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Abstract

Chaff lining and chaff tramlining are harvest weed seed control (HWSC) systems that involve
the concentration of chaff material containing weed seed into narrow (20 to 30 cm) rows
between or on the harvester wheel tracks during harvest. These lines of chaff are left intact
in the fields through subsequent cropping seasons in the assumption that the chaff environment
is unfavorable for weed seed survival. The chaff row environment effect on weed seed survival
was examined in field studies, and chaff response studies determined the influence of increasing
amounts of chaff on weed seedling emergence. The objectives of these studies were to determine
the influences of (1) chaff lines on the summer–autumn seed survival of selected weed species
and (2) chaff type and amount on rigid ryegrass seedling emergence. There was frequently no
difference (P> 0.05) in seed survival of four weed species (rigid ryegrass, wild oat, annual sow-
thistle, and turnip weed) when seeds were placed beneath or beside chaff lines. In one instance,
wild oat seed survival was increased (P< 0.05) when seed were placed beneath compared to
beside a chaff line. The pot studies determined that increasing amounts of chaff consistently
resulted in decreasing numbers of rigid ryegrass seedlings emerging through chaff material.
The suppression of emergence broadly followed a linear relationship in which there was
approximately a 2.0% reduction in emergence with every 1,000 kg ha–1 increase in chaff
material. This relationship was consistent across wheat, barley, canola, and lupin chaff types,
indicating that the physical presence of the chaff was more important than chaff type. These
studies suggested that chaff lines may not affect the survival over summer–autumn of the con-
tained weed seeds but that the subsequent emergence of weed seedlings will be restricted by high
amounts of chaff (>40,000 kg ha–1).

Introduction

The loss of herbicide efficacy due to the widespread evolution of herbicide resistance in dom-
inant weed populations throughout Australian cropping regions has created the demand for
alternate weed control technologies. High frequencies of multiple herbicide resistance
(Boutsalis et al. 2012; Broster et al. 2019; Owen et al. 2014) and a lack of new herbicide modes
of action (Duke 2012; Peters and Strek 2018) have combined to severely deplete herbicide avail-
ability for Australian growers. This loss of herbicide resources is compounded by increasing
public concerns over herbicide use. The demand is now greater than ever for the development
of alternative weed control technologies that are suitable for routine use in conservation crop-
ping systems (Walsh et al. 2019).

High seed retention at crop maturity by weeds of Australian cropping systems led to the
development of HWSC systems that target these seed during harvest. The retention of high pro-
portions of total seed production (>60%) by rigid ryegrass, Bromus spp., and wild oat is due to
the weed seed–bearing tillers remaining upright and intact at maturity and at a height that ena-
bles collection during harvest (Walsh and Powles 2014). In a conventional harvest operation,
collected weed seeds are redistributed back across the field by the residue-spreading systems
fitted to the rear of combines. Realizing the opportunity to target these weed seeds as they exited
the combine to prevent the process of “weed reseeding” led Australian growers to develop a
number of HWSC systems: chaff carts, narrow windrow burning, bale direct, impact mills
(e.g., iHSD, seed terminator), chaff lining, and chaff tramlining.

In Australia, HWSC is now established as an effective weed control practice, with several
options used routinely in crop production. In a survey of Australian grain growers in 2014,
it was estimated that nearly 50% of Australian growers were regularly using some form of
HWSC to target their crop weed problems (Walsh et al. 2017b). Several similarly effective weed
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seed targeting systems are available for growers to choose from,
and this choice is frequently based on cost and grower’s preference
(Walsh et al. 2017a). The most commonly used HWSC system has
been narrow windrow burning, with the 2014 survey determining
that 30% of growers were using this approach. The preference for
this approach is based on ease of use and low cost of implementa-
tion (Walsh and Newman 2007). However, given the risks associ-
ated with windrow burning and the loss of crop residues that are
essential to conservation cropping systems, there is a need for an
alternative.

