficacy!®. Among 12 herbicides
previously investigated, percent organic matter and cation exchange capacity was highly
correlated with herbicide phytotoxicity>. Adsorption of herbicides onto organic matter reduces
concentrations in soil solution, decreasing phytotoxicity. Herbicides chemical properties are
additional factors that help predict herbicide response to different soil properties. Basic
compounds, such as indaziflam, tend to be in the non-ionized form at soil pH close to the pKa

(3.5), whereas nonionic herbicides like flumioxazin are not affected by pH. Previous studies



with indaziflam have shown a significant positive correlation between the Freundlich distribution
coefficient (Kr) and percent organic carbon (r = 0.990), and percent clay (r = 0.880) in Brazilian
soils?. In United States mollisols, there were significant correlations between Ky and percent
organic carbon (r = 0.970), pH (r = -0.870), and percent clay (r = -0.998)?!. These correlations
suggest that sorption of indaziflam increases as percent organic carbon increases, and pH
decreases. Previous studies with flumioxazin have demonstrated similar results, indicating a
significant correlation between K and percent organic carbon (r = 0.950), cation exchange
capacity (r = 0.860), percent sand (r = -0.950), percent silt (r = 0.920), and percent clay (r =
0.700)%. In these studies, sorption varied for flumioxazin by approximately 22-fold, and
indaziflam approximately 4-fold, across soils with different physical properties. Hysteresis of
these two compounds also suggest that a portion of the applied herbicide is very
strongly/irreversibly bound to soil and does not readily desorb without adequate soil moisture?
22_

The efficacy of most soil applied PRE herbicides is highly influenced by soil moisture,
yet this effect is not well understood®*% 2324 Using low rates of chloramben, PRE applications
with adequate moisture resulted in increased weed control®. There have been similar findings
with dichlobenil, atrazine, EPTC, simazine, atrazine, terbutryn, isoproturon, and diuron® 12529,
Soil moisture is a critical factor in better understanding the efficacy of PRE herbicides because
as moisture levels decrease, herbicides are not transported to plants by mass flow or diffusion,
decreasing phytotoxicity (Fig. 1.14)%. This rainfall activation is necessary for (1) bringing the
herbicide into solution, (2) redistributing the herbicide into the surface soil layers, and (3)

herbicide availability to the weed seedlings®.



Learning how herbicide adsorption changes in response to different soil and moisture
regimes will provide a better estimate for the quantity of a pesticide in soil solution, and thus
determine its persistence, leaching, mobility, and bioavailability'®. Soils contain different
hydraulic and retention properties, so in order to determine moisture contents of soils with
different soil properties at specific matric potentials, soil water retention curves are generated®.,
To minimize confounding influence of dosage on indaziflam and flumioxazin performance when
evaluating the effect of soil moisture, plant responses are normalized based on soil properties
using 80 percent growth reduction (GRso values)*’.

Data describing the PRE efficacy of indaziflam and flumioxazin on kochia is limited.
Our first objective of these studies was to determine the amount of herbicide required to produce
GRgo in kochia for a range of soils with different properties. Our second objective was to assess
the effect of soil moisture on herbicide phytotoxicity of kochia, using soil water retention curves
and the GRgo standardized herbicide rates. This work expands on past research of PRE
herbicides by showing the direct influence of soil properties and soil moisture on the efficacy of

indaziflam and flumioxazin on kochia.



MATERIALS AND METHODS

Chemicals. Indaziflam [N-[(1R,2S)-2,3-dihydro-2,6-dimethyl-1H-inden-1-yl]-6-[(1RS)-
1-fluoroethyl]-1,3,5-triazine-2,4-diamine] is a selective alkylazine herbicide used for broad
spectrum PRE control of over 75 grass, broadleaf, and annual sedge species. Indaziflam is a
cellulose-biosynthesis inhibitor and is used in industrial vegetative management, turf, and
established citrus, grape, and tree nut crops®2. Application rates range between 51 and 102
g-ai-ha’ with a yearly maximum of 146 g-ai-ha®. Long soil persistence (t12>150 days) and
broad spectrum control makes this herbicide a viable option in many management systems.
Indaziflam has a water solubility of 2.80 mg-L™ and a Log Kow ranging from 2.0 to 2.8; requiring
adequate moisture for activation®* 34, Previous work has shown that sorption of indaziflam and
its metabolites is affected by soil properties. Further work is necessary to better understand the
main effect of soil moisture on the activation and phytotoxicity of indaziflam?: %

Flumioxazin [N-(7-fluoro-3,4-dihydro-3-o0x0-4-prop-2-ynyl-2H-1,4-benzoxazin-6-
yl)cyclohex-1-ene-1,2-dicarboxamide] is a dicarboximide herbicide used PRE for broadleaf
control in soybean (Glycine max), cotton (Gossypium hirsutum), peanuts (Arachis hypogaea),
and several other crops. It is also used as a selective herbicide in industrial vegetative
management and non-cropland areas. The mechanism of action is the inhibition of the enzyme
protoporphyrinogen oxidase and is used at rates between 214 and 429 g-ai-ha™* with an annual
maximum application of 857 g-ai-ha™. Flumioxazin has a short half-life (t1> <18 days) unlike
indaziflam, but has similar lipophilic chemical properties with a water solubility of 1.79 mg-L*

and log Kow of 2.6%. Indaziflam and flumioxazin chemical properties are summarized in Table

1.1.



