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Abstract

Atrazine applied at planting is commonly used for weed control in corn. With global climate
change causing an increase in river flooding in the United States over the past decade, producers
need information to determine the best course of action in flooded fields treated with atrazine
into which they wish to immediately plant soybean. Studies were designed to understand the
effect of flooding on atrazine residual activity including atrazine concentration, soybean
injury, and soybean yield. In 2012, soybean yield in flooded treatments was reduced by prior
atrazine application. In 2014, soybean injury was <10% in all plots, and nonflooded, atrazine-
treated soils had yields equal to the nontreated. Findings from this research indicated that it
is possible for producers to consider replanting soybean after atrazine application, with appro-
priate changes to product labeling.

Introduction

Atrazine is a commonly used herbicide providing PRE and POSTweed control in corn, sorghum
[Sorghum bicolor (L.) Moench], and sugarcane (Saccharum officinarum L.) (Mitchell 2014).
The longevity of atrazine in soil is a primary attribute that allows residual weed control for
producers. This persistence has led to concern of possible surface and groundwater contami-
nation (Brecke et al. 1981; Burnside and Wicks 1980; Burnside et al. 1971; Hall et al. 1972;
Kelly and Wilson 2000; Laroche et al. 1996; Richards et al. 1987, 1996; Toccalino et al. 2014).

Given the increased prevalence of climate shifts and the probability of flooding continuing to
affect crop production, producers should aim to better understand available options when
replanting a field to a different crop. From 2010 to 2019, several significant flooding events
occurred in the soybean and corn production regions of the United States (Fournier et al.
2016; Martin et al. 2016; Vahedifard et al. 2016; Wang et al. 2016; van der Wiel et al. 2017).
Flooding may destroy the corn crop, and growers would like to plant a different crop after
the flood waters recede. Producers have questions about how tomanage fields previously treated
with atrazine. Late frosts, hail damage, wildlife damage, or other factors may also destroy the
crop and force producers to consider replanting a field in soybean after an atrazine application
has beenmade. Simply replanting corn will often result in reduced corn yield due to late planting
(Benson 1990, Olson 2009). Specifically, in Tennessee corn yield loss ranged from 4% to 25%
depending upon hybrid when planting is delayed fromApril toMay (McClure 2011). Therefore,
alternatives are needed.

One objective of this research was to examine the persistence of atrazine in flooded soils and
to examine the effect of soil condition on later atrazine effects on soybean. Many papers have
previously reported on atrazine behavior in soil (Brecke et al. 1981; Burnside et al. 1971; Gallaher
andMueller 1996; Krutz et al. 2009, 2010) with a wide range of half-lives reported (20 to>100 d).
Looking at the effect of soil wetting and the resultant changes in redox potential, atrazine will be
more persistent under anaerobic conditions than in the aerobic, more oxidizing environments
that are normally found in surface agricultural soils (DeLaune et al. 1997). Seybold et al. (2001)
indicated that atrazine can degrade under strongly reducing conditions, such as those found
in wetland soils. Conversely, atrazine was equally degraded under aerobic and anaerobic
conditions (Issa and Wood 2005) and was not affected by tight adsorption to soil.

No published research has examined the effects of atrazine on soybean replanted after a
period of soil flooding. Although Pawlak et al. (1987) described soybean injury from carryover
in no-till systems, no definitive answer can be given regarding the effect of flooding on atrazine
carryover. These results strive to inform producers with the best course of action to replant
soybean in atrazine-treated fields.

Our hypothesis was that atrazine in flooded soils could be moved off-site, or that atrazine
degradation could be reduced or increased under anaerobic soil conditions. In the absence of
flooding, atrazine persistence would be expected to prevent subsequent soybean planting as a
result of crop injury. The objective was to record soybean injury symptoms for comparison with
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effect on overall soybean yield (Anderson 1970; Pawlak et al. 1987).
Current use labels also forbid soybean replanting soon after
atrazine treatment.

Materials and Methods

Flooding Plots

Experiments were carried out in the spring and summer of
2012 and 2014 in Knoxville, TN. Studies were conducted in
Sequatchie silt loam soil with a pH of 6.2, cation exchange capacity
of 10.4mEq 100 g–1, and organicmatter content of 1.7%. Data from
a 2013 field experiment was not valid because of heavy rainfall
(~20 cm over 10 d) that resulted in the flooding of all plots.

In both years, the previous year the plots had been in soybean.
There was no atrazine present in the plot area, as atrazine was
prohibited to be used on this research farm. For this reason, soil
samples prior to atrazine application were not collected.

