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Abstract

Narrow-windrow burning (NWB) is a form of harvest weed seed control in which crop residues
and weed seeds collected by the combine are concentrated into windrows and subsequently
burned. The objectives of this study were to determine how NWB will 1) affect seed survival
of Italian ryegrass in wheat and Palmer amaranth in soybean and 2) determine whether a rela-
tionship exists between NWB heat index (HI; the sum of temperatures above ambient) or effec-
tive burn time (EBT; the cumulative number of seconds temperatures exceed 200 C) and the
post-NWB seed survival of both species. Average soybean and wheat windrow HI totaled
140,725 ± 14,370 and 66,196 ± 6224 C, and 259 ± 27 and 116 ± 12 s of EBT, respectively.
Pre-NWB versus post-NWB germinability testing revealed an estimated seed kill rate of
79.7% for Italian ryegrass, and 86.3% for Palmer amaranth. Non-linear two-parameter expo-
nential regressions between seed kill and HI or EBT indicated NWB at an HI of 146,000 C and
277 s of EBT potentially kills 99% of Palmer amaranth seed. Seventy-six percent of soybean
windrow burning events resulted in estimated Palmer amaranth seed kill rates greater than
85%. Predicted Italian ryegrass seed kill was greater than 97% in all but two wheat NWB events;
therefore, relationships were not calculated. These results validate the effectiveness of the ability
of NWB to reduce seed survival, thereby improving weed management and combating
herbicide resistance.

Introduction

Since their introduction, herbicides have been widely adopted to maximize weed control and
protect crop yield. Their widespread use led to herbicide-resistant weed populations that
now exceed 500 cases and threaten crop production globally (Harker and O’Donovan 2013;
Heap 2014, 2022). The overwhelming threat of herbicide resistance (HR) has been a significant
driver in producers’ search for alternative weedmanagement strategies (Harker andO’Donovan
2013). Solutions intended to slow the development of HR andmaintain the productivity of crop-
ping systems have gained attention in scientific and agricultural communities in recent years
(Kumar et al. 2013; Norsworthy et al. 2012). Included in this is a renewed focus on weed seed-
bank dynamics and the increasingly important strategy of targeting weed seeds while they are
undispersed on the plant. Preemptive actions can be very successful at limiting problematic
weed species such as those that are or have the potential of becoming resistant to herbicides
(Walsh and Powles 2007; Walsh et al. 2013). For example, by destroying only 50% of weed
seed prior to seedbank deposition, resistance development may be delayed by nearly 10 yr
(Somerville et al. 2018).

Harvest weed seed control (HWSC) is an overarching phrase used to describe a variety of
technologies and practices designed to capture and concentrate, remove, or destroy weed seeds
during crop harvest to limit additions to the weed seedbank (Glasner et al. 2019; Shergill et al.
2020; Walsh et al. 2017a, 2018). HWSC practices have been well established in Australian crop
production, where 43% of grain growers routinely had used some form of HWSC as of 2017
(Walsh et al. 2017a). By coupling HWSC with routine harvest processes, Australian growers
have been able to reliably, practically, and economically target weed seed to prevent their spread
and input into the seedbank in production fields (Walsh and Powles 2014).

The many different systems of HWSC include narrow-windrow burning (NWB), chaff lin-
ing, chaff tramlining, chaff carts, bale direct, and seed impact mills (described by Walsh et al.
2013, 2018). The focus of this study is on NWB, in which all crop residue exiting the combine is
funneled into a windrow via a chute. Windrows are subsequently ignited, allowed to burn
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completely, and thus eliminate weed seed viability via thermal kill.
Compared to burning entire fields, windrows burn longer at higher
temperatures, making it much more effective at killing weed seed
(Lyon et al. 2016; Walsh and Newman 2007). Combine modifica-
tions are inexpensive and simple to use compared to other HWSC
methods, making NWB a popular option for weed seed control
(Walsh et al. 2013). In 2017, NWB was the most popular
HWSC system in Australia with a 30% adoption rate (Walsh
et al. 2017a).