Soil Preparation. Seven soils were selected for this study based on a wide range of
physicochemical properties. Soils were collected from the 0 to 10 cm depth, air-dried, and
passed through a 2 mm brass sieve. Soils were stored at 10°C until use. Soil physicochemical
properties were analyzed at the Colorado State University Soil Testing Laboratory using the
methods from Sparks et al.3’. The physicochemical properties of the soils are summarized in
Table 1.2.

Soil Water Retention Curves. Soil-water retention curves were generated for each soil
using a pressure plate apparatus. Pressure plate extractor methods from Jury et al®! were used.
Individual soils were packed into 2.5 cm tall by 4.95 cm diameter aluminum columns; bottoms
were each covered with a single filter paper and square cheese cloth, and secured with a rubber
band. Four replications were constructed for each soil and randomly assigned to one of three
pressure plates through completion of the experiment. Using an air compressor and pressure
regulation system, soils were subject to increasing air pressure resulting in decreasing matric
potentials. Soils were allowed to equilibrate for 3 days at each pressure of -0.05, -0.10, -0.20, -
0.33, and -0.50 bars. For pressures -1, -2, -4, -6, and -10 bars a total of 5 days was allowed for
equilibration, due to increased flow resistance at these higher pressures®:. Once equilibrium was
reached at each specific matric potential, samples were removed from the chamber and
immediately weighed. The gravimetric water content (6g), bulk density (pv), and volumetric
water (6v) content of the soil samples were determined. Using the HYDRUS-1D software
package, van Genuchten soil water retention parameters were estimated, and resulting curves
were generated for each soil with R? > 0.96 (Fig. 1.1). These curves were used for calculation of

volumetric water content values for each soil, at specific matric potentials.



Kochia Dose Response for GRso Determination. Preliminary greenhouse bioassays
were performed for indaziflam and flumioxazin to determine a range of concentrations above
and below estimated visual GRsgo values. Herbicide rates (mg-kg™) were calculated by assuming
the herbicide was equilibrated within the top (6 cm) of soil. These rates ranged from 0.050 to
0.003 mg-kg™* for indaziflam, and 0.200 to 0.013 mg-kg* for flumioxazin. Herbicide solutions
were prepared in a volumetric flask (10 mL), and then transferred to a glass air brush spray vial
(10 ml) for application. Herbicide rates in mg-kg™ are given in Table 1.3.

Prior to spraying, soils were oven dried and individually weighed (1 kg). For each
desired herbicide rate, soils were flattened on butcher block paper for increased contact, and
sprayed using an airbrush, air compressor apparatus. After approximately every third of the
herbicide solution was applied (3-4 mL), soils were mixed by hand using a quartering method to
ensure equilibration. Each sprayed soil (1 kg) was then transferred into a soil VV-blender and
allowed to equilibrate for 30 minutes. To reduce microbial degradation following equilibration,
soils were transferred to glass mason jars and placed in a freezer (-20 °C) until planting. This
airbrush method was used to insure the entirety of the herbicide was equilibrated in the soils, and
each kochia seed was accurately coming into direct contact with the same herbicide
concentration. The method for treatment applications was a Paasche double action airbrush,
sprayed with a constant air pressure (138 kPa), with a 0.73 mm tip. The air brush technique is a
common method used to apply a precise amount of pathogen inoculum in plant pathology
research, in addition to use in insecticide research34,

For planting, the treated soil (1 kg) was subdivided into four square flats (12x12x6 cm),
constituting the four replications for each rate. The study was set up as a randomized complete

block design. A total of five herbicide rates and an untreated treatment was used for the



indaziflam and flumioxazin dose response. Pure kochia seed was individually weighed for each
replication of soil (0.10 g), to ensure uniform germination throughout the experiment. Kochia
seed was planted 1 cm below the soil surface and covered with soil equilibrated with the desired
herbicide treatments. Flats were transferred to a greenhouse with a 25/20°C day/night
temperature regime at an approximate relative humidity of 60%. Natural light was supplemented
with high-intensity discharge lamps when light level was below 25 mW/cm?, to give a 15 hour
photoperiod. Soils were sub-irrigated daily in the greenhouse to simulate optimum moisture
conditions. In addition, soils were misted several times a day to decrease crusting on the soil
surface and increase germination rates. Experiment was repeated and data combined for
statistical analysis.
Soil Moisture Effect on Herbicide Efficacy

Moisture Content Determination. Using the previously generated soil water retention
curves (Fig. 1.1), the volumetric water content was determined for each soil at each matric
potential of interest (-0.10, -0.33, -1, -2, and -4 bars). This volumetric water content (6y) was
then converted to gravimetric water content (6g) using the bulk density (pp) of each soil. The
gravimetric water content was used as the basis for obtaining the desired water content for each
soil, at each matric potential of interest. Experiment was setup as a randomized complete block
design with 5 moisture potentials and 3 replications for each soil. An untreated treatment was
planted for each potential and soil combination. Herbicide phytotoxicity was standardized based
on soil properties and was represented as the GRgo rate. This rate was held constant within soil
types, and used across moisture levels at specific matric potentials. Herbicide treatments were
applied as before, using the airbrush apparatus and V-blender for equilibration. Soils were

transferred to glass mason jars and placed in a freezer (-20 °C) until planting.



