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Abstract

Green peawinter wheat succession is common in northern France and Wallonia (Belgium) and is
known to cause high lewebf nitrate leaching. Catch crops have been provemffectivelyreduce
nitrate leaching in other context$iowever their impact on nitrate leaching and on the subsequent
yield varied depending on the i crop species used. Walloon government enforces their farmers
to grow catch crops between green pea and winter wheat since 2014. Our study aimed at studying
the effectof different catch crop species compositioa aell ashare fallow on the nitrate leadhg
following green pea harvestWWe also looked at thgield of the following winter wheat and the
corresponding farmer @oss margin. The data of a five yganfarm experiment was analyzed with

the support of a mixed effect linear model. It was completgth a costbenefit analysis based on

the experimental results angith soil mineral N dynamic simulationsing the model NDICEA. Based

on the data availale, we defined three indicators: a nitrate leaching indicator, a mineral nitrogen
uptake by catch crops indicator and a nitrate uptake indicator. Catch cesfigced nitratelevels
before the leaching periotielow the legal threshold anteduced thenitrate leaching indicatoby

more than 50%compared to bare soil. Pure ndegumes catch crops were the most effective,
reducing the nitrate leaching indicator by 72% in average. Ale@@ lowerwinter wheat yield
compared to bare soilbetween 0.1 and 0i7ha) except the pure legumes mikat had a positive
effect in average (+0.2a) but insignificantAll CGesulted ina gross margimeduction comparedto

bare soil ranging from a 2% to a 10% loss. The vyield differences could be partlyeskblai;m N



immobilization effect and partly biymited winter wheat emergencdue to reduced seed bed quality
when sowing in destructed Catch Crops
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Abbreviations

B=Buckwheat

Biomax=White Mustard+Lacy PhaaeNiger+Sunflower+Common Vetch
CC=Catch crops

CCE=Catch crop experiment

CCFE=Catch crop and fertilization experiment
CoV_PV_EC=Common Vetch+Purple Vetch+Egyptian Clover
Leg=pure leguminous CC

LO_E=Lopsided Oat+Egyptian o

Mix=leguminous and nefeguminous CC mix

Ni=Niger

non-Leg=pure nodeguminous CC

O_V=0Oat+Vetch

RCBD=Random Complete Block Design

RQ=Research question

WM=White Mustard

WM_P=White Mustard+Phacelia

WO=White Oat

WO_CoV=White Oat+Common Vetch

WO _ChV_F=Whit®@at+Chickling Vetch+Fenugreek
WW=Winter Wheat

1. Introduction
The agricultural practices that emerged from the Green Revolution are today responsible for
numerous environmental disservices around the wdH@nneron et al., 2015; Postaidaauw et al.,
2010) such asail fertility loss(Sainju et al., 2003; Tilman et al., 20@2d pollution of surface and
groundwater with nitrate and pesticide€onstantin et al., 2010; Sainju et al., 2003; Tilman et al.,
2002) They form the system of practices that we call today "Intensive agriculture”, among which we
find ploughing, sdinot covered after main crop harvest and high mineral fertilizer input. These
practices relies on high levels of external input which ultimately goes along with high costs for
farmers (Hoyt and Mikkelsen, 1991)n this contet, pea cultivation Risum sativurn harvested at
immature stage (green pea) has been shown to result in 100 to 120Kg®/ha leaching, 560kgN
NO3/ha higher than for after a cereal crop or a dry pea d¢fdppmsen et al., 2001Yhis result in a
loss of potential fertility for the subsequent cash cr@pPlazaBonilla et al., 2017) and an
envirormental pollution.

Catch crops (CC) are crop@wnRdzNA Yy 3 GKS FlLtt26 02N AydSNONERLI
residual soil nitrate in their biomass and to prevent nitrate leaching. Catch crop cultivation during

long intercrop periods has been shown to reduce effectively autumn and winter nikeaiehing
(Justesetal.,201® ¢ KS yYyAGNI GS 6a2NBSR Ay GKS //Qa o6A2Yl
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crop providing nitrogen (N) fertilization without additional cog§lensen, 1992)The fallow (or
intercrop) period refers to the time between the harvest of the main crop and the sowing of the next
one. After a main crop harvested in summer, an intercrop period is "long" when the following main
crop is a spring crop (i.e. sown in spring or late wintet)sbort" when it is a winter crop (i.e. sown in
autumn). Short intercrop periods often present low nitrate leaching risk and don't give sufficient time
to grow a CC. Therefore, CC cultivation in this context has been little studied. Green peas are
harvestal beginning of summer in northern Europe, leaving time for a CC to develop. Therefore, CC
are of interest in short intercrop period followinggeeen pea

The effectiveness of catch crops in reducing N leaching depends on the catch crop species, soll,
climate and cropping systeironsson et al., 2016; Justes et al., 2012guminous CC are attractive

for farmers to grow as they fix nitrogen and release it after destrucfamthe subsequent crop
(ValantinMorison et al., 2014)However, pure leguminous catch crops have a moderate effect
(Justes et al., 2012; Toffoli et al., 202)a negative effec{Aronsson et al., 2016)n N leaching
reduction. Mixed legumon legume catch crops are more effective and may be as effective as a
pure nonleguninous cover crop in reducing soil nitrate content and nitrate leacirgnsson et al.,

2016; Justes et al., 2012; Toffoli et al., 20x)wever, their relatively high C:N ratio compadite the

C:N ratio of the soil biota may result in immobilization of soil N in soil biota biomass, making it not
available for the following main crop (Justes et al., 2012). Consequently, the choice of CC entails
striking a balance between best environmearbtection and highest economic benefits. Therefore,
there is a need for research on the CC choices giving the best compromise in various soil, climate and
market conditions.

In Wallonia, pea cultivation for freezing and canning represents aro@®@d %a, which is equivalent

to 44% of open field vegetable productidbirection de I'Analyse économique rigle) Pea is
agronomically recognized as a very good precedent crop for winter wheat, increasing wheat yield
while decreasing its need for N fertilizatighabreuche, 2013; PlaBonilla et al., 2017)Walloon
farmers cultivating green pea commonly grow winter wheat (WW) as the following main crop (pers.
com. Greenotec 28/02/2017, 13/06/2017).

In June 2014, as part of the implementatiohthe European Nitrate Directive that aims to prevent
nitrate pollution by agricultural sourceEuopean Commission, 1991)he Walloon government
issued a regulation on the management of green-gé@&/ succession. Farms in-called nitrate
vulnerable zones have to grow a CC between a green pea crop harvested before the 1st of August
and a winter whetacrop. Additionally, the share of leguminous seed in the CC mix was limited to a
maximum of 50 % on a weight basis (Nitrawal asbl, 2017). Following the advice of Nitrawal, the
research group for N pollution issues in Wallonia, this limit replaced thequeban of legumes in

the C(between green pea and WW (Toffet al., 2012)Land in nitratevulnerable zones represents
virtually all the Walloon cereal and vegetable production area. Therefore most of the farms
cultivating a succession green peaVW are affected by this layNitrawal asbl, 2017)lt makes

green peaWW succssion in Wallonia a relevant case study for CC management in a short intercrop
period following a grain legume.

Very few studies have been done on the impact of different CC compositions on N leaching risk, WW
performance and farmer gross margin for asffallow period following a green pea crop, especially
in the Walloon conditions. Applied research on conservation agriculture practices is the core activity



of an active group of farmers in Wallonia. They founded the research group Greenotec in 2806. Th
group has a membership of 247 (2016), among which a majority is farmers. The 2016 Conservation
Agriculture Fair they organized hosted 800 farmers and numerous companies, associations and
administrative bodies involved in conservation agriculture devwelept in Wallonia(Greenotec,

2016) Anticipating the regulation on green p&#W intercropping, Greenotec and Nitrawal together
launched an experiment in 2012 to evaluate economic and environmental consequences of different
CC management technigues. The data of the experiment ba¥ar not been analyzed as a whole.
Greenotec therefore @ammissioned the study reported here in order to provide answers to farmers
and government. Data analysis with the help of statistical approach adapted toymasanalysis

was performed. It was completed by a modeling of N dynamics for different seit tgpes with the
NDICEA, to get further insight on the mechanisms responsible for the experimental results obtained.

This study aims at assessing the environmental and economic consequences of various CC. Two
research questions have been developed to trthat goal:

(i) What are therelative effects of different catch crop speciesd bare soil intercromn
winter nitrate leaching?

(i) What are therelative effects of different catch crop compositisrand bare soihtercrop
onwinter wheat crop in terrs of whea yield and gross margin?

CC are expected to decrease nitrate leaching compared to bargCswistantin et al., 2010; Justes et
al., 2012) Pure noAeguminous CC (nelbeg)(Justes et al., 2012nd mixtures of legumes and non
legumes species CC (M{®ronsson et al., 2016; Toff et al., 2010)are foreseen to best reduce it.
Pure legumes CC (Leg) are expected to reduce nitrate leaching leg¢&nmedison et al., 2016; Justes
et al., 2012) Fromthe highest to the lowest, WW after Leg is conjectured to give the highest yield,
then WW after Mix, and the lowest yield is expected for #i@y. Plots with a bare fallow period are
thought to give similar yield than M{@dustes et al., 2012; Thorifristensen et al., 2003)

2. Materials and methods

2.1. Experiments
This study uses the results of two successive field experiments located on treofield farmer
Benoit Vandevoorde in the village ShtéssireGuillaume (Belgium) within an area of 4.5km2. The
experiments started each year at CC sowing and ended at WW harvest (see Figure 1). The first
experiment tested the influence of different COngaosition on soimineral nitrogendynamics and
WW vyield. This experiment, referredd as "catch crop experiment" (CCE), was carried out during
three cropping seasons from 2012 to 2015. The second experiment resulted in the addition of the
fertilization fector to the first experiment during 2018017 cropping seasons. It is referred as "catch
crop and fertilization experiment" (CCFE). The WW was ndbtgmeestedin 2017 at the time this
study was conducted.



