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Abstract

The intercropping of winter oilseed rape with frost-sensitive service plants can provide a diversity of services including
weed control and N supply for oilseed rape. This practice started to be adopted by farmers and has therefore become one of
the most popular intercropping in Western Europe. However, in Switzerland, such intercropping leads to contrasting yields.
The growth of service plants and the benefits they provide have also been found to be variable. The factors explaining these
variabilities remain unclear. Our study aimed to better understand this variability under a temperate climate thanks to the
regional agronomic diagnosis framework. In this study, we first investigated the main factors explaining this variability
and then aimed to rank them to identify ways to better manage such intercropping systems. A network of 28 farmers’ fields
planted with winter oilseed rape intercropped with service plant mixtures was studied. Farmers’ practices were diverse in
terms of specific composition of the service plant mixture, pest management, and fertilization. We observed that the growth
of oilseed rape and service plants in fall was highly variable. We determined that in late fall, the main drivers of the service
plant mixture dry weight were specific composition of the mixture and precipitation. The introduction of buckwheat in the
service plant mixture enhanced its late fall biomass. The oilseed rape grain yields ranged from 0.4 to 5.0 t ha™' and were
lower than that of the local reference in 75% of the fields. This was mainly explained by insect pest damage in spring due to
a very limited use of insecticide in our field network combined with a lack of alternative pest management strategies. This
work provides further elements to investigate the causes leading to the high variability we observed, together with the local
observations that will benefit the farmers.
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1 Introduction

Agroecological practices such as intercropping rely on
interactions between plant species that are highly depend-
ent on growing conditions. In their review, Malézieux et al.
(2009) highlighted the need for mobilization of tools such as
agronomic diagnosis (Doré et al. 2008) to enhance knowl-
edge of multispecies systems by identifying intercropping
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performance drivers such as farming practices and environ-
mental conditions. However, to the best of our knowledge,
such an approach has rarely been implemented to study spe-
cifically intercropping. Only Clermont-Dauphin et al. (2003)
and Jagoret et al. (2017) investigated the influence of fertili-
zation on maize-bean intercropping in Haiti and the produc-
tivity variability in complex cacao agroforestry, respectively.

Intercropping winter oilseed rape (OSR; Brassica napus
L.) with frost-sensitive service plants (SPs) has started to be
adopted by Swiss farmers and is now one of the most com-
mon intercrops grown in the country. This practice is known
to reduce, or even avoid, the use of herbicides (Cadoux
et al. 2015; Gardarin et al. 2022; Dayoub et al. 2022; Lorin
et al. 2015; Verret et al. 2017). Legume service plants are
also known to favor the nitrogen nutrition of OSR in spring
with a positive effect on grain yield in N limiting condi-
tions (Lorin et al. 2016; Verret et al. 2017). In some cases,
service plants also contribute to control insect pest damage
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in fall (Breitenmoser et al. 2020; Emery et al. 2021; Cadoux
et al. 2015). In such intercrop, only the OSR is harvested
whereas the frost-sensitive SPs are usually killed off by sub-
zero temperatures during winter.

In Switzerland, this practice was adapted by mixing sev-
eral different SP species together in mixtures of four to ten
species. These mixtures include both legumes and non-leg-
ume SP species in most cases (Fig. 1a, b; Baux and Schu-
macher 2019). The survey of Baux and Schumacher (2019)
highlighted that the perception of benefits from SPs and their
effect on OSR were highly variable among Swiss farmers.
Thus, some of them pointed out an increase in yield variabil-
ity or a yield loss in intercropping, compared to OSR grown
alone, which explained why some farmers have already
given up this practice. In fact, OSR-service plant mixture
performances remain difficult to assess.

On the other hand, OSR sole crop yield is also highly
variable across years and climate conditions (Brown et al.
2019; Rondanini et al. 2012). Indeed, Andert et al. (2021)
showed that German farmers started reducing their OSR pro-
duction mainly due to difficulty in maintaining yields with
reduced amounts of herbicides, insecticides, and fertilizers.

OSR yield is very sensitive to N deficiency, weeds, and
insect pests (Rathke et al. 2005; Valantin-Morison and Mey-
nard 2008; Zheng et al. 2020). Weather conditions also have
a strong influence on OSR grain yield (Brown et al. 2019;

Fig. 1 Oilseed rape intercropped with service plant mixtures in fall
(a, b) and location of the field network in Switzerland (c). The ser-
vice plant mixtures intercropped with oilseed rape were made of
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Peltonen-Sainio et al. 2010; Sharif et al. 2017). Water avail-
ability could have a significant effect on yield, especially in
the early stage (Zhang et al. 2017). OSR yield is also sensi-
tive to drought, high average temperatures, and low radiation
during flowering and high average temperatures after flower-
ing (Kirkegaard et al. 2018; Weymann et al. 2015). OSR oil
content could also be affected by high temperatures and low
radiation after anthesis (Kirkegaard et al. 2018; Rathke et al.
2006; Walton et al. 1999). Temperature also interacts with
other limiting factors, for example, late frost and snow after
stem perforation by stem weevil could increase the propor-
tion of cracked stems of OSR (Agridea 2021).

Climate conditions also interact with farming practices
(Doré et al. 1997), which can have different consequences on
biotic processes on a site-specific basis (Duru et al. 2015b).
Soil type, nitrogen availability, fertilization practices, sowing
date, and sowing density were also pointed out to be impor-
tant for both OSR growth in fall and its grain yield (Dejoux
et al. 2003; Khan et al. 2018; Sieling et al. 2017). In the case
of OSR-SP intercropping the choice of the SP species has
a strong impact on SP biomass before winter, OSR growth,
and grain yield (Verret et al. 2017).

Intercropping OSR with service plant mixtures is a prom-
ising solution to reduce OSR reliance on chemical inputs.
A better understanding of the factors involved in the vari-
ability of intercropped OSR yields is therefore needed to
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niger, lentil, berseem clover, and fenugreek (a) or buckwheat, niger,
vetch, berseem clover, lentil, and grass pea (b). Photo credit, Xavier
Bousselin.
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better adapt such practices to local contexts and help farmers
to continue growing OSR. However, we lack studies about
the hierarchy of these factors, especially in the case of OSR
intercropped with complex SP mixtures in variable growing
conditions. Filling this gap of knowledge between generic
and local knowledge of agroecological practices is essential
for agroecological transition (Duru et al. 2015a). It will also
help to determine which practices and processes lead to the
observed variability of yields and ecosystem services supply
(Doré et al. 2008).

The purpose of our study was (i) to identify and explain
the main factors of OSR intercropping grain yield variabil-
ity and (ii) to understand which factors influenced most the
growth of OSR and SP in early stages of this intercropping.

2 Materials and methods
2.1 Description of the field network

Twenty-eight farmer’s fields planted with OSR-SPs inter-
cropping located on 20 farms were investigated during the
2018-2019 and 2019-2020 cropping seasons (respectively,
16 fields in 2018-2019 and 12 fields in 2019-2020). These
fields were mostly located in Western Switzerland in the
cantons of Vaud and Geneva (Fig. 1c).

In each field, three zones of 10 m by 10 m representative
of the field were defined. All the measurements and sam-
plings were then performed within these three zones.

The altitude of these fields ranged from 371 to 806 m
above sea level and the average temperature between sowing
and harvesting ranged from 11.3 to 9.3 °C. The total precipi-
tation between sowing and harvesting ranged from 588 to
790 mm in 2018-2019 and 823 to 1050 mm in 2019-2020
(Table 1). The fall of 2018 was particularly dry with total
precipitation ranging from 24 to 88 mm (from 5 days before
sowing to the late fall sampling, supplementary material
Table S1). The soil texture was mostly loam or sandy loam
(Table 1). The soil organic matter (SOM) ranged from 1.7
to 4.2% and the pHyy, from 8.1 to 5.6. All the soils had less
than 5% of active CaCO; (Table 1).

Among the 28 fields, two were damaged by hailstorm
after the last sampling and prior to harvest, and one was too
heterogeneous to link the field yield with the observations
made on the three delimited zones. One field was destroyed
by the farmer in early spring. Thus, the yield data were avail-
able for 24 fields.

2.2 Soil conditions and farming practices
All the farming practices performed from the harvest of

the precrop to the harvest of the OSR of each field were
recorded in interviews with each farmer.

Farming practices were highly variable within the field
network (Table 1). Prior to sowing, five fields were plowed,
twenty were unplowed, with tillage depth ranging from 4 to
30 cm, and three fields were not tilled. The sowing density
of OSR ranged from 30 to 85 pl m~2 (Table 1). The SP mix-
ture compositions were diverse, including two commercial
mixtures. The first one comprised buckwheat (Fagopyrum
esculentum Moench), niger (Guizotia abyssinica (L. f.)
Cass.), clover (Trifolium alexandrinum L.), grass pea (Lathy-
rus sativus L.), lentil (Vicia lens (L.) Coss. & Germ, syn.
Lens culinaris Medik.) and common vetch (V. sativa L.) and
was implemented in eleven fields. The second one including
niger, clover, fenugreek (Trigonella foenum-graecum L.) and
blackening lentil (V. lentoides (Ten.) Coss. & Germ, syn. L.
nigricans (M.Bieb.) Godr.) was sown in ten locations. In
addition to these fields, farmers sowed their own mixtures
in seven locations including two fields with only legumes;
one mixture with niger and legumes; and four mixtures with
buckwheat, niger, and legume SPs (supplementary mate-
rial Table S2). Farmers also adapted the sowing density of
SPs; the sum of SP sowing density varied from 60 to 178%
of the recommended sowing density of these SPs in pure
stand, with a mean of 101% (Table 1, supplementary mate-
rial Table S2). OSR and SPs were either sown together (with
arow spacing of 12.5 to 23 cm) in fifteen fields, or OSR was
sown separately with a row spacing of 50 cm. Preceding
crops were mostly cereals (wheat, spelt, or barley) except for
one field that was preceded by silage maize. The straw was
exported from twenty-three fields (Table 1). Eleven fields
received organic or organic and mineral fertilization in late
summer or fall.