Planting. Gravimetric water contents (84) were calculated from oven dry soils with a
known weight. These specific water contents were equilibrated with each soil and matric
potential combination. To each glass petri dish (95.43 cm?), moisture amended soil was
flattened into the bottom of the petri dish (0.75 cm), and was the base for which the kochia seed
was planted. Pure kochia seed (0.10 g) was spread evenly over the soil in the petri dish. Seeds
were then covered with the same moisture amended soil (0.50 cm). This procedure was
performed for each soil-moisture potential combination, for the check treatment and treated soils
(GRgo rates). This resulted in a total of 30 petri dishes per soil. To reduce moisture loss, directly
after planting, each dish was immediately placed in plastic germination boxes (11x11x4 cm).
Wet paper towel was placed around each dish in the germination box to reduce water loss to the
head space. Boxes were then placed under a shade-cloth in the greenhouse to reduce moisture
loss, under the same greenhouse conditions as the dose response. Boxes were opened once a day
to allow gas exchange, until completion of the 10 day bioassay. Upon completion, individual
moisture boxes were visually evaluated for percent control of check, harvested for dry weight
biomass, and counted number of living plants per area (111 cm?). Experiment was repeated and
data combined for statistical analysis. An average moisture loss of 19.7% was recorded for the

10 day bioassay.



RESULTS AND DISCUSSION
Effect of Soil Properties on PRE Herbicide Efficacy

Dose Reponse (GRso values). Visual evaluations were taken as percent control of the
untreated at the six different rates. Study was also harvested for dry weight biomass, and number
of surviving plants per square flat area (144 cm?). The SAS statistical program, Proc Probit, was
used to calculate GRgo vales*?. The GRgo values (Fig. 1.2) represent the herbicide rate in mg kg
required for 80 percent control of kochia for each of the seven soils. The GRgo values were
determined for each soil from a sigmoidal curve with rate on the X axis and percent control on
the Y axis. Untreated treatments were omitted for calculation of GRgo values. Calculation of
GRgo values were performed using visual percent control data in addition to percent of check dry
weight biomass. There was no statistical difference for both methods after performing an F-test
for differences in variance (p = 0.116), so visual percent data was used for analysis (Fig. 1.2).
GRgo values for each soil and herbicide combination were calculated using an Ismeans statement
in Proc Mixed (Fig. 1.2).

Using Proc Probit and the Output statement, fitted GRgo probabilities were calculated
based on the model for each herbicide, rate, and soil; averaging across replications. Linear
regression was calculated from the observed v. predicted probability values to determine
goodness of fit for the GRgo estimates (R? = 0.879). The calculated GRso herbicide rates showed
increased variation across herbicides and soils. GRgo values for indaziflam ranged from 0.0046
to 0.0385 mg kg™ and flumioxazin values ranged from 0.0479 to 0.1593 mg kg™ (Fig. 1.2).

Correlation and Regression of Soil Properties with GRso Values. Pearson correlation
coefficients (Table 1.5) and linear regression of GRgo (Table 1.6) with soil properties were

calculated. A logi0(GRso) transformation was required to meet assumptions of normality for



analysis. Results showed a significant positive correlation of logio(GRgo) with percent soil
organic matter (%SOM) and cation exchange capacity (CEC), for both indaziflam and
flumioxazin. The CEC would not be expected to be significantly correlated to the efficacy of
nonionic herbicides like flumioxazin, so this relationship was likely due to the confounding
effect of SOM and CEC*®. After combining data for both herbicides, organic matter was the
only parameter that was found to be correlated. Similar findings have shown that from 10 to 100
times more herbicide was required for growth reduction of several PRE herbicides for a soil with
16.8% SOM, as compared to a soil with 0.4% SOM?®. For flumioxazin, a majority of the SOM
adsorption may be largely due to hydrogen bonding*®. The transformed GRso values for both
herbicides, averaging across soils, was found to be correlated with each other (r = 0.867). These
results demonstrate a similar trend in herbicide adsorption across two different PRE herbicide
modes of action; cellulose biosynthesis inhibitor (CBI) and inhibition of the enzyme
protoporphyrinogen oxidase (PPO). It is important to remember that these r values are a measure
of the extent to which X and Y are linearly related. Legitimate correlation does not imply
causation, and further analysis must be done to look further at the cause and effect relationship
between soil properties and herbicide phytotoxicity. This work provides additional evidence for
the overall effect of SOM on the efficacy of PRE herbicides. Herbicides with a low water
solubility like indaziflam and flumioxazin, are able to partition into the hydrophobic organic
phase more easily?2. This may explain the decrease in kochia phytotoxicity with an increase in
SOM.

Using Proc Reg, linear regression analysis results suggest the two best single term models
describing the influence of soil properties on the efficacy of both indaziflam and flumioxazin

was %SOM and CEC (Table 1.6). Multiple regression was also performed to try and best predict

10



kochia response using these two herbicides, across soils with different physicochemical
properties (Table 1.7). Multiple regression was used to account for additional variation in the
model for predicting herbicide efficacy, that one predictor cannot account for by itself. Mallow’s
Cp model selection (best subsets) generated the top 5 models after trying every possible model.
These regression parameters were re-run to determine which models were statistically
significant.