Only a few studies have compared the effects of high temper-
atures occurring during NWB on weed seed viability (Green
et al. 2014; Hoyle and McElroy 2012; Lyon et al. 2016;
Norsworthy et al. 2020; Walsh and Newman 2007), but most
researchers agree that windrow burning is an effective approach
to controlling most weed species. Australian field studies indicate
seed kill levels of 99% for both rigid ryegrass (Lolium rigidum
Gaudin.) and wild radish (Raphanus raphanistrum L.) following
wheat, canola, and lupin NWB (Walsh and Newman 2007).
NWB in Pullman, WA, reduced Italian ryegrass emergence in
the following season by 99% (Lyon et al. 2016).

The aggressive growth habit of Italian ryegrass and its pro-
longed germination from fall until winter wheat canopy closure
can pose serious control issues in winter crops of small grains
(Bararpour et al. 2017). Additionally, resistance to herbicides from
six site-of-action groups has been identified in U.S. populations of
Italian ryegrass. Many populations have displayed multiple resis-
tance to Group 1 and Group 2 herbicides (as categorized by the
Weed Science Society of America), effectively eliminating all selec-
tive postemergence (POST) herbicide options in wheat (Heap
2022). Estimates of harvest seed retention in Italian ryegrass vary
among publications. Publications with preliminary data indicate
Italian ryegrass retained around 58% of its seed at harvest in the
Great Plains region of the United States (Walsh et al. 2018). Amore
recent study in the Pacific Northwest indicated that seed retention
of Italian ryegrass at wheat crop maturity was 40.5% across 6 site-
years (San Martín et al. 2021). A close relative, rigid ryegrass,
retained 85% of its seed across nine locations of varying weed pres-
sure in Australia at wheat crop harvest (Walsh and Powles 2014).

In Virginia winter wheat fields, HWSC by complete removal of
chaff and straw reduced Italian ryegrass tiller density by 30% and
69% in the following season at two locations; however, no
differences were observed at a third location (Beam et al. 2019).
Similar results were observed by Walsh et al. (2017b), when 1 yr
of HWSC including NWB reduced rigid ryegrass populations prior
to POST-applied herbicides by 60% on average (reductions ranged
from 37% to 90%). Variability in both studies is attributed to
differences in initial seedbank densities and Italian ryegrass seed
retention and production at harvest. Maity et al. (2022) found
that using NWB each year for 4 yr reduced Italian ryegrass soil
seedbank size by 78% in Texas, while improving wheat yield.
Compared to conventional harvest, NWB reduced Italian ryegrass
plant populations during the growing season by 73%, 83%, and
88% in Texas; and by 8%, 55%, and 89% in Arkansas after the sec-
ond, third, and fourth year of NWB, respectively. In combination
with various herbicide treatments, their integrated management
program led to large reductions in Italian ryegrass seed survival
and annual fecundity (Maity et al. 2022). Problematic status and
a lack of regionally specific data in NWB systemsmakes Italian rye-
grass an important candidate for this study.

Palmer amaranth also poses issues to crop production as one of
the most economically damaging resistant weed species in corn,
soybean, and cotton crops in the United States (Beckie 2006).

High fecundity, tolerance to high temperatures and drought, high
genetic diversity, and ability to develop HR enables Palmer ama-
ranth to threaten crop yields (Ward et al. 2013; Webster and
Nichols 2012). Since the 1993 discovery of acetolactate syn-
thase–resistant Palmer amaranth in Kansas, populations of this
weed have evolved multiple resistance mechanisms that confer
resistance across eight sites of action (Heap 2022; Horak and
Peterson 1995; Ward et al. 2013). Palmer amaranth is, however,
a great candidate for HWSC due to its high seed retention at
the time of soybeanmaturity.Multiple studies indicate greater than
95% seed retention at soybean harvest (Schwartz-Lazaro et al.
2017, 2021). Additionally, Palmer amaranth exhibits short longev-
ity in the seedbank, which is important in obtaining relatively
quick returns after implementing HWSC (Norsworthy et al.
2008, 2016).

