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1  | INTRODUC TION

The weed seedbank is a crucial component of an arable farming sys-
tem because it plays many functional roles (Franke et al., 2009). It 
represents the reserve of weed diversity and is the primary source 
of weeds in cultivated soils. Thus, it determines the nature and the 
extent of weed problems in future crops, while reflecting the ef-
fect of past management practices on weed population dynamics 
(Roberts and Chancellor, 1986; Legere et al., 2011). Seedbanks are 
considered a better indicator of medium and long-term influences 

of management than aboveground vegetation (Hawes et al., 2010), 
as the latter is more affected by environmental stochasticity and 
management of a given year and competition with the actual crop 
(Albrecht and Pilgram, 1997). The soil seedbank in most agricultural 
soils includes millions of weed seeds/ha and is the source of yearly 
weed problems (Zimdahl, 2004; Andreasen et al., 2018). The com-
position of the seedbank is dependent on management practices 
and edaphic factors (Andreasen and Stryhn, 2008; Andreasen and 
Skovgaard, 2009). Soil seedbanks promote the persistence of weeds 
by serving as weed seed reservoirs (Gallandt, 2006). Weed seed rain, 
which is the reproduction and dispersal by weedy plants, is typically 
the main contributor to seedbank replenishment (Simpson et al., 
1989). Studies have shown that the late-season weed management 
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Abstract
We assessed the seed production and shedding pattern of 10 common weed species 
in two oat fields in Denmark. The aim was to evaluate the possibility of harvesting re-
tained seeds on weeds at crop harvest by a combine harvester based on estimation of 
weed seed retention. Before flowering, ten plants of each weed species were selected 
and surrounded by a seed trap comprising of a porous net. When the plants started 
shedding seeds, the seeds were collected from the traps and counted weekly until 
oat harvest. Just before oat harvest, the retained seeds on the plants were counted 
and the ratio of harvestable seeds and shed seeds during the growing season was 
determined. The seed production and shedding patterns varied between the 2 years. 
Across both years, Anagallis arvensis L., Capsella bursa-pastoris L. Medik, Chenopodium 
album L., Geranium molle L., Persicaria maculosa Gray, Polygonum aviculare L., Silene 
noctiflora L., Sonchus arvensis L., Veronica persica Poir. and Viola arvensis Murray re-
tained on average 61.6%, 52.7%, 67.2%, 58.4%, 32.05%, 59.5%, 95.7%, 23.5%, 51.7% 
and 33.9%, respectively, of their produced seeds at crop harvest. Silene noctiflora was 
classified as a good target for harvest weed seed control; C. bursa-pastoris, C. album, 
G. molle, P. maculosa, S. arvensis and V. arvensis were classified as intermediate targets; 
and A. arvensis, P. aviculare and V. persica were classified as poor targets.
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is effective in reducing weed seed rain (Taylor and Oliver, 1997; Clay 
and Griffin, 2000; Brewer and Oliver, 2007) and seedbank densities 
(Jones and Medd, 2005). The contribution of early-season survivors 
to the weed seedbank is usually greater compared with late-emerg-
ing cohorts (Bosnic and Swanton, 1997; Steckel and Sprague, 2004) 
because late-emerging weed seedlings are affected by crop compe-
tition, particularly for light. However, seed viability is known to be 
unaffected by reduced light supply (Baumann et al., 2001), and seed 
production in late-emerging weeds may sufficiently contribute to 
seedbank persistence (Mayen et al., 2008).

Weeds are known to exhibit plastic yield characteristics (Grime, 
1979), and the seed production of a plant is dependent on many factors 
such as available plant nutrients and water, and the competition from 
other plants. Effective long-term weed management strategies should 
aim to reduce late-season seed production in arable weed commu-
nities (Walker and Oliver, 2008). Late-season weed seed production 
has gained particular attention with the changing weed management 
paradigm as a result of herbicide-resistant weeds (Norsworthy et al., 
2012). Most farmers adopt weed management programmes that are 
effective in controlling weeds and preventing weed seed produc-
tion (Bagavathiannan and Norsworthy, 2012). Despite the continued 
efforts of farmers to control weeds, the problem persists and the 
late-season escapes constitute a significant contributor to seedbank 
persistence (Bagavathiannan and Norsworthy, 2012).

