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Rapeseed soil seed bank development and volunteer plant establishment represent substantial risk for crop infesta-
tion and GM contamination. This study was designed to complement such investigations with novel understanding
from high latitude conditions. Four experiments were designed to characterise seed loss at harvest, persistence, vi-
ability and capacity for volunteer seedling establishment, as well as impact of management measures on soil seed
bank dynamics. Qilseed rape was the primary crop investigated due to the availability of GM cultivars and because
of the increasing importance. Harvest losses and soil seed bank development were significant. Volunteer seedlings
emerged at reasonably high rates, especially in the first autumn after harvest, but about 10% of buried seeds main-
tained their viability for at least three years. Soil incorporation methods had no major effect on numbers of volun-
teer seedlings, but herbicide treatments controlled volunteer seedlings efficiently, though not completely, due to
irregular timing of seedling emergence.
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Introduction

In the northernmost European growing conditions, represented by Finland, turnip rape (Brassica rapa L.) and oil-
seed rape (B. napus L.) (hereafter referred to as rapeseed) are grown for oil and protein production. The area un-
der rapeseed has ranged from 3 to 7% of total agricultural land area during the 2000s. Due to the limited number
of crops available for crop rotations in these regions, rapeseed represents an important means to increase di-
versity of cropping systems (Peltonen-Sainio and Niemi 2012). Spring rapeseed is grown mainly and winter types
only sporadically due to harsh winter conditions. This is contrary to the situation elsewhere in Europe where win-
ter rapeseed is the dominant crop, even in southern Sweden (Peltonen-Sainio et al. 2009a). Canada and Finland
are thereby the only countries that produce rapeseed at Boreal zone (Rubel and Kottek 2010) and rely on spring
types. However, climate in Finland is more marine contrary to Canadian continental climate of prairies and fur-
thermore, northern limit for crop production is about 1000 kilometres further south in Canada than in Finland
(Solantie 2012). This associates with noteworthy difference in day length which is close to three hours longer in
Finland at Summer Solstice (www.gaisma.com, Jokioinen and Saskatoon compared as examples). In such northern
agroecosystems germination, growth and development of rapeseed take place in exceptional climatic conditions
and constraints (Trnka et al. 2011) that likely influence formation and persistence of volunteer seed bank in the
soil and germination dynamics of seeds and thereby, the risks of weed infestation and GM contamination, escape
and/or gene flow to nature and non-GM crops.

Rapeseed sheds some of its mature seeds during pod dehiscence prior to harvest. This is a negative feature, but
seed losses during combine harvesting are even more substantial (Pahkala and Sankari 2001, llobson and Bruce
2002, Gulden et al. 2003, Lutman et al. 2005). Because rapeseed can develop secondary dormancy, the persistence
of seeds in the soil can vary (Pekrun et al. 2006). Seed shattering is generally more common for oilseed rape than
for turnip rape, but is especially so when optimal harvest time has passed, i.e. seed is fully mature and pods start
to dehisce (Pahkala and Sankari 2001). Heavy rains and winds tend to increase seed shedding (Pahkala and Sanka-
ri 2001) along with bird attack (Lutman et al. 2005), branching-induced uneven ripening of pods, and chafing of
plants against each other in dense stands. Seed shedding causes economic losses and may even affect quality in
the case that the shed seeds are the most fully matured with low chlorophyll content. The economic importance
of seed loss may be particularly severe in Finland, where rapeseed yields are modest, often ranging around 1300
kg ha (Peltonen-Sainio et al. 2007).
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Rapeseed is not only an important crop but also a noteworthy weed that competes with the primary crop and can
cause significant yield losses in it (Vollman et al. 2010). Rapeseed is nowadays a weed also at high latitudes (Sa-
lonen et al. 2011). Rapeseed was introduced into Finnish cropping systems about four decades ago. Weed popu-
lations have responded to changes in management practices, tending to be higher in the 1990s than in the 1980s
(Hyvonen et al. 2003), but are now at a constant level (Salonen et al. 2013). In Finland, volunteer rapeseed plants
were found on 9% of surveyed farmers’ fields across studied regions in 1997-1999 and on 5% in 2007-2009, but
the figure ranged from zero to 27% depending on region and year. As rapeseed is not frequently included in crop
rotations, but cereal monocultures are typical, this finding emphasizes the potential of rapeseed to produce volun-
teers as does the fact that survey samplings were carried out late in the growing season, after early summer her-
bicide treatments that control rapeseed effectively (Salonen et al. 2011) and therefore, only part of the emerged
volunteers were identified in farmers’ fields.