’ Green pea harvest
14/7/2015

CC destruction &
seed bed

’ preparation
30/9/2015

CC sowing WW sowing WW harvest
| 2 22/7/2015 | ¥ 4/10/2015 = 3/8/2016

2015 . 2 march ; jul. 2016
13/3/2015 _ 11/7/2015 N fertilizer inputs
22/7/2015 — 30/9/2015 AR NP
441042015 | Winter wheat 3/8/2016

Figurel ¢ Timelineof field operations in green peavinter wheat succession for a typical cropping season.

¢tKS SELISNAYSyGa OKIFIy3aSR FASEtR SOSNE ONRLILAY3 &S|
and resulting in five experimental sites (Figure 2). The fields'pangphistory was slightly different

but all followed a comparable rotation: linseedbeetroots ¢ winter wheat ¢ green peac winter

wheat. All the fields had been under reduced tillage management since 1987 and none had been
ploughed since 2003. All fieldgere similar in elevationtexture and fertility (Table &nd Appendix

1).

6m

OkgN/ha =

150 kgN/ha =

Fertilization levels

100 kgN/has> | ]j‘
o =

Catch crops levels
Split block design

RCBD

Figure2- Experimental site and design. The coldarsthe designrepresent different soil cover typesThe red surfaces on
the sites represent the location of the experiment.

For CCE and CCFE, catch crop and winter wheat were both sown with a disc seed drill combined with
an integrated power harrow. The seedbed for the CC was prepared wstiukdle tine farrow

Lemken Smaragd. The CC wastroyed with a flail mowe©marv TTlnd the seedbed for the WW

was prepared with a cultisoc. Wheat sowing density waBk@/ha. All other cultivation practices

(e.g. pesticide spraying) were adapted to each year's comditA summaryof the cultivation
practicescan be found in Appendi® Catch cropspeciestested changed across trials and across
years for the same trial (Table).2They were gathered under 3 categories: pure legumes (Leg),
mixture of legumes and nelegumes (Mix) and pure ndiegumes (norLeg).This categorization
allowed identifying the effects of the pmoportion of legume species in the mixon the response
variables.A bare soil (or neCC) treatmenivas always used ascontrol. These bare soil plots (bs)



represent the fourth "soil cover categoryEach year, 160 to 167kgN/ha was applied on the wheat in

3 to 4 different applications from end of February to beginning of June. Liquid urea ammonium
nitrate was used as N filizer for CCE and solid ammonitnitrate for CCFE. Three different levels of

N fertilization were applied in the CCFE: 0, 100 and 150 kgN/ha (control). The WW was harvested

with an experimental harvester.

Tablel ¢ Experiment siteand design description

Cropping season | 20122013 20132014 20142015 | 20152016 | 20162017
Experiments CCE CCFE
Location SartMessireGuillaume (Belgium)

Localization [1] Site I: Site Il Site lll: Site IV: Site V:
50°37'10.0"N | 50°37'41.5"N | 50°36'48.8"N| 50°36'53.2"N| 50°37'35.0"N
4°34'30.3'E | 4°34'26.8"E | 4°33'59.2"E| 4°34'21.5"E| 4°3426.5°E

Altitude [2] 133138 120 143 140143 125

Plot size (m?) 40 40 40 24 24

Soil [3]

- texture [4] | Siltloam Silt loam Silt loam Silt loam Silt loam
- pH[5] 6.3 6.1 NA 6.7 6.3
- humus
content [6] | 2.3% 2.0% NA 2.9% 2.4%
- nutrient
status [7] Good Good NA Good Good
Wheat cultivars Edgar Edgar Napolice Edgar RAGT
Réforme

WW sowing density 140 155 140 140 NA

(kg/ha)

N fertilization 160 167 164 150

(kgN/ha)

Type of design RCDB Split block (or strip plot)

Nb of blocks 4

Factors (nb of CC (5) CC (10) CC (4)

levels) Fertilization (3)

Mean temperature 9.4°C 11.0°C 10.7°C 10.9°C NA

[8]

Annual 607.7 655 687.9 873.8 NA

precipitation (mm)

[8]

RCBD=Random Complete Block Design, CC=Cover crop, F=Fertilization, DST=CC Destruction and WW Sowing Techniques,

NA=no data available. Meteorological data calculated on a cropping season (‘ﬂomﬁajgust to 7 of August next
year).[1] See map iRigure2, [2] Ses topographic map in Appendix [B] See pedological map in Appendi{4] According
to USD#Asoil texture reference (n.d.}5] pH measured in a solution of 1N KCL according with the norm NF ISQ [60390
Organic carbon*2, calculated accordingRabyl (2010)[7] The nutrient status is defimeaccording to the reference values
from the "Commission des Sols de Wallonie" determined by A. Descamps (unpublj8hédja retrieved byASBL
Pameseb from the Baisyhy.




Table2 - Catch crops tested from 2012 to 2017 on sileés V

Year 20122013 20132015 20152017
Site I &1 V&V
Experiment CCE CCFE
Wh_|te mustard White mustard White mustard + Lacy
(Sinapis albp phacelia
Niger LG MR R L) White oat + Common spring

phacelia Sinapis alba +

(Bl Eloyesie Phaceliganacetifolig)

Vetch [2]

e : Lopsided oat + Egyptian
(Fagopyrum Niger
clover
esculentum
White Oat . :
(Avena sativp White oat Bare soil
Buckwheat+Egyptiar
clover(Fagopyrum
esculentum Buckwheat [3]
Trifolium
alexandrium)
Catch crops Oat[1]+Purple vetch
Bare soil (Avena sp+ Vicia
benghalensig[2]

Lopsided oat + Egyptian
clover Avena strigosa
+Trifolium alexandriumn
White oat+Chickling vetch
+Fenugreek
(Avena sativa +Lathyrus
sativus + Trigonella foenum
graecun)
Common vetcl{Avena
sativg) + Purple vetch +
Egyptian clover
Bare soll

Orange=Pure notlegumes (norLeg), green=mix legumes and Alegumes (Mix), blue=pure legumes (Leg=, grey=control
(bs).The sowing rates of the cover crop mists can be founth Appendix 2[1] 20132014: White oat, 201-£2015:

Lopsided oat ; [2] For the cross yeamalysis, all the CC mix Oat+Vetch will be considered as one factof3g¢¥ebiomax

CC was tested on a similar trial placed on the same field and will be indhutfeglanalysis. It is composed of legumes and
non-legumes specie€ommon Vetch +White Mustard+Lacy Phacelia+Niger+Sunflower

CCE trials were following a random complete block design (RCBD). CCFE trials were following a split
block or split plot desigrH{gure 2). Data from the CCFE vigtilization level of 150kgN/ha (optimal
fertilization level) were gathered with data from CCE for thge8rs analysis. They can be considered

as coming from a random complete block design as well as the split bloigk adeth only one factor

is a similar to a RCBD.

2.2. Data collection
Four types of data were collected: (i) soil mineral nitrogen content on tB@dn layer at 4 different
times, (ii) CC biomass, (iif) WW plant density (in 2015 only) and (iv) WW yield.



Soil nineral nitrogencontent was measured on composite soil samples of the first 90cm taken from
each plot.After being collectedeach composite sample/as mixed and sieved. A subsample was
taken. Nitrate and ammonium were extracted witlDebN KCI solutianThe solution was kept at-4
5°C, then sent tdhe laboratory Michampsor nitrate and ammoniundosage (certificationNBN EN
ISOIEC 17025:2005 and EN ISO 14P004) The analyses were done 4 times per season: (i) at the
beginning of August just before GBwing, (ii) at the beginning of October just after CC destruction,
(i) at midDecember wkn the N leaching period starts afi@) at the beginning of March when the

N leaching period ends and the vegetative period restart

CC biomass was harvested drieast4 m2either manually (2012 nmn 0~ A GK | | | £ RNYz
(20142016) or with a flail mower (2018017). The fresh biomass was weighted and a sample was
dried in the oven for 2 days at 90°C to determine biomass dry matter per hectare.

Wheat plantdensity was determined in autumn 201424 days after sowing (wheat with 2 ®
leaves) on a 0.25m2 square randomly chosen in each plot, with two repetitions pewtieat plant
density was not determined for the other cropping seasons.

Wheat was harveted on a 1 to 1.5m wide strip at the center and across the length of the plots with
an experimental harvester (Redebel). The grains harvested were weighted automatically and divided
by the surface harvested to obtain the yield.

Meteorological data were dlected by the association Pameseb. Mean, maximum and minimum
temperature, rainfall and reference evapotranspiration data were retrieved daily from the
meteorological station of Baisyhy.

