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Abstract. Pecan production in the southeastern United States has increased because of the
worldwide demand for the nuts of this tree. Information about the effects of the residual
herbicides indaziflam and halosulfuron on newly planted pecan trees was evaluated over
time for 4 years on sandy loam soils. After winter pecan tree planting, multiple spring
or autumn herbicide applications were applied to the same pecan trees in different
experiments in consecutive years.Visual injury, height, and caliper diametermeasurements
were taken up to six times during the growing season. Regression analysis of treatments
over time indicated no differences in pecan tree growth for indaziflam at 73 or 146 g a.i./ha
or halosulfuron at 35 g a.i./ha applied up to six times in 3 years, or for indaziflamat 37, 73, or
146 g a.i./ha applied up to five times in 3 years, as compared with nontreated controls. This
information will benefit growers seeking viable weed control options when establishing new
groves to meet the increased worldwide demand for pecan nuts.

Pecan production is increasing in the
United States as exports to foreign markets
have stimulated value and prompted newly
planted groves (Wells, 2014). Between 2009
and 2014, the U.S. in-shell pecan production
(nuts from improved, native, and seedling
trees) averaged more than 181,400 t each
year, valued at more than $479 million
(NASS, 2015). In the United States, Georgia
consistently ranks number one in pecan pro-
duction generating 36,000 t on 63,464 ha,
with a value of $361 million in 2015 (Wolfe

and Stubbs, 2016). With increased demand
and value, growers in Georgia have begun to
interplant older groves with new cultivars
(Wells, 2014). This can expose newly planted
trees to herbicides that have been applied in
previous seasons and are presently labeled for
bearing crops. In addition, greater than 6000
ha of new groves were planted from 2010 to
2014, to more than 391,000 trees in Georgia
(Wells, 2014). It is forecast that production in
Georgia could exceed 121,000 t annually by
2025 with newly planted trees and renovated
groves.

Pecan trees in commercial production are
often irrigated with solid set risers or emit-
ters near each tree (Wells, 2015). Nearly all
commercial groves are irrigated, although
exact data from Georgia are not available.
Although irrigation is necessary for maxi-
mum yields, it also can promote growth of
weeds (Faircloth et al., 2007). Weed compe-
tition can reduce growth in pecan groves by
more than 50%. Newly planted trees are
especially sensitive to competition for sun-
light, moisture, and nutrients (Smith, 2011).
In established groves, weeds also serve as
inoculum for diseases and alternate hosts for
insects (Lee, 1994). Establishing a weed-free
strip by applying herbicides between pecan
trees to increase survival, water use efficiency,

and growth is a common practice (Faircloth
et al., 2007). This reduces the time required for
pecan trees to begin bearing nuts and pro-
ducing the first commercially viable yield
(Smith, 2011).

Indaziflam is an alkylazine herbicide
assigned to group 29 by the Weed Science
Society of America (Shaner, 2014). It is an
effective soil residual herbicide registered for
citrus (Citrus L.), apple (Malus Mill.), pear
(Pyrus L.), stone (Prunus L.) and pome
(Punica L.) fruits, grape (Vitis L.), olive
(Olea europaea L. ssp. europaea), and tree
nuts. Indaziflam is classified as a cellulose
biosynthesis inhibitor (Brabham et al., 2014)
with no reports of any resistant weeds
(Brabham et al., 2014; Shaner, 2014).

Indaziflam’s soil persistence has reported
half-lives of >150 d (U.S. EPA, 2010), with
others indicating 22–176 d (Gonz�alez-
Delgado et al., 2015). The water solubility of
indaziflam increases with increasing pH from
2.0 g·L–1 at pH 7 to 18.3 g·L–1 at pH 9 (Shaner,
2014). Using Italian ryegrass [Lolium perenne
L. subsp.multiflorum (Lam.) Husnot] as a bio-
assay indicator, Jhala et al. (2012) determined
that indaziflam did not leach beyond 30 cm
deep in sand soil, when evaluated in column
studies. Indaziflam desorption was hysteric for
multiple soils examined, indicating decreased
potential for mobility (Alonso et al., 2015).
Turf weed control with indaziflam was noted
for up to 28 weeks (McCullough et al., 2013;
Perry et al., 2011) and at least 6 months of
weed control noted in pistachio (Pistacia
vera L.), pome fruit, stone fruit, and citrus
(Allen, 2011). For Florida citrus, indaziflam
has a 24(c) supplemental label for potted trees
planted for a minimumof 1 year (Anonymous,
2015a; Jhala et al., 2013). Total seasonal rates
for perennial crops can range from 50 to
150 g a.i./ha.