Seed shedding represents another potential concern, the risk of GM contamination in addition to the risk of gene
flow from transgenic rapeseed cultivars (Krato and Petersen 2012). Rapeseed and potato (Solanum tuberosum
L.) are the sole major crops that are adapted for cultivation at above 60 °N latitude and for which there are GM
cultivars, if approved by the European Union (Stein and Rodriguez-Cerezo 2009). Herbicide tolerance is the main
trait inserted in GM rapeseed cultivars, but seed oil composition and disease resistance are additional traits (Stein
and Rodriguez-Cerezo 2009). Seed shattering and volunteer seedling establishment of rapeseed therefore repre-
sent a notable risk for GM contamination. Risks vary depending on climatic conditions and cropping systems, but
introduction of GM rapeseed, especially when conferring herbicide tolerance, is likely to change some cropping,
handling and storage practices (Krato and Petersen 2012).

This study aimed to quantify the risk of spring rapeseed seed shedding inducing yield losses in Finland and to char-
acterize the dynamics and volumes of seedling establishment after harvest. Soil management techniques were
taken into account in order to understand better the potential of rapeseed to become a weed and to foresee po-
tential risks for introducing GM cultivars into high latitude cropping systems. Spring oilseed rape was primarily
investigated due to the current availability of GM cultivars and because it has potential for expansion (Peltonen-
Sainio et al. 2009b, 2009c), while spring turnip rape was included in some of the experiments because it is the
dominant oil crop in the country.

Material and methods
Experimental arrangements and measurement

Four field experiments, differing in focus, timing and duration, were arranged in Jokioinen (60°49’N, 23°28’E) in
southern Finland during 2004-2007. One of the experiments focused on seed loss during threshing and thereby,
generation of a volunteer seed bank in the soil, while the others focused on viability, germination and emergence
of rapeseed according to conditions and treatments. All the experiments included an oilseed rape cultivar, but
in some cases turnip rape also. In general, ‘Wildcat’ was used as a model oilseed rape cultivar, though genotypic
differences may contribute to sensitivity to pod shattering (Wang et al. 2007) as well as dormancy induction and
thereby, seed longevity in the soil (Nagel et al. 2011, Haile and Shirtliffe 2014).

Seed losses during threshing were measured for turnip rape (cultivar ‘Kulta’) on 7 September 2005 and for later
maturing oilseed rape (cultivar ‘Wildcat’) on 16 September 2005. The closely located fields of turnip rape and oil-
seed rape were sown on 13 May 2005 with 10 kg seed ha™ for turnip rape and 11 kg seed ha™ for oilseed rape.
The crop stands received pesticides as needed and the major growth stages were recorded. Seed losses were de-
termined according to ISO 8210 standard (1989) at different capacity levels of the Sampo 690 combine harvester
by harvesting sample areas of 3.5 m x 100 m at the most optimal time after maturation. Figures 1 and 2 illustrate
the standardized combine harvesting processes. The test combine had adjustable sieves that were adjusted be-
fore the test according to the instructions of the combine manufacturer. The size of the holes of the sieves and the
volume and direction of air flow were adjusted so that they provided an ideal combination to avoid unnecessary
combine harvesting losses. The speed of the combine harvester was increased stepwise from 0.5 m s upwards
as far as the header of the combine was blocked. The speed of a single test run was always constant, but it was
increased test by test to gain the maximum capacity of the combine. The highest speed was 1.1 m s. A combine
harvesting test was considered to be successful when the combine harvester worked without blocking. In the case
of blocking, the combine harvester had to be stopped before the end of the test lane and harvesting losses were
not measured, i.e., an unsuccessful test did not meet the requirements of the ISO 8210 standard. Blocking may
appear e.g. at the header, the drum, straw walkers or some conveyor.
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Fig. 1. A combine harvesting test of the spring turnip rape is going on in accordance with ISO 8210
standard. Material from straw walkers was collected on a 25 m long tarpaulin and material from sieves
was collected into a bag at the same time (the bag can’t be seen because it was coupled to the sieve unit
and it was located below the tarpaulin). (Photograph: Lippo Sundberg).

Fig. 2. A modified combine harvester was used to recombine material from straw walkers. Losses from
the drum and from the straw walkers were defined in this test. After this test material from sieves was
recombined in order to define losses from the sieve unit. Note a bag behind the combine harvester.
Material going through the combine was weighted after the test in order to define the mass of the
material other than grain. (Photograph: Matti Haverinen).

