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Abstract

Harvest weed seed control (HWSC) comprises a set of tools and tactics that prevents the addition of weed seed to the soil seed
bank, attenuating weed infestations and providing a method to combat the development and spread of herbicide-resistant
weed populations. Initial HWSC research efforts in North America are summarized and, combined with the vast area of crops
suitable for HWSC, clearly indicate strong potential for this technology. However, potential limitations exist that are not pre-
sent in Australian cropping systemswhere HWSCwas developed. These include rotations with crops that are not currently ame-
nable to HWSC (e.g. corn), high moisture content at harvest, untimely harvest, and others. Concerns about weeds becoming
resistant to HWSC (i.e. adapting) exist, as do shifts in weed species composition, particularly with the diversity of weeds in North
America. Currently the potential of HWSC vastly outweighs any drawbacks, necessitating further research. Such expanded
efforts should foremost include chaff lining and impact mill commercial scale evaluation, as this will address potential limita-
tions as well as economics. Growers must be integrated into large-scale, on-farm research and development activities aimed
at alleviating the problems of using HWSC systems in North America and drive greater adoption subsequently.
© 2020 Society of Chemical Industry
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1 INTRODUCTION
Herbicides have been the most effective tool for controlling
weeds in agronomic crops due to their ease of application, high
efficacy, low energy input, and low cost. Heavy reliance on herbi-
cides has resulted in the widespread evolution of multiple
herbicide-resistant weed populations throughout global crop-
ping systems. Because of a lack of new herbicide mechanisms of
action1 and limited options to control current multiple
herbicide-resistant weeds, integrated weed management (IWM)
practices that rely on the use of multiple weed control strategies
are urgently needed.2 Harvest weed seed control (HWSC) is a
non-chemical weed control approach that has allowed
Australian growers to effectively target weed seed populations
at harvest.3 HWSC involves the collection and/or destruction of
weed seeds during grain harvest, thus minimizing the contribu-
tion of seed rain to the soil seed bank.3 During crop harvest, the
combine typically collects seeds retained by weeds above the har-
vest height and distributes them across the field with other crop
residues.3,4 With HWSC, the weed seed-containing chaff material
is concentrated in a heap (chaff carts) or narrow band (chaff lining
and chaff tramlining), or is destroyed using impact mills [Inte-
grated Harrington Seed Destructor (iHSD®), Seed Terminator,
Redekop™, and WeedHOG], or either removed from the field with
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straw residue (bale direct system) or concentrated with the straw
in a windrow (narrow-windrow burning).
The primary success of any HWSC practice relies on the pro-

pensity of annual weed species to retain their seed until crop
maturity at a height that enables collection during crop harvest.
Once in the combine, these seeds can be effectively separated
from the crop grain and subsequently managed.5 Fortunately,
in North America, many annual weed species have high seed
retention.5–7 In addition to seed retention, the success of HWSC
may be limited by the weed life cycle, high moisture levels at
harvest, extreme weather events, and/or weed adaptations due
to HWSC selection. Here, we discuss opportunities and limita-
tions for the use of HWSC in North American cropping systems
and identify research needs for promoting HWSC in these
systems.

2 OPPORTUNITIES FOR HWSC USE IN
NORTH AMERICA
HWSC is not widely used in North American cropping systems.
However, the increase in multiple herbicide-resistant weeds,
lack of novel herbicide chemistries under development, and
desire to minimize tillage (i.e., not rely on intensive tillage for
weed control) have encouraged researchers and farmers to con-
sider alternative non-chemical options such as HWSC. North
American soybean cropping systems are a prime candidate for
HWSC tactics due to the threat posed by herbicide-resistant
weeds.5 In particular, HWSC may help manage Amaranthus pal-
meri (S.) Wats., which has high seed retention, numerous multi-
ple herbicide-resistant populations, and few options for
chemical control.5 Winter wheat production in the U.S. Northern
Great Plains and Pacific Northwest is plagued by winter annual
weed species; Bromus tectorum L., and Aegilops cylindrica Host.
have high seed retention at crop maturity.8 Similarly, in
Canada, problematic weeds of cereal, oilseed, and pulse crops,
Setaria viridis (L.) P. Beauv., Chenopodium album L., and Bassia
scoparia (L.) A. J. Scott, retain a high proportion of seed at crop
maturity and thus are good candidates for HWSC control.9 Other
weeds with high seed retention and thus greater HWSC poten-
tial include Sinapis arvensis L. and Galium spp. in dryland pulse
crops,9–11 A. palmeri and Amaranthus tuberculatus (Moq.) J. D.
Sauer in grain sorghum and corn,7 Sorghum halepense (L.) Pers.
in grain sorghum,5 and Polygonum convolvulus L. and volunteer
oilseed rape in multiple dryland systems.9,12

Current HWSC systems require harvest with a platform header,
which represents over 75 million ha of crops (∼ 36.5 million ha
soybean, ∼ 8.9 million ha canola, ∼ 23.8 million ha wheat, ∼ 3.9
million ha barley, ∼ 1 million ha rice, and ∼ 2.4 million ha sor-
ghum) in the USA and Canada.13,14 HWSC is most successful in
crops that are harvested when the grain and crop residues are
dry (< 16%)15 and where weed seeds are taken up into the com-
bine. Crops swathed then subsequently harvested tend to
improve seed retention for most weed species and HWSC efficacy
as more weed seeds enter the combine harvester.9,10,12 The
higher moisture levels found in some crops (and accompanying
weeds) harvested before full maturity cause issues such as the
clogging of combines and some HWSC systems. Furthermore,
HWSC is not effective in crops in which weed seeds are not col-
lected during harvest, such as cotton. There would need to be a
change in picker design to enable weed seed collection for HWSC
to be successful.

