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Abstract

In a previous paper (Bedoussac and Justes 20049, dMd Soil DOI: 10.1007/s11104-009-0082-2), wevngtththat intercropping
of durum wheat and winter pea increased the yiettl@otein concentration of durum wheat when edrlgvailability was less
than 120 kg N.HA The aim of the present work was to understandethesults by analysing intercrop species dynaioics
growth, light and N acquisition. A 2-year field expnent was carried out in SW France with differfemtilizer-N levels in order
to compare wheafl¢iticum turgidumL.) and peaRisum sativum L.) grown as sole crops and as an intercrop mwasubstitutive
design. The advantages of intercropping in low Ndittons were mainly due to: i) better light use fo 10%) thanks to species
dynamic complementarity for leaf area index andyhgiii) growth complementarity over time (higheogth rate of wheat until
pea flowering and then of pea until wheat flowe)jrand iii) dynamic complementary N acquisitionasated with better wheat
N status throughout growth. Disadvantages, undedipoorer complementarity within the intercropnstawere observed with
ample available N in early growth. This induced ha@g cereal growth during winter which led to in@eainterspecies

competition by reducing pea light absorption andsemuently its biomass production.

Keywords

Intercropping, complementary resource use, plamtpagition, growth dynamics, nitrogen acquisiticend equivalent ratio, light

use
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Introduction

Intercropping (IC) - the simultaneous growing obtar more species in the same field for a sigmifigeeriod of their growth but
without necessarily being sown and harvested tegefWilley 1979) - is known to increase yield (Yhchgrain protein
concentration (GPC) in spring-sown crops companesbte crops (SC), particularly in low N input sysis (Willey 1979; Ofori
and Stern 1987; Vandermeer 1989; Hauggaard-Niedteml. 2003). For these reasons, there has beaweehinterest in
intercropping since the last decade (Anil et aB8&9Malézieux et al. 2008).

In the previous companion paper (Bedoussac an@s)@§t09) we demonstrated that i) intercropping oftev crops such as
durum wheat and winter pea can increase dry wejiglt) and N acquisition in low N input systems1(20 kg N h& available),
and ii) the efficiency of intercropping to improyéeld and wheat grain protein concentration depesrddN availability during
early growth. More precisely, we showed that intgpcpermits the use of available resources moreieftly than the
corresponding sole crops because the two interesbgpecies do not compete for exactly the sameiresmiche and thereby
tend to use resources - notably N - in a compleamgnivay. This has also been shown for grain legaareal spring-sown
intercrops (eg. Hauggaard-Nielsen et al. 2001ab).g@evious paper dealing with durum wheat-wintest ptercrops (Bedoussac
and Justes 2009) indicated that the durum wheaa Inégher interspecific competitive ability at higbil N levels than the winter
pea. This result was in good agreement with dasemied for various types of intercrops, such amgrarley-pea (Hauggaard-
Nielsen and Jensen 2001) or spring wheat-pea (@kalal. 2005). Moreover, as already observed lori@ind Stern (1987) and
Jensen (1996) for spring-sown intercrops, we detnatesl that winter intercrops such as durum wheatewr pea intercrop also
allowed for more N to be taken up by the durum wheant, more N to be remobilized into its grairdamence wheat grain
protein concentration to increase in the interdropomparison to the sole crop. Indeed, the ceyeaduced less dry weight per
square meter when intercropped but it has acceas @imost similar amount of soil inorganic N intfb¢he intercrop and the
sole crop. This is due to the grain legume’s symibibl, fixation rate increase in intercrop (Bedoussac amstes, 2009) as
already described by Crozat et al. (1994) on spsimgn intercrops. Such results are of particulergst in low N input cropping
systems and in organic farming, where soil mindk& often limiting for cereals with a high N dentarsuch as durum wheat. It
is also interesting for conventional cropping spsteto reduce high levels of N fertilizer amounengrally applied to fulfil
durum wheat N requirements and to obtain maximuetdyand grain protein content (Garrido-Lestacha.2004).