Measurement numbers per treatment varied across and within years depending on the data
collected. Asummarizingable can be foundn Appendix3.

2.3. Experiment results analysis

2.3.1. Reference for October -December soil nitrate content
In Wallonia, farmers have an obligatioh result concerning the level of soil nitrate contenttheir
field just before theeaching periodOctoberDecember)Based on a reference of group of 36 to 42
Walloon farmsrecognized for their good nitrate managemenhe Walloon authorities and thei
scientific partner defined four categories of soil nitrate caritdor October and December: (i)
"Good" levels below the median of the reference groups level, (ii) "Satisfactory" levels between the
median and the 68 percentile 75" in 2012), (i) "Pss" levels between the 86percentile (74" in
2012) and the intervention threshold, (iv) "Bad" levels higher than the intervention threshold. The
intervention threshold is based on the B@ercentile (78' in 2012) plus a measurement error margin
basedon the medianvalue (GRENeRA and U. C.L. 2016, 2015, 2014, 2013,. 20iE?)llegal for
farmers to have a soil nitrate content in their field higher than the intervention threshbke
thresholds defining those categories are updated every Yeesed onnew measurements in the
reference farms.The intervention thresholdof soil nitrate range from 81 to 128kgNO3/ha in
October and 88 to 121kgNO3 in December. Thaimed level ranged from 36 to 63 kgNO3 in
October and 57 to 89kgNO3/ha in Decetmer. See Appendix4, for the complete set of references.
In our study, ach CC treatment has been evaluateder year for its average soil nitrate content
both in October and December witkgard to thelegal reference.
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2.3.2. Mineral nitrogen dynamic indicator s
Based on the data collectedhe following indicators were calculatedi) indicator of the total
amount of mineral nitrogen (ammonium-+nitrate) taken up by the different €@ {Q¢ ) in kgN/ha,
(i) indicator ofthe total amount of nitrate taken piby the different CQj(Uo ) and (iii)indicator of
the total amount of nitrate leaching)( Uo ) in kgNNO3/ha.

(i) 0 a Q¢ VLaQe 6aQe aQE 0aQe
0aQE VaQe 0aQeaslaQe 0aQe

0 & "Q¢is the measured soil mineral nitrogen content just before CC sowing (t=1) and just after CC
destruction (t=2), and & "Q¢is the measured soil mineral nitrogen content in bare soil at the same
times t=1 and t=2.We make the hypothesis that compared to bare soil control, CC only differ
significantly regarding the soil mineral nitrogen balance by modifying mineral nitrogen uptake by
plants.

i) O Ol Ol

The notations are the samedh for total mineral nitrogen uptake.

x T

(iii) 0 Uo 0 Uo 0 Uo
0 Uo and0 Uo are respectively the amounts of soil nitrate geaching periodin December in our
trials) and postleaching period. COMIFER (French Committek Research and Development on
Sustainable Fertilizatiorgtated that the amount of nitrogen denitrified during the leaching period
could be neglectedCattin et al., 2002)We assumed that the result of the nitrate mineralization,
uptake and immobilization due to the bacteria aném activity during the winter leaching period

can be neglected. Therefore, we considered that the difference between the soil nitrate levels before

and after the winter leaching period corresponded to the amount of nitrate leached.

These indicators are peesented in Figure 3.
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-100 al. (2012)
15/6 20/8 2/10 8/12 15/2 20/4

Figure3- Expected mineral nitrogen dynamic and corresponding indicators. Ammonium being not proreatchingis
ol ggnsidered equal ta! =) 8 L ¥ o —would be represented the same way thath F, _ifthe curve
were representing nitrate dynamics. Nitrate dynamics and mineral nitrogen dynamics are expected to be similar.

2.3.3. Statistical analysis
The experimental data of the CCE experiment veer@bined with CCFE data from the plots
fertilized with 150kgN/ha (control fertilization levelhe data fromCC not tested at least 2 years
were removedThe resulting datasetasusedto analyze the effect of CC species composition on
response variableg he five sites and years used were characterized by small differences in observed
soil characteristics and rotations, and contrasting meteorological conditions and management (Table
2). In order to analyze the data without the yesite effect, a linear ixed model was use(Dtt and
Longnecker, 201Q)sing the "Ime4" package vi13 (Bates, 2017)vith catch crop composition as a
fixed factor and year as a random factor. The blocks were considered as simple replications. The
following model equation wassed in R version v3.4(R Core Team, 2017)

(iv) &a'Q¥ QOB £ NI Q QI

The normality and homoscedasticity of the residues were checked with-pl@@f the resides and
a scatter plot of the residues against the fitted values, respectively. Pairwise comparisons were
performed with Tukey's HSD tegt.log transformation was applied to the dependant variaklen
the model residuegould not be assumed to beormallydistributedor homoscedastidf even after
log transformatiorthe model residuesould not be assumed to b@rmally distributedor
homoscedasticAligned Rank Transform for nonparametric factorial ANQWAsbbrock et al., 2011)
was used based ahe ARTOOL package.¥0.4(Kay and Waobbrock J.O, 2018¥ invVrignonBrenas
et al. (2016) homogenous groups were then determined with theqerm linear model from
aligned rank transformed data 0.05) using the LSMEANS pack&y26:3 (Russel, 2017The
coefficients given by this model could not be given a natural meaning.
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The experimental data of CCFE was analyzed with a split block ANOVA(@idiggll and J. Lee,
2009) using the Agricolae package vZMenburu, 2016) A Tukey's HSD test was then used for
pairwise comparisons in case of significant influence of the factors.

2.4. Mineral N dynamic simulations
NDICEA is a process based model which calculates the soil dynamics of water, carbon, organic
matter, organic and mineral nitrogen in top and ssdil with a Xday time step of integratiorilopsoil
represents the layer in whicthe organic matter is incorporated with tillage and subsoil the rest of
the soil still colonized by rootNDICEA takes as input meteorological datean temperature,
rainfall, reference evapotranspirationthe soil propertiegtexture, pH, soil organic matterthe crop
succession, the fertilizer applications, tillage regime and the target yigid. outputs we were
interested are: dynamics of mineral nitrogamountin top and suksoil, available nitrogen, nitrogen
crop need,nitrogen leaching and denitrified nitrogefvan der Burgt et al., 2006Yhe model was
developed to be used by extension agents who wish to reconstruct the nitrogen dynamics in
cropping systems experiments farbetter understandingof the underlying mechanismévan der
Burgt et al., 2006)which fits exactly the framework of this study.

Considering the precision of the model and the cheieailable in the moel, we only r@resented
the three CCcategories used in the experimerdind bare soil Each of the three CC category was
represented by one typical CC. The categories and the correspondingertatsn can be found in
Table 3

Table3- CC ni categories representation in NDICEA model

Categories NDICEA CC mixes
Legumesmon legumes mix | Oat/Vetch
Pure non legumes Lopsided oat
Pure legumes Vetch
Bare soll No CC

The only cropping seasamhen themineral nitrogen data was available for the subsoil, the top soil
and each of the four soil cover categories was 20Q34. The model was calibrated manudty
collaboration withits coinventor Gerard Oomen. The four different simulations were run \thisir
corresponding inputs Only 3inputs parametersdiffered from one to another: (ithe average
measured biomass of the CC category (except for bare soil), (iv) the average measured WW yield
corresponding to the category and (v) the mineral nitrogerelewn the topsoil and subsoil with the
corresponding sampling dates. The last input is not used for NDICEA calculations but only plotted on
the output as reference.

2.5. Cost-Benefit comparisons
A costbenefit balance was made for each treatment of the CChemxent. Onlydifferences
between the treatments wre accounted for, using the bare soil treatment as reference. Therefore,
the costs taken into account were the cost of $8€dsas in the trial, the field operations were all the
same. The benefit takento account was wheat grain revenue.

13



2.5.1. Costs
Catch crop seed cost wagiven by the formula below.

(v) 6  YYzD

6 Aad GKS &aSSRa 02aid Ay &YRKthe sbwirdlrate kf$nix i kgth®dd ONE LI Y
0 Ad GKS wnamt FENYSNI LINROS 2F YAE - Ay €xkl13 ¥
10/07/2017).

2.5.2. Benefits
Only the actual benefits the farmers can currently receive were considered. This consists of the
wheat grain sales. The premium price for bakingldy couldn't be taken into account as the data on
wheat grain protein content was only available for 20Foirthermore, the wheat cultivated was
aimed to be fodder wheat and in 2015 the wheat grain protein content didn't reach the required
level for bakng quality for any of the treatmentsincrease in soil quality, nitrate pollution reduction
and other environmental services or investment in the natural production capacity of the soil were
not economically evaluated. Therefore, the benefits were cated with the following formula:

(viy 0 @ O oz
6 is theaveragebenefitsof i KS OF (G OK ON#® Llislhe Averagé pficecoktlieHast 3
years of wheat(Belgian federal government, 2017or the factor CC compositioty is the
average ield corrected by the year effect fareatment "T* (can be any CC or bare soil). It is
calculated using the formula (i

(i) & DO OéEQQ

MY is the average wheat yield for all years and all treatmentscaadQ "Cis the coefficiat for the
treatment, givenby the linear mixed model with the model equation (iv).