3 NORTH AMERICAN RESEARCH EFFORTS
THUS FAR
3.1 Weed seed retention studies
The potential effectiveness of HWSC systems depends upon seed
retention of the target weed species at crop maturity, enabling
collection and processing at crop harvest. Amaranthus palmeri,
A. tuberculatus, Ambrosia trifida L., C. album, Setaria faberi Herrm.,
Setaria pumila (Poir.) Roem. & Schult., Digitaria sanguinalis (L.)
Scop. and Ipomoea spp. are the most common and problematic
weeds of corn, soybean, and cotton production systems in the
USA.16,17 At maturity and concurrent with the crop harvest win-
dow, a high proportion (> 80%) of seeds are retained in Amar-
anthus spp., C. album, Setaria spp. and A. trifida.7,18,19 Ipomoea
hederacea Jacq. retained 75% and 85% of its seeds, whereas
S. faberi retained 65% and 55% of its seeds in corn and soybean
fields, respectively, in Illinois.6 In Minnesota, 80% seed retention
was recorded for A. trifida at the time when 75% of soybeans were
already harvested in the region.18 Similarly, high seed retention of
> 96% was found in S. halepense in Texas.5 High seed retention of
> 95% at soybean maturity in A. palmeri and A. tuberculatus was
observed in a survey conducted across Arkansas, Tennessee, Illi-
nois, Missouri, and Nebraska.19 In eastern Colorado, a high propor-
tion (> 75%) of seed was retained by A. cylindrica and B. tectorum
at wheat maturity.8 In 2013, a field survey of winter wheat fields
near Pullman, WA found that 58% of seeds of Lolium perenne L.
ssp. multiflorum (Lam.) Husnot were retained above harvest
height.5

Bassia scoparia retains, on average, 99.8% of seeds at wheat har-
vest.9,12 However, B. scoparia plants harvested at 15 cm height
could retain as many as 5400 seeds m−2.16 Therefore, harvest
height would need to be lower than the current cutting height
of 15–20 cm to maximize collection of B. scoparia seeds. Studies
examining weed seed retention at crop harvest in Canada have
also reported a high proportion (> 70%) of seed retention in S. vir-
idis, Galium spp., and Sinapis arvensis L.9–11 However, in Minne-
sota, lower seed retention (20%) for S. viridis was observed in
corn fields at harvest,20 reducing the effectiveness of HWSC tac-
tics. The difference is due to the time of harvest in the different
systems, suggesting that crop rotation and time of harvest are
key for the retention numbers reported and should be considered
by producers in different regions when determining the applica-
bility of HWSC. Lower seed retention (< 50%) has also been
reported in many other annual weed species such as Echinochloa
crus-galli L. Beauv., Avena fatua L., Sonchus asper (L.) Hill, and
S. arvensis L. in North America.7,9–11,20,21

3.2 Impact on long-term weed population dynamics
It is critical to know by howmuch and for how long soil seed bank
additions must be reduced to realize a benefit to the farmer.
HWSC is a harvest time management tool in that it affects only
seeds entering, and not those exiting the soil seed bank. Because
the soil seed bank buffers the weed community response to
management,22 HWSC may take multiple seasons before gains
are realized by the farmer. Such delays due to seed bank size
and the proportion of seed controlled have been observed in
other research.23 Linking the soil seed bank to the emerged weed
community has proved elusive.24 Nonetheless, some North Amer-
ican HWSC studies have observed emerged weed population
reductions after a single HWSC event.25,26 One modeling study
has shown that > 80% of newly shed A. fatua seed must be elim-
inated to stop the population increasing, resulting in a stable
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population.27 Further research is needed in this area. HWSC must
be used in an IWM approach and is not an effective stand-alone
strategy. Overall HWSC efficacy depends upon length of weed
seed dormancy, initial size of the seed bank, the amount of weed
seed retention, the proportion of retained seed captured during
the harvest operation, and the efficacy of the seed destruction
mechanism utilized.
A simulation analysis was conducted using the Palmer ama-