Species temporal interactions are complex, varyiiip, for example, nutrient availability or othemwronmental factors
(Connolly et al. 1990). Thus, intercrop competitgindies cannot base their conclusions on data fustrone single harvest of
crops at maturity and grown at one level of N, éaample like Dhima et al. (2007). In particularteircrops are known to be

more efficient in intercepting light (Berntsen et 2004; Jahansooz et al. 2007) compared to sobd@scibecause of
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complementary use of space when crops differ iir tierial architecture (e.g. tall vs. short cropeil of time when crops have
life cycles that differ in timing (e.g. early vsaté maturing) (Trenbath 1986; Tsubo et al. 200Dbmgetitiveness of a given
species for solar radiation absorption and consgtués dry weight (DW) and yield depends on iteen leaf area index
(GLAI), foliar architecture, height and timing, ative to those of its companion crop (Fukai 199&jbre 1993).

While many references are available on cereal-legspning-sown intercrops dynamics (e.g. Andersal. €004, Ghaley et al.
2005, Corre-Hellou et al. 2006, Jensen 1996) tleer® specific reference on wheat-grain legume avisbwn intercrops. Now
winter sowing are more adapted to conditions oftlsenn Europe particularly to dodge water stressnduwheat ripening.
Moreover, the growth period of winter crops growshlonger than that of spring crops and hence spediynamics and
interactions between crops are certainly diffettandughout crop growth. The aim of this paper wasrefore to analyse the
dynamics growth and the resource acquisition alitregcrop cycle. This will allow explaining the finautcome of a durum
wheat-winter pea intercrop such as the proportibrspecies, the total grain yield and the complemmgniuse of N by
components. This analysis should provide the kndgderequired to propose further optimal strate@iesrder to improve the
management of durum wheat-winter pea cropping sempse This paper focuses on species dynamics utitferent N
availabilities modified by N fertilization (quangiind splitting of doses) in a durum wheat-wintea jntercrop compared to their
respective sole crops. This was achieved throwgtl xperiments conducted in 2005-2006 and 2006-2dth different soil N
availabilities in a substitutive design. We anatiyfieroughout the intercrop growth: i) species ddii@mass dynamics, ii) canopy
architecture dynamics (green leaf area index aant pieight), iii) N and light use and iv) the pdtahadvantages for biomass, N

acquisition and wheat nitrogen nutrition status.
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Materials and methods

Site and Sail

The experiment was carried out on the experimeiglds of the Institut National de la Recherche dwmgwmique station in
Auzeville (SW France, 43°31'N, 1°30’E) in 2005-20(@Bxp.I) and 2006-2007 (Exp.ll). The 25-year meamual rainfall in
Auzeville is 650 mm and the mean annual air tempegas 13.7 °C with a maximum monthly mean daéyperature of 21.9 °C
in August and a minimum monthly mean daily tempgeabf 6.0 °C in January. The rainfall during thewging seasons was 361
mm and 468 mm for Exp.l and Exp.ll respectively,le/the 25-year mean was 489 mm for the same péNosgember-July).
Exp.l was characterized by a cold winter and avaym spring, whereas Exp.ll was characterized twaan and dry winter and
a rather wet spring. Then, the two years were glifferent in terms of climatic conditions indicagi a good level of robustness
in the dynamic analysis of intercrops.

Exp.l was carried out on a loamy soil (24% clay¥@$ilt and 47% sand) with an available water cagaxi223 mm (0-150 cm).
Exp.ll was conducted on a clay loam soil (30% cB&886 silt and 32% sand) with an available watelacép of 207 mm (0-150
cm). For both experiments, phosphorus, potassiuincation exchange capacity values were not limiffiog more details, see
Bedoussac and Justes 2009). The four previous omfise experimental sites were durum wheaiticum turgidum), sunflower
(Helianthus annuus), durum wheat and sorghunSofghum bicolor) for Exp.l and sunflower, durum wheat, sorghum and

sunflower for Exp.lI.

Experimental design

Durum wheat (W) Triticum turgidum L, cv. Nefer) and winter pea (PPiéum sativum L., cv. Lucy) were grown as: i) sole crop
(SC) sown at the recommended density (336 and &@sef for durum wheat and winter pea respectively) anihiercrop (IC)
where each species was sown at half of the sofed=osities in alternate rows.