Pre-harvest, at harvest and post-harvest methods can be used 
to minimise seed set in weeds. Late-season pre-harvest herbicide 
applications alone or integrated with cultural approaches such as 
using competitive cultivars, adjusting planting dates, altering plant-
ing density, intercropping and cover cropping are common pre-har-
vest methods and can efficiently prevent seed production of weeds 
(Malik et al., 1993; Bond and Grundy, 2001; Bagavathiannan and 
Norsworthy, 2012). Herbicides, fall tillage, mowing and cultural 
strategies such as double cropping or cover cropping are among 
the post-harvest procedures using to reduce weed seed production 
(Bagavathiannan and Norsworthy, 2012).

At harvest, weed seed control provides an opportunity to collect 
and destroy any non-shed weed seeds. Chaff carts, narrow windrow 
burning, bale direct, chaff lining, chaff tramlining and weed seed de-
structors (using an impact mill system) are harvest weed seed control 
(HWSC) systems used to collect and/or kill weed seeds at harvest. 
Such methods are mainly practised in Australia (Walsh and Powles, 
2007; Walsh et al., 2013; Walsh et al., 2017a, 2017b; Walsh et al., 
2018b). Many HWSC systems have been developed for the spe-
cific purpose of targeting the seed production of surviving weeds 
to restrict contribution to the seedbank (Walsh and Newman, 2007; 
Walsh et al., 2012; Walsh et al., 2013; Walsh et al., 2017b). In addi-
tion, HWSC has become an integrated strategy to manage species 
with multiple herbicide resistance (Schwartz et al., 2016; Somerville 
et al., 2018). However, as HWSC systems target the weed seed bear-
ing chaff fraction, when operating efficiently, they will all be simi-
larly effective in targeting weed seeds during crop harvest for weed 
species retaining a large proportion of their seeds at harvest (Walsh 
et al., 2018b).

Preventing weed seed production is vital for avoiding future weed 
problems, but the extent to which management is necessary depends 
on individual circumstance (Bagavathiannan and Norsworthy, 2012). 
We studied the seed production and shedding of ten common weed 
species in two organic oat fields in Denmark. The objectives of this 
study were (a) to estimate the time of seed shedding of these weed spe-
cies and (b) to assess the potential of practising HWSC based on weeds 
seed retention at crop harvest, that is to determine how large a propor-
tion of the total weed seed production during the growing season of 
oat, a combine harvester potentially would be able to target during crop 
harvesting to reduce the new seed input to the soil seedbank.

2  | MATERIAL S AND METHODS

2.1 | Studied species and seed collecting

Seed production and shedding of 10 common weed species (Anagallis 
arvensis, Capsella bursa-pastoris, Chenopodium album, Geranium molle, 
Persicaria maculosa, Polygonum aviculare, Silene noctiflora, Sonchus arven-
sis, Veronica persica and Viola arvensis) were recorded during the growing 
season (April–August) of spring oat in two different fields at the research 
station in Taastrup (55°38´ N, 12°17´ E), Denmark. The fields were sown 
with oat cv. ‘Dominik’ at 17 g/m2 on April 19 and April 28, and harvested 
on 29 August and 2 August in 2017 and 2018 respectively. The fields were 
grown organically without using any kinds of pesticides and fertiliser.