Research examining management of Palmer amaranth with
HWSC further indicates the value of HWSC. In combination with
herbicide programs, complete field residue removal using a cart
or NWB at harvest can reduce Palmer amaranth densities by
37% to 90% in the following year (Norsworthy et al. 2016).
NWB was found to be more effective than chaff carts in popu-
lation reduction (Norsworthy et al. 2016). Beam et al. (2019)
observed no differences in Palmer amaranth density between
complete residue removal and conventional harvest, which
was attributed to overall effective herbicide programs. This
study showed promise that there is no yield penalty when imple-
menting HWSC, and it is likely that it will contribute to prevent-
ing HR development (Beam et al. 2019). Patterson et al. (2021)
reported that NWB alone was 62% more effective at reducing
the Palmer amaranth seedbank compared to conventional
harvest. In the same study, Palmer amaranth seedbank size
increased from 40 to 100 seeds m−2 over 3 yr under a POST-only
herbicide program. In contrast, the use of NWB in addition to a
POST-only herbicide treatment decreased seedbank density
from an average of 42 to 18 seeds m−2 (Patterson et al. 2021).
The problematic status of Palmer amaranth as well as overall
success under HWSC in soybean production demands alternative
solutions such as NWB, and a determination of the temperature
threshold necessary to reduce seed viability.

More research is necessary to understand how effective thermal
processes such as NWB are at killing weed seeds at field levels
in the United States. Therefore, the objectives of this study were
to determine how NWB will 1) affect seed survival of Italian
ryegrass in wheat and Palmer amaranth in soybean, and 2) deter-
mine whether a relationship exists between the NWB tempera-
ture and seed survival of both species. Differences in seed
size, dispersal, growth habit, phenology, etc. may play a role in
NWB efficacy, which is why these two species were evaluated
in separate experiments.

Materials and Methods

Field experiments to evaluate the efficacy of Italian ryegrass and
Palmer amaranth control with NWBwere established in fields with
known infestations of these weed species in soybean and wheat
fields in Blackstone, VA (37.082°N, 77.9722°W) and South Hill,
VA (36.8322°N, 78.1425°W). Experiments were initiated in fall
2015 and maintained in the same location until fall 2018 for a total
of 3 site-years with soybean and 2 site-years with wheat. Each site
included multiple HWSC treatments and crop rotations and fol-
lowed a randomized complete block design with four to five rep-
lications per treatment. Herein, we present a subset of data
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collected from NWB treatments within the experiment. NWB
treatment data were collected during (temperature) and after (seed
survival) burning of windrows in plots that were 7.5 m × 15 m.
Data collection on NWB temperature occurred during wheat
NWB for Italian ryegrass and soybean NWB for Palmer amaranth.
The sample size (n) is listed in each figure.

In the Italian ryegrass control experiment, winter wheat was
grown in a double-crop system with soybean. Winter wheat was
planted at 135 kg ha−1 with a no-till drill on 20-cm-row spacing.
Double-crop soybeans were planted after wheat harvest at 444,600
seeds ha−1 with a drill on 35-cm-row spacing. In the Palmer ama-
ranth control experiment, full season soybeans were grown in a no-
till system. Soybeans were planted on 76-cm rows at 296,520 seeds
ha−1. In both wheat and soybean, all production practices except
for herbicide treatments, followed Virginia Cooperative
Extension recommendations (Holshouser 2014). The herbicide
program mimicked standard grower practices in the area and
resulted in uncontrolled weeds at crop harvest due to HR, weed
size at application being larger than product label recommenda-
tions, or ineffective herbicide selection.