3. Results
A summary of the statistical analysesults is presented in Table 4, 5 and#6tails are describedn
the following sectionsAll data are availablen Appendix SL0.

Table4-Level of significancef catch crop categoriessatch cropsspeciesand nitrogen uptakeeffectson response
variables

Response CC biomass Nitrate Yield | WW plant density (2015] Nitrate Nitrate level post
variables leaching uptake leaching period
indicator indicator

Model LME (log ARTF | LME ANOVA LME LME (log
transformation) transformation)

QCcategories *x i * ns * rkx

(I:SpeCIes *kk *%k%k * * ns *%k%k

CC nitrogen / * * / / /

uptake

indicator

Significance codes: 'ns' p<0.05, *' p<0.01, **' p<0.001, *** p<0.0@MTEAligned Rank Transform of Factorial model,
LME=Linear Mixed Effect mod#knot relevant.
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Table5- Differences of CC categories effect on responseiables

Response variables Control (bs) non-Leg Mix Leg
CC bimasg / ref (b) 1.09(b) 0.62(a)
(tbM/ha) /

Nitrate leaching / (c) / (@) / (b) ! (b)
indicator*

WW yield (t/ha) ref (b) -0.3 (ab) -0.6(a) 0.2 (b)
CC itrate uptake /1 ref (b) -7 (ab) -31(a)
indicator

Nitrate level post ref (b) 0.57(a) 0.92(b) 1.15(b)
leaching perioti

The numbers are coefficients given by the statistical model usédefersto the reference factorSimilar letters indicate
K2Y23SyS2dza 3INEdzLI | T i Sidirlegizhube N LEeguinds SMixdLBguiesL@dumes mir, hag<pure
Legumes'/'=not relevant.The response variables for which the CC categories didn't have significant effect are not
represented* Exponentiated coefficient of LME model with log transformation to be interpreted as the ratio between the
geometrical mean of the response variable floe corresponding factor level to the geometrical mean of it for the
reference factor leve(ref). ** Coefficientsare not giverdue to the Aligned Rank transformatiaiey cannot be

interpreted as such.

Table6- Differences of C effect on response variables

bs NonLeg Mix Leg
Control | WM | WM_P | Ni B WO | O_V| WO_ChV_H LO_E(Q Biomax| CoV_PV_E

CC - / ref 1.08 | 097 088 1.02| 1 1.16 0.74 1.48 0.63
mas$ / (cd) | (cd) | (bed)| (abc) | (bcd)| (cd) (cd) (ab) (d) (a)
Nitrate / / / / / / / / / / /
leaching (©) @ [ @) [ @ | @)| (@ | (b (b) (ab) | (ab) (b)
indicator*
WW yield ref -0.2 | -01 -04 1] -01] -07 | -0.7 -0.5 -0.4 / 0.4
(Uha) (@b) |(@b)| (ab) | (@b) | (@b) | (&) [ (&) (ab) (ab) (ab) (b)
WW phnt ref -21 -33 -63 2 / -94 -7 -48 / -31
density (@) (ab) | (ab) (ab) | (@) €)) (b) (ab) (ab) (ab) (ab)
(2015)
(nb/m2)
Nitrate ref 0.50| 0.62 | 0.59 | 0.44| 0.69 | 0.91 0.9 0.95 0.91 1.14
level post (d) (@) (ab) (@ab) | (@ | (abc)| (cd) (bcd) (cd) (abcd) (d)
leaching
period*

Theupper value is the model coefficient interpretable relatively to the reference factor lee®l he letters belowc The
response variables for which the CC categories didn't have significant effect are not represented. * Exponentiated
coefficient of LMEmodel with log transformatioro be interpreted as the ratio between the geometrical mean of the
response variable for the corresponding factor level to the geometrical mean of it for the reference factgrdévet
Coefficients are not given due the Aligned Rank transformation, they cannot be interpreted as such.

WM=White Mustard, WM_P=White Mustard+Phacelia, Ni=Niger, B=Buckwheat, WO=White Oat, O_V=0at+Vetch ,
WO_ChV_F=White Oat+Chickling Vetch+Fenugreek, LO_EC=Lopsided Oat+Egyptian Clowai/Bieriustard+Lacy
Phacelia+Niger+Sunflower+Common Vetch, CoV_PV_EC=Common Vetch+Purple Vetch+Egyptian dlegepunemo
Legumes, Mix=Legum& Legumes mix, Leg=pure Legumes. "/"=not relevant.
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3.1. Catchcrops nitrate uptake
The CC nitrate uptakendicator (0 bo ) could not be calculated for 2012017 becauseJuly soil
nitrogen sampling was natarry out Themeanindicator for CC nitrate uptake \eer the four years
was124kgNNO3/ha.The nitrate uptake indicator dfegwassignificantlylower than nonLeg(Table
5) and lower than Mix with p=0.0642 Therewasno significant difference between ndreg and Mix
even thoughMix CC uptakendicatorwas n average lower every yedFigure 4.

2013 2014
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Nitrate uptake indicator (kgN/ha)

60 80 100 120 140

60 70 80 90 100
1
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Figured- CC nitrate uptakendicator per yearand percategory.'. '= averagevalue; n=the number of individual data point
included.

3.2. Catch crop biomass
Average CC biomass oreth years experiment was 40M/ha with a strongheterogeneity across
years (2.4DM/ha in 20152016 and4.8tDM/ha in 20132014) Therewas a strong and significant
heterogeneity across ChdacrossCC categorie@ able6 and5). Leg biomasgvassigniicantly lower
than Mix and norLeg(57% and 62%f their corrected average biomgs¥Vith the correction for tle
year effect, he lowestbiomasseswere: pure legumes mix, lopsided eagyptian clover mix and
buckwheat. The highest biomagss foundfor the biomax mixYou can find the plot of biomass per
CC for every year ifsppendix 11

3.3.  Autumn nitrate content lev els
In October, the average soil nitrate levels were 17k¢DB3/ha for norLeg, 2&kgNNO3/ha for Mix,
49 kgN-NO3/ha for Leg and 13GNNO3/ha for the control compare respectively to KgNNO3/ha,
68 kgN'NO3/ha, 84kgNNO3/ha and 135kgiNIO3/hain Decemberin October, every year, all CC
plots had an averagessidualsoil nitrate level per CC mix considered "Good" but for lopsided oat
egyptian clover in 2015 which got "satisfactgrgtcording with the Walloon legislation references
determined byGRENeRA and U. Q2016, 2015, 2014, 2013, 20X2ppendixd). Conversely he
bare soil control plots always got a "bad" level which would mean a fine for the farmer. In December,
most CC stilivere at the "Good level Table 7. Mix and Leg wuld be classified asorseg | 002 NRA y 3
to legislation at least half of the years thdyave been tested, except for white eahickling vetch
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fenugreek mix. Lopsided oagyptian clover reached the "batkvelin 2015.Bare soil controplots
average waslwaysat the "bad" level except in 201&hen it was at "pass" level

Table7-Evaluation of soil nitrate level in préeaching period for CC factor levels

Good Satisfactory Pass Bad
2012 WM, Ni (others Bare soil (control)
not measured)
2013 All CC but CV_PV_EC and | Bare soilcontrol)
CV_PV_EC and WO_PV
WO_PV
2014 AllCC Bare soil (control)
2015 WM_ P, Biomax LO @V, Bare soil| LO_EC
(control)
2016 WM_P, Biomax | WO_CV, LO_EC Bare soil (control)

The evaluation is based on Walloon legislation references obtain@RBNeRA and U. C.L. (2016, 2015, 2014, 2013, 2012)
WM=White Mustard, WM_P=Whitglustard+Phaelia, Ni=Niger, WO=White Oaf LCoV=0at+Vetch , WO_ChV_F=White
Oat+Chickling Vetch+Fenugreek, LO_EC=Lopsided Oat+Egyptian Clover, Biomax=White Mustard+Lacy
Phacelia+Niger+Sunflower+Common Vetch, CV_PV_EC=Common Vetch+Purple Vetch+Eggptian Clo

In autumn 2013, in the bare soil plots, a high level of nitnaties measured in the first 30cm in
October and found back in the 3Mcm soil layer as el as the nitrate presentHigure §. There
seem to be no significant leaching during this period.

3.4. Nitrate leaching indicator
Acrossthe 5 years, lie nitrate leaching indicatowas on average 96 kgNiO3/ha for the control and
34 kgNINO3/hafor all CC. Itvas found significantly lower for all @8mpared to bare so{lTable 5.
On averagen the years they were testetleg reduced the nitrate leaching indicator &4, Mix by
58%and norLeg by 72% compardd bare soil.The rntrate leaching indicator was systematically
higher for Mix than for notLeg(+12kgNNO3/hg exceptin 2013 and tk difference was significant
(Figure 5. The indicatomwas slightly higher for Leg than for Mix7TkgNNO3/hg. Stattical analysis
showed a significant difference between Leg and-heg(+14kgNNO3/ha for Legput nat between
Leg and MixHowever theMix with 3 species or more haa comparable effctiveness to pure non
legumes(Figure §. This is particularly the case for the biomax. Conversely buckwBg&Chad a
nitrate leachingeductionperformancevery close¢o Mix CC The mix CC lopsided eagjyptian clover
hadthe highestnitrate leaching indicatoof Mix and noALeg CC, but was its indicator was §til%6
lower than bare soil.