Results from the regression analysis show the single best parameter explaining the
highest proportion of variability in the GRgo values across soils was SOM, for both indaziflam
and flumioxazin (r? = 0.792 and 0.721). The regression of SOM using this model says that a unit
increase in percent organic matter is associated with a 1.375 mg kg increase in GRso starting
with an initial rate of 0.004 mg kg™, for a soil with no soil organic matter. These linear
equations describe herbicide efficacy (GRgo) as a function of individual soil properties.

Although SOM and CEC are significant predictors of phytotoxicity, there is the possibility that
multiple predictors together in a regression model explain more of the variability than one soil
property alone. In the multiple regression we found that both OM and CEC were not needed in
the model because both are highly confounded (r = 0.850 and p = 0.0001). Using a wider range
of pH in future work would help further evaluate this main effect, and provide greater confidence
in use recommendations based on soil pH. The multiple regression equations (Table 1.7) give an
estimation of rate adjustment based on knowledge of soil properties prior to application. The
best three term models explaining the influence of soil properties on PRE efficacy for indaziflam
were:

1. y=0.0163 + 1.3722(%O0M) + 0.7473(pH) + 1.0121(%Sand) (r2 = 0.914)

2. y=0.0459 + 1.3562(%0M) + 0.7588(pH) + 0.9827(%Silt) (12 = 0.901).

11



For flumioxazin, the only significant two term model was:

1. y=0.0521 + 1.2365(%0M) + 0.9865(%Silt) (r*> = 0.814)
These linear and multiple regression equations help to better explain the variability of the model
for predicting the efficacy of these two PRE herbicides (GRso), for kochia control.

Two-way ANOVA of GRso Values. Separate logistic regression was run for each
treatment and replication combination in order to run a two-way ANOVA. This provides the
variability in the data so that herbicide, run, replication, and soil main effects can be analyzed
(Table 1.4). Proc Probit was used again to calculate GRgo values but this time by herbicide, soil,
and replication. Once these GRgo values were calculated for each replication, Proc Mixed was
used to generate p-values for type 3 tests of fixed effects, to evaluate main effects and significant
interactions.

Using the transformed GRgo values, results showed a significant main effect of soil and
herbicide, as well as a significant interaction between soil and herbicide (Table 1.4). Itis
important to analyze this interaction in further depth to attempt to explain herbicide phytotoxicity
of kochia in different soils. Using a Slice statement in Proc Mixed, we were able to determine
differences in soils and herbicides with pairwise comparisons. A Tukey adjustment was made to
control MEER separately for each group of comparisons. Using the Slice statement by
herbicide, results showed a difference between indaziflam and flumioxazin, averaging over soils
(p<.0001). This suggests a higher rate of flumioxazin is required for equal efficacy as compared
to indaziflam, averaging over soils. Using a Slice statement by herbicide and soil, there was a
significant difference between soils for indaziflam (p<.0001). There was a significant difference
between the 6.2% SOM soil and all other soils, the 0.9% SOM soil was significantly different

from all soils but 1.5% SOM and 3.3% SOM, and the 2.8% SOM, 2.5% SOM, and 4.0%SOM

12



soils were not significantly different. We also found a significant difference between soils for
flumioxazin (p<.0001). Looking at pairwise comparisons of flumioxazin for each soil we found
a significant difference between the 6.2% SOM soil and every other soil, the 0.9% SOM soil was
significantly different from all soils but 2.8% SOM, and the 3.3% SOM, 2.5% SOM, and 4.0%
SOM soils were not statistically different from each other. The IL soil (6.2% SOM) was
statistically different from all other soils for both herbicides, which provides additional evidence
that soil properties such as SOM directly influence kochia phytotoxicity. Soils with increased
SOM are particularly variable in terms of PRE control of kochia, often requiring an increased
rate for similar control to soils with decreased SOM.

These data provide evidence for the variability in the indaziflam and flumioxazin rate
required for kochia control, applied in soils with different soil properties. The soil property most
highly correlated with an increased GRgo value was organic matter (r=0.890 for indaziflam and
r=0.849 for flumioxazin). These studies provided similar results to other PRE herbicide studies
evaluating the influence of soil properties on herbicide efficacy. Khan (1978) states that the
adsorption of pesticides by organic matter may exert the most profound influence of the several
processes operating to determine the fate of a pesticide in soil, which directly supports our
findings. Although there are other factors to consider such as an herbicides water solubility and
pKa (Table 1.1), this work better explains the direct effect of soil properties on the efficacy of
these two chemically similar molecules.

Effect of Soil Moisture on PRE Herbicide Efficacy
The effect of soil moisture on PRE herbicides has previously been well documented. Evaluating
soil moisture requires standardizing herbicide rates in order to look at the main effect of soil

moisture. Soil water retention curves were used for determining specific matric potentials of
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interest, and herbicide rates were standardized based on soil physicochemical properties (GRso
rates). This allowed for direct evaluation of the influence of soil moisture on kochia
phytotoxicity.