In the Italian ryegrass and Palmer amaranth experiments, plots
were harvested with a Gleaner K2 combine (AGCO Corporation,
Duluth, GA) with a modified 2.4-m small-grain header or a
Wintersteiger Classic combine (Wintersteiger AG, Ried im
Innkreis, Austria) with a 1.5-m small-grain header. To effectively
mimic an NWB scenario, 0.5-m-wide windrows were formed by
replacing the harvester’s residue spreader with a chute. The
Gleaner combine formed one windrow containing all field resi-
dues, per 2.4-m harvest swath, while the Wintersteiger combine
was outfitted with chutes that combined three passes of 1.5 m each
into a single windrow. Windrows were burned the same day as or
the day following harvest.Windrows were ignited at one end with a
propane torch, and the fire was allowed to burn along the length of
the windrow in each plot until no crop residue remained. Wind
speed and direction during burning events was not recorded but
was variable. Two temperature loggers (OM-EL-USB-TC-LCD
þ KQXL-M60U-150; Omega Engineering, Inc., Norwalk, CT)
were centered in the width of the windrow at random locations
along the 13-m length, and buried in the windrow approximately
1 cm above the soil surface. Loggers recorded temperature once per
second from pre-burn until returning to ambient temperature after
burning. Temperature data were averaged across the two subsam-
ples for each windrow.

In both weed species experiments, crop residue subsamples and
weed seed therein were collected from windrows prior to and after
burns were conducted. Welding cloth squares (0.3 by 0.3 m) were
placed on the soil surface prior to harvest so that weeds seeds and
crop residues covered the square during windrow formation.
Welding cloth was chosen as a noncombustible material that mini-
mized heat conduction to weed seeds. Two squares were placed less
than 3m apart from each other, randomly along the 13-m length of
the windrow and centered on the width of the windrow in different
locations than temperature loggers. One square was collected prior
to burning and the other square was collected after burning, creating
paired samples. It is important to consider that the precise number
of Italian ryegrass or Palmer amaranth seed exposed to NWB is
unknown, and no data were collected on the spatial distribution
ofweeds within plots. Visually, there was an even density across each
NWB plot, but quantitative data were not collected to support this,
thus introducing some uncertainty in the results of this study.Weed
density (per square meter) was collected in each NWB treatment

prior to harvest at each site-year. Average weed species density
at each site-year was 4.9, 8.3, and 5.0 Palmer amaranth m−2 at
soybean harvest, and 65.3 or 288 Italian ryegrass m−2 at wheat
harvest. In soybean, variation of Palmer amaranth density (per
square meter) within the field was 8.6%, 18.1%, and 17.0% of
the mean (standard error/population mean). In wheat, the same
calculation yielded Italian ryegrass density (per square meter)
variation to be 8.8% and 9.4% of the mean. Variation across a
field is unavoidable; however, the authors believe this variation
is low, indicating seeds were likely evenly distributed in the wind-
row. The assumption is that the number of weed seeds was sim-
ilar throughout plot windrows due to the visually even weed
pressure across plots, low variation within the sampled popula-
tion across the field, and sample collection within 3 m of each
other. Therefore, weed seed collected in pre-NWWB residue
samples can be used to estimate the effects of seed post NWB.
Since there is some uncertainty in such methodology, reductions
in weed seed survival are treated as estimated effects of NWB. To
evaluate seed kill, collected residue from each square was spread
on top of potting soil in 25-cm by 50-cm trays (one sample per
tray). Trays were placed in a greenhouse in Blacksburg, VA
(37.231967°N, 80.434754°W), maintained at 15 to 27 C, average
relative humidity of 80%, and were watered to maintain adequate
moisture for germination. Candidate weed seed emergence was
recorded, and seedlings were removed until emergence ceased;
typically, a 4-wk period. Trays were then subjected to cold storage
for 1 mo at 4.5 C before a second germination period in the green-
house. The process was repeated for three germination periods,
and all emergence was summed across periods for each sample.
Seeds that germinated from post-NWB residue samples were
considered not killed by NWB, and the difference in emergence
between pre-emergence and postemergence were considered
killed by NWB.