The mass of material other that grains, i.e. straw and chaff, has an impact on where overloading appears first. Fur-
thermore, the condition of the crop has an impact on overloading. During the successful test runs the speeds of
the combine were 0.52, 0.70, 0.86, 0.88, and 1.09 m s for turnip rape and 0.53, 0.53, 0.85, 0.88, 0.98, and 1.08 m
s’ for oilseed rape. Yield losses (kg per unit sampled area) were measured from straw walkers, sieves and drums
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of the harvesters again according to ISO 8210 standard (1989), and from the header of a harvester by using five
metal collector (10 cm x 100 cm) placed between the wheels right before combining.ISO 8210 standard (1989)
gives detailed instructions for catching and handling crop material discharged from the combine for measuring
harvesting losses. The standard does not, however, give instructions for measuring header losses but a similar
procedure was applied here as described by Varis and Pehkonen (1989). Seed yield (kg ha?), straw yield (kg ha?)
and seed moisture content (%) were measured and harvest losses (%) calculated by dividing seed loss by seed
yield and multiplying by one hundred. Five successfully repeated harvests were carried out for turnip rape and six
for oilseed rape from a total of ten. Unsuccessful harvesting trials, which are essential when ISO 8210 standard is
followed, were dismissed due blockages of header and straw walker chamber as a result of overloading. In addi-
tion to determining the harvest losses for turnip rape and oilseed rape per se, with this experiment we aimed to
mimic the extent of seed deposit in the soil seed bank.

Seed viability and readiness to germinate from different soil depths were studied for oilseed rape (cultivar ‘Wild-
cat’). Non-GM cultivar was used as Crawley et al. (1993) demonstrated that invasiveness and persistence of trans-
genic oilseed rape did not differ compared with those for conventional cultivars. Seed used in the experiment
was harvested from near field plot on 1 October 2004 and stored at 6 °C temperature until experiments were es-
tablished. Net-like polyethylene bags with 100 seeds in each, without any soil to mix with, were buried at three
soil depths, 0, 10 and 20 cm with four replicates on 5 October 2004 to mimic timing for harvest seed loss and the
following soil ploughing bringing the seeds to different soil depths. Each seed bag was placed by hand to have as
even contact to soil as possible. This also agreed with bags placed on soil surface. Each seed bag that was dug into
three different soil depths represented a small plot of 25 cm x 25 cm. Seven timings for digging up the samples
were considered as treatments, which were randomized for each of the four replicates. The experiment lasted
until autumn 2007. For winter and spring months, daily measurements on soil temperatures at 0, 10 and 20 cm
soil depth were available from nearby experiments and are reported by Mustonen et al. (2009). Seeds were ger-
minated for the first time on 11 November 2004 and thereafter twice a year (in spring and autumn) on 13 May
and 10 October 2005, 12 May and 12 October 2006 and 2 May and 19 September 2007. Seed bags from differ-
ent soil depths were dug up and seeds were placed on to moist blotting papers, which were placed under a glass
cone (with ventilation hole) into a Jacobsen germination table having temperature and water level controllers, at
day/night (light/dark) temperature of 30/20 °C. Germinated (normal and abnormal) and dead seeds were count-
ed three and seven days after initiation of the germination test. After seven days of germination, the remaining
hard seeds were lightly rubbed with fine sandpaper in order to break residual dormancy. The numbers of germi-
nated and dead seeds were assessed three and seven days after rubbing treatment. Thereafter, the remaining
seeds were stuck with a thin needle and again the number of germinated and decayed seeds was assessed. The
number of hard seeds remaining in each sample was determined when the germination tests were finished, i.e.
seven days after the needle treatment.

Capacity for seedling emergence of oilseed rape from different soil depths after spring sowing was monitored in
an additional small-scale field experiment by sowing oilseed rape (cultivar ‘Wildcat’) in topsoil and at 2.5, 5.0, 10.0
and 20.0 cm on 17 May 2005. One hundred seeds were sown per treatment as a small field plot of 25 cm x 25
cm with four replicates. The number of emerged seedlings was counted from one week after sowing until 12 July,
three times per week in the early season and once a week later in the season until no more seedlings emerged.
Emerged seedlings were uprooted after each measurement. We intended to follow up the experiments for two
years, but secured results on emerged seedlings only for the year of sowing. With this experiment we aimed to
monitor the dynamics of oilseed rape seedling appearance according to soil depth at which the seeds were buried.