In both experiments, different fertilizer-N subdtments were evaluated on wheat sole crop ancciogemwhile pea sole crop
was grown without any N application assuming thafikation allows fulfilling pea N requirements foptimal growth. In Exp.I
three N treatments were compared: i) no fertiliXgiNO), ii) low N fertilization (N100) split intowo applications of 50 kg N Ha
at ‘1 cm ear’ (Elcm, Zadoks 30 (Zadoks et al. 19a#d ‘flag leaf visible’ (FLV, Zadoks 37) and iilhoderate N fertilization
(N180) split in 3 applications of 30 kg N hat wheat tillering (Zadoks 23), 100 kg N*hat E1lcm and 50 kg N Haat FLV. In
Exp.Il we carried out four N treatments: i) no flezer-N (NO), ii) one application of 60 kg N Haat FLV (N60) to increase grain
protein iii) one application of 80 kg N hiat E1cm (N80) to increase yield and iv) a modekafertilization (N140) split in two

applications of 80 kg N Haat Elcm and 60 kg N Haat FLV. In Exp.ll, the previous crop was a rainfhflower grown with
4
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four levels of fertilizer N: 50, 150, 0 and 100 kgha® for NO, N60, N80 and N140 respectively, which kedcontrasting
dynamics of N availability. As a consequence, ttg® Kreatment was more than the simple effect @te N supply due to the
previous treatment on sunflower, so we chose toen@anN60+. Initial mineral N, early mineral N awalille and mineral N
available throughout crop growth for the two expwmts are described in Table 1 (for details, seBssac and Justes 2008)
The experimental layout for both experiments waarmlomized split-plot design with N applicationraain plots and crops as
subplots, with five replicates in Exp.l (four regdies for wheat sole crop in NO and intercrop ir8B®yland three replicates in
Exp.ll (five replicates for pea sole crop in ordercontrol soil variability). Each subplot consistef 11 rows spaced of 14.5 cm
apart. Fungicide-treated seeds were sown on Nove@b2005 (Exp.l) and on November 9, 2006 (Expu$jing a 6-row
pneumatic precision experimental prototype drithA29 cm row separation. Sowing was done in twes@ady moving to the
right (14.5 cm) for the second pass and by blocking row of the drill. The intercrop treatment dstedd of 6 rows of wheat and
5 rows of pea spaced of 14.5 cm apart, with alterndneat and pea rows. In Exp.ll, 20 mm of irrigativater was applied after
sowing because of the low water content in thedibpd/eeds, diseases and green aphids were catdrati much as possible by

application of appropriate pesticides.

M easur ements and analysis

The number of seedlings in four rows of 1 m leng#s counted one month after emergence.

Four (Exp.l) and five (Exp.Il) samplings were cadiout during the growing season at key developmstages (Fig. 1). Outside
rows (2 rows on each side of the plot) were novésted in order to avoid border effects betweetsplst each measurement, 7
rows of 0.5 m long were harvested from each mait Ipy cutting plants just above the soil surfacm§gling points were 0.5 m
apart. Final harvesting took place at pea physioldgnaturity for pea sole crop and at wheat pHggiical maturity (Zadoks 92)
for wheat sole crop and intercrop. At maturity, teenaining area (4.5 m x 1.015 m) was mechanidahyested to determine
total yield. Except for the final date of samplirige harvested plant biomass was separated intametavheat and into green
leaf, stem and senescent material. Senescentgfayteen leaves were removed and added to senevegegttial. Green leaf area
was determined using a LI-3100 planimeter (LI-C@®R.| Lincoln, USA). Samples were dried at 80°C48rh. Dry weight of
aerial biomass and N concentration of plants weterchined for every crop sample. At maturity, tatat weight and yield were
measured on 150 wheat ears and 20 pea plantshéogeith N concentration of grain and straw. Tddalvere analyzed on sub-
samples of finely ground plant material using thenias combustion method with a Leco-2000 analyzEC@Q Corporation, St.
Joseph, USA). Canopy height was measured manuwallgaich treatment considering its maximum heighi) & cm ear’ stage

of wheat (E1cm), ii) beginning of pea flowering (BFand iii) wheat flowering (WF).
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The photosynthetically active radiation (PAR, 4@B7/Hm wavebands) was measured using a 30 cm lnagsénsor PAR-80
(Decagon Devices Inc., Washington, USA) by orientatt perpendicularly to the rows. Incident PAR the top of the canopy
(PARy) and PAR transmitted to the soil (PARvere measured orientating the sensor towardskieOn the other hand, PAR
reflected by the ‘soil-crop’ system above the can@PARs) and PAR reflected from the bare soil (PRAR were measured
orientating the sensor towards the soil at a digaof 30 cm from the surface (canopy or soil). Datae collected regularly

throughout the growing period between 13.00 an@@4GMT+01:00) and only when the sky was totallecl