Halosulfuron is also registered to control
perennial nutsedges and broadleaf weeds in
perennial crops including pecan, with total
seasonal use rates of 35–70 g a.i./ha
(Anonymous, 2015b). Halosulfuron has mul-
tiple registrations, including perennial crops.
Soil longevity of halosulfuron varies with
adsorption to soil colloids and soil organic
carbon, with availability often inversely re-
lated to soil pH (Dermiyati and Yamamoto,
1997a). Degradation can increase with in-
creasing soil temperature and lower soil pHs,
with soil moisture content and soil type
further affecting carryover (Dermiyati and
Yamamoto, 1997b). Dissipation is primarily
by chemical hydrolysis and microbial degra-
dation and is much faster in acid and basic
solutions and slower under neutral conditions
(Zheng et al., 2008). Halosulfuron half-life
ranges from 6 to 98 d, depending on soil
moisture and temperature regimes (Dermiyati
and Yamamoto, 1997b; Grey et al., 2007a)
and can exhibit hysteric effects (Carpenter
et al., 1999). Injury from halosulfuron carry-
over to rotational crops has occurred as a result
of its variable soil behavior (Grey et al.,
2007b). Although halosulfuron has been ex-
tensively evaluated in annual crops for toler-
ance and carryover (Dittmar et al., 2008; Haar
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et al., 2002; Jennings, 2010; Sikkema et al.,
2008; Webster et al., 2003), little information
about pecan tree tolerance has been reported.

As a nonselective cellulose biosynthesis
inhibitor, having low soil mobility, along
with a long soil half-life, indaziflam has
a niche for broad-spectrum control of annual
grasses and broadleaf weeds in pecan groves
for maintaining bare ground in the tree row.
The sulfonylurea residual herbicide halosul-
furon provides excellent control of nutsedge
and broadleaf weed species and could be used
to assist in maintaining a weed-free environ-
ment, especially in irrigated groves where
these weed species can proliferate. Although
pecan production in Georgia continues to
increase in hectares and value, limited in-
formation about these herbicides’ effects on
newly planted trees in newly planted or
established groves settings is available.
Therefore, the objective of this research was
to determine the effects on in-field establish-
ment and growth of pecan trees with multiple
applications of indaziflam and halosulfuron
over time.

Materials and Methods

Experiments were conducted at two loca-
tions in Georgia. Location one had three
experiments from 2011 to 2014 in different
areas of the same field at Pine Knoll Planta-
tion near Ducker in Dougherty County.
Dougherty Test 1 (T1) was conducted from
2011 to 2013 and was located at 31.528�N,
–84.3665�W. Dougherty Tests 2 and 3 (T2 and
T3) were conducted from 2012 to 2014 at
31.541�N, –84.3688�W. Location two had
one experiment from 2012 to 2014 near
Weston in Webster County (T4) at 31.984�N,
–84.616�W. Soil types were Greenville sandy
clay loam (fine, kaolinitic, and thermic Rhodic

Kandiudults) with 64% sand, 12% silt, 24%
clay, and 0.5% to 1.0% organic matter, with
pHs from 6.1 to 6.5 for T1, T2, and T3 in
Dougherty County. The soil type was Faceville

loamy sand (fine, kaolinitic, and thermic Typic
Kandiudults) with 80% sand, 10% silt, 10%
clay, and 1.4% organic matter, with pH of 6.0
for T4 in Webster County.

Table 1. Test information for evaluation of herbicides in pecan trees in Dougherty and Webster Counties, GA, 2011–14.

