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Abstract. The objectives of this study were to evaluate the leaching, degradation, uptake,
and mass balance of indaziflam, as well as its potential to produce phytotoxicity effects on
young pecan trees. Pecan trees were planted in pots with homogeneous porous media
(sandy loam soil), preferential flow channels open to the soil surface, and shallow tillage
at the soil surface. Pots were treated with indaziflam at two application rates of 25 and 50
g a.i./ha in 2014 and 2015. Each pecan tree was irrigated with 7 L of water every 2 weeks
during the growing season. An irrigation volume of 2 L was used to maximize indaziflam
retention time in the soil from Dec. 2015 until the end of the trees’ dormant stage. In 2014,
leachate samples were collected after each irrigation for quantifying indaziflam mobility.
Soil samples were collected at depths of 0 to 12 and 12 to 24 cm after 45, 90, and 135 days
of indaziflam application, and leaf samples were collected at the end of the growing
season to quantify mobility and uptake. Indaziflam was detected in leachate samples, and
the leaf indaziflam content increased with increasing application rate. Indaziflam and its
breakdown products were detected at both sampling depths. Mass recovery and half-life
values for indaziflam in the soil ranged from 38% to 68% and 63 to 99 days, respectively.
No phytotoxicity effects were observed from increasing application rate and retention
time of indaziflam in the soil. Most of the applied indaziflam was retained in the soil at
shallow depth.
Pecan [Carya illinoinensis (Wangenh.) K.
Koch] is an important crop in southern New
Mexico, and appropriate application of agrochemicals for pest control is required to
maintain water quality and sustain pecan
production. Indaziflam (Alion Herbicide;
Bayer CropScience, Research Triangle Park,
NC) is a cellulose biosynthesis inhibitor registered in United States to be used for preemergence control of annual grass and
broadleaf weeds (Alonso et al., 2011; Brabham et al., 2014). However, indaziflam is not
approved to be used in the states of New
Mexico and Arizona. In 2012, sporadic herbicide injury symptoms that included necrosis of leaves and varying trunk injuries were
reported 3–4 months after indaziflam application in two pecan orchards located in
New Mexico and Arizona (Gonzalez-Delgado
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et al., 2015). Faster dissipation rate of indaziflam in the New Mexico orchard was attributed to higher sand content and drainage
capacity of soil compared with the Arizona
orchard; however, the leaching and degradation of indaziflam were not evaluated in either
orchard. Examination of the leaching and
degradation of indaziflam is relevant to generate data that could be used to evaluate the
possibility of approving the use of indaziflam
specifically in pecan orchards in New Mexico
and Arizona. Indaziflam is a new herbicide,
and there is limited information available on
its fate and transport under laboratory and field
conditions (Guerra et al., 2014; Trigo et al.,
2014).
Indaziflam breakdown products are
indaziflam-triazine indanone, indaziflamcarboxylic acid, indaziflam-hydroxyethyl,
indaziflam-olefin, and indaziflam-triazinediamine.
Among these, indaziflam-triazine indanone,
indaziflam-carboxylic acid, and indaziflamtriazinediamine are the main breakdown
products and are more mobile than indaziflam in the soil (Alonso et al., 2016; Trigo
et al., 2014). Previous studies reported that
the leaching of indaziflam was positively
influenced by increasing application rate
and amount of rainfall in soil column experiments (Jhala et al., 2012a; Jhala and Singh,
2012b). Similarly, greater percent mass recoveries of indaziflam were found in a floodirrigated field treated with the application rate
of 36.5 compared with 73.1 g a.i./ha
(Gonzalez-Delgado et al., 2016). Indaziflam
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showed an intermediate lateral movement
potential compared with other herbicides
(pronamide > simazine $ indaziflam > amicarbazone $ dithiopyr > prodiamine) after
evaluating the influence of a major simulated
storm event in a field experiment (Leon et al.,
2016).
Information on the fate and transport behavior of indaziflam is required to minimize
off-target plant injury risk (Jeffries et al.,
2014). Previous studies reported a decrease
of indaziflam injury to bermudagrass with
increasing organic matter and clay contents
under laboratory conditions (Jones et al.,
2013a, 2013b; Schneider et al., 2015). A field
study conducted in a New Mexico orchard
using different indaziflam application rates
reported that indaziflam moved outside the
study site through lateral flow, and it was
consistently detected in soil samples collected at 30- to 46-cm depth between 63
and 126 d after treatment (Gonzalez-Delgado
et al., 2016). Faster movement of solutes and
water in the soil under field conditions is
influenced by macropores that promote their
preferential flow (Beven and Germann, 1982;
Shipitalo et al., 2000). Preferential flow channels in the porous media could enhance
herbicide movement from the soil surface to
the root zone ultimately leading to herbicide
injuries in crops (Carter, 2000; Feucht, 1988).
The overall objective of this research was to
evaluate various scenarios to understand injury to pecan trees due to indaziflam application in a greenhouse. However, to the best
of our knowledge, no study has evaluated the
indaziflam in leachate samples as well as
uptake by plants. Therefore, specific objectives of this study were to evaluate the
leaching, degradation, uptake, and mass balance of indaziflam due to 1) the presence of
preferential flow channels, 2) application
rates, and 3) an increase in resident time of
indaziflam in soil water in a greenhouse
experiment. The fourth objective was to
quantify the mobility of indaziflam breakdown products in the soil.
Materials and Methods
Experimental details. A greenhouse study
was conducted from 18 Aug. 2014 to 5 May
2016, at New Mexico State University’s
Fabian Garcia Science Center in Las Cruces,
NM. Two-year-old pecan trees of the variety
‘Wichita’ planted in pots were obtained from
a local nursery (Archer Farms, Inc., Las
Cruces, NM) and replanted in 0.035 m3 pots
with an inner diameter and height of 36 cm.
Sandy loam soil (mixed, thermic Typic Torripsamment; Table 1) was used to match the
soil texture (76 ± 0.9% sand and 8 ± 0.5%
clay) of typical New Mexico and Arizona
orchards where sporadic herbicide injury
symptoms were reported after indaziflam
application in 2012 (Gonzalez-Delgado
et al., 2015).
Some of the possible causes of injury due
to indaziflam related to soil water regimes
were thought to be faster movement through
sandier soils, preferential flow toward roots,