Significant Main Effects and Interactions. Performing an ANOVA using Proc Mixed,
we evaluated the main effects and interactions of herbicide, soil, and matric potential. A logio
transformation of matric potential was made for analysis. Using this same model in Proc GIm
resulted in a highly significant model (p<.0001) with an R? of 0.911. Averaging across all other
means there were significant herbicide (p=0.0414), logio(matric potential) (p <.0001), and soil
(p <.0001) main effects. These main effects can be explained by understanding the effect of soil
properties and soil moisture on PRE herbicide efficacy. Both herbicides performed differently
across soils, and efficacy was directly influenced by the soil water potential and soil
physicochemical properties. The significant interactions in the model included logio(matric
potential)*herbicide (p = 0.0094), logio(matric potential)*soil (p<.0001), herbicide*soil
(p<.0001), and logio(matric potential)*herbicide*soil (p<.0001). These interactions illustrate the
complexity of the effect of soil physicochemical properties and matric potentials on herbicide
phytotoxicity. It is important to recognize these herbicide, soil, and moisture factors involved in
controlling highly competitive, tolerant, and adaptive weeds such as kochia, using PRE
herbicides.

To analyze the logio(matric potential)*herbicide interaction, Proc Mixed least squares
means were calculated for each herbicide and matric potential combination, averaging over soils
(Fig. 1.4). The only significant difference between herbicides came at matric potentials of -2 and
-4 bars (p = 0.0026 and p = 0.0344). For each herbicide separately, the only non-significant

Ismean across matric potentials for indaziflam was between matric potentials of -0.11 and -0.33
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bars, whereas for flumioxazin each mean was statistically different for each matric potential (p <
.0001). To evaluate the logio(matric potential)*herbicide*soil interaction, means were calculated
for each combination of matric potential, soil, and herbicide (Fig. 1.3). Kochia can germinate at
moisture potentials less than -13 bars, and these results show decreased herbicide activation
beginning at -1 bar. This trend is consistent across both herbicides and can help explain why
kochia is such a problematic weed across the United States. For PRE herbicides such as
indaziflam and flumioxazin, results demonstrate that kochia is difficult to control because of its
competitiveness to germinate with very little moisture. The implications of these results are that
indaziflam and flumioxazin phytotoxicity was shown to be greatly reduced at -2 and -4 bars, and
we know that kochia can germinate at moisture potentials less than 6 times these values. When
evaluating herbicide efficacy, both soil properties and soil moisture are key factors driving
phytotoxicity?>,

Individual Regression for Each Soil (Aso). An important question in understanding the
efficacy of indaziflam and flumioxazin is how soil properties and moisture combined, effect
kochia phytotoxicity. It is important to further analyze the highly significant interaction of
matric potential and soil properties. Logistic regression was performed for each soil and
herbicide using Proc Probit. Parameter estimates and standard errors were recorded in table 1.8.
The logistic regression curves for the 5 soils (Fig. 1.5) show the variation in dry weight reduction
in relation to matric potential changes, for each soil and herbicide combination. Looking at the
logistic regression estimates comparing indaziflam and flumioxazin, it is important to recognize
that the slope is greater for flumioxazin for three of the five soils. This suggests that soil
moisture has a greater effect on kochia phytotoxicity for flumioxazin as compared to indaziflam.

From these individual regression curves, we were able to determine the exact matric potential
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that resulted in 50% dry weight reduction of kochia, for each soil. We termed this value the Asq,
or matric potential required for 50% activation of the herbicide treatments. The same herbicide
rate was standardized for each soil for the moisture bioassay (GRso), therefore the matric
potential that corresponded to 50% reduction in dry weight biomass was directly related to
herbicide activation. Proc Corr was used to analyze the relationship between the Aso values for
each soil, and individual soil properties. No soil properties were found to be directly correlated
with the Aso matric potentials for this analysis.

To better understand the direct relationship of soil properties and soil moisture on
herbicide efficacy, we standardized the Asg values. Using the soil water retention curves
generated for each soil, we were able to determine the volumetric water content (6y) that
corresponded directly to the Aso matric potential. For an herbicide to show equal activation (Aso)
across soils, soils with different soil properties require a different matric potential, and resulting
volumetric water content (Bv). We determined the Pearson Correlation coefficients for the water
content (By) of each soil that resulted in Aso, with the soil physicochemical properties, to evalaute
how herbicide efficacy changes in response to soil properties and moisture. When correlating
these water content values with soil properties we found significant correlations with %SOM,
CEC, percent sand, and percent clay (Table 1.9). These correlations suggest that as %SOM,
CEC, and percent clay are increased, there is a strong linear relationship suggesting an increased
water content required for Asg. The significant percent sand correlation suggests that there is a
negative linear relationship between water content and percent sand. This work suggests that
there are multiple soil properties together, that influence the interaction between herbicides,

soils, and soil matric potentials.
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By plotting significantly correlated soil properties with the 6y required for Aso, the
interaction between these two variables can be evalueated. A linear and power regression were
analyzed for each soil, describing the relationship between soil properties and kochia
phytotoxicity of each herbicide (Fig. 1.6-1.13). The regression equations help explain the
relationship between moisture activation of indaziflam and flumioxazin as a function of soil
properties. Across soil properties we can see a trend toward increasing or decreasing
phytotoxicity with changing moisture contents. These results showed a relationship between
percent organic matter and phytotoxicity. As organic matter increases, an increased water
content was needed for kochia phytotoxicity (Fig. 1.6 and 1.7). These results are consistent with
other results on the adsorption of PRE herbicides and the importance of soil moisture for
activation. Without adequate moisture for soils with a higher percent organic matter, the percent
reduction in dry weight biomass would decrease. Similar relationships were found with CEC
(Fig. 1.8 and 1.9), percent sand (Fig. 1.10 and 1.11), and percent clay (Fig. 1.12 and 1.13). For
each herbicide, the equation describing the influence of soil water potential required for 50%
reduction in dry weight biomass, as a function of soil properties, are included in the graphs with