The entire field area was tilled 40 d before study initiation to
bury plant residue and allow for soil berm construction. Main plots
were created by building soil berms around 12-m by 12-m plots
containing three 9-m by 3-m subplots (Figure 1). Glyphosate
was applied 14 d prior to research initiation at a rate of
870 g ha–1 to all plots to control existing weeds. Atrazine
(Aatrex 4L; Syngenta, Greensboro, NC) treatments of 0, 2.2, and
4.5 kg ha–1 were applied within berms prior to flooding using a
six-nozzle handheld boom at 276 kPa in 190 L ha–1 of water carrier.
Applications were made on May 18, 2012 and May 19, 2014.
All plots received 20 mm of overhead irrigation at 0 d after treat-
ment (DAT), and then nonflooded treatments were allowed to dry.
Flooded treatments were applied immediately after surface irriga-
tion (~ 1 h) on 0 DAT using large pipes to dispense water into the
main plots, with care taken tominimize soil disturbance (Figure 2).

The location of this research is in the foothills of the Great
Smoky Mountains (35.9773°N, 83.8524°W) and is situated at
the confluence of the French Broad River and the Holston
River, which then form the Tennessee River. Technically the water
source for flooding treatments was the Holston River and lay
approximately 200 m upriver from the start of the Tennessee
River. This site was chosen in part because of access to water that
would not be expected to contain atrazine. Atrazine is sometimes
found in rivers in the United States, but the area of this research is
predominantly forested, with only some residential areas and a few
pastures and hayfields within the watershed. More widely, Knox
County grows <270 ha of corn annually (Bowing and Smith
2019), all of which lies downriver from this site. The most recent
sampling of the same area of the river showed no atrazine to be
present, even when multiple analytical laboratories separately
examined the water from this same location (Senseman et al.
2003). Based on these factors, these authors strongly assert that
the water used in the flooding regimen contained no atrazine.

Depth of flood was ~5 to 15 cm and was maintained for 5 d.
At that time, berms were opened and plots were allowed to dry.
After drying for ~7 d, berms were leveled with tillage and all plots
were no-till planted with commercial equipment at 2.5 cm depth
and 76 cm row spacing. Seeding rate of Asgrow 4532 RR (Bayer
Crop Sciences, St. Louis, MO) soybean was 50 kg ha–1. Soybean
was planted on May 31, 2012 and June 6, 2014. Plots were main-
tained weed free using glyphosate applied POST, as no glyphosate-
resistant weeds were present at this location.

Data Collection

In 2012 and 2014, soil samples from each individual plot were
collected prior to planting. Three samples from each plot were
mixed to form a single sample from that particular individual plot.

Figure 1. Field image of main plots, nonflooded and flooded.
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Samples were collected from a depth of 0 to 8 cm using a turf cup
cutter at 13 d in 2012 and 17 d in 2014 after flooding (0 d after
planting, DAP). These soil samples were transported in coolers
to the lab and stored at –20 C until extraction. Soil samples were
later homogenized and extracted using methanol, shaking, and
filtration, and analyzed via liquid chromatography–mass spec-
trometry (LC-MS) according to previous methods (Mueller et al.
2010). Peaks detected via LC-MS were converted to concentration
in μg kg–1 for later statistical analysis.

At 28 and 42DAP, soybean injury was visually evaluated using a
scale of 0% to 100%, with 0% being no injury and 100% represent-
ing complete plant necrosis. At ~120 DAP in both studies, two
center rows of soybean were mechanically harvested and yield data
were collected for analysis.

Experimental Design and Data Analysis

A randomized complete block 2 × 3 factorial split-plot design was
used with two levels of flooding (flooded and nonflooded) across
three atrazine rates. Atrazine rates were used to examine both
average and twice the normal use rates (Anonymous 2020).
Each treatment was replicated four times, and the entire study
was repeated in time in 2012 and 2014.

Data were subjected to ANOVA in SAS (v. 9.2, SAS® Institute
Inc., Cary, NC) using PROC GLIMMIX to test for significance of
atrazine rate and flooding treatment on atrazine concentration in
soils, soybean injury, and yield. Year and replication were consid-
ered random effects, with flooding and atrazine rate being consid-
ered fixed effects. All visual evaluation data were transformed for
statistical analysis using a square root transformation; true means
are presented here. Means were separated using Fisher’s protected
LSD and considered significant if P ≤ 0.05.