1 of 6

Table 1. Average particle size distribution, bulk density, organic matter content, and soil texture of sandy loam soil used to plant 2-year-old pecan trees in pots.
Bulk density (g·cm–3)
1.42 ± 0.26

Sand (%)
Silt (%)
76 ± 0.9
15 ± 1.1
z
Soil organic matter content.

Clay (%)
8 ± 0.5

and higher resident time of the herbicide in
the root zone. Therefore, three soil manipulations were created in 21 pots replicated
thrice during 2014 and 2015 experiments. A
set of nine trees was planted in pots with a
homogeneous porous media (H; no preferential flow channels), a second set of six trees
with preferential flow (PF) channels open at
the soil surface, and a third set of six trees
with the combination of preferential flow
channels underlying the shallowly tilled (<5
cm) surface (ST). Preferential flow channels
were created by placing four 0.64-cmdiameter wooden sticks at opposite sides of
the pots during the planting process to promote root exposure to indaziflam (GonzalezDelgado et al., 2017).
A hand pump sprayer was used to spray
indaziflam directly over the soil with two
application rates of 25 (R1) and 50 (R2) g a.i./
ha on 18 Aug. 2014, 27 July 2015, and 22
Dec. 2015. The highest application rate (50 g
a.i./ha) for this study is slightly lower than
field application rate (73.1 g a.i./ha) considering the lower dissipation rate of herbicide
in greenhouse than in the field. Each tree
received an application volume of 300 mL
that was distributed as 150 mL to each side of
the pot to ensure an even indaziflam application over the soil surface. Limited contact
between sprayed indaziflam and lower section of the trunk adjacent to the soil surface
took place. Proper precautions were taken to
ensure herbicide does not drift away from
applied spot. Three pots with homogeneous
porous media were used as a control and three
replicates were used for each application rate
and soil surface manipulation. Thus, there
were 18 pots [2 (rate) · 3 (soil condition) · 3
(rep)] where herbicide was applied and three
pots with no application (overall = 21). Pots
treated with rate 1 (R1 = 25 g a.i./ha of
indaziflam) were labeled as HR1, PFR1, and
STR1, while those treated with rate 2 (R2 =
50 g a.i./ha) were labeled as HR2, PFR2, and
STR2. A watering can was used to irrigate the
pots with 7 L (69 mm) of tap water 24 h after
the indaziflam application and once every 2
weeks until the end of the growing season in
2014 and 2015. The volume of irrigation was
close to the volume of irrigation water applied in the pecan orchard where injuries to
trees were attributed to indaziflam application. The irrigation volume ensured exposure
of roots to indaziflam due to water movement
and ensured that enough water could be
collected from drainage to quantify the leaching potential of indaziflam.
To increase the resident time of indaziflam in the soil and to maximize root exposure to indaziflam, between Dec. 2015 and
May 2016, the pots were irrigated with only 2
L (19.6 mm) of water to ensure no leaching.
Both application rates of indaziflam were
applied to the pots on 22 Dec. 2015, when