After sowing, farmer practices were also variable. Six
fields received at least one herbicide application and nine
fields received at least one insecticide. Insecticide applica-
tion occurred in fall for five fields and in spring for eight
fields. Only two fields were sprayed with fungicide in fall
and none in spring. These extensive practices can be par-
tially explained by the fact that farmers receive subsidies
when they avoid using herbicide or when they avoid using
both fungicide and insecticides throughout the crop season.
Finally, the spring N fertilization ranged from 77 to 181 kg
ha~!, with an average of 139 kg ha™! (Table 1).

2.3 Climate factors

Due to elevation and precipitation variability according to
location, weather conditions differed within the field net-
work (Table 1). We used an extraction of MeteoSwiss grid-
data for each farmer field. These data have a 0.02-degree and
a daily resolution. It includes cumulated precipitation in mm
as well as mean, minimum and maximum temperature in
°C and relative sunshine duration in percentage (Frei et al.
2015; Isotta et al. 2014; MeteoSwiss 2021). The relative
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sunshine duration was defined as the ratio between the dura-
tion of sunshine (when direct solar irradiance exceeds 200 W
m~?) and the maximum sunshine duration in clear weather
conditions. These data together with sowing, sampling, and
harvesting dates were used to calculate indicators (supple-
mentary material Table S1).

In fall, two indicators were calculated: fall precipitation
(mm) which is the cumulated precipitation from 5 days
before sowing to the late fall sampling date, and the sum of
temperatures between sowing and the late fall sampling date
(°C d, base 0 °C). In spring, three indicators were calculated:
the cumulated precipitation, the average relative sunshine
duration, and the number of days with a minimum tempera-
ture below 0 °C in the last 45 days before the sampling at
the end of flowering. As flowering is known to be a criti-
cal stage in terms of the impact to abiotic stresses on grain
yield and content (Zhang et al. 2017; Kirkegaard et al. 2018;
Weymann et al. 2015). Finally, the number of days with a
minimum temperature below 0 °C between 1 March and
sampling date at the end of flowering was also calculated
as a potential factor explaining the intensity of stem weevil
(Ceutorhynchus napi (Gyll.) and C. pallidactylus (Mrsh.))
damage.

2.4 Soil sampling and measurements

In each field, soil texture, soil organic matter content, pHy,q,
and soil mineral content were measured. The soil samples
were taken at 0-20 cm and 20-50 cm depths. Three sampling
points within each of the three zones were pooled together
per depth prior to performing analysis. This measurement
was performed in late summer after the sowing of the fields.
In late fall before the first frost and in late winter before
vegetation starts, mineral nitrogen content (N-NO;™ and
N-NH4+) of the soil was measured, using a discrete ana-
lyzer (THERMO FISHER SCIENTIFIC Gallery, Waltham,
MA, USA) after KCl extraction. The soil was sampled at a
0-30 cm and 30-60 cm depth. Again, three sampling points
in each of the three zones were pooled per depth. The soil
samples were stored below —18 °C prior to analysis.

2.5 Plant sampling and analysis

Plant samples were collected at three stages: in late fall (LF),
in late winter (LW), and at the end of flowering (EFlo). In
each field, a representative 1-m? plot was sampled in the
three zones previously defined for biomass measurements.
The OSR, legume, and non-legume SPs as well as weed
biomass were sorted, before drying at 60 °C for 72 h
and weighing. At all sampling dates, the three replicates
(zones) of OSR were pooled, ground with a hammer mill
(RETSCH SR 300, Haan, Germany), and the N content was
measured (Dumas’ method, with a combustion analyzer,

ELEMENTAR Vario MAX cube, Hanau, Germany). In late
fall, the legumes, the non-legume SPs, and the weeds were
also pooled per field, ground, and prepared for N and C con-
tent measurements.

OSR grains were harvested by the farmers and weighed
to calculate yield per hectare. All but three farmers sent us
a sample of the harvest to assess the proportion of impurity,
1000-seed weight using a seed counter (PFEUFFER GmbH
Contador, Kitzingen, Germany). The oil and protein contents
of the grain were measured using a near-infrared spectrome-
ter (BUCHI LABORTECHNIK AG NIRFlex N-500, Flawil,
Switzerland). For the three missing fields, the impurities
were measured by the retailers, and seed weight and quality
data were not available.

2.6 Pest damage assessment

The damages from the main pests were also assessed. First,
the number of cabbage stem flea beetle (Psylliodes chryso-
cephala L.) larvae per plant was measured using the Berlese-
funnel-method (Conrad et al. 2016). This measurement was
performed in late winter on the aboveground parts of 30
OSR plants in each field (10 per zone).

The proportion of bushy plants and the proportion of
plants with stem damaged by stem weevil (cracked stem),
were assessed visually on 45 OSR plants (15 per zone) at
the end of flowering. The pod loss due to pollen beetles
(Brassicogethes aeneus (Fabricius), syn. Meligethes aeneus
(Fab.)), cold, pod parasitism and other factors was assessed
by measuring the number of healthy pods divided by the
total number of buds (sum of aborted buds, peduncles with-
out buds, aborted pods, parasitized pods, and healthy pods)
on one inflorescence per zone at the end of flowering.

2.7 Analysis procedure

The regional agronomic diagnosis is classically split into
three steps: (i) the description of the variability of the vari-
able of interest, (ii) the identification of the main limiting
factors that explain this variability, and (iii) the description
of pedoclimatic conditions and farmer practices that impact
these limiting factors (Doré et al. 1997, 2008).

Based on our research question, the analysis focused on
two sets of variables of interest describing (i) the intercrop
growth in late fall (dry weights (DWs) and nitrogen amounts
accumulated by OSR and SPs) and (ii) the OSR grain yields
and grain oil content. The fall variables of interest were
directly linked with environmental factors (pedoclimatic
conditions and farmer practices). The classical three-step
approach was used for the yield and yield components
diagnosis.

INRAQ/ & spinse
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2.7.1 Statistics

In order to identify and rank the main factors involved in
the variability of the variables of interest and their limiting
factors, we used a mixing model approach (Burnham and
Anderson 2002) based on the Akaike (1974) information
criterion (AIC) using the R software (R Core Team 2021)
and the MMIX package (Morfin and Makowski 2009).

The principle of this method is that all the possible linear
models with k explanatory factors are computed (2¢ models,
no interaction factor). For each model, the Akaike weight
W; (Burnham and Anderson 2002) was calculated follow-
ing Eq. 1:

~0(AIC;~AIC, )
W. =

1

z?i] e—0.5(AIC;-AIC, ;) M
where AIC; is the AIC of the ith model and AIC,;, is the
smallest AIC among the 2¢ model tested. W; is then used to
calculate the relative importance of the explanatory factors
x noted w, (x) following Eq. 2:

w,00= 3w, @)

and the parameter estimates value 6, of the factor x in the
mixed model follows Eq. 3:

2k-1 91
=2 W 3

where 6, is the parameter estimates, W, is the Akaike weight
of the ith model among the 2*~! models that includes the
explanatory factor x.

These calculations were replicated 10,000 times on boot-
strap samples in order to ensure the stability of the mixed
model (Prost et al. 2008). This procedure is the same as the
one described by Ouattara et al. (2021) and Leclere et al.
(2021).

Linear models were also used to assess the linear rela-
tionship between two variables. When such a model was
presented, the normality and homogeneity of residuals
were first verified using the Shapiro-Wilk test and visual
assessment.

2.7.2 Factors of variability of the intercropping growth
in the late fall

The variables chosen as candidate explanatory factors of
SP DW and N accumulations in fall were split into three
categories: (i) the climatic conditions in fall, including pre-
cipitation and the sum of temperatures, (ii) the soil variables
including clay and soil mineral N contents in the late fall and
(iii) the farmer practices with number of tillage operations
and the SP sowing density.

& springer INRAQ)

For OSR DW and N accumulation in the late fall, the
explanatory factors of these three categories were the same,
except the SP sowing density that was replaced by the OSR
sowing density and the row spacing. The SP DW in the late
fall was also added. This last factor was used as an indicator
of SP competition with the OSR.

2.7.3 Yield and oil content candidate-limiting factors

The yield-limiting factors considered here were (i) climatic
limiting factors such as precipitation, sum of temperatures,
and relative sunshine duration over the 45 days before the
end of flowering; (ii) nitrogen nutrition index (NNI; Lemaire
and Gastal 1997) at the end of flowering; and (iii) the impact
of pests on yields, including the weed DW at the end of flow-
ering, the proportion of bushy OSR plants, the proportion of
OSR stems damaged by stem weevils and the percentage of
pod loss. NNI was calculated using the critical dilution curve
of Colnenne et al. (1998) extrapolated beyond flowering as
in Justes et al. (2000).

The most impacting limiting factors were then linked with
pedoclimatic factors and farming practices.

3 Results and discussion
3.1 Service plant growth in fall

The SP DW in the late fall was highly variable, ranging from
0.04 to 2.64 t ha™! with a mean value of 0.62 + 0.65 t ha™'
(Fig. 2a). In all the fields that reached more than 0.5 t ha™! of
SP DW, the non-legumes were dominant within the SP mix-
ture. Non-legume SPs achieved biomass of up to 2.12 t ha™".
However, non-legume SPs DWs were lower than 0.51 t ha™!
in 75% of the fields within the network. Legume SP DWs
ranged from 0.03 to 1.05 t ha™! and 75% of farmers’ fields
accumulated less than 0.25 t ha™! of legume SPs (Fig. 2¢).
The SP mixture N contents ranged from 2.2 to 4.9% and N
accumulation from 2 kg ha™! to 79 kg ha™! with a mean of
17 + 18 kg ha™! in aboveground parts (Fig. 2b).