Before flowering, 10 plants of each species of a natural popula-
tion were selected randomly and surrounded by a trap comprised of 
a porous net (precision woven open mesh fabrics: SEFAR NITEX 06-
475/56, Sefar, Germany; mesh opening: 475 μm—opening area: 56%) 
(Figure 1). Traps were checked each week to record the start time of 
seeds shedding. Hereafter, seeds were collected with a portable vac-
uum cleaner every 6–8 days depending on the weather condition and 
stored in paper bags. The collected seeds were counted until the oat 
harvest. At crop harvest, weed plants were cut at the soil surface and 
the number of seeds remaining on the weed plants was recorded. The 
ratio of retained seeds at crop harvest and shed seeds produced by 
each weed species was determined. The plants height was not mea-
sured. The physiological development of ten plants of each species out-
side the traps was observed to see whether they developed differently.

2.2 | Weather data

Weather data were provided from the research weather station in 
the area (55 o67´N, 12 o30´E) (Figure 2). Daily maximum and mini-
mum temperatures were used to calculate the growing degree days 
(GDD) for the growing seasons:

where Tm and b0 represent the mean daily temperature and the base 
temperature (0°C) respectively. S1 and S2 are the time of crop sowing 

(1)GDD=

∑S2

S1
(Tm−b0)
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and harvesting respectively. Mean daily temperatures of below 0°C 
were not included in the calculation.

2.3 | Statistics

Data were analysed by year. For each species difference in weekly seed 
shed during the growing season of oat was evaluated using a method 
for repeated measurement in R version 3.6.1 (The R Foundation for 
Statistical Computing, Vienna, Austria, http://R-proje ct.org). The analy-
ses were done using the extension packages lme4 (Bates et al., 2015) 
and multcomp (Hothorn et al., 2008). Plants were considered as random 

effect, and the number of shattered seeds over the weeks considered 
as the response. The difference in total seed production in the two sea-
sons was evaluated using ANOVA. Regression analysis was performed 
to analyse the cumulative shattered seeds as a function of GDD.

3  | RESULTS

3.1 | Weather data

In 2017, the summer in Denmark was cold, wet and cloudy with no days 
with temperatures >30°C. In contrast, the weather in 2018 was unusually 

F I G U R E  1   Seed traps in the oat field in 2018 (a) and maturing plants of Geranium molle (b) and Sonchus arvensis (c) in traps

(a) (b)

(c)

F I G U R E  2   Weather data during the 2 years of the experiment: (a) temperature, (b) wind and (c) precipitation. Measurement height: 2, 2 
and 1.5 m above ground level for temperature, wind and precipitation respectively. Average of ten years of temperature and precipitation 
data from Denmark (2006–2015) (DMI, 2020)
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dry, warm and sunny with many days with temperatures >30°C. Based 
on the DMI report (2020), it was the warmest summer since 1874 
(Figure 2). The more rainy conditions in 2017 resulted in a larger growth 
and dense stand of oat, while the oat plants became drought stressed 
in 2018 resulting in less growth and a thinner oat stand. In the dry and 
warm weather in 2018, weeds and crop plants matured much earlier 
than in the cold and wet year 2017 resulting in an earlier crop harvest.

3.2 | Seed production and shedding time for the 
weed species

3.2.1 | Anagallis arvensis

Anagallis arvensis started to shatter seeds one week prior to oat har-
vest in 2017. 293 seeds/plant were produced, and all were retained 
on the plants at harvest time.

In 2018, A. arvensis started shattering seeds between 18 and 25 
July (two weeks prior to oat harvest) where the largest number of seed 
was shed. 428 seeds/plant were produced of which 76.8% were shat-
tered before harvest. The weekly number of shed seeds was signifi-
cantly different in 2018 (p ≤ 001). Regression analysis showed 20 and 
80% of the seeds would shatter on 1,448 and 1,696 GDD (Figure 3a).

3.2.2 | Capsella bursa-pastoris

Capsella bursa-pastoris started to shed seeds between 20 and 27 July in 
2017, and between 13 and 20 July in 2018, and 1,460 and 7,444 seeds 
were produced by each plant, respectively, with 54.3 and 40.3% shat-
tered seeds before harvest. The weekly number of shed seeds was sig-
nificantly different in both years (p ≤ .001). Regression analysis showed 
20 and 80% of the seeds would shed on 1,414 and 2,187 GDD in 2017 
and on 1,481 and 2,197 GDD in 2018 respectively (Figure 3b).