trees were dormant. In 2016, the mobility of
indaziflam breakdown products was investigated in the soil. This experiment involved
three new trees under control, and three each
in PFR1 and PFR2 treatments.
Leachate, soil and leaf sampling. The
leachate from the pots was collected in containers after irrigations on 19 Aug., 6 Sept.,
24 Sept., 9 Oct., 23 Oct., 4 Nov., and 19 Nov.
2014 (1, 18, 36, 51, 65, 77, and 92 d after
indaziflam application). Water samples were
collected from every treatment for indaziflam
analysis using 30-mL polystyrene-plastic
vials (Fisher Scientific Company, LLC,
Hampton, NH). Plastic vials were wrapped
with plastic paraffin film (Fisher Scientific
Company) to prevent contamination and accidental spill of water samples during the
shipping process. No leachate samples were
analyzed during 2015 and 2016.
Soil samples were collected from depths
of 0 to 12 and 12 to 24 cm using a push probe
and stored in Ziploc plastic bags. After
collecting soil samples, the holes in the pots
were filled with the sieved sandy loam soil.
Samples were collected from pots close to 45
and 90 d (2 Oct. and 14 Nov.) after indaziflam
application in 2014 based on an average halflife of 41 d derived from field dissipation
studies conducted by Bayer CropScience
(personal communication, 2015). During
2015, soil samples were collected 45, 90,
and 135 d after application (10 Sept., 27 Oct.,
and 10 Dec.).
Soil samples collected on 5 Feb., 21 Mar.,
and 5 May 2016 (45, 90, and 135 d after
application) were analyzed for indaziflam as
well as indaziflam breakdown products. The
trees were visually evaluated for phytotoxicity effects during their dormant and active
stages on a weekly basis. Ten leaf samples
were collected from every treatment to quantify the uptake and translocation. Leaf samples were collected only on 19 Nov. 2014 and
stored in Ziploc plastic bags just before
dormancy.
All leachate, soil, and leaf samples were
stored in a refrigerated room at 4 C. All
samples were sent to Bayer CropScience for
analysis. Indaziflam and its metabolites were
extracted from the sample media by adding
80:20 (v/v) acetonitrile:water, followed by
microwave extraction for 20 min at a maximum temperature of 60 C. After extraction,
the mixture was fortified with isotopically
(stable nitrogen-15) labeled internal standards
of indaziflam {N-[(1R,2S)-2,3-dihydro-2,6-dimethyl-1H-inden-1-yl]-6-[(1R)-1-fluoroethyl]-1,
3,5-triazine-2,4-diamine-15N4} and its metabolites and centrifuged. Samples were diluted before analysis with high performance liquid
chromatography (HPLC) grade water. Indaziflam and its metabolites were analyzed by
using a tandem mass spectrometer (LC/MS/
MS) (Sciex API 4000; AB Sciex LLC,
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OM (%)z
1.5 ± 0.2