SP DWs measured in the field network were in most cases
lower than existing references. For example, in the large
experimental network of Verret et al. (2017), legume SPs
intercropped with OSR produced on average 0.81 t ha™!,
when in the current study, only a third of the fields reached
this value. However, the SP DWs and N contents had a simi-
lar range of variation to that reported by Lorin et al. (2015,
2016): 0.1 tha™! to 2.8 t ha™! for legume SP DWs and less
than 5 kg N ha™! to more than 75 kg N ha™!.

Both the fall precipitation and the buckwheat sowing den-
sity had a dominant and positive impact on the SP DW. The
relative importance (w,(x)) calculated for these two factors
was 0.96 for both factors after bootstrap (Table 2).
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The precipitation during fall was highly variable and
ranged from 24 to 88 mm in 2018, and from 88 to 216 mm
in 2019. The low precipitation in 2018 explained why the
SP DW was lower in 2018 than in 2019, with mean SP DW
of 0.48 + 0.62 t ha™! and 0.81+0.66 t ha™!, respectively
(Fig. 2a). In particular, the mixtures without buckwheat did
not exceed 0.31 t ha™! in 2018. The impact of precipitation
on SP DW was consistent with previous observations in field
experiments that showed very low SP DW in dry site (Bous-
selin et al. 2024).

All the fields sown with a mixture containing buckwheat
produced at least 0.37 t ha~!, whereas among the 13 fields
without buckwheat, only 3 fields produced more than 0.37
t ha~!of SP DW (Fig. 2 a). Buckwheat represented on aver-
age 43% of SP mixture overall biomass (proportion of SP
fresh weight) which was more than twice as higher as its
mean relative sowing density within the SP mixture (15.4%
of the SP mixture). Indeed, buckwheat has a strong ability
to compete thanks to its fast early growth, as reported by
Cheriere et al. (2020) in intercropping with soybean. While
buckwheat is known to be sensitive to drought (Creamer and
Baldwin 2000), Tribouillois et al. (2016) also showed that it
needs a lower water potential for germination than other spe-
cies such as legume SPs, niger or OSR. It could also explain
why mixtures with buckwheat sustained higher DW than
others in 2018. The dominance of the non-legume species
within the SP mixture was consistent with results obtained
from cover crop intercropping studies (Brennan et al. 2011;
Lawson et al. 2015), and may lead to increasing the compe-
tition with OSR (Verret et al. 2017; Bousselin et al. 2024).

Buckwheat was dominant but the species composition
remained highly variable even among fields in which the

same mixture made of buckwheat, niger, grass pea, lentil,
Berseem clover, and vetch was sown (Fig. 2c). This was
consistent with the large differences of biomass and species
composition observed by Bousselin et al. (2024) for a given
complex SP mixture intercropped with OSR across contrast-
ing growing conditions.

In the late fall, the soil mineral nitrogen content had a
positive impact on the SP DW. This factor had a lower rela-
tive importance than the two first factors (fall precipitation
and buckwheat sowing density) and was less stable across
bootstrap samples (w,(x)) = 0.78; Table 2).

The N accumulated by SPs was affected by the same envi-
ronmental factors as the DW and followed the same trends
(Fig. 2a, b; Table 2). Both the fall precipitation and the buck-
wheat presence had the highest relative importance among
all factors (0.94 and 0.93, respectively; Table 2). To a lesser
extent, the soil mineral N content in the late fall may also
explain the observed variability (w,(x) = 0.79).

The SP C:N ratios were also highly variable, from 8.9
to 20.8, and correlated with the legume proportion in the
mixture (R2 =0.57; P < 0.001; Fig. 2d). However, the accu-
mulation of N by SPs followed the same trends as SP DW
(Fig. 2a, b).

Finally, the weed DW was low in late fall, between a
minimum of 0 t ha™! and a maximum of 0.29 t ha™', and
lower than 0.08 t ha™! in 75% of the studied fields. Weeds
accumulated on average 3.2+3.4 kg N ha™! and up to a maxi-
mum of 11.7 kg N ha~!. Therefore, the weed growth in fall
was very limited compared to the levels that were observed
in early winter by Valantin-Morison and Meynard (2008)
on their organic OSR field network: 0.4 t ha™! and 11.6 kg
N ha~! on average.

Fig. 2 Distribution of oilseed Oilseed rape dry weight in late fall (t ha™) (a)  Oilseed rape Naccumulationin late fall (kg ha™) (b)
rape and service plant dry °®
weight, N content and C:N 150 PS o
ratio in the late fall (n=28). 40 - EiLsg
The circles represent the _ 100 ®
fields of the year 2018-2019, 2 a "N A ° el
. . ®
triangles represent the ﬁ'elds of % AAAA A 50 oy a A A
the year 2019-2020. BNiLeg: A' 'A A
service plant (SP) mixture with o 0
buckwheat, niger and other SP 0 10 20 0 3 50 75
species, NiLeg: mixture without Service plant dry weight in late fall (t ha™) Service pant N accumulationin late fall (kg ha™')
buckwheat with niger and other Non-legume service plant dry weightin late fall (t ha™) (c) Service plant C:N ratio in late fall (d)
SP species, Leg: mixture or 20 Y
pure stand of 'legume SPs. The ) 2 A9 A® A
dashed grey lines are the 1:1 15 o,
_ e th A A ° A R2 057"
lines, the full grey line is the ° = -
trend of the linear regression. 1.0 A 10
O AA
05
.). 7 A
0 0
0 05 15 0 %5 50 75 100

1.0
Legume service plant dry weight in late fall (t ha™)

Legume proportionin service plant dry weight in late fall (%)
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3.2 Oilseed rape growth in fall

The OSR DW amounted to 2.00 t ha~! on average, from 0.61
t ha=!' to 5.13 t ha™! (Fig. 2a), while its N content varied
from 2.2 to 5.3%. Consequently, the OSR nitrogen uptake
was also highly variable, ranging from 17 to 160 kg N ha™!
with a mean of 68+37 kg N ha™! (Fig. 2b). In the late fall,
the OSR density amounted to 42 + 13 pl m~2 on average,
ranging from 21 to 70 pl m~2.

Thus, these results are in accordance with the survey of
Cadoux et al. (2015), which also reported large DW vari-
ability for OSR sole crop (from 0.1 to 3.6 t ha™'). How-
ever, in our study, three fields reached very high DWs above
4.0 t ha™!. In terms of OSR N accumulation the observed
variability was in agreement with the early winter OSR N
accumulation recorded in the field network of organic OSR
sole crop studied by Valantin-Morison and Meynard (2008),
which ranged from less than 10 kg N ha™! to more than 180
kg Nha™l.

Among the potential explanatory factors of OSR DW in
the late fall, none appeared to be dominant in the field net-
work. The relative importance of all factors was low and
unstable across the bootstrap samples. The same was found
for the quantity of N accumulated by OSR (Supplementary
material Table S3).

Interactions between factors or multiple factors are likely
to be involved in OSR DW and N accumulation variability,
in the late fall. Indeed, field network designs are not totally
adapted to study interactions between factors (Doré et al.
2008). According to empirical observation of the field net-
work, in some fields neither SPs nor OSR grew well in fall,
due to water limitation. However, based on our results, OSR
and SPs did not respond the same way to environmental
conditions. It was also noticeable that the SP DW was not a

Table 2 Relative importance of pedoclimatic conditions and crop
management on service plants in growth in the late fall. w_(x): rela-
tive importance of the explanatory variable x calculated on the sam-
ple, w,(x)p,,: relative importance of the explanatory variable x cal-
culated on 10,000 bootstrap samples the values higher than 0.7 are

key driver of OSR DW variability, even if non-legumes were
dominant in SP DWs and were reported as having a high
impact on OSR DW by Verret et al. (2017).

3.3 Impact of winter on the intercropping

The OSR DW in the late winter was correlated with the OSR
DW in the late fall (R?> = 0.42; P < 0.001). The OSR DW
did not differ between the late fall and the late winter in the
fields observed during the season 2019-2020. In 2018-2019,
some fields with less than 2 t ha™! of OSR DW in the late fall
showed a slight DW increase over winter (Supplementary
material Fig. S1). The fields with OSR fall biomass higher
than 3 t ha™! had a strong DW loss over winter. Indeed,
Dejoux et al. (2000) have reported that OSR producing a
very high amount of biomass also loses dry weight as dead
leaves throughout winter.

The winter of 2019-2020 was the mildest winter since
registration started in the area in 1864 according to Mete-
oSwiss (2020). However, in both years, the SPs were almost
completely killed in the late winter. The maximum SP DW
in late winter was 0.1 t ha~!.In more than 50% of the studied
fields, SP DW was lower than 0.01 t ha™! at this stage. The
DW of non-legume SPs was null in the late winter in all the
fields of the network.

3.4 Oilseed rape grain yield and oil content

The OSR final grain yield (reported at 6% H,0) was
highly variable in the field network and ranged from 0.4
to 5.0 t ha™! (Fig. 3a). In 2019, the yield reached 2.1+1.3
t ha™!' on average vs 2.8+2.9 t ha™! in 2020 (Fig. 3a). The
grain yield was strongly related to the number of grains
per square meter (R*> = 0.97; P < 0.001; Fig. 3a), which

bolded, Estimates: the estimate of the parameter of the x variable
in the mixed models, SD, standard deviation of the estimate. GDD,
growing degree-day; LF, late fall; Sd, proportion of sowing density
(proportion or sum of proportion of the pure recommended density of
each species); SP, service plant.