The concentration of the weed seed–containing chaff material
into narrow rows offers a simple-to-use, low-cost approach to tar-
geting weed seeds that is an ideal entry-level option for growers
adopting the HWSC approach. There are two HWSC systems that
concentrate the weed seed–containing chaff fraction into narrow
rows during harvest: chaff tramlining, wherein chaff material is
concentrated in two rows on harvester wheel tracks; and chaff lin-
ing, wherein this material is concentrated in a single narrow row
between the wheel tracks (Figure 1). These practices focus on the
chaff fraction of harvest residues, as this material contains the
majority (>95%) of weed seed exiting the harvester (Broster
et al. 2016). This also allows the much-needed straw residue to
be spread and thus retained on the field. Chaff tramlining and chaff
lining have the potential for widespread adoption, as they are low-
cost HWSC options that, similar to narrow windrow burning,
require a simple low-cost chute fitted to the rear of the combine.
A further simplification is that no post-harvest operations are
required, as the chaff lines are left in place through subsequent sea-
sons. Although Australian growers have been using these systems
for over a decade, the weed control efficacy and factors that might
influence this efficacy have not been evaluated. The objectives of
this research were to determine the influence of (1) chaff lines
on the summer–autumn seed survival of selected weed species
and (2) chaff type and amount on weed seedling emergence.

Materials and Methods

Field studies investigated the influence on weed seed survival of
chaff lines made during harvest (November 2017) by chaff lining
or chaff tramlining systems (Figure 1) over summer–autumn

(˜5 mo), between crop harvest in 2017 and crop planting in
2018. The survival of four weed species (rigid ryegrass, wild oat,
annual sowthistle, and turnip weed) was evaluated following their
placement beneath chaff lines or on the soil surface beside chaff
lines. Fourteen field sites were established across three locations:
Marrar, NSW (34.82° S, 147.35° E) (wheat and barley stubble sites),
Narrabri, NSW (30.31°S, 149.83°E) (one wheat stubble site), and
Mt Tyson, QLD (27.58°S, 151.57°E) (two barley stubble sites)
(Table 1). Weed seed lots used at each of the sites were freshly col-
lected from within the field site area or in adjacent fields, except for
rigid ryegrass, which was from a fresh seed lot grown in a field loca-
tion on Charles Sturt University campus, Wagga Wagga (approx-
imately 30 km south ofMarrar). At each of the field sites used in the
study, weed seed in 0.5-mm plastic mesh bags (10 by 10 cm) were
placed beneath and beside chaff lines immediately after harvest
(Table 2).

Seed Viability Testing

Prior to the start of the field and pot studies, the seed viability for
each weed species was established for each seed lot used in the
study. To test germinability, weed seeds were placed on 0.6%
(w/v) agar solidified in Petri dishes that were kept in the dark in
a temperature-controlled laboratory at ˜ 20 C. Over 28 d, germinat-
ing seeds were counted and removed. Seeds were classified as viable
if they germinated and viable but dormant if they did not germi-
nate but remained firm and not decayed. Germination alone was
used to calculate seed survival for annual sowthistle, because of the
small seed size. The resulting seed viability levels were used to
adjust the seed numbers placed in the plastic mesh bags at the com-
mencement of the study and to assess seed survival at each time of
collection.

Influence of Chaff Lines on Weed Seed Survival

In November 2017, after crop harvest, seed bags containing an esti-
mated 100 viable weed seeds were placed beneath the chaff lines by
carefully lifting these lines with a spade and sliding the bags under
the chaff. Seed bags were also placed on the soil surface adjacent to
the chaff lines, where they were anchored with wooden skewers.
Seed bags for each weed species were placed beneath and beside

Figure 1. Harvest weed seed control systems that concentrate the weed-containing chaff fractions into narrow rows (20 cm) during harvest. (A) Chaff lining and (B) chaff
tramlining.
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chaff lines at four locations (replicates) that were spaced at 50- to
100-cm intervals along a chaff line.