Soil texture
Sandy loam

Framingham, MA) with a Synergy 4-mm
Fusion-RP HPLC column (250 · 2.0 mm,
4 mm, 80A pore size) and flow rate of 0.2
mL/min. The quantification of indaziflam
and its metabolites was based on the use of
internal standards and comparison of peak
areas to those of known standards. The trees
were arranged using a completely randomized design with replications. One-way
analysis of variance was performed to determine the significant differences among
treatments at 95% probability level using
SAS 9.2 (SAS Institute Inc., Cary, NC).
Mass balance of indaziflam. On 19 Aug.
2014, soil samples were collected about at 2cm depth from pots after indaziflam application and before the first irrigation event to
determine the initial indaziflam concentration. Initially applied concentrations and residual concentrations in leachate and soil
(total concentration from 0 to 24 cm depth)
samples after 90 d of application were used to
calculate the mass balance. Indaziflam concentrations in leaf samples were not included
in the mass balance. The mass of indaziflam
in the leachate and soil was calculated by
multiplying the concentration by the total
volume (L) of leachate and average soil mass
(35 ± 6.4 kg), respectively. Indaziflam
masses in soil and leachate samples 90 d after
application were divided by the initial applied mass to calculate the mass recovery.
Results and Discussion
Leaching of indaziflam. In 2014, indaziflam was detected in all leachate samples
collected from every treatment during all
seven irrigation events. No indaziflam was
detected in leachate samples collected from
controls. Generally, concentrations in leachate were higher in pots treated with 50 g a.i./
ha than 25 g a.i./ha during the first four
sampling events and showed a decreasing
trend with increasing time since application
(Fig. 1). Higher concentrations of other herbicides, namely oxyfluorfen and atrazine, at
greater depths were also reported at higher
application rates (Gan et al., 1996; Horowitz
and Elmore, 1991). Jhala et al. (2012a) also
reported more indaziflam leaching with
higher application rate. Greater leaching of
indaziflam was observed in STR2 followed
by PFR2, HR2, PFR1, HR1, and STR1.
However, there was not a significant difference between the concentrations of the leachate samples collected from every treatment in
2014.
Indaziflam retention in soil. Indaziflam
was detected in soil from every treated pot at
depths of 0 to 12 and 12 to 24 cm 45 and 90 d
after the first application in 2014 (Fig. 2A and
B). Soil indaziflam concentrations were significantly higher at depths of 0 to 12 cm than
12 to 24 cm after 45 (P < 0.0028) and 90 (P <
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0.0018) days in 2014. This confirmed that
most of the applied indaziflam remained
within the surface soil across all treatments.
No indaziflam in soil was detected in the

three pots used as a control; this confirmed
that there were no accidental drifts during
herbicide application. Indaziflam concentrations in soil were not significantly different

Fig. 1. Concentration of indaziflam in leachate samples collected from pots with homogeneous soil without
preferential flow channels (H), preferential flow channels open to the soil surface (PF), and preferential
flow channels closed to the soil surface (ST) after being treated with 25 (rate 1 = R1) and 50 (rate 2 =
R2) g a.i./ha of indaziflam. Error bars represent standard error.

between 45 and 90 d after application. The
lack of significant difference in soil concentrations collected 45 and 90 d after application suggests that the degradation of
indaziflam was slow under greenhouse conditions. The relative comparison between
indaziflam concentrations in the leachate
and soil samples collected from pots treated
with 25 and 50 g a.i./ha showed that 42 and
59% of the applied indaziflam remained in
the soil, respectively 90 d after application.
Less than 1% of the applied indaziflam was
found in the leachate collected from pots
treated with both application rates. The use of
plastic vials could have led to some loss of
indaziflam in leachate samples due to adsorption that could have been minimized by using
glass vials. The loss of indaziflam was expected to be low since indaziflam has an
octanol-water partition coefficient (log Kow)
value of 2.8 which is similar to the log Kow
value of atrazine (2.6) and lower than Sethyl-dipropylthiocarbamate (3.2) and Oxyfluorfen (4.73) (Alonso et al., 2011; Patakioutas
and
Albanis,
2002;
U.S.
Environmental Protection Agency, 2007).
Studies have reported that the sorption of
herbicide is positively correlated with organic matter content that generally decreases
with increasing depth (Alonso et al., 2011;

Fig. 2. Concentration of indaziflam in soil samples collected at (A) 0–12 and (B) 12–24 cm depths 45 and 90 d after treatment in 2014, and concentration of
indaziflam in soil samples collected at (C) 0–12 and (D) 12–24 cm depths 45, 90, and 135 d after treatment in 2015 in pots with homogeneous soil without
preferential flow channels (H), preferential flow channels open to the soil surface (PF), and preferential flow channels closed to the soil surface (ST) using 25
(rate 1 = R1) and 50 (rate 2 = R2) g a.i./ha of indaziflam. Error bars represent standard error.
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Fig. 3. Indaziflam (A) and breakdown products indaziflam-triazine indanone (B), indaziflam-carboxylic acid (C), and indaziflam-triazinediamine (D) detected
in soil samples collected at 0–24 cm depth in pots with preferential flow channels open to the soil surface (PF) 45, 90, and 135 d after being treated with 25
(rate 1 = R1) and 50 (rate 2 = R2) g a.i./ha of indaziflam. Error bars represent standard error.