ranth management (PAM) model28 for a hypothetical weed man-
agement scenario that featured a gradually increasing soil seed
bank in a corn–soybean rotation over a 10-year period (Fig. 1).
An in-depth description of the model is not provided here
because the focus is rather to show what levels of HWSC efficacy
are required for making long-term impacts on weed population
sizes when HWSC is added to a standard weed management pro-
gram. We illustrate this with A. palmeri control as a case study
using the PAM model. It was assumed that the field had high
A. palmeri population densities, representing levels expected fol-
lowing evolution of resistance to a previously used herbicide;
the starting densities were three adult plants per 10 m2 area prior
to crop harvest the previous fall and a seed bank density in the fol-
lowing spring of 65 000 seedm−2. The herbicide program for corn
(glyphosate-resistant) was 2,4-dichlorophenoxyacetic acid (2,4-D)
burndown followed by (fb) S-metolachlor pre-emergence fb a
premix of glyphosate + S-metolachlor + mesotrione (Halex® GT)
tank-mixed with Atrazine post emergence. The program for soy-
bean (dicamba-resistant) included dicamba burndown fb a pre-
mix of S-metolachlor + metribuzin (Boundary®) pre-emergence
fb dicamba + S-metolachlor post emergence. The population in
question was considered to exhibit high levels of resistance to
glyphosate and acetolactate synthase (ALS) inhibitors, and low
level resistance to protoporphyrinogen oxidase (PPO inhibitors).
The biological parameters of the PAM model were obtained from
the glyphosate-resistance simulation model for A. palmeri.29

The PAM model adequately accounts for intraspecific competi-
tive response (i.e., density dependence) as well as interspecific

competition with the crop in simulating long-term weed popula-
tion sizes. However, the PAMmodel does not account for environ-
mental stochasticity nor does it consider spatial spread across
production fields. More details of the PAM model parameteriza-
tion and other considerations can be found in previous publica-
tions.29,30 During the simulations, efficacy levels for HWSC were
allowed to differ from 10% to 90%. Here, efficacy indicates per-
cent reduction in viable seed after HWSC implementation out of
the total seed produced by all uncontrolled weed escapes in a
production field, which accounts for any seed that shattered prior
to entering the combine, seeds that are not captured by the com-
bine header due to cutting height and other reasons, and seeds
that retain viability after being subjected to a given HWSC
treatment.
Simulation results showed that HWSC efficacy as low as 20%

applied annually was sufficient to reverse the trend and maintain
the soil seed bank size at stable levels (Fig. 1), whereas 80% effi-
cacy reduced the soil seed bank size to < 2% of the initial density
level within 5 years. HWSC efficacy levels achieved in a season
under practical field conditions may vary greatly due to the fac-
tors described above (e.g., shattering, seed production below har-
vest height, impact on seed viability, initial size of the seedbank
and dormancy), yet levels> 50% have been common.5 Ourmodel
predicted that a 50% efficacy of HWSC implemented annually will
lead to a 73% reduction in Palmer amaranth seed bank size in
5 years. Thus, annual inclusion of a HWSC tactic in an IWM pro-
gram could potentially have a tremendous negative impact on
long-termweed population size. However, it should be noted that
the degree of influence may vary depending on the weed species
in question, starting weed densities, background levels of herbi-
cide resistance and the management program used, among
others.

3.3 HWSC methods explored in North America
3.3.1 Impact mills
Impact mills are integrated into the combine as an aftermarket
modification to destroy seeds mechanically during harvest.5,31

Several efforts to assess the efficacy of impact mills to target
weeds of North American cropping systems have demonstrated
their great potential for use as an HWSC tactic for IWM.15,28,32 In
a recent study, an impact mill was highly effective in destroying
seeds of ten weed species common to soybean fields in the Mid-
west and Mid-Atlantic regions of the USA, with 93.5–99.8% weed
seed destruction in 2015 and 85.6–100% in 2017.28 The difference
between years was likely due to differences in the weed species
tested and environmental conditions. Moreover, seed coats dam-
aged by the Harrington Seed Destructor (HSD) impact mill
increased seed mortality compared with control; seeds that
appeared intact or potentially viable after passing through the
impact mill were prone to rapid decay in the soil due to mechan-
ical damage incurred during processing. In another study, the
iHSD impact mill destroyed > 99% seeds in 11 of the 12 tested
weed species of soybean and rice in the southern USA, whereas
3% seed survival was recorded for Xanthium strumarium L.9 It
was noted that due to the high weed seed destruction (> 98%)
potential of the HSD impact mill, it could be highly effective in
many cropping systems in western Canada and the U.S. Great
Plains.32 In a recent study in Canada, initial testing of the Rede-
kop™ impact mill unit resulted in > 99% volunteer canola control
and its efficacy was not affected by blade configuration and chaff
feeding rate.33