For each field study, seed bags were collected the following
autumn (April 2018) just prior to crop seeding. During collection,
it was noted that many of the seed bags had been disturbed and
even broken or chewed. Collected seed bags were cut open, and
seeds were removed for germination testing and the establishment
of viability. During this process, decayed and shriveled shoots and
roots were observed in many of the seed bags. Where possible, the
recently germinated seedlings were recorded as viable seed. In
many instances the seedlings had disintegrated, making it impos-
sible to identify individual seedlings. Seed viability testing was con-
ducted on intact seed using the procedures described above. The
number of viable seed remaining were converted to a percentage
seed survival of the initial seed lot total, with missing seed assumed
to be seed lost (nonsurvival) as a result of failed germination, deg-
radation, or predation.

Chaff Suppression of Weed Seedling Emergence

During the 2018 winter growing season, pot studies investigated
the effects of chaff amount and type on weed seedling emergence.

These studies were conducted at three locations: shade house
(Wagga Wagga), outdoor netted area (Narrabri), and glasshouse
(Toowoomba). At each location, pot studies examined the influ-
ence of increasing amounts of wheat chaff on the emergence of
rigid ryegrass seedlings. The wheat chaff rates (0, 3,000, 6,000,
12,000, 18,000 24,000 30,000, and 42,000 kg ha–1) chosen for
use in the pot studies are those that can be expected to be produced
during the harvest of wheat crops with yields ranging from 250 to
3,500 kg ha–1. Chaff rates (x) were calculated using the following
equation (Equation 1):

x ¼ 0:3ywz [1]

where 0.3 is the ratio of chaff production per 1,000 kg of wheat
grain yield (y) (Broster et al. 2016),w is harvest width, and z is chaff
line width.

At each location, 100 viable rigid ryegrass seeds from the same
seed lot were spread across the surface of pots (17 cm diam;
Toowoomba) or trays (30 by 33 cm; Narrabri and Wagga
Wagga) filled with potting mix (50% sand and 50% peat moss).
Wheat chaff collected during harvest at Marrar was used in all
pot studies. Chaff was spread evenly across the surface of the pot-
ting mix, with four replicates of each chaff treatment arranged in a
randomized complete block design. Wire mesh (1.0-cm square)
was placed around the pots and trays to contain the chaff material
at the two highest rates, 30,000 and 42,000 kg ha–1. Once the chaff
was evenly spread across the surface of the pots and trays, they were
watered thoroughly and maintained at or near field capacity for
28 d. During this period, weed seedlings were counted and care-
fully removed to minimize chaff disturbance. Weed seedling emer-
gence data were converted to a percentage of the emergence from
the chaff-free control treatment for analysis and presentation.

To examine the influence of chaff type on weed seedling emer-
gence, the chaff of four crop species was used in pot studies con-
ducted during the winter growing seasons atWaggaWagga in 2018
and repeated in 2019. Using the same procedures described above,
rigid ryegrass seed was spread on the surface of potting mix–filled
trays (30 by 33 cm), and trays were then covered with increasing
amounts of chaff (0, 3,000, 6,000, 12,000, 18,000, 24,000, 30,000,
and 42,000 kg ha–1). Wheat, canola, barley, and lupin chaff used
in these repeat studies was collected during the 2017 and 2018 har-
vests, respectively.

Statistical Analysis

Two-way ANOVA (Genstat, version 18) (VSN International,
Hemel Hempstead, UK) compared the effects of field site and weed
seed placement (beneath or beside chaff) on seed viability of each
weed species. There was a significant effect (P< 0.05) of field site
on seed survival for each weed species, so one-way ANOVAs were
performed for each site to test for differences in weed seed place-
ment (beneath or beside chaff) for each species. Pairwise compar-
isons of weed seed location effect on seed viability were made for
each weed species–by–site combination using Fischer’s protected
LSD with statistical significance set at P= 0.05.