Conflicting accounts are available in literature on microbial activity vs. applied concentration of herbicides. Gan et al. (1996)
reported an increase of microbial activity at
higher concentrations after evaluating the
effect of concentration on the degradation
of atrazine under field and laboratory conditions. Conversely, Fogg and Boxall (2003)
reported that microbial activity was suppressed at concentrations exceeding the recommended application rates for isoproturon
and chlorothalonil. Unlike field conditions,
the movement of indaziflam through lateral
flow was absent and restricted to vertical flow
in pots. The STR2 treatment showed the
highest soil concentration, followed by
PFR2 and HR2 at 0- to 12-cm depth 45 d
after indaziflam application in 2014. However, there was no significant difference between them, indicating that the different soil
surface treatments had no significant effect
on indaziflam movement in sandy loam soil.
In 2015, indaziflam was consistently detected 45, 90, and 135 d after application at 0to 12-and 12- to 24-cm depths (Fig. 2C and
D). Similar to 2014, soil indaziflam concentrations were greater at 0- to 12-cm depth
than at 12- to 24-cm depth for all treatments.
Soil concentrations at both depths were not
significantly different between treatments;
however, concentrations at 0- to 12-cm and
12- to 24-cm depths were significantly different 45, 90, and 135 d after application (P <
0.001).

Fig. 4. Concentration of indaziflam in leaf samples collected from pots with homogeneous soil without
preferential flow channels (H), preferential flow channels open to the soil surface (PF), and preferential
flow channels closed to the soil surface (ST) after being treated with 25 (rate 1 = R1) and 50 (rate 2 =
R2) g a.i./ha of indaziflam in 2014. Error bars represent standard error.

Barriuso et al., 1992; Gonzalez-Delgado
et al., 2016; Rice et al., 2002). However,
greater indaziflam concentrations at 0- to 12-cm
depth compared with those at 12- to 24-cm
depth and leachate were not influenced by the
distribution of organic matter in the soil. Pots
were repacked with a sandy loam soil containing low organic matter content (1.20%)
that was homogenized after being sieved;
therefore, there was no gradient in soil organic matter within the pots.
Indaziflam concentrations were higher in
pots treated with the higher rate (50 g a.i./ha)
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than those in pots treated with the lower rate (25
g a.i./ha) (Fig. 2A and B). In contrast, a previous
field study reported that indaziflam concentrations were generally greater in plots treated
with a lower application rate of indaziflam
(Gonzalez-Delgado et al., 2016). This could
be the result of enhanced microbial activity and
vertical and lateral movement of indaziflam in
the field. Under field conditions, a continuous
nutrient supply through root exudation in the
rhizosphere would promote more resilient and
denser microbial populations capable of
degrading herbicides (Roger et al., 1994).
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Table 2. Concentration and total mass of indaziflam in volume of leachate samples collected from pots with homogeneous soil without preferential flow channels
(H), preferential flow channels open to the soil surface (PF), and preferential flow channels closed to the soil surface (ST) after being treated with 25 (rate 1 =
R1) and 50 (rate 2 = R2) g a.i./ha of indaziflam in 2014.
Indaziflam (mg/L)
Sample
HR1
HR2
PFR1
PFR2
STR1
STR2

1
0.43
2.25
0.88
3.24
0.18
6.67

18
0.29
0.53
0.21
1.33
0.17
1.74

36
0.08
0.35
0.08
0.23
0.11
0.33

51
1.46
0.59
0.19
0.88
0.21
0.77

65
0.09
0.06
0.03
0.14
0.04
0.20

Leachate (L)
Days after treatment
77
92
1
18
0.03
0.06
0.92
0.75
0.16
0.18
1.96
1.70
0.05
0.06
1.38
1.51
0.31
0.21
1.42
1.23
0.05
0.03
0.89
1.06
0.13
0.10
1.32
0.67