Location

Planting information 2011z 2012z 2013z 2014z

Cultivar Date First Second First Second First Second First Second

Dougherty Test 1 Byrd Jan. 2011 15 Mar. 15 Apr. 2 Apr. 10 May 29 Mar. 14 May — —
Dougherty Test 2 Pawnee Jan. 2012 — — 2 Apr. 10 May 29 Mar. 14 May 14 Mar. 17 Apr.
Dougherty Test 3 Pawnee Jan. 2012 — — 4 Apr. 13 Sept. 29 Mar. 13 Sept. 14 Mar. —
Webster Test 4 Pawnee Feb. 2012 — — 26 Mar. 13 Sept. 29 Mar. 19 Sept. 14 Mar. —
zHerbicide application timing for that research test location and year.

Table 2. Average monthly rainfall, solar radiation, and growing-degree-day accumulation from the University of Georgia weather station 1 km from experimentsz

in Dougherty County, GA.

Month

2011 2012 2013 2014

R (mm) SR (MJ·m–1) GDD R (mm) SR (MJ·m–1) GDD R (mm) SR (MJ·m–1) GDD R (mm) SR (MJ·m–1) GDD

January — — — 71 340 — 42 294 — 72 345 —
February — — — 90 280 — 348 299 — 133 355 —
March 42 243 54 123 488 112 106 546 — 134 526 —
April 44 675 152 56 612 120 87 533 80 294 533 85
May 17 774 246 81 650 260 46 655 186 96 727 225
June 73 752 396 65 617 282 234 633 338 119 716 332
July 166 649 400 93 619 391 205 526 339 122 679 351
August 81 656 411 91 482 333 237 529 342 41 632 374
September 40 484 214 126 503 259 92 471 277 152 468 297
October 65 461 59 10 408 115 13 441 127 75 507 123
November 15 359 — 22 341 — 69 344 — 100 358
December 64 290 — 90 262 — 135 263 — 162 274
zR, SR, and GDDs are reported from initial herbicide application date for T1, T2, and T3.
R = rainfall; SR = solar radiation; GDD = growing degree day; T1, T2, and T3 = Dougherty Tests 1, 2, and 3.

Table 3. Average monthly rainfall, solar radiation, and growing degree day from the University of Georgia
weather station 20 km from experimentsz in Webster County, GA.

Month

2012 2013 2014

R (mm) SR (MJ·m–1) GDD R (mm) SR (MJ·m–1) GDD R (mm) SR (MJ·m–1) GDD

January — — — 23 294 — 79 324 —
February — — — 252 341 — 105 329 —
March 26 118 — 124 579 — 86 484 —
April 38 681 117 79 602 80 201 530 82
May 29 730 228 57 702 179 34 730 227
June 78 674 294 135 619 311 47 661 343
July 94 695 393 195 556 321 68 674 357
August 46 563 339 150 587 335 25 629 368
September 114 545 262 55 525 271 76 429 292
October 1 480 123 35 464 129 64 473 131
November 25 375 — 38 335 — 109 349 —
December 121 260 — 220 226 — 131 259 —
zR, SR, and GDDs are reported from initial herbicide application date for T4.
R = rainfall; SR = solar radiation; GDD = growing degree day; T4 = Dougherty Test 4.

Table 4. Parameter estimates of linear regression of pecan tree trunk growth regressed on growing degree
days (GDDs) for newly planted treesz in Dougherty County, GA (equation: y = a + bx).

Timingy Dougherty County Test 1 Dougherty County Test 2

First
(g a.i./ha)