R? fit values.
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CONCLUSION

In comparing herbicides, both indaziflam and flumioxazin showed similar relationships
between soil properties and soil moisture on kochia phytotoxicity. The relationship between
volumetric water content and soil physical properties can be partially explained by the difference
in phytotoxicity of the herbicides in different soils with different soil properties (GRso). These
results demonstrate how soil properties, herbicide properties, and moisture contents all play a
significant role in kochia phytotoxicity. Understanding these relationships and their interactions,
will ultimately allow for greater herbicide efficacy for controlling kochia, and provide better
predictability of how specific PRE herbicides perform with a variation in soil properties and
moisture. Kochia is a highly problematic weed that has many physiological attributes that allow
it to survive in a wide range of climates and soils. In addition, these studies suggest that kochia
can germinate at moisture levels below herbicide activation. This is important to understand
because indaziflam and flumioxazin are both labeled for kochia control, but we saw that efficacy
greatly decreased with decreasing soil matric potentials. Further work should be done in
analyzing the effect of multiple moisture events on herbicide reactivation, and the importance of
initial moisture directly following indaziflam and flumioxazin applications. PRE herbicides
including the ones used in this study, were shown to be greatly affected by soil physicochemical
properties and moisture conditions. Further work is necessary, due to the variability in soils and
climactic factors throughout the United States, where these PRE herbicides are being used for

kochia control.
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Table 1.1 Herbicide chemical properties

. Water Solubility Kochia Rate  Kochia Rate
Herbicides Log Kow pKa (mg/L) (0z/A) (g ai ha'")
. pH 2:2 4.4 (pH4,200) i B
Indaziflam pH 4.7, and 9: 2.8 3.5 2.8 (pH 9. 20 C) 35-7 51-102
Flumioxazin  2.55 (20 C) None 1.79 (25 C) 6-12 214 - 429
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Table 1.2 Physicochemical properties of soils?

. . : oM CEC Sand Silt  Cla
Soil Soil Series  pH %) (meg/100g) (%) %) (%)y
QLS Quincy 8.0 0.9 8.3 88.8 10.0 1.2
NFR Ascalon 7.6 1.5 11.5 62.0 16.0 220

IC Haplustolls 6.3 2.5 8.7 56.0 26.0 18.0
KS Farnum 5.9 2.8 18.5 420 340 240
DBS1 Otero 7.6 33 14.3 50.0 26.0 240
RM Connerton 7.7 4.0 14.6 480 330 19.0
IL Swygert 6.8 6.2 23.8 66.0 16.0 18.0

2 Soil characterization provided by Colorado State University Soil Testing Laboratory, Fort Collins, CO.
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Table 1.3 Application rates
for GRgo dose response

Indaziflam  Flumioxazin

(mg kg™) (mg kg™)
0.050 0.200
0.025 0.100
0.013 0.050
0.006 0.025
0.003 0.013
0.000 0.000
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Table 1.4 ANOVA of Logio(GRso) for
significant main effects and interactions

Effect P-value

Soil <.0001
Herbicide <.0001
Rep 0.5387
Study 0.3980
Herbicide*Soil <.0001
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Table 1.5 Pearson correlation coefficients of l1ogi0(GRso) and soil physicochemical properties

Indaziflam Flumioxazin Pooled

Soil Soil p- Soil p-
Property p-value Property value | Property value
oM 0.890* <.0001 oM 0.849* .0001 oM 0.387*  0.0422
CEC 0.774* 0.0012 CEC 0.595* 0.0248 CEC 0.311 0.1068
pH -0.472  0.0887 pH -0.157 0.5913 pH -0.154  0.4336
Sand -0.184  0.5297 Sand -0.046  0.8755 Sand -0.057  0.7717
Silt 0.115 0.6944 Silt -0.097 0.7415 Silt 0.014 0.9246
Clay 0.228 0.4335 Clay 0.204 0.4835 Clay 0.097 0.6246

* Significant at P < 0.05
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Table 1.6 Linear Regression of GRgo to explain variability in the model with
predictors. Predictors converted back from transformed to original scale.

Regression Coefficients

Soil

Herbicide p Intercept Slope R? P value
roperty

Indaziflam oM 0.0041 1.3747 0.792 <.0001*

CEC 0.0032 1.0905 0.599 0.0012*

pH 0.1374 0.6995 0.222 0.0887

% Sand 0.0166 0.9927 0.034 0.5297

% Silt 0.0090 1.0078 0.013 0.6944

% Clay 0.0078 1.0181 0.052 0.4335

Flumioxazin oM 0.0401 1.2157 0.721 0.0001*

CEC 0.0392 1.0438 0.354 0.0248*

pH 0.1246 0.9262 0.025 0.5913

% Sand 0.0774 0.9988 0.002 0.8755

% Silt 0.0795 0.9958 0.009 0.7415

% Clay 0.0599 1.0104 0.042 0.4835
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Table 1.7 Multiple regression to better explain variability in
the model for predicting GRgo. Predictors converted back from

transformed to original scale.