36
1.79
2.63
1.21
1.31
1.03
1.63

51
0.47
1.05
1.22
0.75
0.26
0.71

Table 3. Indaziflam soil concentration and percent mass recoveries in soil and leachate samples collected
from pots with homogeneous soil without preferential flow channels (H), preferential flow channels
open to the soil surface (PF), and preferential flow channels closed to the soil surface (ST) after being
treated with 25 (rate 1 = R1) and 50 (rate 2 = R2) g a.i./ha of indaziflam in 2014.
Mass (mg)
Mleachate
Mtotal
Minitial
Mrecovered (%)
Sample
Indaziflam (ug/kg)
Msoil
HR1
7.77
0.27
1.55E-03
0.27
0.60
46
HR2
24.84
0.87
7.35E-03
0.88
1.40
63
PFR1
7.59
0.27
2.01E-03
0.27
0.60
45
PFR2
17.59
0.62
7.76E-03
0.62
1.30
48
STR1
6.10
0.21
5.62E-04
0.21
0.60
38
STR2
26.40
0.92
1.13E-02
0.94
1.38
68
Msoil = mass of indaziflam in soil; Mleachate = mass of indaziflam in leachate; Mtotal = total indaziflam mass
from soil and leachate; Minitial = mass of indaziflam added to the pots; Mrecovered = percentage of indaziflam
mass recovery = [(Msoil + Mleachate)/Minitial] · 100.
Table 4. Indaziflam degradation coefficient and
half-life values in soil samples collected
from pots with homogeneous soil without
preferential flow channels (H), preferential
flow channels open to the soil surface (PF),
and preferential flow channels closed to the soil
surface (ST) after being treated with 25 (rate
1 = R1) and 50 (rate 2 = R2) g a.i./ha of
indaziflam in 2014.
k (day–1)
0.009
0.009
0.011
0.007
0.008
0.007

Treatment
HR1
PFR1
STR1
HR2
PFR2
STR2

t1/2 (day)
77
77
63
99
87
99

R2
0.99
0.99
0.98
0.95
0.95
0.99

Mobility of indaziflam breakdown products.
Because there was no significant difference
among soil surface treatments, only PFR1
and PFR2 treatments were selected to conduct the third experiment on determining
the mobility of indaziflam breakdown
products from late Dec. 2015 to 5 May
2016. Indaziflam, indaziflam-triazine indanone, indaziflam-carboxylic acid, and
indaziflam-triazinediamine were detected
45, 90, and 135 d after application at both
sampling depths and treatments, but
indaziflam-hydroxyethyl and indaziflamolefin were not detected (Fig. 3). Similar to
the results of 2014 and 2015 experiments,
concentrations of indaziflam and its breakdown products were higher at 0- to 12-cm
depth than at 12- to 24-cm depth. Generally,
concentrations of indaziflam and indaziflam
breakdown products in soil were numerically, but not statistically, greater in PFR2
than in PFR1 treatment. Indaziflam did not
completely degrade 135 d after the applica-

tion, probably due to lower dissipation factors present under greenhouse conditions
compared with those present in the field.
Relatively, concentrations of breakdown
products of indaziflam in soil decreased in
the following order: indaziflam-triazine indanone, indaziflam-carboxylic acid, and indaziflam-triazinediamine.
Currently, there is limited published information on the mobility and phytotoxicity
of indaziflam breakdown products. Limited
studies have shown that indaziflam breakdown products are more mobile than indaziflam (Trigo et al., 2014). Alonso et al. (2016)
reported that the sorption order for indaziflam
breakdown products was indaziflam-triazine
indanone > indaziflam-carboxylic acid >
indaziflam-triazinediamine in six Brazilian
Oxisols, while the sorption order in three
United States Mollisols was indaziflamtriazine indanone > indaziflam-carboxylic
acid = indaziflam-triazinediamine in laboratory batch experiments. At the end of this
greenhouse study, no phytotoxicity effects on
young pecan trees were observed when indaziflam and its breakdown products where
present in the soil. Similar results were reported by Grey et al. (2018) after exposing
young pecan trees to multiple applications of
indaziflam. However, studies on the mobility,
degradation, and toxicity of indaziflam and
indaziflam breakdown products should be
conducted under different scenarios because
there is limited published information available.
Indaziflam uptake. Indaziflam was detected in leaf samples collected at the end
of the growing season during Dec. 2014. This
showed that indaziflam was taken up by roots
and transported from the roots to the leaves
after treating the pots with 50 and 25 g a.i./ha
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65
0.54
1.11
0.71
0.61
0.28
0.31