Figure 1 Simulation of the impact of a hypothetical harvest weed seed
control tactic on the long-term soil seed bank size of Amaranthus palmeri
under a less-robust weed management strategy that had a gradually
increasing soil seed bank size in a corn–soybean rotation over a 10-year
period. Annual fluctuations in soil seed bank size were influenced by vary-
ing weed management options utilized in the corn–soybean rotation
(corn: 2,4-D burndown followed by (fb) S-metolachlor pre-emergence fb
a premix of glyphosate + S-metolachlor + mesotrione (Halex GT) tank-
mixed with Atrazine post emergence; soybean: dicamba burndown fb a
premix of S-metolachlor + metribuzin (Boundary) pre-emergence fb
dicamba + S-metolachlor post emergence).
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3.3.2 Narrow-windrow burning
Narrow-windrow burning involves the concentration of all harvest
residues, including weed seeds, in narrow (50–70 cm) windrows
using a chute mounted on the combine.3,34 These windrows are
later burned, destroying the weed seeds.34 Chutes used for nar-
row windrowing are relatively inexpensive and can be fabricated
and assembled on-farm. Forming narrow windrows in soybean
using a chute with a 41-cm opening did not negatively impact
harvest speed in a high-yielding environment (4 t ha−1) in Arkan-
sas.35 Windrows should be burned before rain events or before
the residue becomes compacted, which can limit the effective-
ness of burning. Narrow-windrow burning reduced the viability
and emergence of L. perenne ssp. multiflorum and could be effec-
tively used as an IWM control strategy in eastern Washington and
northern Idaho.36 Seeds of L. perenne ssp. multiflorum and
A. palmeri were also found to be effectively destroyed by burning
wheat and soybean windrows in Virginia.37 In Arkansas, seeds of
A. palmeri, E. crus-galli, S. halepense, and Ipomoea lacunosa
L. were destroyed by narrow-windrow burning regardless of the
amount of wheat biomass present.35 Reduction of A. palmeri den-
sity was observed with narrow-windrow burning compared with
conventional soybean harvest, when narrow-windrow burning
was integrated with an effective herbicide program.25 The evi-
dence suggests that North American growers could easily inte-
grate narrow-windrow burning into current crop production to
diversify weed management practices and reduce soil seed bank
inputs. However, there are concerns related to windrow burning
such as fire risks and smoke-related air quality issues. These con-
cerns are discussed in detail in Section 4.2.4.

3.3.3 Chaff carts
Chaff carts are a HWSC method in which the weed seed contain-
ing chaff material is collected and removed from the field.5 Chaff
carts are pulled behind the combine to collect the chaff as it
leaves the combine. As used in Australia, during harvest chaff
carts are strategically emptied at designated points to create rows
of chaff piles. In autumn, a fire break is cultivated around these
rows of chaff piles followed by burning to destroy the weed seeds.
More frequently this chaff material is used as a valuable source of
livestock feed where chaff is either grazed in situ or baled and
removed for use in feedlots. Chaff collection and removal may
slow weed invasions and reduce the expansion of weed
patches.38 Several studies have been conducted in North Ameri-
can cropping systems to assess the impact of weed seed removal
on weed populations and determine the suitability of chaff collec-
tion as a weed management strategy. Soybean harvest residue
collection and removal was the most effective treatment to con-
trol A. palmeri, resulting in 67%, 70%, and 41% reductions in weed
density in the first, second, and third year of the study, respec-
tively.25 Chaff collection was effective in reducing A. fatua seed
dispersal, with < 10 seeds m−2 collected 45 m beyond the
A. fatua patch, compared with > 10 seeds m−2 up to 145 m
beyond the parent plants without chaff collection.38 In HWSC
studies conducted across Virginia, up to 70% reductions in popu-
lation densities of L. perenne ssp. multiflorum and ∼ 24% reduc-
tion in Ambrosia artemisiifolia L. were observed in the following
crop compared with conventional harvest.26 However, effective
management with herbicides under low weed seed pressure con-
ditions rendered differences between HWSC and conventional
harvest undetectable. Integrated use of propoxycarbazone and
chaff collection during winter wheat harvest has been shown to
reduce Lolium perenne L. ssp. multiflorum (Lam.) Husnot

populations by 40% in western Oregon.39 Chaff collection or
propoxycarbazone-only treatments were not effective.39

4 CRITIQUE OF HWSC
4.1 Weed types/life cycles not effective for HWSC
The life cycle of a weed can influence the effectiveness of HWSC.
Vegetative propagation is not subject to HWSC. Perennial species
easily persist in the presence of HWSC, but the seed of these spe-
cies could be subjected to HWSC. For example, S. halepense, a
perennial grass weed, had high seed retention of> 96% in Texas,5

whereas annual grass weeds such as S. viridis, E. crus-galli, A. fatua,
S. asper, and S. pumila have low seed retention (< 40%) in North
American regions.7,9,11,12,20,21 In general, summer annual grasses
tend to shatter seeds prior to harvest and thus are not good tar-
gets for HWSC. Conversely, winter annual grasses appear to be
better suited for management with HWSC.8,26,36

Among broadleaf weeds, species such as Erigeron canadensis
L. and Taraxacum officinale F. H. Wigg. that disperse seeds by wind
prior to harvest are also not good targets for HWSC. Bassia sco-
paria has an indeterminate growth habit and plants are green at
cereal harvest, making it unsuitable for HWSC without additional
management strategies such as desiccation. Moreover, low-
growing summer annual weeds including D. sanguinalis, Polygo-
num aviculare L., Amaranthus blitoides S. Wats., Euphorbia humis-
trata Engelm. and Portulaca oleracea L. are less likely to be
impacted by HWSC due to their prostrate growth habit.