Soil preparation method and herbicide use effects on seedling emergence of oilseed rape as a volunteer weed
in a barley crop was studied during the period of 2004-2007. To simulate harvesting losses, oilseed rape (culti-
var ‘Wildcat’) seed with high viability (98 %) at 63 kg ha™ (corresponding to 1425 seeds m?) was broadcast (Tume
2000, Nokka-Tume Oy, Finland) on to a soil surface of the study area with oat (Avena sativa L.) stubble on 4 Oc-
tober 2004 to imitate harvest losses. The experiment was arranged as split-plot design with four replicates: three
combinations of soil preparation and cultivation methods were main block treatments and control and herbicide
treatment sub-blocks randomized within in each main block. Plot size was 5 x 10 m. Soil preparation and cultivation
treatments following oilseed rape seed scattering were: 1) ploughing in 11 November 2004 followed by harrowing
and sowing of barley (Hordeum vulgare L., cultivar ‘Inari’, 200 kg ha) in the following spring 2005, 2) direct drilling
of barley in spring 2005 with a Vaderstad Rapid (Vaderstad, Sweden) at the same seeding rate and 3) fallow with
oat stubble. In 2006, wheat (Triticum aestivum L., cultivar ‘Kruunu’) and in 2007 barley (cultivar ‘Annabell’) were
again either 1) sown after autumn ploughing (26 October 2005, 11 September 2006) and spring harrowing or 2)
direct drilled depending on treatment, at 200 kg ha. Sowing/drilling times were 13 May 2005, 12 May 2006 and
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9 May 2007. Fallow remained as such throughout the study period and was treated with herbicide (glyphosate
1.44 kg ha' a.i.) on 29 October 2004, 7 June 2005, 19 June 2006 and 14 June 2007. For cereals, herbicides were
sprayed at the same time as for fallow by using glyphosate (1.44 kg ha a.i.) in 2004 and a commercial mixture
of dichloprop (1200 g ha! a.i.) and MCPA (600 g ha™ a.i.) for the remaining years. Seedlings were counted in two
circles of 0.25 m?, both set permanently on each plot in autumn 2004, and weekly during the growing periods of
2005, 2006 and 2007. Seedlings were removed from each circle immediately after counting.

Statistical analyses

The selected statistical model was based on split-plot experimental design: three combinations of soil preparation
and cultivation methods (S) were applied to main plots, while herbicide treatment and control (H) were sub-plot
treatment. Seedling counts were repeated three times during the study. The following repeated measurements
ANOVA for a split-plot design was used:

Vg = M+ B, + SJ_ + SxBij +H, + SxHjk +T, +TxB, + TxSJ,I + TxSxBijI +TxH, + TxSxHJ.kI e,

where B, SxBiJ, TxB,, TxSme and g, are the random effects of the i"" block (i=1,2,3,4), block by main plot treat-
ment interaction, block by measurement time interaction, block by main plot interaction, treatment by measure-
ment time interaction and residual effect, respectively. All the random effects were assumed to be mutually in-
dependent. Residuals from the same plot can be correlated and the unstructured correlation model was selected
from potential models by likelihood-ratio test and the Akaike’s information criterion. The unstructured correlation
model allows that the random variation can vary from year to year. Sj, H, T, Sxij, TxSJ.I, TxH,, and TxSxHjkI repre-

sent fixed effects of main-plot treatment (j=three combinations of soil preparation and cultivation methods), sub-
plot treatment (k=control, herbicide treatment), measurement time (I=2004, 2005, 2006) and their interactions.

Statistical model for seed viability data based on the randomized complete block design. Arc sine square-root
transformation of data was done before statistical analysis to make the distribution normal. Three soil depths, 0,
10 and 20 cm, were used as a repeated factor in the used model:

Vi = H+ B + TJ, +D,+BxD, + TxDjI tE,

where B, BxD, and g, are the random effects of the ith block (i=1,2,3,4), block by depth, and residual effect, re-
spectively. All the random effects were assumed to be mutually independent. Residuals from the same plot can
be correlated and the unstructured correlation model was selected from potential models by likelihood-ratio test
and the Akaike’s information criterion. T, D, and TxD, represent fixed effects of treatment (j=Autumn 2004,...,Au-
tumn 2007), depth (I=spil surface, 10 cm depth, 20 cm depth), and their interaction, respectively. Both statistical
models were fitted using the REML-estimation method and SAS/MIXED software (version 9.1.3).

Data of capacity for seedling emergence of oilseed rape from different soil depths did not need any complex sta-
tistical modelling because all differences were clear. Descriptive statistics were used (mean + standard deviation).
Arc sine transformation was done before analysis. Used statistics were transformed back to the original scale.

Results
Seed losses during threshing

The threshing experiment was arranged to get an estimate of harvest losses and the available seed bank for vol-
unteer seedlings. Pre-harvest seed loss was not investigated in this study as earlier thorough studies have report-
ed how significant the pre-harvest losses are on turnip rape and oilseed rape depending on maturation, timing of
harvest and weather conditions (Pahkala and Sankari 2001).