Multiple Regression

Coefficients

- Soil Parameter P
Herbicide Variable Estimates i value
Indaziflam Intercept 0.0163 0914 <.0001

oM 1.3722 0.0054

pH 0.7473 <.0001

Sand 1.0121 0.0214

Intercept 0.0459 0.901  0.0020

oM 1.3562 0.0103

pH 0.7588 <.0001

% Silt 0.9827 0.0474

Flumioxazin Intercept 0.0521 0.814 <.0001
oM 1.2365 <.0001

% Silt 0.9865 0.0390
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Table 1.8 Logistic regression curves for each individual soil

Indaziflam Flumioxazin

SO.'I Parameter Estimate Standard Estimate Standard
Series Error Error
DBS1 Intercept -1.430 0.333 -2.106 0.183
Potential 0.693 0.167 1.998 0.167
IC Intercept -0.891 0.217 -1.124 0.293
Potential 1.068 0.170 0.821 0.176
IL Intercept -2.473 0.237 -3.534 0.328
Potential 1.634 0.163 2.999 0.287
QLS Intercept -0.711 0.211 -1.084 0.210
Potential 0.582 0.119 1.109 0.159
RM Intercept -1.945 0.328 -1.409 0.157
Potential 1.321 0.221 0.964 0.097
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Table 1.9 Pearson correlation coefficients of volumetric
water content required for 50% herbicide activation (Aso)

for each soil, with soil properties

Soil Property r p-value
oM 0.910* 0.0003

pH -0.425 0.2208

CEC 0.760* 0.0108
Sand -0.692* 0.0266

Silt 0.570 0.0856
Clay 0.731* 0.0162
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Figure 1.1: Soil water retention curves of seven soils generated using pressure plate apparatus

and HYDRUS-1D software.
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Figure 1.2: Least squares means of Indaziflam and flumioxazin rate required for 80 percent

growth reduction of kochia.
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Figure 1.5: Logistic regression curves of five soils, evaluating the effect of matric potential on

percent dry weight of kochia for indaziflam (a.) and flumioxazin (b.).
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Figure 1.6: Linear regression of percent organic matter and volumetric water content required
for 50% dry weight reducton of kochia for each soil. This represents the relationship between

percent organic matter and volumetric water content on kochia phytotoxicity.
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Figure 1.7: Power regression of percent organic matter and volumetric water content required
for 50% dry weight reducton of kochia for each soil. This represents the relationship between

percent organic matter and volumetric water content on kochia phytotoxicity.
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Figure 1.8: Linear regression of cation exchange capacity and volumetric water content
required for 50% dry weight reducton of kochia for each soil. This represents the relationship

between CEC and volumetric water content on kochia phytotoxicity.
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Figure 1.9: Power regression of cation exchange capacity and volumetric water content required
for 50% dry weight reducton of kochia for each soil. This represents the relationshup between

CEC and volumetric water content on kochia phytotoxicity.
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Figure 1.10: Linear regression of percent sand and volumetric water content required for 50%
dry weight reducton of kochia for each soil. This represents the relationshup between percent

sand and volumetric water content on kochia phytotoxicity.
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Figure 1.11: Power regression of percent sand and volumetric water content required for 50%
dry weight reducton of kochia for each soil. This represents the relationshup between percent

sand and volumetric water content on kochia phytotoxicity.
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Figure 1.12: Linear regression of percent clay and volumetric water content required for 50%
dry weight reducton of kochia for each soil. This represents the relationshup between percent

clay and volumetric water content on kochia phytotoxicity.
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Figure 1.13: Power regression of percent clay and volumetric water content required for 50%
dry weight reduction of kochia for each soil. This represents the relationshup between percent

clay and volumetric water content on kochia phytotoxicity.
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Figure 1. Schematic diagram showing probable mechanisms by which soil water content influences the phytotoxicity of
a soil-applied herbicide at water contents above the wilting point (23),

Figure 1.14: Diagram from Moyer 1987 in Reviews of Weed Science showing the importance

of soil water content on herbicide translocation and phytotoxicity.
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Appendix 1: Using a Pressure Plate Apparatus for Generating Soil Water Retention Curves

47



A pressure plate apparatus is one device used for constructing soil water retention curves
for soils. It consists of an airtight chamber enclosing a porous ceramic plate, connected on its
underside to a tube that passes through the chamber to the open air! (Fig. A1.1). Soil samples
are fully saturated, packed into aluminum columns, and placed in contact with the ceramic on the
top side. The chamber is then pressurized, which causes water to flow from the soil pores
through the ceramic, and out the exit tube. Soil water retention curves from saturation to
permanent wilting point can be generated by adjusting the matric potential energy of the water in
the system. Soils with different physical properties were analyzed using a pressure plate
apparatus at decreasing matric potentials in order to generate soil water retention curves.

Seven untreated soils were selected for this study based on a wide range of
physicochemical properties. Soils were collected from the 0-10 cm depth, air-dried, and passed
through a 2 mm brass sieve. Soil physicochemical properties were analyzed at the Colorado
State University Soil Testing Laboratory using the methods from Sparks et al. 19962, Individual
soils were packed into 2.5 cm tall by 4.95 cm diameter aluminum columns with the bottom each
covered with a single filter paper and square cheese cloth, and secured with a rubber band. Four
replications were constructed for each soil and randomly assigned to one of three pressure plates
through completion of the experiment.