Results and Discussion

Atrazine Concentration

The expected initial atrazine concentration on 0 DAT would have
been ~2,000 and ~4,000 μg kg–1 in the 2.2- and 4.5-kg ha–1 treat-
ments, respectively, based upon previous research on this soil and
with the same sampling procedure (Gallaher and Mueller 1996).
In 2012, atrazine concentration within a given atrazine rate was
similar in both flooded and nonflooded soils (Table 1). Atrazine
concentration was greatest in soils treated with the higher rate
of atrazine, with about 35% less atrazine recovered in soils treated
with the lower rate. Low atrazine concentrations in control plots
suggest that atrazine movement in surface water was minimal
but may have occurred. Atrazine would not be expected to be in
the soil from previous years, as soybean had been grown, and
no atrazine use is allowed on this research farm. In 2014, atrazine
concentrations were much higher in nonflooded soils compared
with flooded soils (Table 2). Atrazine degradation may be occur-
ring in the moist, flooded soils because of an increase in the pop-
ulation of microbes capable of metabolizing atrazine (Mueller et al.
2010; Shaner andHenry 2007; Shaner et al. 2007). Nonflooded soils
may have lacked the moisture required to support microbial
populations capable of metabolizing atrazine within surface soils
in the time interval after soybean planting (Table 3). However,
the readers are reminded that the atrazine was incorporated with
20 mm of rainfall on the day of application.

Soybean Injury

In 2012 at both 28 and 42 DAP, soybean injury within the non-
flooded treatments was similar to the nontreated plots, regardless
of atrazine use rate (Table 1). There were large differences of

Figure 2. Water being added to main plots in flooded treatments.
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soybean injury in 2012 in flooded soils, with substantial response at
both atrazine rates. In 2014, soybean injury from atrazine was
much lower (<10%) (Table 2). All atrazine treatments caused
injury compared with the nontreated, but the maximum observed
was 10%.

Soybean Yield

In 2012, flooded plots treated with atrazine had lower soybean
yields (Table 1). These lower yields were consistent with the visual
injury previously noted in those plots. Plots in 2012 that were not
flooded showed no yield difference from atrazine application.
Within flooded atrazine soils, yield was reduced at both 2.2
and 4.5 kg ha–1 from over 3,600 kg ha–1 to under 2,400 kg ha–1,
respectively.

In 2014, there were no differences in yield across all treatment
factors (Table 2). That yields were similar was consistent, with all
soybean response being <10% at 28 and 42 DAP.

So how could much higher atrazine soil concentrations in 2014
result in lower soybean injury? One possible reason is that the soil
conditions soon after planting in 2012 were drier, with weeks 1, 2,
and 3 after soybean planting receiving only 7.6, 3.6, and 0.5 mm
of rain each week, respectively. The rainfall soon after planting
(33 mm in week 1) allowed for adequate atrazine uptake, as atra-
zine is a xylem-mobile herbicide and must be transported into
leaves for activity. This would be consistent with those results
reported by Gallaher andMueller (1996). The plots during the first
4 wk of 2014 received >5 mm of rainfall each week, and this

possibly allowed the soybean to compensate for the atrazine pres-
ence and show less than 10% soybean injury.

Another possibility is that different mechanisms were at work
in the flooded and nonflooded plots in 2014. The flooded plots may
have shown less soybean injury because the atrazine applied had
largely been degraded, as adequate soil moisture resulted in the
presence of <400 μg kg–1 atrazine in 0 to 8 cm soil (Table 2).
The nonflooded plots had much higher atrazine concentrations
(1,300 and 3,990 μg kg–1), but possibly this herbicide was concen-
trated near the soil surface and was not as fully available for plant
root uptake by the soybean plants. Rainfall during week 2 was
<5 mm, and perhaps during this critical time interval the atrazine
remained on the soil surface and was not as fully moved into the
soybean plants. It is also possible that once rainfall began in 2014
(after planting), the atrazine degraded rapidly. Soil moisture dur-
ing the interval prior to planting was dry, and the nonflooded plots
received only 4.6 mm of rainfall during those 2 wk (Table 3).

These data indicate that it was possible to plant soybean after
flooding into atrazine-treated fields with no yield loss in one of
two years in this research. These data also indicate that planting
soybean after atrazine may be possible in nonflooded soils as well.
Situations other than flooding, including late freezes, hail damage,
and herbicide drift scenarios, may lead producers to plant soybean
or a different crop. Although some soybean injury may occur,
it will be similar to the injury thresholds that producers experience
when utilizing protoporphyrinogen oxidase–inhibiting herbicides
such as fomesafen in soybean (Cieslik et al. 2014). The observed
injury also did not affect overall soybean yields in nonflooded plots.