Effects of increasing wheat chaff amounts on rigid ryegrass
seedling emergence was examined in separate regression analyses
conducted for each pot trial location. Simple linear regression
analyses using Sigmaplot® (SigmaPlot software v. 14.0 Systat,
San Jose, CA) were used to develop equations for this relationship.
Simple linear regression analyses examined the relationship
between increasing amounts of chaff on rigid ryegrass seedling

Table 1. Monthly rainfall and mean daily temperatures for the weed seed
survival field trial locations over the 2017 to 2018 summer–autumn period.

Rainfall Mean daily temperature

Month
Mt

Tyson Narrabri Marrar
Mt

Tyson Narrabri Marrar

—————mm————— ——————C——————

November 16 70 48 23.7 21.9 21.3
December 74 36 132 26.6 27.3 23.5
January 32 19 65 25.6 29.3 26.3
February 84 55 21 24.6 27 24.1
March 43 12 52 22.6 25.6 21.8
April 7 3 2 19.7 22.2 19.1
Total 256 195 273

Table 2. Influence of chaff type on the seed viability of four weed species
located beneath and beside chaff concentrated in narrow rows over the
summer–autumn period 2017 to 2018.

Seed survivala

Species Location Chaff line
Beneath
chaff

Beside
chaff

Type kg ha–1 ————%————

Rigid
ryegrass

Marrar Wheat 23,000 86.7 93.3

Marrar Barley 5,300 93.0 95.6
Narrabri Wheat 8,100 78 88
Mt Tyson Barley 1,500 34.4 23.8
Mt Tyson Barley 1,300 41.2 31.1

Wild oat Marrar Wheat 23,000 22.3 15.0
Marrar Barley 5,300 25.3 21.9
Narrabri Wheat 8,100 84.3 a 24.6 b
Mt Tyson Barley 1,500 91.3 83.7
Mt Tyson Barley 1,300 6.0 0.3

Annual
sowthistle

Mt Tyson Barley 1,500 10.0 4.2

Mt Tyson Barley 1,300 22.8 15.6
Turnip
weed

Mt Tyson Barley 1,500 12.2 5.7

Mt Tyson Barley 1,300 16.5 38.6

aComparisons of weed seed survival are not significant (P> 0.05) except when numbers are
followed by letters.
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emergence data from the Wagga Wagga pot studies. Linear rela-
tionships were developed for each of the four chaff types with
adjusted R2 values used to indicate the suitability of fit.

Results and Discussion

Influence of Chaff Lines on Weed Seed Survival

Chaff lines created by the concentration of chaff material into nar-
row lines during harvest did not result in an environment that con-
sistently reduced weed seed survival over the summer–autumn
period. Across the field studies, it was evident that the placement
of weed seed beneath chaff lines did not adversely influence their
survival over the approximately 5-mo period between harvest and
the start of the next growing season (Table 2). Frequently, the sur-
vival of rigid ryegrass, wild oat, annual sowthistle, and turnip weed
seed beneath chaff lines was similar to or higher than the survival of
seed exposed on the soil surface. However, only at the Narrabri site
was this increase statistically significant (P < 0.05). In this instance,
wild oat seed survival was increased by 60% for seed beneath wheat
chaff compared to seed on the soil surface. At the remainder of the
sites, there were no differences (P> 0.05) in seed survival between
beneath and beside chaff treatments, indicating that the presence
of chaff, regardless of type or amount, had little or no effect on
weed seed survival.

The survival of rigid ryegrass seed exposed on the soil surface
over the summer–autumn period was considerably higher than
expected at several sites. High levels of survival (88% to 96%) were
recorded for rigid ryegrass seed exposed on the soil surface over
summer–autumn at the two Marrar sites and the Narrabri site
(Table 2). These values were considerably higher than the 24%
to 31% seed survival recorded at the two Mt Tyson sites and the
previously documented over summer–autumn survival values of
20% to 30% (Chauhan et al. 2006c).