When a soil column is placed on a wetted porous ceramic plate in a pressure chamber and
the gas pressure is raised to above atmospheric pressure, the soil dries as the matric potential
decreases and becomes more negative. Inside the plate, assuming gravitational potential ¥, =0
and neglecting solutes, we determined specific matric potentials using the following equations?;

lIszlIlm+lIla
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where W is the total soil water potential, W is the matric potential, and W, is the air pressure
potential. The air pressure potential can also be written as Psoil— Po = AP, and the point where the
water exits the tube we reach equilibrium resulting in the W1 = 0. The equation can therefore be
rewritten as;

WY = -AP
where the -AP (gauge pressure) is the matric potential of interest. With increased gas pressure
the water moves out of the soil, through the ceramic plate, and through the plastic tube outflow
system into a beaker of water. Once equilibrium is reached water flow through the tube will
cease, and all points of the water in the soil columns have the same matric potential energy.

Pressure plate extraction methods from Dane et al. 2002 were used throughout the
entirety of the experiment®. The individual soil columns were sub-irrigated overnight in a 0.005
M CaSOs solution to reach saturation. Once saturated, the columns were placed on porous
ceramic plates in the pressure chamber. When two points of a porous medium at different
potentials are brought into contact, water will flow from high to low potential until the two
points are at equilibrium?.

Using an air compressor and pressure regulation system, soils were subject to increasing
gas pressure and decreasing matric potentials. Soils were allowed to equilibrate for 3 days at
each pressure of -0.05, -0.10, -0.20, -0.33, and -0.50 bars. For pressures -1, -2, -4, -6, and -10
bars a total of 5 days was allowed for equilibration because there is much higher flow resistance
at these high pressures. Once equilibrium was reached at each specific matric potential the
samples were removed from the chamber and immediately weighed. The gravimetric water
content (Bg), bulk density (pv), and volumetric water (8v) content of the soil samples were

determined from equations;
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mass of water

Oy =
97 massofoven dry soil

mass of oven dry soil

Pb =

" volume of soil sample

* 0
ev:pb g
Pw

Several different hydraulic functions with different parameters are used to represent most
accurately the wide range of water retention curves. Parameters must be determined by curve
fitting specific soil-hydraulic functions to measured data'. HYDRUS-1D implements the soil-
hydraulic functions of van Genuchten (1980) who used the statistical pore-size distribution
model of Mualem (1976) to obtain a predictive equation for the unsaturated hydraulic
conductivity in terms of soil water retention parameters®. Using this software package,
volumetric water contents of each soil at each potential from the pressure plates were entered
into a custom application. The software provided soil hydraulic parameter estimates to use in the
single porosity Van Genuchten model. For parameter estimation we assumed a constant pressure
head, no hysteresis, and weighting by standard deviation was performed with a maximum of 10
iterations. The van Genuchten equation is as follows;

(65 - 6r)
ev = er +

[1 + |ah"]™
The equation contains four parameters 6r, 8, o, and n. 6rand 6s are residual and saturated water
contents, a (L) is the inverse of the air-entry value (or bubbling pressure) to scale the matric
head, and n and m are dimensionless parameters®*. The n value is generally restricted to values
greater than one, so the slope of the soil water retention curve is zero as the water content
approaches the saturated water content?. The air-entry value («) and pore-size index (n) in

HYDRUS-1D are considered to be empirical coefficients affecting the shape of the hydraulic
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functions. The m (1-1/n) value is not constant in the van Genuchten function, which allows for
an inflection point in the soil water retention curve. This allows the model to perform better than
the Brooks and Corey (1964) type model for soils with S-shaped retention curves?. The Brooks
and Corey model however, does not account for an inflection point but does have a distinct air-
entry value. This type of model performs well with soils that have a distinct air-entry value and
J-shaped retention curves?. Pressure plate data using the van Genuchten function to generate
parameters resulted in water retention curves with R2 > 0.96 (Figure 1).

From the soil water retention curves it is important to relate the soil properties to the
overall curves generated by the HYDRUS-1D software using the van Genuchten function.
Typically, fine textured soils have a larger saturated water content due to their greater total
porosity. The residual water content of fine textured soils is also larger because it takes more
energy to remove water from the soil films at higher matric potentials. Fine textured soils have a
larger specific surface (surface area/mass) so can hold on to water molecules more tightly. The
final factor influencing the S-shaped retention curves is the overall slope. Slope is affected by
each soils pore size distribution. Coarse soils have many large pores that release water
molecules at lower matric potentials all at once. Fine textured soils have a wider pore size
distribution so have a much more gradual slope. From these curves we are able to determine the
volumetric water content for any of these soils at matric potentials of interest. After determining
the herbicide rates of indaziflam and flumioxazin that result in 80% growth reduction (GRgo) as a
means of eliminating the herbicide rate variable, as well as the volumetric water contents of these
soils at specific matric potentials, then we were able to evaluate the influence of soil moisture on

the efficacy of these two herbicides.

51



Figure Al.1: Pressure plate apparatus
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