Our study indicated that yield losses from combine harvesting ranged from 40 to 60 kg seed ha™ for turnip rape
and up to 100 kg ha* for oilseed rape, while the figures for the header, caused by vibration of the crop when har-
vested, were 37 kg seed ha? and 51 kg seed ha?, respectively (Table 1). Harvesting losses corresponded in total
to ca. 3500-4000 volunteer seeds m2 in rapeseed as 1000 seed weights averaged 2.24 and 4.15 g for turnip rape
and oilseed rape, respectively. In the test threshing runs mean seed yield of turnip rape was 1920 kg ha and of
oilseed rape 1980 kg ha?, both with reasonably high harvest indices. Most of harvest losses originated from com-
bine harvester sieves, in the case of turnip rape, and from drums for oilseed rape.
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Table 1. Seed and straw yield at 9% moisture content (kg ha and seed losses during threshing (%) of turnip rape and oilseed
rape (number of seeds m2 in parenthesis) in 2005. Ten test harvests were carried out, five of which were successful for turnip
rape and six for oilseed rape.

Trait Turnip rape Oilseed rape

Mean Min Max Mean Min Max
Seed yield (kg ha) 1920 1760 2000 1980 1810 2090
Straw yield (kg ha?) 2050 1120 2680 1890 1550 2400
HI (%) 49.2 42.7 61.1 51.2 44.9 53.9

Combine harvesting

losses from:

Drum (%) 0.68 0.21 1.33 1.82 0.70 3.49
Straw walkers (%) 0.11 0.08 0.14 0.25 0.04 0.47
Sieve (%) 1.82 1.49 2.19 0.93 0.45 1.91
Total (kg ha?) 50 (1990) 39 (1550) 62 (2470) 67 (1840) 43 (1180) 97 (2660)

Header losses:
Total (kg ha?) 37 (1470) 19 (760) 60 (2390) 51 (1400) 22 (600) 108 (2960)

Variation among sources of seed losses was high among test runs (CV/=0.69) as was also the variation in seed to
straw ratio (CV=0.20). Threshing tests were carried out in 2005 when the growing season was otherwise relatively
normal regarding monthly mean temperatures (Fig. 3) and precipitation, except during late summer when there
was high precipitation followed by below normal precipitation during the harvest period (Fig. 4). The results for
seed losses agreed well with the amounts of seed used to imitate harvest losses in the other experiments com-

paring soil preparation methods on volunteer seedling establishment.
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Fig. 3. Monthly mean temperatures (°C) for the period of 1970-2000 and difference from long-term mean during each study
year from 2004 to 2007. Gray background indicates thermal growing season. Data from Finnish Meteorological Institute.
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Fig. 4. Monthly mean for accumulated precipitation (mm) for the period of 1970-2000 and difference from long-term
mean during each study year from 2004 to 2007. Gray background indicates thermal growing season. Data from Finnish
Meteorological Institute.

Readiness to germinate and capacity for seedling emergence from different soil
depths

When assessing the capacity of seeds from different soil depths to emerge as seedlings, we established that the
share was highest (96%) at 2.5 cm depth, while germination progressed similarly at 5 cm, although it stagnated
at 70% (Fig. 5). Only 39% of seeds produced seedlings at the soil surface and hardly any at 10 cm depth and none
at 20 cm. This experiment only described general ability of seeds to emerge seedlings from different soil layers.
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Fig. 5. The capacity of oilseed rape to germinate after being stored at different soil depths. Black circle indicates
surface sowing, light gray 2.5 cm, dark gray 5 cm and white circle 10 cm soil depth. None of the seeds located at 20
cm were able to germinate. Standard deviations are shown as vertical lines.
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An additional experiment took into account the persistence of seed viability over time when tested in recurrent
autumns and springs. In that case, timing x soil depth interaction occurred for germination capacity (p<0.001):
during the first two autumns and springs germination capacity was higher when seed bags were placed on the soil
surface compared with at 10 or 20 cm depth (Fig. 6), however, this was not the case in spring 2006 (p=0.52) and
2007 (p=0.36). When placed on the soil surface, seeds lost their viability faster and only few seeds germinated
two years later. The loss in germination capacity was rapid. In the first spring 15% of seeds located on the soil sur-
face were dormant and hard. When seed lots were placed at 10 and 20 cm depths, germination ability remained
at around 10% throughout the study period (Fig. 6). Even though in autumn 2006 and 2007 germination differed
significantly depending on soil depth (p<0.001), germination was in general only negligible.
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Fig. 6. Proportions (%) of germinating (dark gray), dead (light gray) and hard seeds (black) in
following autumns and springs, when placed on soil surface and at 10 and 20 cm soil depths.
Differences between soil surface and at 10 and 20 cm soil depths were statistically significant
(p<0.001), except on spring 2006 (p=0.52) and spring 2007 (p=0.36).