Second
(g a.i./ha)

ax

(mm)
bx

(mm/GDD) r2
ax

(mm)
bx

(mm/GDD) r2

Nontreatedw — — 21.1 0.0122 av 0.93 13.8 0.0070 cv 0.95
Indaziflam 73 73 21.5 0.0124 a 0.96 14.1 0.0084 ab 0.93
Indaziflam 146 146 21.8 0.0115 ab 0.94 14.1 0.0086 a 0.96
Halosulfuron 35 35 22.8 0.0111 b 0.93 14.8 0.0075 bc 0.93
zAt the time of first applications in 2011 and 2012, pecan trees had been planted for 3 months.
ySee Table 1 for application dates. For all treatments, Tests 1 and 2 received six applications in total over
time.
xDifferences in slopes among the herbicide treatments based on REG procedure using test slope in SAS/
STAT� 9.2 User’s Guide, second edition (SAS Institute).
wNontreated: indicates no residual herbicide. Plots maintained weed free by the contact herbicide
glufosinate during test.
vValues for growth rate by GDDwithin a column followed by the same letter are not significantly different
at P < 0.05 P level.
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Pecan tree planting date, cultivars, and
treatment application information are in Ta-
ble 1. For Dougherty T1, T2, and T3, pecan
trees were planted in rows spaced 12.2 m
wide, with an in-row spacing of 6.1 m. For
Webster T4, trees were planted in rows spaced
12.2 m wide, with an in-row spacing of 7.6 m.
Subsoil irrigation tubes were installed with
emitters soon after planting before treatment
for all tests; these provided water and fertil-
izers per recommendations from the grower.
All maintenance practices for disease control
and cultural considerations were common to
all trees during the growing seasons for all
experiments and directed by the growers, and
maintained weed free by applications of glu-
fosinate. All trials were randomized complete
block designs with four replications per treat-
ment. Herbicides were applied to a weed-free
soil surface using compressed air, calibrated to
deliver 140 L·ha–1 to either side of the tree row
with a four-nozzle 1.8-m tractor-mounted
boom. Test and treatment timing information
is outlined for each test in Table 1. Afterwinter
pecan tree planting, repeated spring or autumn
herbicide applications were applied to the
same pecan trees in different experiments in
consecutive years. Dougherty T1 and T2
(duplicated tests) received six applications
over 26 months, with Dougherty T3 and
Webster T4 (duplicated tests) receiving five
treatments in 24 months. All experiments were
endedwith the finalmeasurement inOct. 2014.

Stem diameter was determined using cal-
iper measures taken 25 cm above the soil line
on the main trunk, always above the graft.
Diameter measures were taken 5–8 times
during the growing season each year. A
single plot consisted of either four or five
trees, and all trees were measured for all data
collection timings. Height measures from the
soil to the apex of each tree were taken at
least 5 times in the first year for each
experiment, before pruning in the second
year. No height measures were taken in the
second or third years of each experiment.
Visual estimates of injury were determined
based on a combination of plant chlorosis and
necrosis, or plant stunting, with a scale of 0%
(no injury relative to the plots not treated with
a residual herbicide) to 100% (plant death).
Crop injury was evaluated multiple times
each year throughout each experiment.

Average rainfall, solar radiation, and tem-
perature data used for growing-degree-day
(GDD) calculation were collected at Georgia
Weather Monitoring Network stations, lo-
cated within 1 km of experiments T1, T2,
and T3 in Dougherty County and 20 km
(Plains) of T4 in Webster County (Flitcroft,
2015). GDDs were calculated by using daily
minimum and maximum air temperature
for the months when actively growing trees
had leaves. For the GDD accumulation
equation,

tn =
Xn
i=1

Timax + Timin

2
� Tb

� �

tn is the sum of GDDs for n days, and Timax

and Timin are the dailymaximum andminimum

temperature C of day i. Previous studies used
a base temperature of 15.5 �C for the pecan
tree (Andales et al., 2006). By using GDDs,

a more biologically meaningful measure of
tree growth can be established rather than just
comparing time after planting.

Table 5. Parameter estimates of linear regression of pecan tree trunk growth regressed on growing degree
days (GDDs) for newly planted treesz in Dougherty and Webster Counties, GA (equation: y = a + bx).