! The data had to be ranked and aligned in order to analyze them statistically. This noetbsmit give

naturally interpretable coefficient. Therefore, the numbers given here only correspond to averages across the
years the treatments compared were tested at the same time. Two of these number can't be compared if the
corresponding treatments hamnot been tested the same year
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Figure5- Nitrate leaching indicator peyear and perCC category.. = averagevalue;n=the number of individual data
pointsincluded.When there arelines instead of boxesonly one composite sample was taken for soil mineral nitrogen
content in December and Marcthis year.
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Figure6- Effect of CC compositions on nitrate logshe nitrate leaching indicator data were ranked and aligned in order
to realize a nonparametric factorial ANOVAhe groups were determined with the Tuk&yHSDtest based on the least
square meanghorizontal lines in the plotcalculated from the model ¥05. WM=White Mustard, WM_P=White
Mustard+Phacelia, Ni=NigeB=BuckwheatWO=White Oat, O_V=0at+VetchO_ChV_F=White Oat+Chickling
Vetch+Fenugreek, LO_EC=Lopsided Oatptayy Clover BiomaxWhite Mustard+Lacy
Phacelia+Niger+Sunflower+Common Vet&@oV_PV_EC=Common Vetch+Purple Vetch+Egyptian.

3.5. Soil nitrate content post leaching
Themeansaoil nitrate content posteaching variedreatlyacross yearfrom 8kgNNO3/ha in 2016 to
43kgNNO3/ha in 2017In average39kgNNO3 were leftafter control, 38kgNNO3 after Leg, after
26kgNNO3Mix and21kgNNO3after nonLeg.lt was systematically and significantly lower non-
Leg than for othersT@ble 5. No other significant differencesere observed betweeratch crops
categories, even though Leg had the highest value the two years it was p(Appandix 12
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3.6. N dynamic simulations
NDICEA calculationmderestimated soil mineral N valdieat werehigher than 100kgN/ha (control:
40kgNha for topsoil in October;50kgN/ha for subsoil in December, in average). It overestimated
the other soil mineral N leveglbetween +20 and +40kgN/ha for all simulations at all tineesept for
starting value in July and subsoil in DecembeICCsimulation.The fluctuationsover timein mineral
N level for CC simulations are not represented neithayufiei 7. Hovever it qualitatively positioned
well mineral N levelariationin bare soil plots compared to CC plotautumn Forthe period from
mid-July (green pea harvest) to midkctober (CC destruction/WW sowinghetsoil mineral nitrogen
content increased in the topsaéind the subsoil(thoughtoo early compared to measurements) for
control but decreasedor CCin the top and subsaiFor themid-Octobe to mid-December period,
the simulatiors showedanincrease in subsoil mineral N concentration i@th control and C@hen
it showed a decrease fdhe topsoil concentrationin control plotsbut an increase for the topsoil
concentration in CClpts. For the winter period (midDecember to beginning of Marchgccording
with the simulationsthe mineral N concentratiomslightly decreased in the top and subsoil for the
control and stayed stable or increase in CC. Conversely, the measurement shetk@tbadecrease
for the control and a lighter decrease for CC.

Over the all green pe®/W successignmore nitrogen was mineralized with CC than without.
Increase in organic N was much higher for CC compared to cdqRigire 8. In the simulation
denitrification and WW mineral N uptakeAppendix 13 are not shown to be differentbetween CC
and controlin NDICEA simulations.
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Figure7- Comparison of mineral nitrogen simulations with NDICf#h field measured mineral nitrgenfor bare soil (a),
non-Leg (b), Mix (c) and Leg (d)composite nitrate samplings were taken in July and October, 1 in December and
March. The corresponding measurements are represented on the graphs.
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Imigatie N N N N
M anure zuplied 77 77 77 77
Mitrogen fixation 140 140 168 178
Irrigatie 0 0 i] ]
Deposition 25+ 25 + 25 + 25+
Total supply 242 242 270 280
Product removwal 149 - 153 - 153 - 156 -
Calculated remainder 93 89 117 125
Volatilization B B 6 [
D enitrification 16 16 18 19
Leaching / denitrification subsoil 1 85 Fa (1]
Increase / decrease soil organic N 63 23 L] 70
Increase / decrease soil mineral N -29 -35 -25 -25

Figure8- Comparisorof simulated nitrogen balance for CC categories and bare soil (control) with NDICEA. The values are
average values on the two years of the cropping seastvianure" refers here to mineral fertilizer/

3.7. WW plant density
In autumn 2014, the WW plant densityrfeontrol and buckwheat CC were very consistent across
blocks and nearly equato the usualtarget plant density of 250 plants/m2All the other CC factor
levels give higher vatidity and lower resultFigure 9. The white oat CC level should be ignodee
to re-growth of oat that can't be dtinguished at that stage from wheat plants. Plot witipdided
oat-egyptian clover mixhad an almostsignifcantly lower WW plant densitghan control and
buckwheat.It also had the lowest yield this cropping seasdherewere no significant differences
between CC categorie$4bleb).

p=0.00973

Groups determined
based on Tukey's H5D test

plant density [nb/m?)

Tzl £ neil oz nzdl rizd ool el neil

Catch crop

Figure9- Effect of CC composition on WW plant density. ANOVA 1 factos wsed. p=0.00813Differences between
control (C)or buckwheat B) and white oat-purple vetch(WO_PV respectively significant ap=0.08and p=0.073.

3.8. Wheat yield
Average yield varied grég across years, from 9.05t/ha in 2016 to 12.16t/ha in 200 plots with
bare soil had systematically higher yield than the plots Witk (-0.6t/ha in averagedr nonLeg CG (
0.3t/ha in average)see Figure 10 This difference was found significdat Mix but not for nonLeg
(see Table b No systematic differenseould be observed between Mix and naerg. The two years
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WW following Legvas tested WWhad the highest yieldf all experiementsespecially in 2015. It
was found significantly higher than Mix0.8 t/ha in averagegnd significantly higheait p=0.073han
non-Leg(+0.5t/ha in average)No significant differeres could be found with the control.
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Figurel0- WW yield per year and per category= average value ; n=the number of individual data point includ&dhe

scale of each plois adapted to each year performance.
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If we look at the CC composition level, the fdawest WW yields were found for the CC that
contained white or lopsided o4t0.4 to-0.7t/ha compared to contro])the lowestyield beirg found
for pure white oat (Figurd1). WW following mger gave similayield than when following CC with
oat. Plots with pure white mustard, white mustapthacelia mix and pure buckwheat had thighest
yieldsafter the control and the pure legume mix

ab ab T

ab ab ab —

Wheat yield® (t/ha)
1

p=0.002886
Groups determined
hased on Tukey's HSD test

100

Catch crop mixes
Figurell- Effect of CC composition on WWield. Linear mixed model was uset@he groups were determined with the

Tukeys HSDOest, based on the least square meafisorizontal linesin the graph calculated from the mode(" 305).
Differences between control (Gndwhite oat (WQO) or oatvetch (O V) weresignificant at p=0.0535 ang=0.0619
respectively The bars represent the standard error associated with the least square means.

We tested the influence of the G6tal mineral Nuptake indicatorl0 & "Q¢ ) on the WW yieldThe
increase othe CCmineralN uptakeindicatorin autumn had a significant negativeliuence on WW
yield (see Table )4 4.52kg of wheat grain was lost p&ilo of CC nitrogen indicator increase
(Appendix14).

In 2015,WW yield for control was found significantly haghthan for white mustarephacelia and
white oatcommon vetch CC at OkgN/hartiézation. This difference was not found anymore at
higherfertilization level Figure 12. For fertilization level null and 100kgN/ha, WW following lopsided
oat-egyptian clove CC had at least0.3t/ha higheraverageyield than when following other CC.
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Figure12-WW yield per CC and per fertilization leviel 2016 ANOVA for splitblock design was used. The groups were
determined with the Tukeys HSCiest, based on the least square meanalculated from the modelf( ¥05).

3.9. Marginal influence of CCon economic margin
In average, the loss due to CC represents 5.7% ofthe3eé® &4 YI NHAY F2NJ O2y ( NR €
The use of any CC tested duringre than 1 year resudtd in an economic loss compared to bare soil
control (see Figure 130n averagegross margin losper hectarewith non-Leg was half athe loss
with Mix and 15% less than thimss forLeg The CC with the highest performasosere white
mustardphacelia mixX2% lossand pure white mustard2.5% loss)
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Figure13- Comparison of marginal economic loss of CC use relative to bare soil cofitnel calculatios are based on CC
seed costs, seeding rate, yield corrected by year effect and average wheat price on the last 3 years. OrargsgiMoes
CC, Green=Legumes and no leguminous CC mix, Blue=pure legumes CC. O_V=0at+Vetch, WO_ChV_F=White
Oat+Chickling Vetch+Fenugreek, CoV_PV G@wmon Vetch+Purple Vetch+Egyptian Clover.

4. Discussion

4.1. General
All CC reducedoil nitrate content before leaching period below the legal threshold every year
(except one CC in one yeadJl CQcut the nitrate leaching indicator compared to bare sbyl at least
51% (Research Question.IJhe plots with Mix and Leg had similar and significantly higher nitrate
leaching indicatovaluesthan with nonLeg (+12 and +14kgNIO3/ha respectively) (RQ1).