4.2 HWSC challenges unique to North America
4.2.1 Crop rotation
Currently, there are no effective techniques for implementing
HWSC in corn and cotton. The design of the combine header for
these crops means it does not capture all weed seeds present
and, in fact, results in an increase in weed seed shatter more than
seed collection by the combine. Rotations with crops that are not
harvested with a platform header pose a serious challenge to the
long-term effectiveness of HWSC by providing an opportunity for
weeds to replenish the soil seed bank. However, including a crop
in which HWSC cannot be used for 1 year is not uncommon in
other regions of the world that rely on HWSC. This practice would
reduce the selection pressure from HWSC placed on the weed
species. However, the soil seed bank still needs to be controlled
during the years when HWSC is not used so that any reductions
in the soil seed bank are not undone at this time.

4.2.2 Harvest timing, weather, and other concerns
4.2.2.1. Timely harvest. Delayed harvest scenarios have become
more common as weather patterns at crop harvest have become
less predictable in recent years. For example, in 2019, precipita-
tion at harvest resulted in harvest delays of up to 3 months in
some regions. Wet weather patterns that delay harvest have the
potential to allow more weed seeds to shatter and reduce HWSC
efficacy. In addition, fields that are deemed an unharvestable loss
(e.g., prevent planting, greatermoisture in fields delay harvest) are
often left unmanaged. Weeds left uncontrolled in these fields log-
ically pose a threat to the effectiveness of HWSC practices. For
example, C. album can increase its seed bank 14-fold in a single
year, potentially setting back years of gains from HWSC.40

4.2.2.2. Geography and latitude. Northern latitudes increase the
likelihood that summer crops are harvested after a killing frost
and frost can increase the likelihood of weed seed shattering.
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Additional delays beyond frost further reduce weed seed capture
during harvest. Harvest timing impacts capturing weed seeds
with earlier harvest increasing the number of seeds captured
(and therefore HWSC efficacy), as well as the moisture content
of chaff, which is known to influence impactmill efficacy in certain
cropping systems. Soybean chaff moisture content at 16% or
higher resulted in clogging of cage mills.9 This observation has
been supported by field work conducted in the Mid-Southern
and Mid-Atlantic USA (Norsworthy and Mirsky, personal commu-
nication). Although it has been documented that wet material
does not run smoothly through impact mills, it is not known
how it would be processed by other HWSC technologies. Desic-
cants are commonly used in soybeans in the Mid-Southern and
Southern USA as an aid to harvest. However, there is a need to
research the impact of desiccants on the efficacy of HWSC
(i.e., what is the effect of desiccant use on seed shatter?) and spe-
cific HWSC systems (i.e., is processing capacity improved by desic-
cant use?) and efficacy.

4.2.3 Chaff lining and chaff tramlining
Chaff lining and chaff tramlining do not destroy seeds or remove
them from the field. Instead, these practices confine the weed
seeds to narrow lines (20–30 cm) of residue directly behind the
combine (chaff lining) or in the combine wheel tracks (tramlining).
Tramlines are implemented with controlled traffic farming, in
which all equipment in a field uses the samewheel paths. Because
the crop is often sacrificed near these compacted areas, there is a
lack of widespread use of controlled traffic systems in most
regions of North America. The lack of controlled traffic systems
will likely limit the adoption of chaff tramlining systems in North
America. Both chaff lines and tramlines may be targeted with
additional weed control tactics such as herbicides. Although
ongoing research is evaluating chaff lining in North America,
results are not yet available.

4.2.4 Narrow-windrow burning
Although the general concept of burning residue is not new to
U.S. and Canadian growers, there are problems associated with
it, such as fire risk, smoke-related air quality issues particularly
near residential areas and for high-moisture crop residues, local
restrictions on burning, and nutrient removal. The
U.S. Environmental Protection Agency, Environment Canada,
and state/provincial laws regulate the open burning of materials
that may produce harmful air emissions or lead to wildfires, affect-
ing human and environmental health. In addition, local govern-
ment may have local ordinances that regulate open burning.
Farmers can typically burn crop debris but burning plant material
at certain times and in certain places may violate open burning
laws and lead to criminal charges, fines, and civil liabilities. There-
fore, it is important to know when it is permissible to burn field
residues, and precautions should be taken to minimize risk and
liability. Australian growers have stated that narrow-windrow
burning is not sustainable because residue and nutrient removal
is undesirable. Furthermore, waiting for the appropriate environ-
mental conditions or having inadequate time to burn is problem-
atic in certain North American regions due to excessive rain, early
snowfall, shorter seasons or the need to plant a subsequent crop.
For example, burning needs to occur immediately after harvest of
crops such as soybeans which occurs in fall. This is more challeng-
ing than burning after harvesting cereal crops such as wheat
which occurs in summer.

4.2.5 Impact mills
Impact mills have shown great success in weed seed destruction;
however, the high initial cost associated with purchasing one or
two mills (depending on the type and class of combine or mill)
is not feasible for many growers. Additionally, there are annual
operation and maintenance costs. Maintenance on mill blades,
rotors, and additional parts is necessary to support mill function-
ing. However, the costs of impact mill use have been declining.
Plant moisture content influences mill efficacy and can make
use of a mill less attractive. In soybean, chaff moisture levels
> 16% were found to clog the iHSD impact mill.15 The moisture
content of both crops and weeds in North America is significantly
greater than in Australia where the mills were developed and
tested. Clogging can cause damage to themills and delay harvest.