Management effects on seedling emergence

When mimicking seed losses caused by combine harvesting and the subsequent dynamics of seedling establish-
ment, it was evident that there were significant differences among years (p<0.001). The vast majority (90%) of
the seeds that emerged as seedlings during the three-year monitoring period (179 m2, SE=12.4) were established
in autumn 2004, i.e. prior to the first winter (Table 2). Only in 2004 was the number of emerging seedlings low-
er when herbicide was used (by 76 m? when compared with untreated control, SE =24.8). In the following years
herbicide treatment did not affect seedling emergence rates as they were generally negligible: 19 seedlings m2
in 2005 (SE=24.8), one m2 in 2006 (SE=0.4) and none for 2007 onwards.

Soil management methods did not affect seedling establishment in 2004 and 2006, but in 2005 the highest num-
ber of seedlings emerged in the fallow treatment (25 m2, SE=3.4), then for direct drilling (23 m, SE=3.4) and
at least for ploughing (9 m?, SE=3.4). There was no significant year x soil management x herbicide use interac-
tion (p=0.26). When analyzed across years for fallow, herbicide treatment declined to 28 emerged seedlings m™
(SE=13.4) compared with the control treatment. This was also the case with autumn ploughing (to 43 seedlings
m2, SE=13.4), but there was no effect of direct drilling (p=0.56). However, when only the year with the highest
seedling emergence rates was studied separately (2004), we found that for fallow the difference between control

and herbicide treatments was 77 seedlings m (SE=43.0), and for autumn ploughing 121 m2 (SE=43.0) while it
was non-significant for direct drilling (p=0.24) (Table 2).
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Table 2. Significant differences across treatment interactions in experiments to study effects of soil management techniques and
herbicide use on number of established rapeseed seedlings when measured at the end of autumn 2004, 2005 and 2006 after
scattering 1425 seeds m? evenly over the treatment plots at the time of oilseed rape harvests in 2004. In 2007 no seedlings emerged.
Accumulated proportion of emerged seedlings (%) compared with scattered seeds are shown in parentheses.

Effect Year  Soil management Herbicide Mean SE p-value
2004 179 (13) 12.4

Year 2005 19 (1) 2.0 p<0.0001
2006 1(0) 0.3
No 217 (15) 17.6

Year x Herbicide 2004 p=0.005
Yes 141 (10) 17.6
Fallow 25(2) 34

Year x Management 2005 Direct drilling 23 (2) 3.4 p=0.015
Autumn ploughing 9 (<1) 34
No 79 (6) 9.5

Management x Herbicide Fallow p=0.047
Yes 51 (4) 9.5
No 97 (7) 9.5

Management x Herbicide Autumn ploughing p=0.004
Yes 54 (4) 9.5
No 207 (15) 30.4

Management x Herbicide 2004  Fallow p=0.086
Yes 130 (9) 30.4
No 276 (19) 30.4

Management x Herbicide 2004  Autumn ploughing p=0.001
Yes 155 (11) 30.4

Discussion

Total combine harvesting losses were substantial, ranging from 39 to 62 kg seed ha* for turnip rape and 43 to 97
kg ha? for oilseed rape (Table 1). High variation among harvest test runs was apparent, which highlights the un-
certainties related to quantifying volunteer seed bank formation. These figures corresponded to 1740-2770 turnip
rape (3.6 % maximum vyield loss) and 1040-2340 oilseed rape seeds m? (5.9% maximum yield loss), which were
comparable to losses reported for Canadian conditions (Gulden et al. 2003). However, a profound additional har-
vest loss was caused by header that vibrates crop stand right before combine harvesting. Such losses averaging
even 37 kg seed ha™ for turnip rape and 51 kg seed ha for oilseed rape corresponded to additional 1650 and 1230
volunteer seeds m, respectively. These losses together averaged 3500-4000 volunteer seeds m?2 which are only
near the lowest values that Lutman et al. (2005) reported for experiments carried out in the U.K.