In average, WW following any CC had lower yield than f#Mldwing bare soil intercrop except for

the pure legume mix but the difference wasly significant with white oat and oatetch mixes at
p=0.062. WW after Leg had a better yield than WW following Mix (+0.8t/ha, significant) and
following nonLeg (+0.5ha, significant at p=0.072). WW after bare soil had a significant higher yield
than WW followingMix (-0.6t/ha) (RQ2) Accordindy, the use of any CC tested would result in a gross
margin loss compare to leaving a bare field. The lowest loss was foundridreg, then Leg and the
highest for Mix (RQ2).
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4.2. Nitrate leaching
NDICEA showed rdifferencesof denitrification and plant uptake between CC categarigscording
with data, it is likely thatdachingbelow 90cm of the pospea harvest mineralized nitratdid not
occur before Deember. Therefore nitrate leaching indicators differences between treatments see
should represent well real nitrate leaching differences.

On average, CC ctibe nitrate leaching indiator by 65%. It is in agreement with the 76&&icles
review Justes et al. (201@hichfound a nitrate leaching reductioby C®f at least 50%¢ompare to
bare soil.

In our trials Leg cut nitrate leachinghdicator by more than half compark to bare sdi This
diminution by Leg wai average 17% less than nbrg which is contradictory with the statement:
"Legumes are hakffective as norlLeg as catch crops" (Justes et al., 2012). Leg CC were present only
2 years out of 5 in our experiment. It is pddsithatmore repetitions wouldshow different results as
Aronsson et al. (2016) reviethem as "norreliable" for nitrate leaching reductioron the basis of
Swedish studies.hBir lower performance seeeat due to alower nitrate catching capacitgnd a
higher input of nitrogen due to their N fixation propeityustes et al., 20)2It seemed also due to a
highermineralization of their residueas showm by NDICEA N balance and foundPlazaBonilla et

al. (2017) It could also increase the miraization of the soil organic matter due to a "priming
effect”. "Priming effect" is defined as an increase in C and N turnover intensity due to the presence of
legumes or the continuous input of fresh orgamatter (Kuzyakov, 2010)

Mix resulted inlower value ofnitrate leachingindicator than nonleg bu in comparable nitrate
uptake indicator valuesThis could be explain by the simultaneously high N catching capacity and N
fixation of the Mix described idustes et al. (2014)The high amount of N fixedvould partly
mineralize before and during winter resulting in a higher N leaching. This phenonuemih be
related to the proportion of legumes in the mix. Aronsson et al. (2016) stated that elpass
mixtures with the seed proportion 10/90 were sewékttimes found as effective as pure grass for
nitrate leaching reductionThe seed proportion in our mix waé/50 on a seed weight basis

However not all Cit to their category'sbehavior. Biomax behaved as a Hoeg, which could be
explained by a lovproportion oflegumes a®bserved by Greenotec (pers. com., 15/07/2017) or by
the complementarity of the growth pattern of its plant species as erplhiby Aronsson et al.
(2016).Buckwheat behavedhore as a Mix. Its relatively low N uptake and the qudecomposition

of its residuegThomas and Archembaud, 20X®)uld explain this result.

4.3. WW yield
The disappearance of yield differesosith increased fertilization in 2016eemed to indicatehat
the yield differences were mainly due to limiting N resourcEsaefore, the higher WW yield
observed after Legompared to the other CCould be explained by higher level of available
nitrogen in the first 90cm for WW after L&C Such increase in available N after Leg CC has been
reportedin thereviewarticle by ThorupKristensen et al. (2003)

However, the same phenomen camot explain the superior yield found iontrol plots over plots
with Mix and nonLeg Indeed,a higherlevel of available N has also been found to occur after Mix
cropscompared to control and the nitrogen levels pésaching periodwere found to besimilar.
Justes et al. (2012) and Thordfristensen et al. (2003) describe tlencept of "pre-emptive
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competition” of N by CC. The mineral nitrogen taken up by the CC is not compensated by a re
mineralization, resulting in a lower mineral N availability for thesaguent cash crop than with bare

soil intercrop. This mcesswas likely occurring in our experiment as shown by the negative
correlation found betweeithe mineral nitrogen uptakéndicatorand WW vyield. Besides, WW in bare
soil plot was likely to havmuch higher mineral N resource than described by our data and NDICEA
simulationsas their roots have been found to go as deep as 150¢ray had likely access to the high
nitrate amount mineralized after the green pea harvestd leached down below 90cm duog
autumn and winterHoyt and Mikkelsen (1991ooked at the soil nitrate content of a fine loamy soil
every 25cm until 2m deep. They fouaditrate level between 1 and 1.5400kgNNO3/ha highefor

bare soil than fothe QCtested (hairy vetch or rye)Ona shallower soil, we could potentially find a
significant higher yield for CC than for bare soil, as the nitvaiald be inaccessible to cash crops
after bare soil fallow periodin green peaVW succession, ARVALIS foamdaverage Weat yield

gain of 0.7t/ha forthe 3040cm deep chalk soil of Thibie when addingcG@pared to bare sailFor

the same succession, they found no wheat yield gain with adding CC on-tt@&t deep loam soll

of Boignevillg(Labreuche, 2017; Labreuche et al., 2007)

Contrary to what was expected, WW following Aoeg had higher yielt#0.3t/ha in averagejhan

WW following Mixalthough it was not significant. This can be explained by the systematic presence
of oat in the Mix. Labreuche found that CC with Poaceae could have detrimental effect on
subsequent WW due tdransmisgon of pest(Labreuche, 2013)disease(Labrewhe, 2017)or
allelopathic effect (pers. comm., 14/06/2017Regrowth of white oat in the WW has also been
regularly observedesulting in a competition for resources with Wihe negative effect of oatould
havebiased the result obtained for Mix withmaskng the N effectFrom all CC with oat, the worst
yield wasthe nonLeg CC (white oafiithough it was nosignificant.Another possible explanation to

the lower performance of Mix than expected could be a low share of legume biomass in a large part
of the mix limiting the "green manure effect" of the legun@sibouillois et al., 2016)

Cereal seed germination can be hindered due to problem of sowing in the CC residuesllin no
systems(Labreuche, 2007)It can cause 0.5 to 2t/ha loss in hard wheat yield according ladth
Souder and Labreuche (2007)hisphenomenoris likely to have occurrednd affected WW igld in

our experiment as shown by theduction on WW plant density for most plots with CC compared to
bare soil in 2014015 and the very low yield obtained for lopsided -&ayptianclover plots also
having the lowest plant density.

4.4. Economic performanc e
We have shown in this experiment that water protectionrfr nitrate pollution in green pgWW
succession come at a cost for the farmers. This cost viides36 tom T p € k $ehsiblyhigher A a
thatthe 20ton p € k K| anrfolinded iBtSNSbiche et al. (2007Besides, it doesot include
additional operation costs that, in reality, often occur. According wigh Kempen and Pérés (2017)
this cost can rang&d N2 Y dn € k KdrrowTag dekdibadypeparatiopowered harrowdisc
drilling for sowing and flaéi Y2 4 SNJ T2 NJ RS & (i Ndit@iscdalliyig atcdrollingtte C& | F 2 N
for destruction Positive effecs on gross margin can be found when the CC sowing and destruction
operations are integrated to the operations systematically achieved for thk cesps andwhen
subsequent cash crop yield is increas€2 NJ Ay a il yOS I o6SySTAG 2F cm €
found onshallowchalk soil at Thibie by ARVA({l8breuche et al., 2007)
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4.5. Limits
This study suffered from several experimeriaditations. Notype of CC was tested every year, some
only 2 yearsOnly onepure legumes C€mposition hadeen tested and only on 2 yeats.makes
our findings difftult to generalize for other years. Besides, the CC diversity used was not
representative of the potential CC diversity of each of the three categories: Mix, Legiegoill Mix
contained lopsided or white oat and their legume biomass share was unkntwimits the
generalization that can be made on the effect of other CC of the same categories. The limited
duration of the study (5 years) and the high variability of CC biomass across these years have made
impossible the study of its effect on WW yiekldasoil mineral N dynamic.

The data were not systematically collected with the same methodology and wergyatematically
availableeach year For instancesoil sample for mineral nitrogen content analygiere sometimes
collected every 30crand for the four blockssometimes on ®0cmwith a unique compsite sample

for the four blocks. Thiprevented us of having a more precise analysis of the mineral N dynamic on
the soil and the quality of our comparisons of the treatment effe€tsr instance, thainique soil
mineral N sample took by CC treatment in December and March-2018 resulted in only one
value for Leg and control but several ones for Mix and-begwhich made the comparison
impossible for that yeaMVW roots were found as deep as 150cot ho soil mineral N content went
that deep. It also limited our underatding of soil mineral N dynamic

The indicators used for mineral N uptake by @G "Q¢ , nitrate uptake by CQ) Uo ) and

nitrate leaching(l Uo ) have a limited accuracy as the hypothesis they are based on are not
fully valid. For instance, water was not absorbed and evaporated by plants for the bare soil plot,
which could have resulted in higher nitrate leaching in bare soil plots compared t® pltt CC
between CC sowing and CC destruction. Our indicatais/Q¢ and0 Uo  as we defined them
would decrease with an relative increase in leaching for the bare soil plots compared to the CC plots
misrepresenting CC uptakf@.abreuche et al., 2007pund a N mineralization level of 12kgN/ha in
plots after white mustard CC between November and February. This kind of N mineralization process
between December and March in oexperiment could have increased the value of soil nitrate
content in March and decreased the nitrate leaching indicator, misrepresenting the actual nitrate
leaching level.