4.2.6 Bale direct system
The weed control efficacy of the bale direct system has not been
examined in North America. This tactic bales straw and chaff frac-
tions directly behind the combine to be sold as animal feed. Bale
direct has limited adoption in Australia.41 The primary issue is a
market for this material, which is region-specific in both
Australia and North America, and the potential to spread weed
seeds via the bale itself. Many weed seeds are not killed when
digested by animals, and may be replanted in manure.42 Some
areas bale crop residues in a two-pass system, in which the com-
bine's spreader is disabled, depositing a windrow followed by a
tractor-pulled baler. Anecdotal evidence and observations sug-
gest significant amounts of weed seeds are not picked up by
the baler and thus not removed from the field. Nutrient removal
is also a concern with this system, as is the complicated and bulky
equipment required (R. Newman, personal communication).

4.2.7 Chaff carts
Chaff carts are an effective option for seed and chaff removal.
Chaff carts are pulled by the combine and thus add length to har-
vest set-ups, additional horsepower is also required. Growers may
be hesitant to pull equipment with combines,41 particularly in
regions with small fields, due to the difficulties in operating the
machinery as greater length affects the turning radius. In addition,
chaff dumps may need to be dealt with after harvest, which is an
extra step and cost. Nutrient removal is also a concern, although
less so than other HWSC practices because only the chaff fraction
of crop residues is removed.

4.3 Equipment needs to be updated for more
efficient HWSC
In addition to management practices, equipment plays a signifi-
cant role in the success of HWSC. All current HWSC equipment
modifies the combine in some way. Rather than retro-fitting com-
bines, re-engineering the combine with HWSC in mind has the
potential to overcome issues of high moisture, capacity, and
horsepower requirements. Owing to issues with soybean residue
clogging of current mills, higher moisture capacity impact mills
are required for successfully targeting weed seeds in crops in
North American cropping systems. Moreover, the ability to
choose between chaff lining (under higher moisture conditions)
and impact mill (under dry conditions or low crop biomass) with
simple modifications could be critical for adoption. Combine size
and horsepower is critical to the success of integrated HWSC
impact mills. There are tradeoffs in available power to the mill
and speed of harvest.43 Australian farmers noted increased horse-
power requirement and fuel consumption with the addition of
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integrated impact mills.43 This extra horsepower draw will
increase harvest times, which may limit adoption in many areas
where precipitation is common at harvest. Any appreciable delays
in soybean and wheat harvest have the potential to reduce grain
quality, increase harvest losses, and impact the bottom line of the
grower. To accommodate the added horsepower consumption of
the impact mill, farmers would need to increase the horsepower
of their harvest equipment. Combine size and horsepower restric-
tions can apply to impact mills and bale direct systems. However,
newly developed impact mill systems that have a low power
requirement such as WeedHOG,44 mean that most harvesters
are capable of sufficient power to run these systems.
Currently, it is challenging to use HWSC in corn and cotton due

to different designs of headers used in both crops. The cotton
picker has a spindle-type header and the plants are herded
towards a set of spindle bars as it moves down the cotton row.
These spindles are designed to pick open cotton bolls only with-
out damaging foliage or unopened bolls. Similarly, the corn
header has long fingers with rollers at the base that reach in
between the corn rows. The rollers cut and pull down the stalk,
then chains break the ear of corn off the stalk, and augers rotate
and feed the corn into the combine. The picking and cutting
actions of these headers result in shattering weed seeds in the
field. To successfully use HWSC in cotton and corn, the design of
cotton pickers and corn headers needs to be improved to capture
more weed seeds and is therefore an engineering opportunity.

5 POTENTIAL FOR WEEDS TO ADAPT
TO HWSC
Mortality events or forces that reduce the survival of a plant com-
munity in a given area exert selection pressure for species that can
survive or that have the necessary genetic diversity to adapt and
reproduce at a higher rate than the mortality rate.45 Owing to
HWSC selection pressure, changes in weed community composi-
tion and evolutionary changes within species are likely to occur.46

These changes must be expected and anticipated to develop
strategies to manage selection pressure or adaptations to it.47

5.1 Species composition shifts
Shifts in weed community composition have been documented
previously when practices such as mowing have been implemen-
ted in systems with annual weeds that predominantly reproduce
by seed.48 In general, implementing control practices that prevent
or reduce seed production and return to the soil seed bank favors
perennial species that can regrow after removal of part of the
shoot and especially those that can propagate vegetatively
(i.e., via stolons, rhizomes, and tubers). This weed shift is particu-
larly evident in no-till and conservation tillage systems.49 On
farms where tillage and cultivation are frequently used, perennial
species are not as successful; however, annual species producing
large seeds, which can germinate deeper in the soil profile, are
able to survive and increase their populations.50 If present in the
agroecosystem and under conservation tillage production, HWSC
could potentially favor vegetatively propagated perennial species
such as S. halepense, Cyperus spp., and Cynodon dactylon (L.) Pers.,
among others.
Species with wind-dispersed seeds38 may exhibit higher rates of

survival under HWSC than species with seeds dispersed by grav-
ity. Observationally, mature wind-dispersed seed can be spread
when the inflorescence is disturbed by harvesting equipment,
which consequently will reduce the number of seeds subjected

to the HWSC process. Disturbance by the combine header may
also shatter weed seeds with other dispersal mechanisms and
needs to be further evaluated (Kevin Bradley, personal
communication).