Calculations

The fraction of PAR absorbed by the crop,ds was calculated using the following equations (gfesland Kanemasu 1977):

_— ( PAR, - PAR, - PAR, + PARRSJ
PARa P ARO

PAR. = PAR. x T,

T = PARuws

° PAR,
where PAR is the incident PAR above the canopy, RARe PAR transmitted to the soil, PARhe PAR reflected by the ‘soil-
crop’ system above the canopy, PARhe PAR reflected from the soil,sThe fraction of PAR reflected from the soil and

PARggsthe PAR reflected from the bare soil. The fractidiPAR absorbed by the crop was regressed agaieshal time from

emergence to wheat flowering using a logistic model

exgK1x(t-K?2))

Fop = F
PARa PARmMax X 1+ eXdle (t _ K 2))

where barmaxiS the maximum value ofpkra When thermal time approaches positive infinity, ki thermal time at the point of
inflexion (where Fara is half of Fbarmay, K1 the slope of the curve at the point of infexand t the thermal time. Parameters
were calculated in order to minimize the root msquare error.
PAR absorbed by the canopy (PARa) was then caémilas the sum of daily PAR energy absorbed (dPAR&) emergence
(day 1) to the last measurement (day n) correspgrdi 10 and 5 days before wheat flowering in Egpd Exp.ll respectively:

n n
PARa =) dPARa, =) 048X SR X Fyq,

i=1 i=1
where SRis the total incident solar radiation (MJ%robtained from the meteorological station on daljra the fraction of
PAR absorbed by the crop on day i (calculated fthenlogistic model) and 0.48 the fraction of PARtiué total solar radiation

energy (Varlet-Grancher et al. 1982).
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In order to compare the species growth dynamit¢lerintercrop we defined an index called the comipae absolute growth rate
(CGR). The CGR compares the dry weight growth (@&B) within a given time interval ((tto t), of one species relative to

another. Thus, CGR for a wheat-pea intercrop ($Ghé ratio between the growth rate of wheat(&hd pea (GR:

— DWy-ict, = DWWy ety

GRy
=t
GR, = DWP—ICIZ ::DWP—ICtl
2 h
COR,@ = SRW-ic
GRp-1c

The same concept was used to compare independerreps growth rate as following:

GRyy—
CGRg- =—GRVF‘>’ :g

CGR values were calculated for each time intenetiveen two successive sampling dates during croptr At sowing, the
total seed weight was taken as total biomass asgumil000-grain standard weight of 50 g and 15@rgwheat and pea
respectively. CGR was calculated separately for each IC replicate Jame was done for Cgly using the replicate values
of wheat DW for the numerators and the mean pea saps values across all replicates for the dematmis in order to
eliminate the variability inside each block repteattributed to sole crop pea DW. Moreover, forRegGve considered the same
N treatment for the wheat and the pea while g&Ras calculated with the unfertilized pea sole aspeference hypothesizing
that N was not a limiting resource for legumes didl not affect pea DW. CGR > 1 indicates a fastewgh rate of wheat
compared to pea over the time period considered/aedversa when CGR < 1.

The efficiency of intercrop was evaluated usingltm equivalent ratio (LER) which is defined as tblative land area required
when growing sole crop to produce the aerial bi@rdry weight or yield achieved in intercrop (Will&é®79). Aerial biomass
LER for a wheat-pea intercrop (LER) is the sum of the partial LER values for whedERgw.w) and pea (LERy.p) (De Wit
and Van Den Bergh, 1965). LER was calculated fehesampling in order to analyse the dynamics adues use for wheat and
pea. Calculations, assumptions and significancegasen in a previous paper (Bedoussac and Jusi@8)2B8y analogy, we
calculated the LER by considering the shoot N aadatad, and named it LER

The nitrogen status of the wheat was characteriwéug the nitrogen nutrition index (NNI) - an indior of crop N nutrition
status which reveals a possible N deficiency indiap at the time of observation — which is defimedthe ratio between the
actual crop N concentration in shoots (%Nact) amal dritical crop N concentration in shoots (%N@. ithe minimum N

concentration in shoots that allows the maximunosh@omass production (Lemaire and Gastal 1997):
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_ %Nact
%Nc