The model NDICEA was not adapted to deep soil with very deep water table. Hoivable to
represent well the water and mineral nitrogen in the soil. Hence it n@suseable guantitatively
and its result needed to be handled carefully.

This study was focesl on short term effect of different CChavealsolong term effects on sbi
quality, and especially on organic pool of nutrients and their further reléBsathier et al., 2015;
Constantin et al., 2011)hey also haveohg term impacts on the pest communiti€Snapp et al.,

2005) As soil quality, nutrient dynamics and pest dynamics are determinant for cash crop yield, CC
have indirect long term effect on yieldhich might offset tle negative effect found for mosif the

CC on WW yield cgmared to bare soil. Due to their positive long term effect on organic nitrogen
pool and mineralization, we could expect a long term increasing effect on N leaching as well.
However, according witlEonstantin et al. (2011 C conserve their effectiveness on nitrate leaching

on the long term.
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4.6. Recommendations
In our study white mustard appeared to be the best optiangreen pea winter wheat intercrop
period. It is concealing environmental protection, yield and gross margin limiteddste mustard
was found to be one of the most efficient in reducing nitrate leaching indicatgave a relativly
good yield whig having cheap seeds and could be grown easily with combining the sowing and
destruction operations with operations realized for the cash crops: (i) sowitly a candy box
integrated to the green pea harvestand (ii) destroying itvhen preparing the setbed for WW.
However, autious has to be taken regarding traevelopmentstage of white mustard when
destroyed as its C:N ratio has been observed to rapidly drop, increasing the phemarhépre
emptive competition"(Thomas and Archembaud, 2013)

Further experiments ned to be done with asystematic collection of the data with constant
methodology and constant treatment across ygirthis experimentn order to confirm the result of

this study Using the same mix but with different proportion of legume seed in the foibowed by a
measure of the legume biomass share and the C:N ratio could allow to get better insight on the
performance of the Mix CC and the underlying mechanism responsible Toibio|illois et al., 2016)

The measure of the soil mineral N content up on 150cm is needed in order to understand the N
dynamic, assess better the nitrate leaching and the differencgi@lds between the different CC
treatments Testing different time of killing and incorporation of the residues would give essential
information for farmers to manage their CC with limited yield loss yield incréidserupKristensen

et al.,, 2003) Long term experiments are needed to understand the long term impédhese
practices on cash crop yield, nitrate leaching but also on other aspect relevant economically such as
pest suppression and N fertilization neetihis new knowledge is also essential to discuss the
relevance of the Walloon legislation on the nitratentent level in autumn and on the legume seed
weight level policy.
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Appendices

Appendlx 1 Experlr_nental fields elevation and soil

e,

Figure14- Topographical map of experimental site$he colored frames indicate the farmer fields that hosted the trials.
Thered surfacesindicate the position of the trials in the fieldSSource: portail SIG DGARNE, 2017)

:

Sandy or sandy-loam soil with natural drainage level in
excess or in little excess
Sandy or sandy-loam soil with mainly moderate or
imperfect natural drainage level
Sandy-loam soil with mainly advantageous natural drainage
level
Sandy-loam soil with mainly moderate or imperfect natural
drainage

| Loamy soil with advantageous natural drainage

] Loamy soil with moderate or imperfect natural drainage level

. Loamy soil with poor to very poor soil natural drainage
Clay soil with advantageous to imperfect natural
drainage level

Aba(b) Loam, good drainage capacity, horizon B textural spotted

nn-y//

g5 Abp(c) Loam, good drainage capacity, no profile development, horizon B
textural buried

Abpo  Loam, good drainage capacity, no profile development with
quartz pebbles

Figurel5- Soilmap of experimental sitesThe colored frames indicate the farmer fields that hosted the trials. Thd
surfacesindicate the position of the trials in the fieldqSource: portail SIG DGARNE, 2017)
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Appendix 2 z Cultivation practice calendars 2012 -2017
2 representative years are shown here.

Table8- Cultivation practices 2012013

Opération culturale Modalité
/
22/07/2012 Distribution of peaesidues Cultimulch Techmagri
24/07/2012 Seed bed preparation Lemken Smaragd 8 cm
Catch crops sowing Rotative harronMachio + rouleau
packer

Disc drillerAccord

08/08/2012 Catch crops (CC) sowing 2" sowing of Nigerdu nyger (issues fo
the first sowing)

20/10/2012 CC destruction FlailmowerOmarv TTF (Cf photo 5)

22/10/2012 Winter wheat sowing Qultisoc + disck driller Alpégo

CultivarEdgar 140kg/ha

08/03/2013 Mineral N fertilisation 40 kgN/ha (N39)
27/03/2013 Mineral N fertilisation 40 kgN/ha (N39)
14/04/2013 Pesticide application onn YEtkKI RQUGE LY

2 kg/ha deammonia sulfate

Mm fkKFE RQIFIOGANRO

20/04/2013 Pesticide application 1 I/ha de stabilan

2 kg/ha de sulfate de magnésie

27/04/2013 Mineral fertilisation+ Pesticide 40 urits (N39)

application
0.3 I/ha de stabilan

60 ml/ha de primus
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22/05/2013 Pesticide application 0.35 I/ha de rubric
Foliar fertilization nom fkKI RQFYA&UL
0.2 I/ha de mirage 45 EC
MoH f kKIF RQS Ldlatd 2
51 I/ha; 85% air moisturewind speed
10 km/h
04/06/2013 Pesticide application 0.4 I/ha de fandango pro
Foliar fertilization Mmdu (1 3IkKkKF RQSLAZ2G
M®H 1 3IkKI RQ SL}&?Z2
Mm®H 1 3IkKI RQSLAZ2I
85% air moisture; 13 km/h windspeed
04/06/2013 Mineral N fertilization 40 kgN/ha(N 27%3¥olid
18/06/2013 Pesticide application 0.5 I/ha de prosaro
Foliar fertilization nom fkKF RQFYAAGL
0.25 I/ha de bravo
ndp 13IkKF RQSLAZ2I
ndp 13IkKF RQ SLkA?2
n®p 1 Spsckop miGddp
05/08/2013 Winter wheat harvest With experimental harvester Redebel
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Table9- Cultivation practices 20142015

Date Opération culturale Modalité

12/07/2014 Green pea harvest /

1507/2014 Green residuebarvest

17/07/2014 Seedbed preparation Lemken Smaragd 8 cm

Catch crop sowing Herve rotative Machio + rouleau

packer
Disc drillerAccord

01/10/2014 Catch crops destruction Flail mowerOmarv TTF

03/10/2014 Seed bed preparation Lemken Smaragd 8 cm

04/10/2014 Winter wheat sowing Qultisoc + disc driller Alpégo
Variété Edgar 140kg/ha

02/11/2014 Pesticide application 1 I/ha baccara

24/11/2014 Pesticide application 1l/ha lambda stefes

19/03/2015 Mineral N fertilisation 50 kgN/ha sulfazote (N 2296Q
7.5%)

10/04/2015 Pesticide application 1 I/ha stabilan
0.11 I/ha modus

20/04/2015 Mineral N fertilisation 60 kgN/hasulfazote (N 22%SQ
7.5%)

04/05/2015 Mineral N fertilisation 57 kgN/hasulfazote (N 22%SQ
7.5%)

05/05/2015 Pesticideapplication 0.35 I/ha de rubric
0.5 I/ha pugil
Mdm | IkKF RQSLIA2

23/05/2015 Pesticide application 0.9 I/ha cériax

03/08/2015 Winter wheat sowing Redebel experimental harvester
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Table10- Catch crops sowing rates

Cover cropgsinglespecies or
mixtures) Sowing rates (kg/ha)
CoOmMOnN names 2012 2013 2014
2013 2014 2015 20152016 | 20162017
White mustard 8 8 8
White mustard + Lacy phacelia 1+4 1+4 +2 4 2+4
Niger 8 11 11
White oat 100 100
White oat+ Common spring vetch  80+20 80+20 80+20
Lopsided oat + Purple vetch 80+20 80+20
Common spring Vetch 60
Common vetc_:h+ Purple vetch + 40 40
Egyptian clover
Buckwheat + Egyptian clover 10+10
Buckwheat 20 27 27
Lopsided oat + Egyptian clover 20+10 20+10 20+10 20+10
White oat+Chickling 20+30+20| 70+30+20
vetch+Fenugreek
White mustard+Lacy
phacelia+Niger+Sunflower+Comm 1+3+4+5+13 1+3+4+5+17
Vetch
Appendix 3 - Data structure description
Tablel1- Summary of data structuréor CCE and CCFE trials
2013/Sitel| 2014/Site 2| 2015/ Site 3| 2016/Site 4 | 2017/Site 5
2(3et4) CC| 2((3et4) CC
Number of factors (Nb ] ] ] and and
of levels) 1(®:ccl 1doce) 1(10):cC fertilisation fertilisation
level level
Nb of treatments 6 10 10 12 12
Nb de blocks 4 4 4 4 4
Nb of plots 24 40 40 48 48
= Mineral N
g § content inJuly 1[1][3] 1[1][4] 1[1][3] 1[1][4] NA
o = (ng/ha)
%_ S Mineral N
% o content in 11] 11] 1[1] 1[1][6] 1[1] [6]
»n O | October(kgN/ha)
[Sh 2] Mineral N
= 3 content in
% December | 023Gl | 0.291] [5] 1[2] 1[1][6] 1[2] [6]
= (kgN/ha)
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Mineral N

content in
December
(kgN/ha)