5.2 Early seed shatter or non-shattering
Evolutionary adaptations in shattering timing and intensity have
been documented in many species, such as S. halepense, Oryza
sativa f. spontanea, and Raphanus raphanistrum L.51 Because
HWSC depends on weeds retaining seeds in the inflorescence
until harvest, individuals with mutations that allow more and ear-
lier seed shattering are likely to contribute to the next generation.
However, there are other mechanisms by which weed species can
avoid harvesting. Recently, Australian cereal growers implement-
ing HWSC have reported the appearance of biotypes of Lolium
rigidum Gaudin with seemingly weaker culms that allow the inflo-
rescence to detach more easily or to fall within the canopy, avoid-
ing the harvester (Peter Newman, personal communication).
However, no evidence of adaptation in L. rigidum was observed
following use of HWSC for 5 to 10 years.52 Such non-shattering
adaptations do not have an obvious fitness penalty. Species such
as semi-wild wheat in China, and Eleusine coracana in Africa, have
evolved an easily broken rachis and disarticulating spikelets facil-
itating seed shattering.53,54

Earlier or delayed flowering might help weeds avoid seed
removal by HWSC. In California, R. raphanistrum exhibited earlier
bolting and flowering as an adaptation for survival in these crop-
ping systems.55,56 Indeed, recurrent selection resulted in a 50%
reduction in time to flowering in Australian R. raphanistrum.46

Generally, as the time from emergence to flowering decreases,
fecundity also decreases, representing a potential fitness penalty
for this adaptation.57 In more dramatic cases, the life cycle of the
weed can change. This was the case with Beta vulgaris subsp.mar-
itima (L.) Arcang., which shifted from an annual to a biennial habit
by introgressing genes from cultivated sugar beet (Beta vul-
garis L.).58

Populations of a weed species that are not displaced by HWSC
can also adapt to increase their reproduction rate above the mor-
tality rate caused by the overall weed control program. Although
adaptations that can mitigate HWSC are possibly more complex
than the single point mutations responsible for target-site herbi-
cide resistance, if selection pressure is high enough and the popu-
lations of the weed species possess enough genetic diversity, it is
feasible that the evolution of mechanisms of resistance, tolerance,
or avoidance of HWSC could occur.24,59 Rhizome development
and growth habit (upright versus prostrate) are genetically very
similar among some grasses, further indicating the potential for
adaptation to HWSC.60 Examples of adaptation in response to
non-chemical weed control include crop mimicry, changes in
plant architecture, earlier reproductive maturity, enhanced seed
dormancy, and earlier seed shattering patterns.38 Perhaps the
best-known example is how Echinochloa crus-galli var. oryzicola
evolved a morphology mimicking the rice plant at vegetative
stages, flowers at the same time as the crop, and has an inflores-
cence that mimics the rice flower.61,62 It is believed that hand-
weeding in east Asia selected for biotypes that resembled the
crop, making it more difficult for farmers to detect and remove
all the individuals of this weed species.63,64 Another example is
the contamination of lentil seed with Vicia sativa L. seeds. In this
case, the latter evolved seeds that had the same flattened shape
and size as the former, which makes it difficult to clean the seed
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easily.61 This adaption was due to a single recessive mutation with
Mendelian inheritance.65

5.3 Post-harvest seed production
Post-harvest weed control to prevent seed production is a com-
mon practice that many southern U.S. and northern Great Plains
growers have implemented.66,67 Post-harvest seed production
can occur from new flushes of germination or the regrowth of
larger weeds or perennial weeds. This can potentially decrease
the effectiveness of HWSC systems that do not immediately
destroy weed seeds collected during harvest, such as chaff lining,
chaff tramlining, and chaff carts (unless burned). Seeds that are
not destroyed could begin to germinate or even grow and set
seed prior to a killing frost, which does not always occur in some
parts of the USA. Such scenarios lead to even more additions to
the soil seed bank. Research has shown that some weeds can pro-
duce a seed head and viable seed when only a few inches tall and
from new growth when decapitated.67

5.4 Implications of weed adaptations
Acknowledgment that weeds will adapt to all forms of weed con-
trol including HWSC should prompt the design of IWM strategies
not only intended to maximize weed control, but also to avoid or
at least delay the evolution of adaptive traits such as those dis-
cussed above. It is worth noting that adaptations in response to
HWSC have not been observed to date, indicating that such
changes will take time and allow for prevention opportunities.
As has been proposed for herbicide resistance management,
use of complementary and diverse weed control actions is
needed to reduce the chance of selecting resistant individuals. If
shifts in flowering or seed shattering occur, varying HWSC timing
must become a key component of this technology. This can be
done by rotating crops or varieties with different times tomaturity
or varying planting dates. In the case that adaptation takes the
form of shorter plant height, the use of crops with denser and/or
taller canopies will be countered by reducing the ability of the
weed to access sunlight. For example, due to shade intolerance
in L. rigidum, increased crop competition resulted in higher pro-
portions of its seed in the upper crop canopy (> 40 cm).52