Timingy Dougherty County Test 3 Webster County Test 4

First (g a.i./ha) Second (g a.i./ha) ax (mm) bx (mm/GDD) r2 ax (mm) bx (mm/GDD) r2

Nontreatedw — — 15.8 0.0070 cv 0.89 12.1 0.0097 av 0.91
Indaziflam 37 37 13.7 0.0082 b 0.91 11.1 0.0091 a 0.82
Indaziflam 73 73 13.0 0.0087 ab 0.94 12.0 0.0100 a 0.93
Indaziflam 146 146 14.0 0.0093 a 0.92 12.6 0.0092 a 0.87
zAt the time of first applications in 2012, pecan trees had been planted for 3 months.
ySee Table 1 for application dates. For all treatments, Tests 3 and 4 received five applications in total over
time.
xDifferences in slopes among the herbicide treatments based on REG procedure using test slope in SAS/
STAT� 9.2 User’s Guide, second edition (SAS Institute).
wNontreated: indicates no residual herbicide. Plots maintained weed free by the contact herbicide
glufosinate during test.
vValues for growth rate by GDDs within a column followed by the same letter are not significantly
different at P < 0.05 P level.

Fig. 1. Pecan tree growth response to multiple spring applications of indaziflam and halosulfuron over
growing degree days from 2011 to 2013 (A) and 2012–14 (B) in Dougherty County, GA. Herbicide
application dates are in Table 1 and parameter estimates for linear regression equations are in Table 4.
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As each experiment was conducted on
different trees with different planting dates
with multiple measures over time, and at
different locations, data for each experiment
were analyzed separately. All data were
subjected to analysis of variance using the
PROC MIXED procedure to test for interac-
tions between treatments for leaf chlorosis,
necrosis, and height measures. Linear regres-
sion analysis with the equation

y = a + bx [1]

was used to model growth, where a is the
y-intercept and b is the average tree growth by
degree growing day. Differences in parameter
estimates for the slopes among the herbicide
treatments for tree growth (Glantz and Slinker,
2001) were conducted using the REG pro-
cedure in SAS/STAT� 9.2 (SAS Institute,
Raleigh, NC) (SAS Institute Inc., 2012).

Results and Discussion

There were differences for environmental
measures taken during the course of each
experiment for rainfall, solar radiation, and
GDDs (Tables 2 and 3). However, all exper-
iments were conducted at times when herbi-
cide applications could potentially occur in
Georgia pecan production and are thus rep-
resentative of producer practices.

Pecan tree cultivars Byrd and Pawnee
exhibited no visual injury symptoms in the
form of leaf chlorosis or necrosis to indaziflam
and halosulfuron as compared with the non-
treated controls (data not shown). Multivariate
analysis of variance indicated that there were
no differences in tree height or visual injury
symptoms for all rates of indaziflam and
halosulfuron as compared with the nontreated
control for any of the studies (data not shown).
Gonz�alez-Delgado et al. (2017) noted no
phytotoxicity effects on greenhouse-grown
trees subjected to rates of 50–150 g a.i./ha.

Tree diameter in terms of the y-intercept at
the beginning of each test varied by location
and year ranging from 11.1 to 22.8 mm for the
a parameter (Tables 4 and 5). However, trees
within each experiment had little variation
with less than 2.1 mm diameter differences for
the a parameter estimates across all tests.
Linear regression indicated good fit of results
with r2 of 0.82–0.96.

Caliper diameter measure data regressed
over GDDs indicated that indaziflam applied
multiple times in the spring of each year did
not negatively affect pecan tree growth
(Table 4; Fig. 1). For the Dougherty T1
experiment, ‘Byrd’ pecan trees that had
indaziflam applied at 73 or 146 g a.i./ha six
times over 31 months exhibited growth
equal to the nontreated control with param-
eter estimates of b at 0.0124, 0.0115, and
0.0122 mm/GDD, respectively (Table 4;
Fig. 1A). For Dougherty T2, ‘Pawnee’ pecan
trees treated with indaziflam at these same
rates had significantly greater rate of growth
than that of the nontreated control with
parameter estimates of 0.0084 and 0.0086
vs. 0.007 mm/GDD, respectively (Table 4;
Fig. 1B). Halosulfuron-treated tree growth

was significantly less than that of the non-
treated control in Dougherty T1 and did not
differ for Dougherty T2. With additional
indaziflam and halosulfuron applications each
year, the rate of pecan tree stem diameter
consistently increased over time. By the final
measures taken in October of 2013 and 2014,
the total applications of indaziflam amounted
to 438 and 876 g a.i./ha, and halosulfuron at
210 g a.i./ha cumulatively over 31 months in
Dougherty County T1 and T2.