0,291]

0,291]

1[2]

1{2] [6] 1{2] [6]

CC biomass
(t/ha)

Wheat plant
density (nb/m2)

NA

NA

NA NA

WW yield(t/ha)

Total number of measurements per response varial

Mineral N
content in July
(kgN/ha)

11]

4[1]

11]

4[1] NA

Mineral N
content in
October(kgN/ha)

24

40

40[1]

16[1] 16[1]

Mineral N

content in

December
(kgN/ha)

4[7]

10

40

16 16

Mineral N

content in
December
(kgN/ha)

10

40

16 16

CC biomass
(t/ha)

20

36

36

44 44

Wheat plant
density (nb/m2)

NA

NA

80

NA NA

WW yield(t/ha)

24

40

40

48 NA

NA= «no dataavailable»; [1] sample every 30cm[2] sample on 90cm[3] 1 sampléefor the all trial [4] 1 sample per
block; [5] 1 sample per treatmenff] 1 sample per CC factor level (no fertilization has been applied &till)sample per

treatment for 4of the treatments

Appendix 4 - Walloon reference levels of soil nitrate conte nt pre -leaching

period

Table12- Walloon reference levels of soil nitrate content in October and December (GRENeRA and U. C.L. 2016, 2015,
2014, 2013, 2012)

Aimed levelkgNNO3/ha) Acceptable levelkgN Interventionthreshold
NO3/ha) (kgNNO3/ha)
October December | October December | October December
2012 63 75 113 106 128 121
2013 62 66 78 78 93 93
2014 95 89 106 102 125 120
2015 36 65 66 73 81 88
2016 46 57 78 89 93 104
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Appendix 5 - Cross year data set

Bloc

Bl

B2

B3

B4

Bl

B2

B3

B4

Bl

B2

B3

B4

Bl

B2

B3
B4

CC

WO

WO

WO

WO

WM

WM

WM

WM

Ni

Ni

Ni

Ni

oy}

Year

2013

2013

2013

2013

2013

2013

2013

2013

2013

2013

2013

2013

2013

2013

2013
2013

Biomass

2.76630972

2.846852732

2.671774592

4.092256714

5.622982569

5.656537102

5.315656229

5.278963992

2.949678801

3.145050916

3.098637973

2.742293992

4.398377648

4.209127382

4.961672843
4.469569203

NO3 uptake NO3_2

108.49

126.87

141.47

132.64

113.42

135.73

177.44

130.97

101.5

99.41

164.36

126.31

106.96

106.21

147.14
106.38

10.06

14.43

40.03

7.4

5.13

5.57

4.06

9.07

17.05

41.89

17.14

13.73

11.59

35.09

34.36
33.66

NO3_3
NA
NA
NA
NA
56.89
56.89
56.89
56.89
62.98
62.98
62.98
62.98
NA
NA

NA
NA

NO3_4
39.32
39.32
39.32
39.32
30.79
30.79
30.79
30.79
35.94
35.94
35.94
35.94
26.46
26.46

26.46
26.46

NO3 leached
NA
NA
NA
NA
26.1
26.1
26.1
26.1
27.04
27.04
27.04
27.04
NA
NA

NA
NA

NH4 uptake
3.21
1.37
0.94
6.38
1.01
-1.64
0.51
4.36
3.17
-5.9
-0.26
6.54
6.33
291

2.45
6.36

WW_yield
10.206
10.339
10.329
10.599
10.309
11.173
10.288
10.72
10.691
10.189
10.572
10.921
11.015
11.109

11.029
10.712

leg
non-
Leg
non-
Leg
non-
Leg
non-
Leg
non-
Leg
non-
Leg
non-
Leg
non-
Leg
non-
Leg
non-
Leg
non-
Leg
non-
Leg
non-
Leg
non-
Leg
non-
Leg
non-
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Bl
B2
B3
B4

Bl

B2

B3

B4
Bl
B2
B3
B4
Bl
B2
B3

B4
Bl
B2
B3
B4

Bl

B2
B3

WO

WO
oV
oV
oV
oV
LO_EC
LO_EC
LO_EC

LO_EC

WO_ChV_F
WO_ChV_F
WO_ChV_F
WO_ChV_F

WM

WM
WM

2013
2013
2013
2013

2014

2014

2014

2014
2014
2014
2014
2014
2014
2014
2014

2014
2014
2014
2014
2014

2014

2014
2014

NA
NA
NA
NA

3.822724138

4.605472414

5.151575862

7.663651724
6.638725275
5.415802198
4.75192967

7.127894505
2.434067692
2.160235077
4.031424615

3.529398154
4.464246254
5.360754723
6.67807329

6.257263192

4.220640244

4.722223577
6.165804878

NA
NA
NA
NA

163.09

102.73

192.12

141.41
157.04
88.66

119.19
158.26
99.05

197.18

133.86
155.85
94.07

182.82
138.68

164.83

105.66
202.51

158

118.55
141.3
181.5
140.04

8.3

11.89

16.69

11.72
14.35
25.96
50.81
33.94
13.13
15.57
11.63

19.27
15.54
20.55
25.99
14.45

6.56

8.96
6.3

148.67
148.67
148.67
148.67

54.89

54.89

54.89

54.89
83.76
83.76
83.76
83.76
54.66
54.66
54.66

54.66
61.4
61.4
61.4
61.4

44.74

44.74
44.74

64.73
64.73
64.73
64.73

17.95

17.95

17.95

17.95
31.24
31.24
31.24
31.24
26.54
26.54
26.54

26.54
24.85
24.85
24.85
24.85

16.99

16.99
16.99

83.94
83.94
83.94
83.94

36.94

36.94

36.94

36.94
52.52
52.52
52.52
52.52
28.12
28.12
28.12

28.12
36.55
36.55
36.55
36.55

27.75

27.75
27.75

0
0
0

0
0.089999999
9999999

-0.99

-2.11

2.51
-0.58
-1.95
-4.01
1.97
0.65
-2.11
-1.17

0.119999999
999999

3.45

-4.89
-3.15
-2.17

1.72

-6.29
-1.84

10.87

10.838
11.198
10.979

10.775

12.094

12.211

12.358
11.856
13.633
11.917
12.479
11.92

12.038
11.967

12.225
11.493
11.652
13.041
12.634

10.927

12.281
12.17

Leg
bs
bs
bs
bs
non-
Leg
non-
Leg
norn-
Leg
norn-
Leg
Mix
Mix
Mix
Mix
Mix
Mix
Mix

Mix
Mix
Mix
Mix
Mix
non-
Leg
non-
Leg
nor-
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B4

Bl

B2

B3

B4

Bl

B2

B3

B4

Bl

B2

B3

B4
Bl
B2
B3
B4
Bl

WM
WM_P
WM_P
WM_P
WM_P
Ni
Ni
Ni

Ni

w

OO0 0Oo

CoV_PV_E(

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014

2014
2014
2014
2014
2014
2014

5.99453252

2.988163636

5.994772727

5.090945455

7.691754545

4471287831

4.965601058

4.763382011

5.796946032

2.208717021

2.814332979

3.847442553

4.310560638
NA
NA
NA
NA
3.284365714

139.17

164.69

102.29

199.87

139.51

159.14

99.18

188.94

137.72

157.82

86.62

183.22

120.29
NA
NA
NA
NA
151.41

13.96

6.7

12.33

8.94

13.62

12.25

15.44

19.87

15.41

13.57

25.59

32.84
171.39
114.62
208.81
153.13
19.98

28

44.74

66.31

66.31

66.31

66.31

39.77

39.77

39.77

39.77

53.47

53.47

53.47

53.47
155.49
155.49
155.49
155.49
82.82

16.99

23.04

23.04

23.04

23.04

13.26

13.26

13.26

13.26

10.29

10.29

10.29

10.29
29.15
29.15
29.15
29.15
36.65

27.75

43.27

43.27

43.27

43.27

26.51

26.51

26.51

26.51

43.18

43.18

43.18

43.18
126.34
126.34
126.34
126.34
46.17

1.56

2.32

-3.23

-10.21

0.099999999

9999979

1.583

-4.3

-2.16

3.48

1.55

0.850000000

000001

-2.9

-1.12

2.19

O O o o

12.525

11.781

13.089

11.355

13.435

11.97

12.687

11.892

11.995

11.68

11.317

12.196

12.67
12.536
12.191
12.11
12.137
12.097

Leg
non-
Leg
non-
Leg
non-
Leg
non-
Leg
non-
Leg
non-
Leg
non-
Leg
non-
Leg
non-
Leg
non-
Leg
non-
Leg
non-
Leg
non-
Leg
bs

bs

bs

bs

Leg
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