3.2.3 | Chenopodium album

Chenopodium album seeds started shedding between 2 and 9 
August in 2017. 1876 seeds were produced per plant in 2017 of 
which 42.2 shattered before harvest. 20 and 80% of the seed shed-
ding happened on 1,667 and 2,140 GDD respectively (Figure 3c). In 
2018, seed shedding started between 12 and 19 July; 4,910 seeds 
were produced per plant of which 23.4% shattered prior to oat har-
vest. 20 and 80% of the seed would shed on 1,603 and 2,686 GDD 
respectively (Figure 3c). There was a significant difference between 
the weekly numbers of shed seeds in both years (p ≤ .001).

3.2.4 | Geranium molle

In 2017, 117 seeds per plant were produced and all were retained on 
the plants at harvest time. In 2018, G. molle started shedding seeds 

between 13 and 20 July where the largest number of seeds was 
shed. 37 seeds per plant were produced of which 83.1% were shat-
tered before harvest. The weekly number of shed seeds was signifi-
cantly different for G. molle in 2018 (p ≤ .001). 20% and 80% of the 
seed shedding would happen on 1,331 and 1,624 GDD respectively 
(Figure 3d).

3.2.5 | Persicaria maculosa

Persicaria maculosa started to shed seeds between 6 and 13 August 
in 2017 and shed the largest number of seeds in the same week. 
413 seeds/plant were produced in 2017 of which 50.8 were shat-
tered before harvest. 20% and 80% of the seed shedding would 
happen on 1,626 and 2,094 GDD respectively (Figure 3e). In 2018, 
it started to shed seeds between 2 and 9 July and the largest frac-
tion was shed between 9 and 16 July. 311 seeds/plant were pro-
duced of which 85.1% were shattered before harvest. 20% and 80% 
of the seeds would shatter on 1,185 and 1,612 GDD respectively 
(Figure 3e). The weekly number of shed seeds was significantly dif-
ferent in both years (p ≤ .001).

3.2.6 | Polygonum aviculare

Polygonum aviculare began seed shedding 1–8 August in 2017 and 
19–26 July in 2018. The largest number of seeds was shed in both 
years in the week just before oat harvest. 1,514 and 549 seeds/plant 
were produced in 2017 and 2018, respectively, of which 42.0% and 
39.0% were shed before harvest. The weekly number of shed seeds 
was significantly different in both years (p ≤ .001). Seed shed initia-
tion was almost similar in terms of GDD for this species. Based on 
the regression analysis, 20% and 80% of the seeds would shatter on 
1,664 and 2,505 GDD in 2017 and on 1,578 and 2,152 GDD in 2018 
respectively (Figure 3f).

3.2.7 | Silene noctiflorum

Silene noctiflora began seed shattering the week before harvest in 
both years. 539 and 102 seeds/plant were produced in 2017 and 
2018, respectively, of which 2.3% and 6.3% of the total produced 
seeds was shed before harvest. 20% and 80% of the seed shedding 
would happen on 2,688 and 4,992 GDD in 2017 and on 2,063 and 
3,579 GDD in 2018 respectively (Figure 3g).