Limiting factor (x)

Service plant dry weight in late fall (t ha™") (n = 28)

Service plant N amount in late fall (kg ha ™" (n

=28)

w,(x) W (%) poor Estimates SD w,(x) W o (X) poor Estimates SD
Intercept 1.00 1.00 —0.65 0.52 1.00 1.00 -18 17
Fall precipitation (mm) 0.99 0.96 0.0061 0.0017 0.99 0.94 0.16 0.052
Fall GDD (°C d) 0.27 0.47 —0.000018 0.00031 0.30 0.48 -0.0027 0.011
Soil clay content (%) 0.35 0.61 0.42 1.1 0.40 0.62 19 38
Soil mineral N LF (kg ha™!) 0.95 0.78 0.0082 0.0036 0.97 0.79 0.26 0.10
Number of tillage operations 0.27 0.45 0.0020 0.049 0.28 0.46 0.12 1.5
Sd buckwheat SP (%) 1.00 0.96 0.031 0.0082 0.98 0.93 0.74 0.26
Sd other non-legumes SP (%) 0.29 0.45 —0.0013 0.0065 0.30 0.47 —-0.038 0.20
Sd legumes SP (%) 0.31 0.45 —0.00070 0.0025 0.29 0.45 -0.015 0.071
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ranged from 7100 to 117,400 grain m~2 whereas it was
negatively linked to the 1000-seed weight (R® = 0.25; P <
0.05; Fig. 3b). The 1000-seed weight ranged from 3.9 to
5.8 g in the field network (Fig. 3b). Even though the OSR
plant density in the late winter ranged from 23 to 72 pl
m~2, this did not affect OSR grain yield.

In their experimental network in French conventional
farming conditions, Cadoux et al. (2015) observed a mini-
mum OSR yield of 1.3 t ha™!. Here, 25% of the fields
showed yields below 1.3 t ha™!. Our results are thus closer
to those observed by Valantin-Morison and Meynard
(2008) in France (from 0.1 to 2.7 t ha™') and by Charles
et al. (2020) in Switzerland for OSR grown under organic
conditions. The yield difference we observed between
2019 and 2020 was consistent with national averages
reported by the official statistics: 3.1 t ha™! vs 3.7 t ha™!
respectively (SBV-USP 2021). Globally, the OSR yields
were, on average 1 t ha™! lower than the national average
(SBV-USP 2021).

The grain yield distribution within the field network was
also in agreement with the farmers’ observations about low
yield in intercropping systems reported by Baux and Schu-
macher (2019). It highlights the gap between experimental
results showing a similar or improved yield in intercropping
compared to OSR sole crop (Cadoux et al. 2015; Verret et al.
2017) and the farmers’ results in the Swiss context. It justi-
fies further investigation of the limiting factors involved and
the potential path to fill this gap.

The 1000-seed weight did not contribute much to the
yield, which was almost completely explained by the number
of grains per m%. This was consistent with the review of Die-
penbrock (2000) who also reported the small impact of this
component on yield and its negative correlation with yield.

The grain quality was less variable than the yield. The
seeds’ oil content ranged from 48 to 58% with a median of
52% (in proportion of dry matter) while the protein content

ranged from 16 to 24% (Fig. 3¢). Oil and protein contents
were strongly and negatively correlated (R* = 0.96; P <
0.001). The oil content was rather high compared to the
existing reference and its variability was comparable (Gauth-
ier et al. 2017; Rathke et al. 2005). The oil and protein con-
tents were closely and negatively correlated as observed in
other studies focusing on OSR or other oil crops (Leclere
et al. 2021; Rathke et al. 2005). Only the oil content, which
is the main quality criterion, was then investigated.

3.5 Limiting factors affecting oilseed rape grain
yield and oil content

The damage of spring insects appeared as the main factor
explaining yield variability. Stem damage caused by stem
weevils came first (w,(x) = 0.96; Table 3), and to a lesser
extent the pod loss mostly due to pollen beetles also con-
tributed to yield variability (w,(x) = 0.79). Within our field
network, no field with more than 40% of stems damaged
by stem weevil achieved a yield higher than 2.7 t ha™! and
no field with more than 30% pod loss reached yields of 3.1
t ha™! or more. This result is consistent with the fact that
stem weevils were already a damaging species for OSR in
Switzerland when its cultivation started on a large scale in
the 1940s before insecticides were used in cropping systems
(Derron et al. 2015). This observation was not due to specific
conditions as, according to the extension office of the can-
ton of Vaud, the captures of stem weevils were close to the
standard with a peak in the last week of February (Jaquiéry
2020). As for the pollen beetles, the pressure was higher than
the standard both years, especially in 2019 (Jaquiéry 2020).

Studies in Europe often pointed out flea beetles as a major
issue (Andert et al. 2021; Zheng et al. 2020). Although peaks
of captures of flea beetles were twice higher than the stand-
ard in the area for the two years of our experiment (Jaquiéry

Yield (t ha™) (@) Yield ¢t ha (b)  Protein contents (%) (c)
6 2 0 Q7w 25.0 2 0 opees
RZ 0.97 RE 0.95¢ RZ 0.96
([ ]
O O 225 [ N
4 A 4 A
& =] oA A
4 A 20.0
: AA - oA
2 A® BNiLeg 2 [ ) A 4
{ 9 175 Ad
‘Q NiLeg °® o
0 0 15.0
0 25000 50000 75000 100000 125000 3 4 5 6 45 50 55 60

Number of grain (grain m2)

Fig.3 Dispersion of oilseed rape grain yield, yield components and
grain content (n = 22%). Yield: oilseed rape grain yield reported at 6%
H,0. The circles represent the fields of the year 2018-2019, triangles
represent the fields of the year 2019-2020. For service plants mixture:

1000-seed weight (g)

Qil contents (%)

BNiLeg: service plant (SP) mixture with buckwheat, niger and other
SP species, NiLeg: mixture without buckwheat with niger and other
SP species. The full grey lines are the trends of the linear regressions.
All the fields for which yield and seed sample were available.
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2020), they were no major yield-limiting factor in our field
network. In our study, the proportion of bushy plants was
low. Despite the number of larvae per plant in late winter
was 16.5 on average (ranging from 0.1 to 44.7), the percent-
age of bushy plants was only 14% on average and was higher
than 50% in only two locations. The field with the highest
number of larvae per plant (44.7) also had the highest OSR
biomass in late fall and achieved the highest yield (5.0 t
ha™!). This is not surprising, as Ortega-Ramos et al. (2022)
highlighted in their review that linking the number of larvae
per plant with damage and yield loss is very difficult.

Nitrogen nutrition index (NNI) at the end of flowering
also affected yield (w,(x) = 0.84; Table 3). It ranged from
0.72 to 1.76 with a mean of 1.28 + 0.23. The NNI was pos-
itively correlated with OSR grain yield (R? = 0.43; P <
0.001). This result is in accordance with Valantin-Morison
and Meynard (2008) who demonstrated that nitrogen is a
key limiting factor. However, the early flowering OSR NNI
observed in this study was much lower than ours (Valantin-
Morison and Meynard 2008). The instability of the relative
importance of this factor across bootstrap samples could be
explained by the low number of fields with nitrogen defi-
ciency, in our study only one field had a NNI lower than 0.9
(Table 3).

To a lesser extent, the weed DW at the end of flower-
ing also affected the OSR yield (w,(x) = 0.75). However,
weed DW relative importance (w,(x)) was rather unstable
across bootstrap samples; further investigations are needed
to fully confirm its impact. In their organic field network,
Valantin-Morison and Meynard (2008) found weed DW to
be a strong limiting factor of OSR yield. Here, only a fifth
of the fields in the network received one or more herbicide
applications during OSR growth: on average 0.28 vs more

Table 3 Relative importance of oilseed rape grain yield and oil con-
tent limiting factors. w,(x): relative importance of the explanatory
variable x calculated on the sample, w,(x),,,: relative importance
of the explanatory variable x calculated on 10,000 bootstrap samples
the values higher than 0.7 are bolded, Estimates, the estimate of the
parameter of the x variable in the mixed models; SD, standard devia-

than 1 application on average for conventional Swiss OSR
growers (de Baan et al. 2015). However, converse to organic
farmers, our growers used herbicide on other crops; there-
fore, weed management during the crop rotation was easier.

The relative sunshine duration (w,(x) = 0.72) also
appeared as a limiting factor, whereas precipitation and the
sum of temperature during the 45 days before the end of
flowering did not have an impact on yield variability. Indeed,
the incoming radiation during flowering was mentioned
as a limiting factor of grain yield in literature (Baux et al.
2015; Weymann et al. 2015). Relative sunshine duration was
also the main limiting factor of oil content (w,(x) = 0.97;
Table 3), even if oil content was rather stable and relative
sunshine duration only explained a part of its variability (R
= 0.46; P < 0.001). The literature on the effect of radia-
tion on oil content is heterogeneous (Kirkegaard et al. 2018;
Pritchard et al. 2000; Weymann et al. 2015).

3.6 Causes of variability of the identified limiting
factors

The number of insecticide applications in spring was iden-
tified as the only key-factor explaining stem damaged by
stem weevil (w,(x) = 0.81; Table 4). The OSR DW in late
winter is sometimes considered as an asset to reduce sen-
sitivity to insect pests, and the number of frost events after
1 March is considered as affecting stem damage by stem
weevils (Agridea 2021). Within the field network, these two
factors were not clearly identified as affecting stem weevil
damages (Table 4).

Insect management practices were very extensive within
the field network: 19 of the 27 studied fields did not receive

tion of the estimate; Yield, OSR grain yield reported at 6% H,O; Flo,
over the 45 days before the late flowering sampling; GDD, growing
degree-day; OSR, oilseed rape; NNI, nitrogen nutrition index; EFlo,
end of flowering; DW, dry weight. *All the fields for which yield was
available. PAll the fields for which the yield and the seed sample were
available.