The recorded difference in seed losses between U.K. and Finland may be attributable to cultivation of spring types
and to the low rapeseed yields in Finland, which are not more than one third of those in the U.K. (Peltonen-Sainio
et al. 2007). Interestingly, for a completely different Chinese cropping and harvesting system the maximum aver-
age seed yield loss was 6% (Zhu et al. 2012). In either case, such a soil seed bank means considerable potential for
rapeseed volunteers and weed infestation. This also reflects risks for GM contamination, in the case that GM culti-
vars are introduced into the cropping systems. Messean et al. (2007) demonstrated that only about 0.5 volunteers
m-2, or even less, were sufficient to cross the threshold implemented by the European Union for GM contamina-
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tion. Risk of seed shattering, which is, however, marginal compared with that caused by harvesting (Pahkala and
Sankari 2001), could be alleviated if GM cultivars were bred to be more pod shatter resistant by exploiting existing
cultivar differences (Wang et al. 2007) or alleles from resistant genotypes of other Brassica species (@stergaard et
al. 2006, Raman et al. 2014). This does not, however, represent a safeguard from losses caused by combine harvest-
ing, which again needs technical solutions (such as additional conveyor-assisted header —Ilobson and Bruce 2002).

Seeds that germinated after dispersal did so mainly during the first autumn, corresponding to only about 13%
of scattered seeds. In the following years scarcely any seedlings emerged (Table 2), though about 10% of seeds
remained viable when buried in our experiments (Fig. 6). It is not, however, possible to judge whether seed pre-
dation occurred, e.g. by carabid beetles (Honek and Martinkova 2001), and whether newly emerged seedlings
were killed by predators or unfavourable weather conditions prior to counting (Peltonen-Sainio et al. 2006). The
soil seed bank is maintained by self-reproducing volunteer rapeseed plants, although their contribution is mar-
ginal compared with harvest losses (Gruber and Claupein 2007). Volunteer rapeseed populations are ephemeral
without soil seed bank immigration (Beckie and Warwick 2010) though may persist for several years (Gulden et
al. 2003) depending on genotypic differences in seed bank addition capacity (Haile et al. 2013). In Finland, only
some fields are sufficiently favourable for rapeseed, and hence it is grown every fourth or fifth year in the same
parcel to avoid soil borne diseases (Peltonen-Sainio et al. 2013). According to soil seed bank dynamics and lon-
gevity, the same fields are a permanent, though modest, source of rapeseed volunteers. The results that 5% of
surveyed fields supported rapeseed weeds (Salonen et al. 2011) corresponds well with the proportion of fields
that include rapeseed in their rotations. Along with potentially increasing areas under rapeseed production in
the future (Peltonen-Sainio et al. 2009c, 2013), rapeseed volunteers may become more widespread. Our study
was carried out with a model cultivar without exploring cultivar differences. However, there are potential to ex-
ploit genotypic differences in pod shatter resistance and also in seed longevity (@stergaard et al. 2006, Nagel et
al. 2011, Raman et al. 2014), which may provide a means to alleviate future weed infestation and GM risks as well
as harvest losses of rapeseed.

According to results of a survey carried out on farmers’ fields in U.K., volunteer rapeseed plants were found in
fields where rapeseed was not grown during the previous eight years (Debeljak et al. 2008). Andersen et al. (2010)
demonstrated that in Danish conditions some rapeseed volunteers originated from cultivars grown 8-11 years
earlier, which may represent a challenge for organic farming in particular. These examples highlight the longevity
of soil seed banks. According to farmer interviews in Finland, rapeseed is an attractive crop alternative for organic
crop rotations due to high market demand and functionality despite climatic risks and crop protection challenges
(Hakala K., personal communication 4 June 2013). In light of our results on soil seed bank dynamics, rapeseed cul-
tivation may represent long-term additional risks for weed infestation for organic production because volunteers
are particularly hard to control mechanically from rows (Andersen et al. 2010).

Shattered seeds may also develop dormancy and survive for several years in the soil. In this study dormant, hard
seeds were found in germination tests at high rates (15%) only in the first spring after scattering the seeds on soil
surface (Fig. 6). This was also recorded, but at low rates (<1% of seeds) at 10 and 20 cm depths. Darkness induces
secondary dormancy (Lopez-Granados and Lutman 1998), but this did not occur in our studies, except in the case
that secondary dormancy in the 10% of seeds that were viable for a couple of years in the soil (Fig. 6) was readily
broken down when moved from soil to blotting-paper, representing the favourable conditions typical for a ger-
mination test. In general, recorded frequencies of secondary dormancy are comparable with those reported by
Pekrun et al. (2006): 0-29% in general, but declining to 0-5% in moist years. Typically, in northern Europe humid
conditions prevail in late summer and autumn (Peltonen-Sainio et al. 2009b), which reduces the likelihood for de-
velopment of secondary dormancy in rapeseed (Lopez-Granados and Lutman 1998, Pekrun et al. 2006), in contrast
to water stress and increase or variation in temperatures that induce it (Pekrun et al. 1997, Lopez-Granados and
Lutman 1998, Momoh et al. 2002). On the other hand, pre-harvest conditions had only a relatively small affect on
expression of dormancy (Gulden et al. 2004). The sensitivity for expression of secondary dormancy is, however,
strongly affected by cultivar (Gulden et al. 2004, Schatzki et al. 2013) and is exhibited to a greater extent in winter
(80% at most) than in spring rapeseed (60%) (Momoh et al. 2002). In our experiments only spring rapeseed was
tested because winter types are not grown on a large scale in Finland. As heritability for secondary dormancy is
high, selection for low expression of dormancy in rapeseed is a possibility for the future to reduce weed infesta-
tion capacity and GM contamination risk (Schatzki et al. 2013).