77
0.94
1.49
1.21
0.87
0.47
0.60

92
0.31
1.20
1.08
0.91
0.43
0.83

Total mass in leachate (mg)
1.55E-03
7.35E-03
2.01E-03
7.76E-03
5.62E-04
1.13E-02

of indaziflam (Fig. 4). Indaziflam was detected in leaf samples from every treatment
except the control. However, there was no
significant difference in leaf indaziflam concentrations across treatments. Devine et al.
(1987) and Sterling et al. (1990) reported that
root and shoot uptake of herbicides increased
linearly with applied herbicide concentration
after evaluating the effect under different
application rates (1 to 103 mmol of chlorsulfuron and clopyralid and 0.1 to 100 mmol of
bentazon). Leaf samples were not collected
in 2015 and 2016 because no phytotoxicity
effects were observed in trees during these
periods. Also, control and treated trees
showed no significant difference in trunk
diameter (26 ± 0.72 and 27 ± 2.3 mm; respectively) and height (146 ± 4 and 137 ± 6
cm; respectively) at the end of the study. The
absence of phytotoxicity effects in trees
treated with indaziflam could not explain
the sporadic herbicide injury symptoms reported in the New Mexico and Arizona
orchards.
Mass balance of indaziflam. As expected,
lower initial indaziflam concentrations were
measured in the soil of HR1 (17.48 ug/kg),
PFR1 (16.62 ug/kg), and STR1 (15.92 ug/kg)
compared with those in HR2 (39.01 ug/kg),
PFR2 (36.29 ug/kg), and STR2 (48.6 ug/kg).
Initial indaziflam masses in the soil of HR1,
PFR1, and STR1 ranged from 0.56 to 0.61 mg
and 1.27 to 1.70 mg in HR2, PFR2, and
STR2. Total mass of indaziflam in the leachate collected from the treatments ranged from
5.62 · 10–4 to 1.13 · 10–2 mg at the end of the
study (Table 2). The mass balance confirms
that most of the mass recovery of indaziflam
took place in the soil, followed by the leachate samples (Table 3). Percent mass recovery
in pots treated with 25 and 50 g a.i./ha ranged
from 38% to 46% and 48% to 68%, respectively. About half of the applied indaziflam
concentration was recovered in most of the
treatments, except for STR1 that had the
lowest mass recovery.
Indaziflam is not reported to be volatile in
the environment, however its dissipation is
dominated by the degradation and leaching
processes (U.S. Environmental Protection
Agency, 2010). Because most of the applied
indaziflam was recovered in the soil, the loss
of indaziflam during the experiment took
place through the degradation process. Indaziflam half-lives in soil treated with 25 and 50
g a.i./ha ranged from 63 to 77 and 87 to 99 d,
respectively (Table 4). Half-life values were
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greater compared with the average half-life
of 41 d used as reference; however, most of
them are within the half-life range of 30 to
86 d derived from an earlier field study
(Gonzalez-Delgado et al., 2016). Lower
half-life values from field studies than those
from laboratory studies could be the result of
greater degradation in the rhizosphere under
field conditions (Roger et al., 1994; Shaner
and Henry, 2007).
Conclusion
In this greenhouse pot study, indaziflam
was slightly mobile. Concentrations in soil,
leachate, and leaf samples increased with
increasing application rates. Most of the mass
recovery of indaziflam took place in the soil
and ranged from 38% to 68%, and half-life
values in soil ranged from 63 to 99 d.
Indaziflam’s breakdown products were also
detected in soil samples 45, 90, and 135 d after
application. Indaziflam showed the highest
soil concentration, followed by indaziflamtriazine indanone, indaziflam-carboxylic acid,
and indaziflam-triazinediamine. No phytotoxicity effects on pecan trees were observed after
exposing their roots to the application rates of
25 and 50 g a.i./ha under various experimental
soil conditions. No phytotoxicity effects were
observed when the retention time of indaziflam and its breakdown products in the soil
was increased. Indaziflam and its breakdown
products were mobile as well as taken up by
plants; therefore, soil and leaf measurements
should be made periodically. Most of the
applied indaziflam was retained in the soil at
shallow depth.
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