3.2.8 | Sonchus arvensis

In 2017, S. arvensis was the first species starting seed shedding 
(Figure 4). Seeds of S. arvensis started to shatter between 12 and 19 
July in 2017. Sonchus arvensis produced 460 seeds/plant in 2017, and 
73.8 of the total produced seeds were shed prior to harvest. 20 and 
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F I G U R E  3   Cumulative shattered seed of (a) Anagallis arvensis (b) Capsella bursa-pastoris, (c) Chenopodium album, (d) Geranium molle (e) 
Persicaria maculosa, (f) Polygonum aviculare, (g) Silene noctiflora (h) Anagallis arvensis, (i) Veronica persica and (i) Viola arvensis as a function of 
GDD (growing degree days = sum of daily mean temperatures above 0 from the date the oat was sown)
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80% of the seeds would shatter on 1,262 and 2,203 GDD respec-
tively (Figure 3h). It started to shed seeds between 3 and 10 July in 
2018. Sonchus arvensis produced 1,954 seeds/plant, and 79.1% of 
the total produced seeds were shed before harvest. 20 and 80% of 
the seed shedding would occur on 1,287 and 1,730 GDD respec-
tively (Figure 3h). Seed shed started almost at the same GDD both 
years. The difference between the weekly numbers of shed seeds 
was significant for S. arvensis in both years (p ≤ 0.001).

3.2.9 | Veronica persica

Veronica persica started to shed seeds between 20 and 27 July 
in 2017 and between 2 and 9 July in 2018. On average, 511 and 
90 seeds/plant were produced in 2017 and 2018, respectively, of 
which 35.8 and 60.7% of the total produced seeds was shed before 

harvest. 20% and 80% of the seed shedding happened on 1,590 and 
2,609 GDD in 2017 and on 1,241 and 1,871 GDD in 2018 respec-
tively (Figure 3i). There was a significant difference between the 
weekly numbers of shed seeds in both years (p ≤ .001).

3.2.10 | Viola arvensis

Seed shedding of V. arvensis started between 2 and 9 August in 2017 
and between 2 and 9 July in 2018. 203 and 22 seeds/plant were 
produced in 2017 and 2018, respectively, and 33.6 and 98.6% of 
the total produced seeds was shed before harvest. The difference 
between the weekly numbers of shed seeds was significant in both 
years (p ≤ .001). The regression analysis showed 20% and 80% of the 
seeds were shed on 1,706 and 2,887 GDD in 2017 and on 1,056 and 
1,515 GDD in 2018 respectively (Figure 3j).

F I G U R E  4   Time of seed shedding and amount of shed seeds of the 10 weed species during the oat growing season in (a) 2017 and (b) 
2018. Oat harvest took place on August 29 in the first year and 2 August in the second year
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4  | DISCUSSION

We studied seed production and shedding pattern of 10 common 
weed species of oat fields in Denmark during two growing seasons 
to find the time of seed shedding and the approximate amount of 
inputs to the soil seedbank of the species. The studied weed spe-
cies only propagate by seeds except S. arvensis, which also produces 
vegetative shoots from rhizomes. The soil seedbank is the primary 
source of infestation of the plants and therefore information on their 
seed production and shedding pattern is useful for applying proper 
weed management strategies.

4.1 | The effect of the weather on seed 
production and seed shedding

The weed species responded differently to the weather condition. 
Tall stature of some weeds exposed them to wind events that also 
may increase seed shatter (Burton et al., 2017). However, the wind 
speed did not vary much between to two seasons (Figure 2c). The dry 
season favoured A. arvensis, C. bursa-pastoris, C. album and S. arven-
sis, which produced 2.6, 4.2, 1.4 and 5.1 times more seeds in the dry 
season compared to the rainy season. In contrast, the rainy season 
favoured G. molle, P. maculosa, S. noctiflora, P. aviculare, V. persica and 
V. arvensis, which produced 3.1, 1.3, 5.2, 2.7, 5.6 and 9.2 times more 
seeds in the rainy season. Seed shattering was highly related to GDD 
and increased by increasing GDD for all species (Figure 3). However, 
GDD does not allow predicting loss from one year to another.

Bitarafan and Andreasen (2020b) also found that the seed pro-
duction of Fallopia convolvulus (L.) Á. Löve, Sinapis arvensis L. and 
Stellaria media (L.) Vill. in an oat field was reduced 90.9%, 61.3% and 
37.5% in the dry year (2018), respectively, compared to the wet year 
(2017).