There was typically low over summer–autumn survival of seed
on the soil surface for wild oat, turnip weed, and annual sowthistle.
The low soil surface survival of wild oat seed (0.3% to 25%)
observed at most sites was similar to previously reported results
(Boyd and Van Acker 2003; Somody et al. 1984) (Table 2). As
expected, annual sowthistle (4% to 16%) seed survival levels were
low; the fragile seed of this species is known to have low levels of
persistence (Chauhan et al. 2006a; Widderick et al. 2010). The sur-
vival of turnip weed seed (6% to 39%) was also expectedly low, as
these seed have poor persistence once they are removed from the
pericarp (Chauhan et al. 2006b; Ohadi et al. 2011).

Chaff amount and type, as well as the rainfall patterns over
summer–autumn appear to have influenced weed seed survival
in these field studies, although it is likely that combinations of these
and other factors were responsible for determining survival levels.
The sites where there was increased (P< 0.05) survival for weed
seed beneath chaff occurred with generally higher chaff levels (>
8,000 kg ha–1) (Table 2). However, weed seed survival was not
increased in chaff lines at the Marrar site, where the highest
amount of chaff was present in the chaff lines. Varying rainfall pat-
terns across the trial sites were likely responsible for the generally
lower levels of seed persistence at the Mt Tyson sites compared to
the Marrar and Narrabri sites. These differences between locations
may be due to the higher levels of autumn rainfall at Mt Tyson
compared to the other sites (Table 1). Rainfall can potentially influ-
ence weed seed survival by changing seed dormancy levels and
stimulating out-of-season fatal germination events (Cheam and
Code 1995; Goggin et al. 2012). Weed seed loss has been shown

to occur through soil microbe–facilitated decay (Chee-Sanford
2008; Kennedy et al. 1991; Kremer 1993; Pollard 2018), and higher
soil moisture levels can increase this microbial activity (Davis et al.
2016;Mickelson and Grey 2006).Weed seeds are also prone to pre-
dation by vertebrates and invertebrates, with crop residue levels
influencing this form of seed loss (Baraibar et al. 2012; Kulkarni
et al. 2015; Spafford Jacob et al. 2006). It is likely that the overall
effect of chaff on weed seed survival at any field location will be the
result of a combination of positive (e.g., dry, insulated, protected
environment) and negative (e.g., predator refuge, concentration
of allelochemicals, and microbial activity) effects. With a myriad
of potential influences on weed seed survival, it is difficult to pre-
dict what the effect of concentrating chaff on weed seed survival
will be in any particular field situation.

Chaff Suppression of Weed Seedling Emergence

A substantial reduction in rigid ryegrass seedling emergence
(>80%) through wheat chaff was only achieved when large quan-
tities (˜40,000 kg ha–1) of this material were present. In pot studies
conducted at Wagga Wagga, Narrabri, and Toowoomba in 2018,
increasing chaff rates from 3,000 to 12,000 kg ha–1 resulted in
minor (3% to 8%) reductions in rigid ryegrass seedling emergence
(Figure 2). The subsequent 6,000 kg ha–1 chaff increases to 18,000
and 24,000 kg ha–1 reduced emergence in all trials by 6% to 16%.
Further increasing the chaff amount to 30,000 kg ha–1 resulted in a
consistent 20% to 25% reduction in emergence across all three
sites. It was only at the highest chaff rate of 42,000 kg ha–1 that rigid
ryegrass seedling emergence was substantially reduced (80% to
90%). Based on the assumptions of harvest and chaff line widths
used to estimate chaff rate treatments, as well as the documented
grain yield–to–chaff ratio of wheat (3:1) (Broster et al. 2016), this
level of wheat chaff concentrated in a chaff line can be achieved
when yields are>3,000 kg ha–1. In areas where average wheat yields
are lower than 3,000 kg ha–1, which consistently occurs across most
of the Australian grain production region (ABARES 2020),
growers will need to be prepared for high levels of rigid ryegrass
seedling emergence in chaff lines.