Limiting factor (x)

Oilseed rape grain yield (t ha™')

Oilseed rape grain oil content (%)

(n =249 (n=21%

w,(x) W (%) poor Estimates SD w,(x) W (%) poor Estimates SD
Intercept 1.00 1.00 -1.9 1.7 1.00 1.00 37 53
Precipitation Flo (mm) 0.59 0.67 0.0042 0.0054 0.34 0.51 0.0046 0.013
GDD Flo (°C d) 0.45 0.58 0.0018 0.0038 0.36 0.54 —0.0038 0.0096
Relative sunshine duration Flo (%) 0.76 0.72 0.037 0.031 1.00 0.97 0.33 0.094
OSR NNI EFlo (t ha™") 0.95 0.84 2.2 1.0 0.49 0.60 -0.29 0.45
Weed DW EFlo (t ha™") 0.84 0.75 -0.27 0.19 0.33 0.43 0.46 1.7
Bushy plant (%) 0.37 0.58 -0.26 0.66
Stem damaged (%) 1.00 0.96 24 0.63
Pod loss (%) 0.90 0.79 -1.8 1.0
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any insecticide application in spring. Although the insect
pest damages were variable among insecticide-free loca-
tions, insecticide use consistently decreased stem damage
and pod loss. Two of the eight fields that reserved insecticide
in spring showed high damages in 2019, because of late
spraying that was targeting pollen beetles and did not affect
stem weevils. Thus, the large yield variability was mostly
explained by the extensive practices of OSR intercropping
growers. This confirms that the production of this oil crop is
still highly dependent on insecticide use (Andert et al. 2021;
Derron et al. 2015; Zheng et al. 2020). It also highlights the
lack of impact of frost-sensitive SPs on spring insect damage
that was also reported by Emery et al. (2021) in field trials.
Finding SP species that could contribute to spring insect
control such as non-frost sensitive ones (Emery et al. 2021;
Jarvinen et al. 2023) or using other means to control insects
such as regional synchronization of rotation as suggested
by Zheng et al. (2020) and Hausmann et al. (2023) would
be necessary to allow sustainable OSR production without
using insecticides in spring.

OSR NNI at the end of flowering was first explained by
the N fertilization rate (w,(x) = 0.95; Table 4), and to a
lesser extent by OSR nitrogen uptake and soil mineral N
content in the late winter (w,(x) = 0.86 and 0.81 respec-
tively). The SP N accumulation in fall and its C:N ratio did
not appear as key factors explaining OSR NNI variability
across fields. However, the accumulation of N by SPs in the
late fall had the highest relative importance (w,(x) = 0.87)
to explain soil mineral N content in the late winter among
the following factors: soil mineral N content in the late fall,
OSR N loss over winter, winter precipitation, winter sum
of temperatures, and SP C:N ratio (Supplementary material
Table S4). In our field network, the soil mineral N content
in late winter ranged from 9 to 67 kg ha™' with an average
value of 39 kg ha™".

Table 4 Relative importance of factors influencing stem weevil
damage and oilseed rape nitrogen nutrition index. w,(x), relative
importance of the explanatory variable x calculated on the sample;
W ,(X)p00» Telative importance of the explanatory variable x calculated
on 10000 bootstrap samples the values higher than 0.7 are bolded,
Estimates, the estimate of the parameter of the x variable in the mixed
models; SD, standard deviation of the estimate. NNI, nitrogen nutri-

Our results are consistent with the fact that spring N fer-
tilization and soil N content are important factors for OSR
N supply and grain yield (Rathke et al. 2005, 2006) and
that OSR nitrogen uptake in early stages is less decisive and
can be compensated in later stages (Colnenne et al. 2002).
Within our network, SPs accumulated a low amount of N in
most cases. The SP total biomass was mostly dominated by
non-legumes which resulted in only a small and indirect link
with nitrogen nutrition of the OSR and the N accumulation
of SPs. Lorin et al. (2016) demonstrated an effect of SPs on
the OSR N nutrition, but this effect was rather low compared
to the variability we observed here. The reference of 30 kg
N ha~! reduction of N fertilization without yield loss (Lorin
et al. 2016; Verret et al. 2017) was established based on pure
legume SPs that accumulated on average 0.81 t ha™! (Verret
et al. 2017).

3.7 Practical implications

In our field network, the effect of SPs was not reported to be
a strong driver of OSR N nutrition in spring. It could be due
to N fertilization rate applied by farmers which was close
to the recommendation for OSR sole crops. Consequently,
level of N nutrition of OSR in most fields was good. The low
SP growth and the high proportion of non-legumes during
the two cropping seasons studied also probably reduced the
potential of SP mixture to provide N supply to OSR. Increas-
ing the legume proportion and most of all species able to fix
high quantities of N such as faba bean or pea (Pisum sativum
L.) in the SP mixtures may be an option to improve SP N
supply service (Lorin et al. 2016; Verret et al. 2017).

The weed control service was not assessed directly in our
study, however, in fall, the weed DW was low even though
less than a third of the fields received an herbicide appli-
cation. Weeds were not among the main factor explaining

tion index; OSR, oilseed rape; DW, dry weight; LW, late winter; Nb,
number of; d, day; SP, service plant; LF, late fall; Spring N fert., N
fertilization applied after winter. *All the fields were included except
the one that was destroyed prior end of flowering. "All the fields are
included but the field destroyed prior sampling and the two fields
where the late fall soil sampling was not possible.

Limiting factor (x) Stem damaged (%) (n = 27%)

Limiting factor (x)

NNI of oilseed rape at the end of flowering

(n=25%
we(x)  Wy(x)p,,  Estimates  SD Wo(X)  W.(X)po  Estimates  SD
Intercept 1.00 1.00 0.51 0.17 Intercept 1.00 1.00 0.12 0.24
OSRDW LW (tha™')  0.41 0.52 -32 6.1 N OSR LW (kg ha™") 0.95 0.86 0.0027 0.0012
Nb d below 0 °C 0.61 0.65 —0.0093 0.011 N SP LF (kg ha™!) 0.54 0.65 0.002 0.0027
Nb insecticide 0.84 0.81 —-0.12 0.075  C:Nratio SPLF 0.42 0.59 —0.0044 0.0084
Soil N LW (kg ha™!) 0.95 0.81 0.0055 0.0023
Spring N fert (kg ha™") 1.00 0.95 0.0056 0.0013
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yield variability and only strongly affected OSR weakened
by low fall growth cumulated with heavy insect damages.
This was the main difference with the diagnosis of Valantin-
Morison and Meynard (2008) where weeds and their impact
on nitrogen nutrition of OSR were the main divers of final
yield. In our field network, in addition to the weed control
at the rotation level, the N fertilization practices are likely
to explain this gap.

In the early stages, abiotic factors also had a key impact
on the intercropping growth. According to the climate pro-
jection CH2018 (Fischer et al. 2022), the summer precipi-
tation in Western Switzerland should decrease (Sgrland
et al. 2020). The adaptation of the sowing date to weather
conditions, such as early sowing when a rain event is com-
ing, might be a strategy to enhance the SP growth and their
subsequent ecosystem services provision. The choice of
species that are less sensitive to drought is also possible
to ensure a minimum growth of SPs, as it was observed
with mixtures including buckwheat. Winters are also
likely to become warmer in the future. Even though this
was not a problem during the warmest winter, recorded
(2019-2020), in the long term, it could lead to SP destruc-
tion problems. Such a situation would force farmers to use
herbicides to kill SPs or reduce the choice of SP to very
frost-sensitive species or cultivars such as Mediterranean
varieties or move to other type of intercropping strategy.

4 Conclusion

The aim of this study was to identify, rank, and explain
the factors explaining the growth of OSR and SP in early
stages as well as grain yield variability in OSR-SP inter-
cropping systems. It is the first implementation of the
regional agronomic diagnosis framework that focused spe-
cifically on intercropping in temperate cropping systems.
The yields observed in this study were low on average and
very low in many situations. The results made it clear that
yield variability of OSR-SPs complex intercropping was
driven by other factors than SPs growth. The extensive
insect management practices, favored by the local sub-
sidy policies, were the main factor leading to crop failure
and low yields. This result highlights the gap between the
potential of this agroecological practice and the ecosystem
services expected by farmers.

To a lesser extent, spring fertilization practices and the
enhancement of OSR N accumulation in fall could also con-
tribute to fill the yield gap, through enhancement of OSR N
nutrition. In fall, the SP DWs observed in Swiss OSR-SPs
intercropping fields were lower than our initial expecta-
tions. A dry fall strongly limited SP DWs and therefore the
SP potential to provide ecosystem services. Non-legumes,
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especially buckwheat, dominated SP DWs. Including this
species in complex SP mixtures could improve the SP DW
production and therefore contribute to its potential to con-
trol weed. However, it also reduces SP niche complemen-
tarity with OSR for N nutrition. Modifying SP mixtures by
reducing buckwheat use and increase the sowing density
of legume service plants could contribute to better manage
trade-offs between expected services.

Finally, these results demonstrate the value of such
approaches to explain the variability of agroecological
practices which is needed for (i) focusing on most impact-
ful research topic for further research, (ii) enhance better
valorization of ecosystem services, and (iii) further upscal-
ing of these practices.
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Acknowledgements We thank Vincent Nussbaum, Marie Hedan,
Marie Izard, Coline Kneib, Batist Gmiir, and the other members of
the technical team of Agroscope Changins and Reckenholz for their
valuable technical assistance. We are grateful to the anonymous farm-
ers for their time and their contribution to this work. We thank Steve
Breitenmoser and the entomology group of Agroscope for providing
the Berlese equipment and Simon Treier who provided help for the
extraction of spatial meteorological data. We thank SADEEF for the
chemical analysis of soils and plants and MeteoSwiss for the provision
of the meteorological data used in this study.

Authors' contributions Xavier Bousselin: conceptualization, meth-
odology, formal analysis, data curation, visualization, investigation,
writing—original draft preparation, writing—reviewing and editing;
Mathieu Lorin: supervision, conceptualization, methodology, inves-
tigation, writing—reviewing and editing; Muriel Valantin-Morison:
funding acquisition, supervision, conceptualization, methodology,
investigation, writing—reviewing and editing; Joé€lle Fustec: funding
acquisition, supervision, conceptualization, methodology, investiga-
tion, writing—reviewing and editing; Nathalie Cassagne: supervision,
writing—reviewing and editing; Alice Baux: funding acquisition,
supervision, conceptualization, methodology, investigation, writing—
reviewing and editing

Funding This research was funded by Agroscope (Swiss confeder-
ation), UFA Samen, Florin, and Nurtriswiss as part of the ICARO
project.