The number of degree days to start seed shattering varied be-
tween the two years for most of the species as well as the degree 
days to 20% and 80% seed shattering, indicating that other factors 
like drought influence the physiological maturation of the plants 
(Figures 3 and 4). The number of degree days was only similar for 
S. arvensis and P. aviculare. Bitarafan and Andreasen (2020a) re-
ported a decline of the seed production of Alopecurus myosuroides 
Huds. and Apera spica-venti L. P. Beauv. in the rainy growing season 
in 2017 compared to the dry season in 2018. Alopecurus myosuroi-
des and A. spica-venti produced 3.5 and 4.7 times more seeds in the 
dry season in a wheat field in Denmark. Walsh et al. (2018a) also 
reported that the seed production of Lolium rigidum Gaud. was re-
duced when they were in competition with a higher biomass-yield-
ing wheat crop. Increased crop competition will both reduce weed 
seed production and increase harvest weed seed control efficiency 
(Bitarafan and Andreasen, 2020a). Zimdahl (2004) reported that 
weed growth and weed seed production were positively affected by 
dry conditions and by reduced competition from moisture stressed 
crops. Burton et al. (2017) stated that, in general, there would be 
less weed seed shatter in a strongly weed-competitive (suppressive) 

crop vs. a weakly-competitive crop. Also, weed seed shatter would 
be significantly less in an early maturity crop or a crop harvested 
early compared to a late maturity crop (Shirtliffe et al., 2000; Burton 
et al., 2016, 2017; Tidemann et al., 2017).

4.2 | Plants inside and outside nets

We followed the physiological development of 10 plants of each spe-
cies outside the traps during the growing season to see whether the 
microclimate inside the nets resulted in different physiological de-
velopment and earlier maturity than for plants outside. We removed 
a few oat plants to be able to place the nets around the weeds, which 
gave the plants a little additional space compared to plant outside 
traps. We did not see any differences between the physiological de-
velopment and maturity of plants inside and outside the traps (data 
not shown). It seems that the additional space the plants had in the 
traps has counteracted an eventual greenhouse and shading effect 
caused by the net. The plants inside and outside the seed traps 
started seed shedding within the same week (data not shown).

4.3 | Potential to target weed seeds with HWSC

A high proportion of weed seed retained on the weed plants at har-
vest increases the potential for harvest weed seed control methods. 
We determined both amounts of shed seeds and retained seeds 
on the weeds to estimate the amount a combine harvester poten-
tially could target at crop harvest. The seed retention and shedding 
patterns differed between species and within species in different 
years. Weed seed retention varied according to climatic conditions 
(Shirtliffe et al., 2000; Taghizadeh et al., 2012) and would most 
likely vary across different agro-ecosystems (Walsh and Powles, 
2007). If ≤20% and ≥80% seed shatter by direct harvest time is 
considered low and high, respectively (Beckie et al., 2018), S. nocti-
flora can be classified as high and the other species as intermediate. 
Chenopodium album was classified as low and Sonchus asper L. Hill 
was classified as high in Beckie et al.’s (2018) study in wheat field 
in Western Canada. If the practical harvest height for the growers 
is considered to be fifteen cm, then the results of this study indi-
cate that S. noctiflora is classified as a good target; C. bursa-pastoris, 
C. album, G. molle, P. maculosa, S. arvensis and V. arvensis as an inter-
mediate target; and A. arvensis, P. aviculare and V. persica as a poor 
target for HWSC. Anagallis arvensis, P. aviculare and V. persica re-
tained about 50%–60% of their seed at harvest time but harvesting 
of their retained seeds might be reduced due to their stem growth 
type and seed set along the entire stem. Weed species of similar 
or taller height than the crop will increase the seed collection ef-
ficiency at harvest (Soni et al., 2019). It is also likely that some seeds 
spread and fall to the soil surface during the harvesting process. 
However, for very even and flat fields, which are common in many 
places, the harvest height can be reduce to 5–10 cm above ground 
to harvest a larger fraction of the weed seeds.
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4.4 | Good target for HWSC