Large temperature differences between the Wagga Wagga site
and the Toowoomba and Narrabri sites during the period when
the pot trials were conducted are likely responsible for the consis-
tent differences in rigid ryegrass seedling emergence between these
sites. Despite the same chaff sample and rigid ryegrass seed lot
being used in the three pot studies, there were differences
(P< 0.05) in rigid ryegrass seedling emergence patterns between
the three pot studies (Figure 2). In particular, emergence was con-
sistently lower (20% to 30%) at Wagga Wagga for all treatments
except at the highest chaff rate used. This reduced emergence
may be due to the cooler growing conditions over the respective
periods for these pot studies at the Wagga Wagga site compared
to those at Narrabri and Toowoomba. There were a number of
frost events within the shade house environment at Wagga
Wagga, and the mean daily temperature was an average 9 C lower
at Wagga Wagga than at Narrabri (BOM 2020). The Toowoomba
pot study was conducted in a glasshouse, where temperatures were
similar to those at Narrabri. Regardless of the reduced rigid rye-
grass seedling emergence in the Wagga Wagga study, the response
to increasing chaff amounts was consistent across all three sites.

Rigid ryegrass seedling emergence was similarly suppressed by
increasing amounts of wheat, barley, canola, and lupin chaff. In pot
studies conducted at Wagga Wagga, chaff amount rather than
chaff type hadmore influence on rigid ryegrass seedling emergence
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(Figure 3). There were relatively similar linear relationships for
rigid ryegrass seedling emergence in response to increasing
amounts of wheat, barley, canola, and lupin chaff types. The slopes
for these relationships were approximately –2.0, indicating that for
every 1,000 kg ha–1 increase in chaff there was a 2% reduction in
rigid ryegrass seedling emergence. Thus, for all chaff types, only at
the highest chaff amounts was there a suitably high level (>80%) of
suppression of rigid ryegrass seedling emergence. These studies
focused on the influence of chaff residues on rigid ryegrass seedling
emergence. Although this effect has not previously been reported,
numerous studies report reduced crop or weed seedling emergence
due to the physical presence of crop residues (Chauhan and
Abugho 2013; Morris et al. 2009; Rebetzke et al. 2005; Williams
et al. 1998; Wuest et al. 2000). The combined effects of residue
amount and allelopathic chemical release from wheat, barley,
and canola crop stubbles have been indicated to be responsible
for the suppression of flaxleaf fleabane [Conyza bonariensis (L.)
Cronquist] and witchgrass (Panicum capillare L.) emergence
(Mwendwa et al. 2018). The indications were that allelochemicals
released during the decay of canola residues (Weston 2005)

resulted in higher levels of weed suppression than those released
from wheat and barley residues. The pot study results suggest that
an allelochemical effect, if present, was consistent across all species.
In field studies of longer duration there will likely be increased
chaff decay and greater release of allelochemicals.

The concentration of the weed seed–containing chaff in chaff
lining or chaff tramlining treatments during harvest places weed
seeds in an environment that is potentially favorable for seed sur-
vival but with the potential to restrict weed seedling emergence.
When concentrated within a large quantity of chaff material, weed
seeds are insulated from factors that contribute to seed losses, such
as microbial degradation and failed germination. Seed losses may
increase over time with the widespread and repeated use of chaff
lines and chaff tramlines; macro- and microfauna may adapt to
these systems, potentially resulting in enhanced predation and deg-
radation of weed seeds. The concentration of large quantities of
chaff material provides a major physical impediment for emerging
weed seedlings that can lead to substantial reductions (>80%) in
emergence. Ultimately, weed seedling emergence from chaff lines
is an excellent indicator of weed seed collection during harvest and
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thus HWSC potential. Chaff lining and chaff tramlining systems
are easy and inexpensive to install on combines and are therefore
ideal as the initial HWSC systems for growers to adopt.
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Figure 3. Rigid ryegrass seedling emergence in response to increasing amounts of (A) wheat, (B) barley, (C) lupin, and (D) canola chaff in pot trials conducted at Wagga Wagga
during the 2018 and 2019 winter growing seasons. Dotted lines indicate linear relationship between chaff amount and rigid ryegrass seedling emergence.
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