For Dougherty T3, ‘Pawnee’ pecan tree
trunk growth response to spring and autumn
applications of indaziflam at 37, 73, and 146
g a.i./ha was significantly greater than that of
the nontreated control, with b parameter es-
timates of 0.0082, 0.0087, 0.0093, and 0.007
mm/GDD, respectively (Table 5; Fig. 2A).
All plots were maintained weed free for the
entire course of this research, so no reason

can be given as to why tree growth was
greater for the indaziflam treatments. Con-
versely, for Webster T4 for the same treat-
ments, there was no difference in tree growth
(Table 5; Fig. 2B). With five total applica-
tions from 2012 to 2014 (Table 1), total
indaziflam amounted to 185, 365, and 730 g
a.i./ha over the course of these experiments in
31 months. All pecan tree stem diameter
increased each year, with no treatment dif-
ferences.

Injury to pecan trees from indaziflam has
been reported in Arizona and New Mexico,
and attributed to production practices (flood
irrigation), the increased availability of inda-
ziflam at soil pH of 8.49 (Gonz�alez-Delgado
et al., 2015), and leaching and concentrating
indaziflam into the tree root zone (Jhala et al.,
2012). Also, indaziflam desorption was hys-
teric for multiple soils examined, indicating

Fig. 2. Pecan tree growth response to multiple spring and autumn applications of indaziflam over growing
degree days from 2012 to 2014 in Dougherty (A) and Webster Counties (B) in Georgia. Herbicide
application dates are in Table 1 and parameter estimates for linear regression equations are in Table 5.
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decreased potential for mobility out of the
rooting zone (Alonso et al., 2011). For this
Georgia research, no trees died during the
course of the 4 years of these experiments. As
the soil pHs for these experiments were 6.0–
6.5, the solubility of indaziflam would have
been �2.0 g·L–1 (Shaner, 2014). Jhala et al.
(2012) noted that indaziflam leaching in a
Chandler sand (Hyperthermic, uncoated Typic
Quartzipsamments) was rate and rainfall de-
pendent where 73 and 145 g a.i./ha leached to
depths of 12.6, 19.5, and 23.4 cm, and 18.2,
23.3, and 30.2 cm with 5, 10, and 15 cm·ha–1

of rainfall, respectively. For these studies in
Faceville loamy sand and Greenville sandy
clay loam soils, rainfall was sufficient after
each application to leach indaziflam into
pecan tree rooting zones, according to bio-
assay test performed by Jhala et al. (2012). For
Dougherty County T1, T2, and T3, more than
3000 mm of rainfall was recorded, whereas
Webster County T4 received more than
2400 mm in the 31 total months of these
experiments (Tables 2 and 3).

There were no differences in tree trunk
diameter data from 1 year of research for
peach rootstock with almond scions in a
California nursery (Abit and Hanson, 2013).
According to the Alion� label registration, the
recommended application rate is 51 g a.i./ha
for a single application with a maximum of
102 g a.i./ha in a single growing season
(Anonymous, 2015a). These data indicate that
the newly planted pecan tree was tolerant to
indaziflam and halosulfuron over time when
only spring applications were applied. Pecan
trees grew at a positive rate similar to other
indaziflam-treated perennial crops including
olive (Grey et al., 2016), conifers (Miller and
Peachey, 2014), and woody ornamentals
(Parker and Myers, 2011).

Conclusions

These data indicate that pecan trees
planted in Georgia were tolerant of repeated
applications of indaziflam and halosulfuron
over time, offering herbicides that will pro-
vide extended weed control to maintain
optimum growing conditions soon after
planting. The safety of indaziflam in Georgia
pecan was demonstrated as there were no
visual injury symptoms or differences for
pecan tree height for any treatment for any
experiment taken in the first years of all four
experiments. Alternative herbicides with dif-
ferent mechanisms of action should also be
used in this production regime to prevent
potential resistance issues.
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