Silene noctiflora (height: 25–60 cm, erect stem (McNeill, 1980)) pro-
duced 320 seeds per plant in the oat fields. The mean number of 
seeds per plant of S. noctiflora has been reported to be 2,587, re-
spectively, in plants examined in England (Salisbury, 1961). In both 
years, S. noctiflora retained on average 95.7% of their produced 
seeds at harvest time, which makes it a good target for HWSC.

4.5 | Intermediate target for HWSC

The average number of seeds produced per plant of C. bursa-pastoris 
in the oat fields was 4,452. Capsella bursa-pastoris (height: 10–50 cm, 
erect stem) flowers almost all year round in Scandinavia and a single 
plant can produce 2,000–40,000 seeds (Korsmo et al., 1981). In both 
years, C. bursa-pastoris retained on average 52.7% of the produced 
seeds at harvest time.

Chenopodium album (height: 20–90 cm, erect stem) has been re-
ported to produce 3,000–20,000 seeds perplant in Norway (Korsmo 
et al., 1981) and 72,450 seeds on an average size plant in North 
Dakota (Stevens, 1932). We only recorded 3,393 seeds per plant-
plant in oat. As C. album does not have any special seed dispersal 
mechanism most of the seeds are deposited near the mother plant 
(Holm et al., 1977). Chenopodium album flowering time has been re-
ported from late May to October in Ontario, Canada (Bassett and 
Crompton, 1978). In both years, C. album retained on average 67.2% 
of the produced seeds at harvest time.

Geranium molle (height: 15–30 cm, erect stem (Chen and Wang, 
2005) produced 77 seeds perplant. Grime et al. (1988) observed that 
G. molle flourished from April to September and set seeds from June 
to October, and Salisbury (1961) reported the average number of 
seeds per plant to be 1,500 to 2,000. In both years, G. molle retained 
on average 58.4% of the produced seeds at harvest time.

Persicaria maculosa (height: 30–100 cm, prostrate, ascending or 
erect stem (Korsmo et al., 1981)) flourishes from June to September 
in Scandinavia and can produce 200–800 seeds perplant (Korsmo 
et al., 1981). In our oat fields, P. maculosa on average produced 362 
seeds. In both years P. maculosa retained on average 32.1% of its 
produced seeds at harvest time.

Sonchus arvensis (height: 60–150 cm, erect stem (Korsmo et al. 
(1981)) produced on average 1,207 seeds per plant in our oat fields. 
Danish biotypes growing in competition with oat produced an aver-
age of 3,000 seeds perplant (Dorph-Petersen, 1924). In both years, 
S. arvensis retained on average 23.5% of the produced seeds at har-
vest time.

Viola arvensis (height: 15–35 cm, prostrate, ascending or erect 
stem (Korsmo et al., 1981)) is the most common weed associated 
with grain production in Europe. The individuals are usually small 
and produce few seed capsules. On average, 112 seeds were pro-
duced by each plant in our oat fields. Seed dispersal began about one 
month before the harvest of winter cereals and continues beyond 
the harvest period. Fogelfors (1977) reported that up to the 55% 

of the seeds may be harvested with the grain harvester in Sweden 
and estimated the seed production per plant to be 1,410 when it 
was growing in competition with other plants (Fogelfors, 1977) while 
Bachthaler et al. (1986) estimated it to be 2,500 in Germany. In both 
years, V. arvensis retained on average 33.9% of the produced seeds 
at harvest time.

4.6 | Poor target for HWSC

Anagallis arvensis (height: 10–40 cm, procumbent and ascending 
stem (Holm et al., 1977)) produced on average 360 seeds per plant. 
Ballard (1969) reported a seed production of 900 seeds per plant in a 
field, whereas 250,000 seeds/plant were recorded in a greenhouse 
where plants were growing without competition (Ballard, 1969). 
Seeds have been reported to shed in April and May (Ballard, 1969). 
In both years, A. arvensis retained on average 61.6% of the produced 
seeds at harvest time.