NNI

%Nc for a sole crop winter wheat (%psc) is defined by the critical nitrogen dilution cerproposed by Justes et al. (1994) and

validated for durum wheat (Justes et al., 1997).
9%NG,_g = 44% if DW,, o <1.55tha’ else5.35x DW,, o~

where DWy.sc is the shoot dry weight per unit area achievedsdte crop for wheat. In intercrops, the biomassthef
neighbouring species has to be taken into accoerduse it contributes to: i) the canopy light cestand attenuation and ii) the
N dilution according to growth and stages. Hena@eisSana and Arregui (1995) proposed to calculate $6Nan intercrop using

its total biomass. Thus, for the intercropped wheaused the following equation:
%Nc,, . = 44% if DW, <1.55tha’ else5.35x DW,. ***

where DW is the shoot dry weight per unit area of the whiotercrop (pea plus wheat biomasses).
A value of NNI of at least one indicates that cgypwth was not limited by N supply at this time wées when NNI is below

one N was limiting for crop growth at that specifiate.

Statistics

Analysis of variance was carried out using the A@dcedure of the 2.7.1 version of R software (Rettggment Core Team
2007) for each year and date of sampling separatelysidering N treatments as the main factor, crap a sub-factor and
interaction between N treatments and crops. Akhaere tested for normal distribution using thegoa-Wilk test and pairwise
comparisons were performed using a two-tailedtt{fes0.05 or P=0.10) to compare N treatments withaps and crops within
N treatments. According to Sheskin (2004), the ificance of differences between treatments candtenated using simple
planned comparisons when these have been planfeetend, regardless of whether or not the omnibualue is significant.

Finally, confidence intervals for the means of CGER and partial LER values were calculated fromlicates assuming
normal distribution according to Sheskin (2004pider to compare the means of CGR and LER withdLpartial LER values

with 0.5.
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Results

Growth dynamics

Emergence and plant density

For both experiments, wheat emerged earlier thangoel the percentage of the cereal emergence was than that of the
legume (63% and 76% respectively). On average dtin bpecies, the emergence was similar for theebgpriments (70% and
66% for Exp.l and Exp.ll respectively) but it wdevger in Exp.l. Moreover, for both species, no figant difference (p>0.10)

was found between sole crops and intercrops. Ekmities are given in Table 1.

Green leaf areaindex (GLAI)

Without N fertilization (Fig. 2a and 2d), greenfleaea index of the pea sole crop was higher thahdf the wheat sole crop at
the intermediate growth stage (BPF and WF) but tdaeearlier stages (WT and E1cm). Moreover, pea srop GLAI reached

zero (1700 and 2050 °C'dafter wheat emergence for Exp.l and Exp.ll respelyt) while wheat sole crop GLAI was still
significantly positive.

Overall, GLAI of the whole intercrop was greateanhthat of the wheat sole crop (p<0.10) and less that of the pea sole crop
(p<0.10) except that in the initial growth stag@éT(and Elcm) where it was comparable to that ofwheat sole crop and
slightly greater to that of the pea sole crop (8. N fertilization significantly increased whe@tAl both in sole crop and

intercrop (Fig. 2b, 2c, 2e, 2f and 2g), in partisulrom Elcm to BPF (p<0.05). Conversely, in Expoldifference between N
treatments was observed for the intercropped peal @hile in Exp. Il the maximum was obtained for Nj©<0.05). Thus the

GLAI of the whole intercrop was slightly but nogsificantly affected by N fertilization (p>0.10).

Growth in height

Wheat and pea differed in height, but this diffeechanged over time (Table 2). Overall, wheat tafisr than pea in both the
initial (E1lcm) and the later (WF) growth stagest bo difference was found at the intermediate ghostage (BPF). No
significant difference was neither found betweete swop and intercrop canopy height for both wharad pea at any of the
growth stages (p>0.10), except for pea at the BR§esin Exp.ll (p<0.05). N fertilization had no &ft on pea height except at
BPF (Exp.ll; p<0.05) and WF (Exp.l; p<0.05) grovetfages and only a slight but significant effectwdreat height at the BPF
and WF growth stages (p<0.05). Moreover, no pegitgdwas observed in intercrop although this oamliin sole crop for both

experiments, with a high proportion in Exp.lI.
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Dry weight of aerial biomass and inter species dynamics