Data availability The datasets generated and analyzed during the cur-
rent study are available in the Zenodo repository, https://doi.org/10.
5281/zenodo.11382721.

Code availability The R scripts used during the current study are avail-
able from the corresponding author on reasonable request.

Declarations
Ethics approval Not applicable.
Consent to participate Not applicable.

Consent for publication Not applicable.

Conflicts of interest The authors declare no competing interests.


https://doi.org/10.1007/s13593-024-00972-6
https://doi.org/10.5281/zenodo.11382721
https://doi.org/10.5281/zenodo.11382721

Determinants of oilseed rape-service plant intercropping performance variability across...

Page130f 15 40

Disclaimer UFA Samen, Florin, and Nutriswiss were not involved in
the study design, data collection, analysis, and interpretation of data,
nor were they involved in writing the report and decision to submit the
article for publication.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Agridea (2021) Grande cultures fiches techniques, colza. Agridea,
Lausanne

Akaike H (1974) A new look at the statistical model identification.
IEEE Trans Automat Contr 19(6):716-723. https://doi.org/10.
1109/TAC.1974.1100705

Andert S, Ziesemer A, Zhang H (2021) Farmers’ perspectives of future
management of winter oilseed rape (Brassica napus L.): a case
study from North-eastern Germany. Eur J Agron 130:126350.
https://doi.org/10.1016/j.eja.2021.126350

Baux A, Schumacher P (2019) Développement du colza associé: avis
des producteurs suisses. Rech Agron Suisse 10(3):128-133 (ISSN
1663-7925)

Baux A, Wegmiiller J, Holzkdmper A (2015) Exploring climatic impact
on oilseed rape yield in Switzerland. Procedia Environ Sci 29:123.
https://doi.org/10.1016/j.proenv.2015.07.209

Bousselin X, Baux A, Lorin M, Fustec J, Cassagne N, Valantin-
Morison M (2024) Winter oilseed rape intercropped with com-
plex service plant mixtures: do all species matter? Eur J Agron
154:127097. https://doi.org/10.1016/j.eja.2024.127097

Breitenmoser S, Steinger T, Hiltpold I, Grosjean Y, Nussbaum V,
Bussereau F, Baux A (2020) Effet des plantes associées au colza
d’hiver sur les dégats d’altises. Rech Agron Suisse 11:16-25.
https://doi.org/10.34776/afs11-16. ISSN 1663-7925)

Brennan EB, Boyd NS, Smith RF, Foster P (2011) Comparison of
rye and legume-rye cover crop mixtures for vegetable production
in California. Agron J 103(2):449-463. https://doi.org/10.2134/
agronj2010.0152

Brown JKM, Beeby R, Penfield S (2019) Yield instability of winter
oilseed rape modulated by early winter temperature. Sci Rep
9(1):6953. https://doi.org/10.1038/s41598-019-43461-7

Burnham KP, Anderson DR (2002) Model selection and multimodel
inference: a practical information-theoretic approach, 2nd edn.
Springer, New York. https://doi.org/10.1007/b97636 (ISBN
978-0-387-22456-5)

Cadoux S, Sauzet G, Valantin-Morison M, Pontet C, Champolivier L,
Robert C, Lieven J, Flénet F, Mangenot O, Fauvin P (2015) Inter-
cropping frost-sensitive legume crops with winter oilseed rape
reduces weed competition, insect damage, and improves nitrogen
use efficiency. OCL-OI Corps Gras Li 22(3):D302. https://doi.
org/10.1051/0cl/2015014

Charles R, Baux A, Dierauer H, Daniel C (2020) Organic rapeseed in
Switzerland: 20 years of practice. OCL-OI Corps Gras Li 27:68.
https://doi.org/10.1051/0c1/2020055

Cheriere T, Lorin M, Corre-Hellou G (2020) Species choice and spa-
tial arrangement in soybean-based intercropping: levers that drive
yield and weed control. Field Crop Res 256:107923. https://doi.
org/10.1016/j.fcr.2020.107923

Clermont-Dauphin C, Meynard J, Cabidoche Y (2003) Devising ferti-
liser recommendations for diverse cropping systems in a region:
the case of low-input bean/maize intercropping in a tropical high-
land of Haiti. Agronomie 23(7):673-681. https://doi.org/10.1051/
agro:2003046

Colnenne C, Meynard JM, Reau R, Justes E, Merrien A (1998) Deter-
mination of a critical nitrogen dilution curve for winter oilseed
rape. Ann Bot 81(2):311-317. https://doi.org/10.1006/anbo.1997.
0557

Colnenne C, Meynard J, Roche R, Reau R (2002) Effects of nitrogen
deficiencies on autumnal growth of oilseed rape. Eur J Agron
17(1):11-28. https://doi.org/10.1016/S1161-0301(01)00140-X

Conrad N, Brandes M, Heimbach U (2016) Automatic extraction of
Psylliodes chrysocephala larvae versus sorting by hand. IOBC-
WPRS Bulletin 116:63-66

Creamer NG, Baldwin KR (2000) An evaluation of summer cover
crops for use in vegetable production systems in North Carolina.
HortScience 35(4):600—603. https://doi.org/10.21273/HORTSCI.
35.4.600

Dayoub E, Piva G, Shirtliffe SJ, Fustec J, Corre-Hellou G, Naudin C
(2022) Species choice influences weed suppression, N sharing and
crop productivity in oilseed rape-legume intercrops. Agronomy
12(9):2187. https://doi.org/10.3390/agronomy 12092187

de Baan L, Spycher S, Daniel O (2015) Utilisation des produits
phytosanitaires en Suisse de 2009 a 2012. Rech Agron Suisse
6(2):48-55 (ISSN 1663-7925)

Dejoux JF, Recous S, Meynard JM, Trinsoutrot I, Leterme P (2000)
The fate of nitrogen from winter-frozen rapeseed leaves: miner-
alization, fluxes to the environment and uptake by rapeseed crop
in spring. Plant Soil 218(1):257-272. https://doi.org/10.1023/A:
1014934924819

Dejoux JF, Meynard JM, Reau R, Roche R, Saulas P (2003) Evaluation
of environmentally-friendly crop management systems based on
very early sowing dates for winter oilseed rape in France. Agrono-
mie 23(8):725-736. https://doi.org/10.1051/agro:2003050

Derron J, Breitenmoser S, Goy G, Grosjean Y, Pellet D (2015)
Charancon de la tige du colza: effet sur le rendement et seuil
d’intervention. Rech Agron Suisse 6(7-8):328-335 (ISSN
1663-7925)

Diepenbrock W (2000) Yield analysis of winter oilseed rape (Brassica
napus L.): a review. Field Crop Res 67(1):35-49. https://doi.org/
10.1016/S0378-4290(00)00082-4

Doré T, Sebillotte M, Meynard JM (1997) A diagnostic method for
assessing regional variations in crop yield. Agr Syst 54(2):169—
188. https://doi.org/10.1016/S0308-521X(96)00084-4

Doré T, Clermont-Dauphin C, Crozat Y, David C, Jeuffroy MH, Loyce
C, Makowski D, Malézieux E, Meynard JM, Valantin-Morison M
(2008) Methodological progress in on-farm regional agronomic
diagnosis. A review. Agron Sustain Dev 28(1):151-161. https://
doi.org/10.1051/agro:2007031

Duru M, Therond O, Fares MH (2015a) Designing agroecological tran-
sitions; a review. Agron Sustain Dev 35(4):1237-1257. https://doi.
org/10.1007/s13593-015-0318-x

Duru M, Therond O, Martin G, Martin-Clouaire R, Magne MA, Justes
E, Journet EP, Aubertot JN, Savary S, Bergez JE (2015b) How to
implement biodiversity-based agriculture to enhance ecosystem
services: a review. Agron Sustain Dev 35(4):1259-1281. https://
doi.org/10.1007/313593-015-0306-1

INRAQ/ & spinse


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1109/TAC.1974.1100705
https://doi.org/10.1109/TAC.1974.1100705
https://doi.org/10.1016/j.eja.2021.126350
https://doi.org/10.1016/j.proenv.2015.07.209
https://doi.org/10.1016/j.eja.2024.127097
https://doi.org/10.34776/afs11-16
https://doi.org/10.2134/agronj2010.0152
https://doi.org/10.2134/agronj2010.0152
https://doi.org/10.1038/s41598-019-43461-7
https://doi.org/10.1007/b97636
https://doi.org/10.1051/ocl/2015014
https://doi.org/10.1051/ocl/2015014
https://doi.org/10.1051/ocl/2020055
https://doi.org/10.1016/j.fcr.2020.107923
https://doi.org/10.1016/j.fcr.2020.107923
https://doi.org/10.1051/agro:2003046
https://doi.org/10.1051/agro:2003046
https://doi.org/10.1006/anbo.1997.0557
https://doi.org/10.1006/anbo.1997.0557
https://doi.org/10.1016/S1161-0301(01)00140-X
https://doi.org/10.21273/HORTSCI.35.4.600
https://doi.org/10.21273/HORTSCI.35.4.600
https://doi.org/10.3390/agronomy12092187
https://doi.org/10.1023/A:1014934924819
https://doi.org/10.1023/A:1014934924819
https://doi.org/10.1051/agro:2003050
https://doi.org/10.1016/S0378-4290(00)00082-4
https://doi.org/10.1016/S0378-4290(00)00082-4
https://doi.org/10.1016/S0308-521X(96)00084-4
https://doi.org/10.1051/agro:2007031
https://doi.org/10.1051/agro:2007031
https://doi.org/10.1007/s13593-015-0318-x
https://doi.org/10.1007/s13593-015-0318-x
https://doi.org/10.1007/s13593-015-0306-1
https://doi.org/10.1007/s13593-015-0306-1

40 Page 14 of 15

X.Bousselin et al.