Polygonum aviculare (height: 5–60 cm, procumbent or ascend-
ing stem (Korsmo et al., 1981)) has been reported to be able to pro-
duce 6,380–6,400 seeds/plant if competition is light, and as few 
as 160 seeds under strong competition in North Dakota (Stevens, 
1932, 1957) which is close to what Korsmo et al. (1981) observed 
(125–200 seed perplant). We recorded 1,031 seeds perplant. In both 
years, P. aviculare retained on average 59.5% of the produced seeds 
at harvest time.

Veronica persica (height: 10–50 cm, prostrate stem (Holm et al., 
1997)) produced in our oat fields 300 seeds per plant. Hanf (1970) 
recorded about 50–100 seeds per plant in Germany. Grime et al. 
(1988) and Salisbury (1962) noticed that seeds set were mainly hap-
pening from June to October. In both years, V. persica retained on 
average 51.7% of the produced seeds at harvest time.

Recent studies by Burton et al. (2016, 2017) and Tidemann et al. 
(2017) have also found significant differences and variation in seed 
shatter and retention both among and within weed species. Such 
variation may be associated with weed genotype or ecotype, crop or 
cultivar, agronomic practices, edaphic or environmental conditions 
or their interactions (Beckie et al., 2018).

4.7 | Distribution of seed shedding within the 
growing season of oat

In 2017, S. arvensis was the first species starting seed shedding, 
followed by C. bursa-pastoris and V. persica (20–27 July), P. avicu-
lare (1–8 August), C. album and V. arvensis (2–9 August), P. maculosa 
(6–13 August) and finally S. noctiflora (21–28 August) in the same 
week as crop harvest. Although A. arvensis and G. molle produced 
seeds, the seeds did not shatter before oat harvest (Figure 4a). In 
2018, the seed shedding was started by V. persica, P. maculosa and 
V. arvensis (2–9 July) followed by S. arvensis (3–10 July), C. album 
(12–19 July), G. molle and C. bursa-pastoris (13–20 July), A. arven-
sis (8–25 July), P. aviculare (19–26 July) and finally S. noctiflora (26 
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July–2 August) in the same week as crop harvest (Figure 4b). It is 
obvious that seed shedding during the season can vary a lot from 
season to season. In some seasons, there will be a great potential 
to harvest weed seeds, especially with an early harvest, while in 
other seasons a large fraction of weed seeds will be shed before 
crop harvest.

5  | CONCLUSION

In the first year of our experiment, seed shedding of these ten 
weed species during the oat growing season started in the third 
week of July and continued for seven weeks until oat harvest. 
In the second year, seed shedding started one week earlier and 
continued for four weeks until oat harvest, while on average 2.1 
times more seeds were added to the soil seedbank compared to 
the first year. Regardless of the harvest time 3–4 weeks before 
harvest large amounts of seeds shattered and refilled the soil 
seedbank. Based on our results, we classified one weed species, 
S. noctiflora, as a likely good target for HWSC; 6 species includ-
ing C. bursa-pastoris, C. album, G. molle, P. maculosa, S. arvensis 
and V. arvensis as intermediate targets; and 3 species including 
A. arvensis, P. aviculare and V. persica as poor targets for HWSC. 
This study and the previous studies (Andreasen and Bitarafan, 
2019; Glasner et al., 2019; Bitarafan and Andreasen, 2020a, 
2020b) indicate that HWSC may have potential to target many 
weed species in Denmark but the efficacy of HWSC will vary be-
tween years. A long-term investigation of the impact on the soil 
seedbank of collecting the seeds at crop harvest is required to 
assess the effect of the HWSC technique for these dicotyledon 
weed species.
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