The soil bank of viable seeds declined prior to the first winter after harvest (Fig. 6). In general, harsh winter condi-

tions at 60 °N (Peltonen-Sainio et al. 2009b) kill spring rapeseed seedlings. The soil seed bank was depleted (60%)
within the first few months after harvest also in the U.K., and thereafter declined at lower rate, averaging 20%
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per year until an estimated loss of 95% within nine years after harvest (Lutman et al. 2005). Lutman et al. (2005)
did not establish any differences between conventional and GM cultivars in persistence of a soil seed bank, which
suggests that the results of our study are likely to apply to GM risks represented by volunteer rapeseed plants.

Germination and emergence of volunteer rapeseed plants was affected by burial depth (Figs 5 and 6), as also dem-
onstrated by Zhu et al. (2012). In our studies, seeds that were buried at 10 and 20 cm depth maintained ca. 10%
germination ability by the end of the three-year study period (Fig. 6), but were not able to emerge as seedlings
from such depths (Fig. 5). This indicates that a viable seed bank persisted in deep soil layers. According to Lutman
et al. (2003), a mean of 1.8% of buried seeds survived 138 months when undisturbed. Persistence of soil seed
banks was also demonstrated for western Canadian conditions, but interestingly when drought interfered in some
years no volunteers emerged although they did reappear in later years (Beckie and Warwick 2010).

Our results showed that the volunteer seedling establishment rate was mainly affected by number of years after
seed dispersal (Table 2), while differences in temperature and precipitation within and between years (Figs 3 and
4) played only a secondary role in seedling emergence. Moreover, soil incorporation methods (autumn ploughing,
direct drilling, stubble fallow), had only minor effects: none in the first autumn despite the highest seedling emer-
gence rates (i.e. immediately after seed dispersal), only negligible during the following year (Table 2), and none
consequently. In northern European conditions, the time window for autumn ploughing is limited after harvest
until winter approaches, and is interfered with by heavy rains. Therefore, postponed ploughing is not a feasible
method to control seed bank formation at high latitude conditions contrary to the findings of Gruber et al. (2004,
2010) and Pekrun et al. (2006). Gruber et al. (2004) and Pekrun et al. (2006) also showed that in the case of zero
tillage a viable soil seed bank did not form, but some robust volunteers were established that were not evident
in our conditions. Nevertheless, herbicide treatments significantly decreased the number of volunteer rapeseed
plants, the efficacy depending on year and soil incorporation method (Table 2). Full control is challenging as rape-
seed seedlings emerge from the soil seed bank irregularly. This may be partly due to unfavourable soil tempera-
tures as germination of rapeseed is very temperature sensitive (Peltonen-Sainio et al. 2006). Begg et al. (2006)
concluded, according to their modelling exercises, that the thresholds for GM material in harvested crops could
be sufficiently low within a couple of years after cultivation of GM cultivars, but only with rigorous and costly con-
trol of volunteers. Hence, they concluded that farms should differentiate either for production of conventional or
GM cultivars (Begg et al. 2006), which seems also to be the best strategy for northern European agroecosystems
if GM cultivars are introduced into cultivation.

In conclusion, our studies indicated that harvest losses of spring rapeseed averaged 3500-4000 volunteer seeds
m2 and the soil seed bank that was thereby generated was evidently significant. Seedlings, however, emerged at
reasonably high rates of 13-19% in the first autumn after harvest, while about 10% of buried seeds maintained
their viability for at least a couple of years. Due to having rapeseed in the rotation for every fourth or fifth year it
is likely that vast majority of the soil seed bank is lost prior to new seed load caused by cultivating rapeseed again
in rotation. Soil incorporation methods had no major effect on numbers of volunteer seedlings.
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