Two metrics were used to evaluate burning temperature and
duration: effective burn time (EBT) and heat index (HI). HI
is calculated by summing the temperatures that exceed ambient
air temperature during burning at each 1 s duration of heat
exposure. Ambient air temperature was calculated using the
temperature logger for 3 to 5 min prior to igniting windrows
and averaging the temperature across that period. EBT is a mea-
sure of how many seconds the burn is above a specified temper-
ature. For this experiment, EBT equals the cumulative number
of seconds that the temperature of the burning windrow
exceeded 200 C, following the design reported by Norsworthy
et al. (2020).

Data were analyzed using JMP Pro 13 software (SAS Institute,
Cary, NC) to compare weed population parameters including seed
germinability before and after HWSC treatment application, as
well as percent survival relationships with HI and EBT. Data were
pooled across site-year, and a paired two-tailed t-test (P < 0.05)
was used for comparisons between pre- versus post-burn or non-
linear two-parameter exponential regression for analysis including
HI and EBT. The site-year and blocking factors were treated as ran-
dom effects to generalize inference across all possible replications
in that field (Blouin et al. 2011). To analyze the average tempera-
ture across all burn events in both crops, maximum temperature
was first determined from each individual temperature recording.
Temperature data were then aligned at maximum values and each
individual second was averaged across all burns to create a curve
that was representative of the average. Using temperature logger
data collected from each plot, HI and EBT values were calculated
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for each burn event and averaged to obtain overall representative
values and standard error.

Results and Discussion

Weed Seed Mortality from Narrow-Windrow Burning

In these experimental data, NWB resulted in an estimated reduc-
tion (± standard error) in seed survival of 79.7% ± 0.146% in
Italian ryegrass, and an 86.3% ± 0.055% in Palmer amaranth sur-
vival (as measured by reduced germination; Figure 1). Although
the precise number of seed between pre- and post-burn are
unknown, the authors of this study are confident in the results,
and additionally believe the low standard error of estimated reduc-
tion in seed survival further validates this finding. The maximum,
minimum, and median estimated reduction in seed survival for
Palmer amaranth was 100%, 34.3%, and 98.1%, respectively. In
Italian ryegrass, maximum likely reduction was also 100%, how-
ever, seed survival was not reduced in 2 of 27 observations.
Italian ryegrass median seed kill was estimated to be 98.9%.
High median and mean values of approximated reduced seed sur-
vival in both weed species indicate that NWB is effective at killing
most seeds that enter the windrow.Walsh andNewman (2007) and
Lyon et al. (2016) reported that a higher percentage of Italian rye-
grass and rigid ryegrass seed (99%) and wild radish seed (96%)
could be killed with NWB in wheat. Furthermore, greater biomass
accumulation in windrows increased burning temperature and
duration, and therein, the mortality of rigid ryegrass and wild rad-
ish. It is optimistic that some modeling studies show HWSC may
be effective at diminishing weed populations even at seed kill val-
ues lower than were observed in this and similar studies (Borger
et al. 2021).

Average Windrow Burn Temperature

Average NWB observations in soybean totaled an HI of 140,725 ±
14,370 C, and EBT (>200 C) of 259 ± 27 s (Figure 2). All estimated
HI values were in the range of 36,195 and 675,295 C. In similar
fashion, Norsworthy et al. (2020) recorded HI during NWB of soy-
bean harvest residues that followed a similar range of 20,800 to
659,000 C, with a higher average of 242,000 C across all burn
events. Additionally, Norsworthy et al. (2020) found a greater
amount of soybean residue in the windrow increased HI and
EBT (>200 C). Soybean residues in that study resulted in windrow

biomass levels ranging from 1.08 (4.8-m-wide harvest swath) to
1.95 kg m–2 (9.6-m-wide harvest swath), with the average residue
in the range being 1.52 kg m−2 (Norsworthy et al. 2020). Model
predictions indicate the EBT (>200 C) would be 611 s, 988 s,
and 802 s for the minimum, maximum, and average amounts,
respectively in that study, which are all greater than our calculated
EBT value (Norsworthy et al. 2020). Smaller combine headers (2.4
to 4.5 m width) were used to create windrows in this publication,
which likely accounts for lower EBT values.