Table 1. Atrazine dose, concentration, soybean yield, and soybean injury from a field site in Knoxville, TN, in 2012.a

Soybean injury
Atrazine

concentration

Atrazine dose 28 DAPb,c 42 DAP Soybean yield 0 DAP

Flooded kg ha–1 ——————%—————— kg ha–1 μg kg–1

Yes 0 7 b 4 b 3,600 a 91 cd
Yes 2.2 70 a 75 a 2,400 c 503 bc
Yes 4.5 74 a 46 a 2,400 c 870 ab
No 0 4 b 2 b 3,200 ab 15 d
No 2.2 6 b 4 b 2,700 bc 700 ab
No 4.5 13 b 9 b 2,800 bc 1,040 a
LSD 12.6 14.1 770 420

aA two-way interaction of flooding and atrazine rate was significant (P< 0.05).
bAbbreviations: DAP, days after planting.
cMeans sharing a letter within columns are not different according to Fisher’s protected LSD (0.05).

Table 2. Atrazine dose, concentration, soybean yield, and soybean injury from a field site in Knoxville, TN, in 2014.a

Soybean injury
Atrazine

concentration

Atrazine dose 28 DAPb,c 42 DAP Soybean yield 0 DAP

Flooded kg ha–1 ——————%—————— kg ha–1 μg kg–1

Yes 0 0 d 0 c 3,600 a 98 c
Yes 2.2 7 b 4 b 3,500 a 249 c
Yes 4.5 8 b 6 b 3,600 a 346 c
No 0 0 d 0 c 3,500 a 4 c
No 2.2 5 c 4 b 3,400 a 1,300 b
No 4.5 10 a 7 a 3,300 a 3,990 a
LSD 1.4 2.2 NS 605

aA two-way interaction of flooding and atrazine rate was significant (P< 0.05).
bAbbreviations: DAP, days after planting.
cMeans sharing a letter within columns are not different according to Fisher’s protected LSD (0.05).
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These results show that current atrazine replanting restrictions may
be excessive on these soil types and climate (Anonymous 2020).

Several factors affected our results, including environmental
conditions. Soil temperatures were warmer than would be the case
in more northern climates; thus, decreased soil temperature would
most likely result in slower atrazine degradation and therefore a
higher atrazine concentration at the time of soybean planting
(Brecke et al 1981; Burnside andWicks 1980). Cooler temperatures
may also result in less vigorous plant growth, and thus soybean
present may be less able to detoxify the atrazine. Soil pH and
texture may also have affected our results. Other locations that
grow both corn and soybean will have soils that will be less con-
ducive to atrazine degradation, and thus possibly more prone to
soybean injury.

One aspect of herbicide use in the United States is the adherence
to published labels. Failure to follow labels is inappropriate, and
producers are required to read and follow all label instructions.
The publication of these data does not expressly encourage
the off-label use of planting various crops prior to the stated
re-cropping interval.

The atrazine soils data indicated some movement from treated
to nontreated plots in the flooded areas. Atrazine concentration in
the flooded, nontreated plot was approximately 90 μg kg–1 each
year, compared to 4 to 15 μg kg–1 in the nonflooded, nontreated
plots. This research was conducted in a “closed system,” and the
atrazine was contained within each whole-plot berm; thus, the
atrazine present in the water was not diluted. Water volumes in
flooded-field scenarios would probably dilute the atrazine concen-
tration to much lower levels and potentially reduce soybean
responses.

The shortened atrazine persistence in the 2014 study in the
flooded plots provides credence to a re-examination of atrazine
labels based on these data and other findings (Mueller et al.
2017). Shorter allowable re-crop intervals for cover crops, wheat,
and other desirable crops would allow more flexibility for

producers. One challenge for the primary registrant to change
labels is that the Environmental Protection Agency insists that
all atrazine field studies utilize locations with no previous atrazine
use history. This does not match the current reality of atrazine use
in agriculture in the United States, where atrazine is used in fields
repeatedly over several years, and enhanced degradation may alter
atrazine persistence (Mitchell 2014; Mueller et al. 2017).

Future research should target the effects of enhanced atrazine
degradation on plant-back intervals of atrazine-sensitive crops.
More research should also address the impact of rainfall amount,
tillage system, and other pesticide use on the success of replanted
corn and soybean after a flooding event.
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