Without N fertilization (Fig. 3a and 3d), the aéfdomass of sole cropped pea was lower than thétteosole cropped wheat
until BPF and then higher (p<0.05). Overall, therbass of the whole intercrop was similar to the smbpped pea (Fig. 3a and
3d) and higher than of the sole cropped wheatdarN availabilities from the WF stage onwards (Fg, 3b, 3d and 3e). When
increasing the amount of fertilizer N (Fig. 3c,a8fd 3g) the biomass of the whole intercrop waslamair lower than that of the
sole cropped wheat throughout the whole crop grdpad.10) except at WF stage for N140 (p>0.10).

During crop growth, sole cropped and intercroppéeat biomass were significantly increased withilfeer N amount in Exp.|
(Fig. 3b and 3c) from BPF stage (p<0.05). In Expstle cropped wheat biomass at WF stage and myatere significantly
increased (p<0.10) from NO to N80 (p<0.10) whileeahbiomass of intercrop was highest (p<0.05) if-N@-ig. 3e) and clearly
lowest (p<0.05) in NO (Fig. 3d). For both experinseithe biomass of intercropped pea was signifigaatiuced at WF stage and
maturity with fertilizer-N compared to NO (p<0.08xcept for N100 (Fig. 3b) at WF stage (p>0.10).2Asonsequence, total
intercrop biomass at WF stage and maturity wasasad with N fertilization in Exp.l while in Expilhe highest total intercrop
biomass at maturity was found in N60+ (Fig. 3e) trallowest in N140 (Fig. 3g). Crop growth was vslgw from emergence
until E1cm, but increased rapidly from E1lcm to Wa&ge. Moreover, in Exp.ll sole crop wheat biomassained stable between
WF and maturity. Finally and more surprisingly tiiemass of the sole cropped and intercropped peleased in particular for
NO (Fig. 3d) and N140 (Fig. 3g) probably due to hirgh leave losses.

The comparative absolute growth rate (CGR) valueewignificantly affected by N fertilization (p€®) and changed over time
(p<0.05) for both sole crops and intercrops.

From sowing (S) to ‘ear 1cm’ stage of wheat (Elcthg biomass growth rate of wheat was 2.5 to 4r@diand 4.5 to 11.7
greater than that of pea in intercrop for Exp.| &xgb.ll respectively (Table 3). Similar dynamicsre@bserved for the SC with
on average CGR values of 1.8 and 4.0 for Exp.l Bxgl.Il respectively, indicating that competitionstlveen wheat and pea
intercropped in rows were weak until E1lLcm stage.

Afterwards, for both experiments and all treatme@6&R values in intercrop were close to or higlentone during the two
following growth periods (Elcm to BPF and BPF to Wéxcept for NO between BPF and WF (Table 3), iatig that the
growth rate of wheat was similar or slightly highlean that of pea in fertilized intercrops. Howewagnificant lower values than
one for NO treatments indicated higher growth citpea in intercrop from BPF to WF. Concerning siode crops, CGR values
were close to one or more from Elcm to BPF (1.1JaBdn average in Exp. | and Il respectively) alude to or below one (0.7
for both experiments) from BPF to WF, indicatingiar or higher pea growth rate than wheat duriig later period.

Next, from WF to harvest maturity, wheat growtheratas higher than that of pea in Exp.| for bottesobp and intercrop even

thought in intercrop CGR values were significamtifferent from one only for NO. On the contrary,BExp. Il, CGR values were
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about 0 for both sole crop and intercrop (exceptN60+ in intercrop) due to uncontrolled pestsgedises and lodging in late
growth stages.

Considering the whole growth period, CGR valuesewtte lowest and close to one in NO for both expenis in sole crop and
intercrop. CGR values were always significantlyn@gthan one in N fertilized plots, without sigodnt difference between N
treatments, indicating that wheat growth rate wighdr than that of pea with N fertilization. GlolyalCGR were higher in

Exp.Il than in Exp. | (3.4 and 2.4 respectivelylizating pedoclimatic conditions more favourablemoeat during the second

experiment.