In this study, HI and EBT (>200 C) values observed during
wheat NWB totaled 66,196 ± 6224 C and 116 ± 12 s, respectively
(Figure 2). Minimum and maximum HI values were 27,780 and
154,376 C, respectively.Walsh andNewman (2007) found elevated
temperatures persisted for a marginally longer time (200 s)
after the windrow was ignited. In their experiments, NWB of
15,000 kg ha−1 wheat stubble produced maximum temperatures
of 555.3 C, an HI of 30,600 C, and an EBT (>300 C) of 68 s on
average across burns where temperature was recorded. The
authors of that study cited considerable variability in recorded
temperatures across time both within plot subsamples and treat-
ments. In a study aimed at determining variability in temperature
due to wind speed, low wind speed resulted in an HI of 522,000 C,
and an EBT of 601 s. Conversely, NWB in high wind speeds
decreased HI and EBT to 64,000 C and 89 s, respectively, although
the maximum temperature in high wind speed (878 C) was much
greater than at the low wind speed (435 C; Walsh and Newman
2007). As hypothesized by Norsworthy et al. (2020), the greater kill
percentage of Palmer amaranth compared to Italian ryegrass could
be a result of increased HI and EBT values in soybean NWB as
opposed to wheat NWB. Our results match and support this
hypothesis.

Relationship of Heat Index and Effective Burn Time to Weed
Seed Mortality

Examining the relationship between weed seed mortality and tem-
perature metrics, more than 99% of Palmer amaranth seeds would
be potentially killed during soybean NWB at an HI of 146,000 C
(Figure 3) and an EBT of 277 s (Figure 4). At an HI of 29,000 C
and EBT of 47 s, Palmer amaranth estimated seed survival was
reduced by 50% via soybean NWB. Both temperature metrics were
significant predictors of the resulting seed survival rates, with R2

values ranging from 0.776 to 0.789.
The relationship between Italian ryegrass seed survival after

wheat NWB and HI (Figure 5) or EBT (Figure 6) could not be cal-
culated. Most burn events resulted in a negligible amount of seed
survival across all wheat HI and EBT values. One wheat NWB
observation when potential survival, HI, and EBT were 100%,
54,136 C, and 116 s, respectively, did not fit the overall data trend.
Since both the temperature loggers and seed samples were ran-
domly placed in the windrow, this sublethal burning event may
be due to high amounts of green residue, differences in amount
of plant material and wind speed, or increased moisture in the
windrow causing the burn to miss weed seed.

In field studies, Norsworthy et al. (2020) reported a minimum
HI of 22,600 C was necessary to kill all seeds of Palmer amaranth
and Italian ryegrass. Our results estimate less than 50% of Palmer
amaranth seed would be killed at this temperature. In the same
study, across NWB observations of 1.08 to 1.95 kg m−2 of soybean
residues, regardless of temperature all weed seeds were reduced to
ash. In the study mentioned previously where Italian ryegrass seed
survival on the soil surface was reduced to <1%, Lyon et al. (2016)

Figure 1. Weed seed germination from windrow samples collected before and after
burning of windrows (n= 54 soybean, n= 27 wheat).
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reported sufficient EBT (>200 C) values of 502 and 584 s in 2013
and 2014, respectively. When only standing wheat stubble was
burned rather than NWB, EBT (>200 C) decreased to 36 to 37
s, and 48% of Italian ryegrass seed survived (Lyon et al. 2016).
Walsh and Newman (2007) found NWB reduced rigid ryegrass
emergence over the following season to less than 1% across EBT
(>200 C) values of 40 to 160 s. Similarly, low rates of Italian rye-
grass survival were observed following wheat NWB in this study
across the reported EBT range.