It is important to mention that the potential fitness penalties
associated with adaptations to HWSC might not be sufficiently
serious for the original ‘susceptible’ biotype to become predomi-
nant if HWSC is removed from the management plan. The reason
being that any adaptation that allows a weed species to maintain
a reproductive rate that is higher than the mortality caused by
HWSC will likely have to also involve complementary or compen-
satory mechanisms. For example, in many cases, increased seed
shattering co-evolves with changes in seed dormancy
(i.e., deeper or more variable dormancy).68,69 Evolution of earlier
flowering can be accompanied by an increase in flower number
and the duration of flowering.55 Therefore, the fact that the mor-
phology of the plant changes, potentially making it less competi-
tive, does not mean that it will not be able to evolve a
demographic pattern that allows population growth with or with-
out HWSC being part of the weed management system.
The best way to slow adaptation is by exposing few individuals

to the selection pressure, i.e., establishing and maintaining low
weed density. When HWSC is successfully executed within a
diverse weed management approach, the soil seed bank is
depleted. This proactive, as opposed to reactive, approach is
needed for truly sustainable weed management.

6 RESEARCH NEEDS
To date, research in North America has focused on weed seeds
(i.e., shattering timing and kill by impact mills), with limited field
studies of HWSC. Promising results of initial and on-going
research, combined with the enormous amount of acreage har-
vested with platform headers strongly indicate the need for con-
tinued efforts. The most important next step for both research
and adoption in North America is to evaluate HWSC in long-term
experiments and commercial farms across the continent. For the
reasons stated above, chaff lining and impact mills should be pri-
oritized. This collaborative work between researchers, farmers,
and industry will answermany open questions including econom-
ics, use in crop rotations, suitability for different regions and crop-
ping systems, and integration with other weed management
tactics. On-farm evaluation will also address the suitability of
equipment for use with high moisture residues and provide data
to support design refinements. Long-term use of HWSC and its
impact on the soil seed bank and shifts in species composition
can also be addressed this way.
Additional seed retention research is also needed. Many weeds

of concern have been evaluated with promising results, so future
research needs to focus on management and environmental fac-
tors potentially influencing seed shatter, such as weather events,
planting and crop maturity timings, use of desiccants, seed loss
at the header, and the like. Researchers must be vigilant for adap-
tations and shifts in weed species composition in response to
HWSC. Investigating the potential for obvious adaptations, such
as early seed shatter, should occur to inform proactive resistance
mitigation strategies. Growersmust be integrated into large-scale,
on-farm research efforts when possible to drive greater adoption
while identifying and correcting the limitations of HWSC.

7 CONCLUSIONS
Interest in HWSC has increased among researchers in North Amer-
ica within the past decade as growers continue to struggle to
manage multiple herbicide-resistant weeds. The need for alterna-
tive weed control technologies is largely driven by the wide-
spread occurrence of non-target site resistance mechanisms and
the fact that there are limited new herbicide options and no
new site of action herbicides under commercialization. With
regard to HWSC research, much of the effort to date has focused
on seed retention of the most common and troublesome weeds
of production systems to understand the feasibility of capturing
and/or destroying seeds of these species during harvest. Research
to test HWSC tactics in commercial production fields is ongoing
and the impact of these tactics on weed population dynamics
over multiple growing seasons is being evaluated.
Although the benefits of HWSC strategies are obvious, limita-

tions to adoption must be understood. Research has shown that
narrow-windrow burning in soybean can be highly effective in
killing the seeds of many, but not all weed species.35 However,
adoption of such a practice may be limited by environmental reg-
ulations in some regions of North America. Other regional limita-
tionsmay involve cropmaturity and harvest relative tomaturity or
dry down of some weeds. For instance, in the Midwest, soybean is
typically harvested after a killing frost, and it is likely that weed
death prior to crop harvest aids the ability to successfully incorpo-
rate an impact mill into these production systems, although fur-
ther research is needed. Conversely, in more southern regions of
North America where soybean is harvested prior to a killing frost,
weeds like A. palmeri with bulky, moist stems make use of an
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impact mill virtually impossible without some means of desicca-
tion. Other HWSC limitations include the inability to capture weed
seeds during the harvest operations of crops such as cotton, pea-
nut, or corn.
Finally, HWSC has extensive potential in wheat and soybean

production systems and possibly other similarly harvested crops.
HWSC tactics found to be most impactful in one region may have
differing degrees of success when evaluated under contrasting
weed spectrums, environmental conditions, and production prac-
tices including planting dates, crop maturity, and irrigation prac-
tices, among others. There is still a wealth of research needed
before HWSC is widely integrated into North American cropping
systems, and growers must be actively engaged in this research
if a high level of adoption is to be expected.
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