Emery SE, Anderson P, Carlsson G, Friberg H, Larsson MC, Wallen-
hammar AC, Lundin O (2021) The potential of intercropping for
multifunctional crop protection in oilseed rape (Brassica napus
L.). Front Agron 3. https://doi.org/10.3389/fagro.2021.782686

Fischer AM, Strassmann KM, Croci-Maspoli M, Hama AM, Knutti R,
Kotlarski S, Schir C, Schnadt Poberaj C, Ban N, Bavay M, Bey-
erle U, Bresch DN, Bronnimann S, Burlando P, Casanueva A, Fat-
ichi S, Feigenwinter I, Fischer EM, Hirschi M, Liniger MA, Marty
C, Medhaug I, Peleg N, Pickl M, Raible CC, Rajczak J, Rossler O,
Scherrer SC, Schwierz C, Seneviratne SI, Skelton M, Sgrland SL,
Spirig C, Tschurr F, Zeder J, Zubler EM (2022) Climate scenarios
for Switzerland CH2018 — approach and implications. Clim Serv
26:100288. https://doi.org/10.1016/j.cliser.2022.100288

Frei C, Willi M, Stockli R, Diirr B (2015) Spatial analysis of sunshine
duration in complex terrain by non-contemporaneous combina-
tion of station and satellite data. Int J Climatol 35(15):4771-4790.
https://doi.org/10.1002/joc.4322

Gardarin A, Celette F, Naudin C, Piva G, Valantin-Morison M,
Vrignon-Brenas S, Verret V, Médi¢ne S (2022) Intercropping
with service crops provides multiple services in temperate arable
systems: a review. Agron Sustain Dev 42(3):39. https://doi.org/
10.1007/s13593-022-00771-x

Gauthier M, Pellet D, Monney C, Herrera JM, Rougier M, Baux A
(2017) Fatty acids composition of oilseed rape genotypes as
affected by solar radiation and temperature. Field Crop Res
212:165-174. https://doi.org/10.1016/j.fcr.2017.07.013

Hausmann J, Heimbach U, Gabriel D, Brandes M (2023) Effects of
regional crop rotations on autumn insect pests in winter oilseed
rape. Pest Manag Sci 80:2371-2382. https://doi.org/10.1002/ps.
7716

Isotta FA, Frei C, Weilguni V, Perec Tadi¢ M, Lasseégues P, Rudolf
B, Pavan V, Cacciamani C, Antolini G, Ratto SM, Munari M,
Micheletti S, Bonati V, Lussana C, Ronchi C, Panettieri E, Marigo
G, Vertaénik G (2014) The climate of daily precipitation in the
Alps: development and analysis of a high-resolution grid dataset
from pan-Alpine rain-gauge data. Int J Climatol 34(5):1657-1675.
https://doi.org/10.1002/joc.3794

Jagoret P, Michel I, Ngnogué HT, Lachenaud P, Snoeck D, Malézieux
E (2017) Structural characteristics determine productivity in com-
plex cocoa agroforestry systems. Agron Sustain Dev 37(6):60.
https://doi.org/10.1007/s13593-017-0468-0

Jaquiéry PY (2020) Bilan du suivi des ravageurs du colza — Cam-
pagne 2019/2020. DGAYV, Canton de Vaud. https://www.vd.ch/
fileadmin/user_upload/themes/economie_emploi/agriculture/fichi
ers_pdf/Vulgarisation/Réseaux/Bilan_colza_2020.pdf. Accessed
01.12.2020

Jarvinen A, Hyvonen T, Raiskio S, Himanen SJ (2023) Intercropping
shifts the balance between generalist arthropod predators and
oilseed pests towards natural pest control. Agr Ecosyst Environ
348:108415. https://doi.org/10.1016/j.agee.2023.108415

Justes E, Denoroy P, Gabrielle B, Gosse G (2000) Effect of crop nitro-
gen status and temperature on the radiation use efficiency of win-
ter oilseed rape. Eur J Agron 13(2):165-177. https://doi.org/10.
1016/S1161-0301(00)00072-1

Khan S, Anwar S, Kuai J, Noman A, Shahid M, Din M, Ali A, Zhou G
(2018) Alteration in yield and oil quality traits of winter rapeseed
by lodging at different planting density and nitrogen rates. Sci Rep
8(1):634. https://doi.org/10.1038/s41598-017-18734-8

Kirkegaard JA, Lilley JM, Brill RD, Ware AH, Walela CK (2018) The
critical period for yield and quality determination in canola (Bras-
sica napus L.). Field Crop Res 222:180-188. https://doi.org/10.
1016/j.£cr.2018.03.018

Lawson A, Cogger C, Bary A, Fortuna AM (2015) Influence of seeding
ratio, planting date, and termination date on rye-hairy vetch cover
crop mixture performance under organic management. PLoS ONE
10(6):¢0129597. https://doi.org/10.1371/journal.pone.0129597

& springer INRAQ)

Leclere M, Lorent AR, Jeuffroy MH, Butier A, Chatain C, Loyce C
(2021) Diagnosis of camelina seed yield and quality across an
on-farm experimental network. Eur J Agron 122:126190. https://
doi.org/10.1016/j.ja.2020.126190

Lemaire G, Gastal F (1997) N uptake and distribution in plant cano-
pies. In: Lemaire G (ed) Diagnosis of the nitrogen status in crops.
Springer, Berlin, pp 3-43. https://doi.org/10.1007/978-3-642-
60684-7_1 (ISBN 978-3-642-64506-8)

Lorin M, Jeuffroy MH, Butier A, Valantin-Morison M (2015) Under-
sowing winter oilseed rape with frost-sensitive legume living
mulches to improve weed control. Eur J Agron 71:96-105. https://
doi.org/10.1016/j.ja.2015.09.001

Lorin M, Jeuffroy MH, Butier A, Valantin-Morison M (2016) Under-
sowing winter oilseed rape with frost-sensitive legume living
mulch: consequences for cash crop nitrogen nutrition. Field Crop
Res 193:24-33. https://doi.org/10.1016/.fcr.2016.03.002

Malézieux E, Crozat Y, Dupraz C, Laurans M, Makowski D, Ozier-
Lafontaine H, Rapidel B, De Tourdonnet S, Valantin-Morison M
(2009) Mixing plant species in cropping systems: concepts, tools
and models: a review. Agron Sustain Dev 29:43-62. https://doi.
org/10.1051/agro:2007057

MeteoSwiss (2020) Bulletin climatologique hiver 2019/2020. https://
www.meteosuisse.admin.ch/home/actualite/infos.subpage.html/
fr/data/news/2020/3/bulletin-climatologique-hiver-2019-2020.
subhtml/fr/data/publications/2020/3/bulletin-climatologique-
hiver-2019-2020.html. Accessed 09.01.2022

MeteoSwiss (2021) Spatial climate analyses. https://www.meteoswiss.
admin.ch/home/climate/swiss-climate-in-detail/racumliche-klima
analysen.html. Accessed 01.12.2021

Morfin M, Makowski D (2009) MMIX: Model selection uncertainty
and model mixing. R package version 1.2. https://CRAN.R-proje
ct.org/package=MMIX. Accessed 01.11.2021

Ortega-Ramos PA, Coston DJ, Seimandi-Corda G, Mauchline AL, Cook
SM (2022) Integrated pest management strategies for cabbage stem
flea beetle (Psylliodes chrysocephala) in oilseed rape. GCB Bioenergy
14:267-286. https://doi.org/10.1111/gcbb.12918

Ouattara MS, Laurent A, Berthou M, Borujerdi E, Butier A, Malvoisin
P, Romelot D, Loyce C (2021) Identifying factors explaining yield
variability of Miscanthus x giganteus and Miscanthus sinensis
across contrasting environments: use of an agronomic diagno-
sis approach. Bioenerg Res 15:672-685. https://doi.org/10.1007/
s12155-021-10332-x

Peltonen-Sainio P, Jauhiainen L, Trnka M, Olesen JE, Calanca P,
Eckersten H, Eitzinger J, Gobin A, Kersebaum KC, Kozyra J,
Kumar S, Marta AD, Micale F, Schaap B, Seguin B, Skjelvig AO,
Orlandini S (2010) Coincidence of variation in yield and climate
in Europe. Agr Ecosyst Environ 139(4):483—489. https://doi.org/
10.1016/j.agee.2010.09.006

Pritchard FM, Eagles HA, Norton RM, Salisbury PA, Nicolas M (2000)
Environmental effects on seed composition of Victorian canola. Aust
J Exp Agr 40(5):679-685. https://doi.org/10.1071/EA99146

Prost L, Makowski D, Jeuffroy MH (2008) Comparison of stepwise
selection and Bayesian model averaging for yield gap analysis.
Ecol Model 219(1):66-76. https://doi.org/10.1016/j.ecolmodel.
2008.07.026

R Core Team (2021) R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Aus-
tria. URL https://www.R-project.org/. Accessed 01.08.2021

Rathke GW, Christen O, Diepenbrock W (2005) Effects of nitrogen
source and rate on productivity and quality of winter oilseed rape
(Brassica napus L.) grown in different crop rotations. Field Crop
Res 94(2-3):103-113. https://doi.org/10.1016/j.fcr.2004.11.010