Multiple controlled environment experiments, either in a kiln
or with similar methods, have aimed to determine temperature
and survival relationships. Hopkins (1936) exposed weed species,
including redroot pigweed (Amaranthus retroflexus L.), wild oat
(Avena fatua L.), wild mustard (Sinapis arvensis L.), and common
lambsquarters (Chenopodium album L.) to temperatures ranging
from 85 to 105 C for 15 min. This temperature by time duration
was lethal to all weed seed. Norsworthy et al. (2020) exposed Italian

Figure 2. Average temperature (± SE) in narrow-windrow burning of soybean residues between 2016 and 2018 (n= 54) and wheat residues in 2016–2017 (n= 27) in Virginia.

Figure 3. Heat index fitted relationship between the survival (%) of Palmer amaranth
subject to soybean narrow-windrow burning (n= 22).

Figure 4. Effective burn time (number of seconds the NWB temperature exceeds 200
C) fitted relationship to the survival (%) of Palmer amaranth seed subject to soybean
narrow-windrow burning (n= 22).

Figure 5. Heat index relationship between the survival (%) of Italian ryegrass seed
following wheat narrow-windrow burning (n= 9). The fitted relationship is not
included due to binary data and limited sample size.
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ryegrass and Palmer amaranth seeds to temperatures of 200, 300,
400, 500, and 600 C for 20, 40, 60, and 80 s in a high-fire kiln to
determine temperature and time requirements needed to kill seeds.
Complete loss of viability was observed at anHI of 34,600 C in both
species, however, the temperature must exceed 200 C. There was
complete kill of Palmer amaranth seed exposed to 400 C temper-
ature for 60 s (HI = 22,566 C), and 500 C for 40 s (HI = 19,044). A
kiln study by Walsh and Newman (2007) found that exposure to a
temperature of 400 C for at least 10 s guaranteed the death of rigid
ryegrass seeds. As temperature increases, seed viability decreases
(Dahlquist et al. 2007). This study agrees, and many of the HI val-
ues observed in this research exceeded the critical values tested in
both kiln studies, however, complete seed kill was not witnessed in
every NWB event.

While the studies are largely in agreement, differences in
temperature requirements needed to reduce germinability among
studies may be due to various reasons. For example, Norsworthy
et al. (2020) cited differences in germinability classification. They
used tetrazolium staining of seed, whereas Walsh and Newman
(2007) evaluated emergence in the field where NWB was con-
ducted. Our samples were evaluated in a greenhouse setting, which
may have optimized germination conditions, leading to potential
indications of a reduction in efficacy at lower temperatures.
Additionally, initial seed rain into windrows prior to burning is
difficult to classify, and higher densities of seed may influence
NWB efficacy.

The culmination of this work and similar research indicates that
NWB reduces inputs into the soil seedbank; however, questions
remain on the long-term sustainability of the practice. Negative
consequences include the destruction of crop residues that aid
in soil nutrition, water retention and reducing soil erosion,
health and safety issues, and unpredictable burn events
(Norsworthy et al. 2020; Walsh and Newman 2007). Future
research is necessary to evaluate NWB’s potential to control
other weed species and establish an in situ experiment to observe
weed seedbank depletion in the long term. Additional research
on large crabgrass (Digitaria sanguinalis L.) shows promise, with
50% reductions in viability at lower temperatures of 103 C for 5 s
or 99 C for 20 s (Hoyle andMcElroy 2012). These results estimate
the effectiveness in NWB’s ability to prevent weed seedbank
deposition from the combine. This study gives insight on the
temperature produced in a windrow under field conditions in

the mid-Atlantic region, and quantitatively relates those temper-
atures to germination assays.

In conclusion, NWB offers an opportunity to improve weed
management and combat herbicide resistance in the weed species
studied.
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