Rathke GW, Behrens T, Diepenbrock W (2006) Integrated nitrogen
management strategies to improve seed yield, oil content and
nitrogen efficiency of winter oilseed rape (Brassica napus L.): a


https://doi.org/10.3389/fagro.2021.782686
https://doi.org/10.1016/j.cliser.2022.100288
https://doi.org/10.1002/joc.4322
https://doi.org/10.1007/s13593-022-00771-x
https://doi.org/10.1007/s13593-022-00771-x
https://doi.org/10.1016/j.fcr.2017.07.013
https://doi.org/10.1002/ps.7716
https://doi.org/10.1002/ps.7716
https://doi.org/10.1002/joc.3794
https://doi.org/10.1007/s13593-017-0468-0
https://www.vd.ch/fileadmin/user_upload/themes/economie_emploi/agriculture/fichiers_pdf/Vulgarisation/Réseaux/Bilan_colza_2020.pdf
https://www.vd.ch/fileadmin/user_upload/themes/economie_emploi/agriculture/fichiers_pdf/Vulgarisation/Réseaux/Bilan_colza_2020.pdf
https://www.vd.ch/fileadmin/user_upload/themes/economie_emploi/agriculture/fichiers_pdf/Vulgarisation/Réseaux/Bilan_colza_2020.pdf
https://doi.org/10.1016/j.agee.2023.108415
https://doi.org/10.1016/S1161-0301(00)00072-1
https://doi.org/10.1016/S1161-0301(00)00072-1
https://doi.org/10.1038/s41598-017-18734-8
https://doi.org/10.1016/j.fcr.2018.03.018
https://doi.org/10.1016/j.fcr.2018.03.018
https://doi.org/10.1371/journal.pone.0129597
https://doi.org/10.1016/j.eja.2020.126190
https://doi.org/10.1016/j.eja.2020.126190
https://doi.org/10.1007/978-3-642-60684-7_1
https://doi.org/10.1007/978-3-642-60684-7_1
https://doi.org/10.1016/j.eja.2015.09.001
https://doi.org/10.1016/j.eja.2015.09.001
https://doi.org/10.1016/j.fcr.2016.03.002
https://doi.org/10.1051/agro:2007057
https://doi.org/10.1051/agro:2007057
https://www.meteosuisse.admin.ch/home/actualite/infos.subpage.html/fr/data/news/2020/3/bulletin-climatologique-hiver-2019-2020.subhtml/fr/data/publications/2020/3/bulletin-climatologique-hiver-2019-2020.html
https://www.meteosuisse.admin.ch/home/actualite/infos.subpage.html/fr/data/news/2020/3/bulletin-climatologique-hiver-2019-2020.subhtml/fr/data/publications/2020/3/bulletin-climatologique-hiver-2019-2020.html
https://www.meteosuisse.admin.ch/home/actualite/infos.subpage.html/fr/data/news/2020/3/bulletin-climatologique-hiver-2019-2020.subhtml/fr/data/publications/2020/3/bulletin-climatologique-hiver-2019-2020.html
https://www.meteosuisse.admin.ch/home/actualite/infos.subpage.html/fr/data/news/2020/3/bulletin-climatologique-hiver-2019-2020.subhtml/fr/data/publications/2020/3/bulletin-climatologique-hiver-2019-2020.html
https://www.meteosuisse.admin.ch/home/actualite/infos.subpage.html/fr/data/news/2020/3/bulletin-climatologique-hiver-2019-2020.subhtml/fr/data/publications/2020/3/bulletin-climatologique-hiver-2019-2020.html
https://www.meteoswiss.admin.ch/home/climate/swiss-climate-in-detail/raeumliche-klimaanalysen.html
https://www.meteoswiss.admin.ch/home/climate/swiss-climate-in-detail/raeumliche-klimaanalysen.html
https://www.meteoswiss.admin.ch/home/climate/swiss-climate-in-detail/raeumliche-klimaanalysen.html
https://CRAN.R-project.org/package=MMIX
https://CRAN.R-project.org/package=MMIX
https://doi.org/10.1111/gcbb.12918
https://doi.org/10.1007/s12155-021-10332-x
https://doi.org/10.1007/s12155-021-10332-x
https://doi.org/10.1016/j.agee.2010.09.006
https://doi.org/10.1016/j.agee.2010.09.006
https://doi.org/10.1071/EA99146
https://doi.org/10.1016/j.ecolmodel.2008.07.026
https://doi.org/10.1016/j.ecolmodel.2008.07.026
https://www.R-project.org/
https://doi.org/10.1016/j.fcr.2004.11.010

Determinants of oilseed rape-service plant intercropping performance variability across...

Page150f 15 40

review. Agr Ecosyst Environ 117(2-3):80-108. https://doi.org/10.
1016/j.agee.2006.04.006

Rondanini DP, Gomez NV, Agosti MB, Miralles DJ (2012) Global
trends of rapeseed grain yield stability and rapeseed-to-wheat
yield ratio in the last four decades. Eur J Agron 37(1):56-65.
https://doi.org/10.1016/j.eja.2011.10.005

SBV-USP (2021) Agristat - Statistik der Schweizer Landwirtschaft.
https://www.sbv-usp.ch/de/services/agristat-statistik-der-schwe
izer-landwirtschaft/. Accessed 10.01.2022

Schoeneberger PJ, Wysocki DA, Benham EC (2012) Field book for
describing and sampling soils, Version 3.0. Natural Resources
Conservation Service, National Soil Survey Center, Lincoln, NE,
USA. ISBN 979-8863456997

Sharif B, Makowski D, Plauborg F, Olesen JE (2017) Comparison of
regression techniques to predict response of oilseed rape yield to
variation in climatic conditions in Denmark. Eur J Agron 82:11—
20. https://doi.org/10.1016/j.eja.2016.09.015

Sieling K, Bottcher U, Kage H (2017) Sowing date and N application
effects on tap root and above-ground dry matter of winter oilseed
rape in autumn. Eur J Agron 83:40-46. https://doi.org/10.1016/j.
€ja.2016.11.006

Sgrland SL, Fischer AM, Kotlarski S, Kiinsch HR, Liniger MA, Rajc-
zak J, Schér C, Spirig C, Strassmann K, Knutti R (2020) CH2018
— National climate scenarios for Switzerland: how to construct
consistent multi-model projections from ensembles of opportu-
nity. Clim Serv 20:100196. https://doi.org/10.1016/j.cliser.2020.
100196

Tribouillois H, Diirr C, Demilly D, Wagner MH, Justes E (2016) Deter-
mination of germination response to temperature and water poten-
tial for a wide range of cover crop species and related functional

groups. PLoS ONE 11(8):e0161185. https://doi.org/10.1371/journ
al.pone.0161185

Valantin-Morison M, Meynard J (2008) Diagnosis of limiting factors
of organic oilseed rape yield. A survey of farmers’ fields. Agron
Sustain Dev 28(4):527-539. https://doi.org/10.1051/agro:2008026

Verret V, Gardarin A, Makowski D, Lorin M, Cadoux S, Butier A,
Valantin-Morison M (2017) Assessment of the benefits of frost-
sensitive companion plants in winter rapeseed. Eur J Agron
91:93-103. https://doi.org/10.1016/j.eja.2017.09.006

Walton G, Si P, Bowden B (1999) Environmental impact on canola
yield and oil, 10" International Rapeseed Congress 26-29 Sep-
tember 1999. Canberra, Australia

Weymann W, Béttcher U, Sieling K, Kage H (2015) Effects of weather
conditions during different growth phases on yield formation of
winter oilseed rape. Field Crop Res 173:41-48. https://doi.org/10.
1016/j.£cr.2015.01.002

Zhang Z, Lu J, Cong R, Ren T, Li X (2017) Evaluating agroclimatic
constraints and yield gaps for winter oilseed rape (Brassica napus
L.) — a case study. Sci Rep 7(1):7852. https://doi.org/10.1038/
$41598-017-08164-x

Zheng X, Koopmann B, Ulber B, von Tiedemann A (2020) A global
survey on diseases and pests in oilseed rape-current challenges
and innovative strategies of control. Front Agron 2(15). https://
doi.org/10.3389/fagro.2020.590908

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

INRAQ/ & spinse


https://doi.org/10.1016/j.agee.2006.04.006
https://doi.org/10.1016/j.agee.2006.04.006
https://doi.org/10.1016/j.eja.2011.10.005
https://www.sbv-usp.ch/de/services/agristat-statistik-der-schweizer-landwirtschaft/
https://www.sbv-usp.ch/de/services/agristat-statistik-der-schweizer-landwirtschaft/
https://doi.org/10.1016/j.eja.2016.09.015
https://doi.org/10.1016/j.eja.2016.11.006
https://doi.org/10.1016/j.eja.2016.11.006
https://doi.org/10.1016/j.cliser.2020.100196
https://doi.org/10.1016/j.cliser.2020.100196
https://doi.org/10.1371/journal.pone.0161185
https://doi.org/10.1371/journal.pone.0161185
https://doi.org/10.1051/agro:2008026
https://doi.org/10.1016/j.eja.2017.09.006
https://doi.org/10.1016/j.fcr.2015.01.002
https://doi.org/10.1016/j.fcr.2015.01.002
https://doi.org/10.1038/s41598-017-08164-x
https://doi.org/10.1038/s41598-017-08164-x
https://doi.org/10.3389/fagro.2020.590908
https://doi.org/10.3389/fagro.2020.590908

	Determinants of oilseed rape-service plant intercropping performance variability across a farmers’ fields network in Western Switzerland
	Abstract
	1 Introduction
	2 Materials and methods
	2.1 Description of the field network
	2.2 Soil conditions and farming practices
	2.3 Climate factors
	2.4 Soil sampling and measurements
	2.5 Plant sampling and analysis
	2.6 Pest damage assessment
	2.7 Analysis procedure
	2.7.1 Statistics
	2.7.2 Factors of variability of the intercropping growth in the late fall
	2.7.3 Yield and oil content candidate-limiting factors


	3 Results and discussion
	3.1 Service plant growth in fall
	3.2 Oilseed rape growth in fall
	3.3 Impact of winter on the intercropping
	3.4 Oilseed rape grain yield and oil content
	3.5 Limiting factors affecting oilseed rape grain yield and oil content
	3.6 Causes of variability of the identified limiting factors
	3.7 Practical implications

	4 Conclusion
	Acknowledgements 
	References