Dry weight biomassland equivalent ratio (LERpw)

At the four key stages sampled (Elcm, BPF, WF aatlrity), LER values calculated from aerial biomdsg weight (LER)
were roughly one or more in all treatments (p<O(@%). 4) except for N180 (Fig. 4c) at E1l.cm and Bl for N140 (Fig. 4g) at
maturity. These results indicate that throughoetwole crop growth, resources were used for abitahass production up to
36% more efficiently in intercrops than in sole gsdn low N conditions. On the whole, LER values were reduced with N
fertilization, particularly for the N180 (Fig. 4@nd the N140 (Fig. 4g) treatments mostly becausthefpea partial LERy
(LERpw.p) reduction. LERw.p values were always equal to or significantly belovb (p<0.10), except for NO in both
experiments (p>0.10). For all N treatments andestagheat partial LERy values (LERw.w) were always at least 0.5 and often
much higher (p<0.10). Moreover, LERr values remained more or less stable throughouivti@e crop growth, and similar
results were found in Exp.l for LER.w, while in Exp Il, LERw.w increased until pea flowering and then decreased,

particular for NO (Fig. 4d) and N60+ (Fig. 4e).

Resour ce use dynamics

Light absorption

The fraction of PAR absorbeddfr,) by sole crops and the whole intercrops increag#d crop growth from emergence to WF
following a logistic model (Fig. 5). The root mesquared error (RMSE) values (Table 4) were very ([86% at maximum) and
the bias was nil (0.6% at maximum), indicating addit of the data by the model. The parameter eslof the logistic model
(Table 4) indicate that the thermal time at thenpoif inflexion (K2) of the pea sole crop was gezahan that of the intercrop,
itself higher than that of wheat sole crop. Thepslof the curve at the point of inflexion (K1) waighest for the pea sole crop
and that of the intercrop was higher than thahefwheat sole crop for N60+ and N140 (Exp.Il) aoswddr for NO in Exp. I.
Without N fertilization (Fig. 5a and 5d) kg, Of the pea sole crop was lower than that of wiset crop in early stages (until

Elcm), itself slightly greater than that of the Wehmtercrop. Then, from E1lcm to WF, thgak, Of intercrop became lower than
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that of pea sole crop and greater than that of kel crop. When N fertilizer was applied, no figant difference was
observed between intercrop and wheat sole ceap.FFig. 5¢, 5e, 5f and 5g) and the maximum valueB-gf indicating that the
potential of PAR absorption was reached (Tabld-#ally, the cumulative PAR absorbed (Table 4) fremving to WF was the
lowest for the pea sole crop and the highest ferwheat sole crop except for NO where the maximuas wbserved for the

whole intercrop.

Nitrogen acquisition and wheat nitrogen nutrition index (NNI)

Without N fertilizer and until BPF stage (Fig. 6ada6d), the pea sole crop accumulated significgipy0.10) more N in shoots
than the wheat sole crop and than the whole irdprdn N-fertilized treatments, the whole intercragcumulated more N than
the pea sole crop in Exp.l (Fig. 6b and 6c¢) andrala or smaller amount in Exp.ll (Fig. 6e, 6f afd). The whole intercrop
accumulated more N than the wheat sole crop exoegarly stages (WT and E1cm) and at maturity f@B0I(Fig. 6¢) and N140
(Fig. 6g) (p>0.10).

The wheat N accumulation in sole crop and interavepe positively correlated with N fertilization Exp.l (Fig. 6a, 6b and 6c).
In Exp.Il early N fertilization applied at Elcm (Fi6f and 6g) increased the wheat N accumulatesbi@ crop and intercrop
between Elcm and BPF stages. Contrary, N fertileggplied at flag leaf visible (Fig. 6e and 6g) eesed the wheat N
accumulated in sole crop and intercrop between &RFWF stages only for the N60+ treatment (Fig. b N accumulated by
crops increased throughout the growth period in.Ewpile in Exp.ll the wheat N uptake of sole crapd intercrop remained
more or less stable between WF and maturity wheheaof the pea intercrop decreased.

The last point but not the least was that N accated by intercropped wheat was 70% to 85% of théhe sole crop despite
intercropped wheat was sown at half plant densitthe wheat sole crop (fig. 6). The proportion ofudtake in intercrop

compared to sole crop was higher for NO treatmedicating a higher N availability per wheat plamintercrop.

In Exp.l, for all N treatments, wheat nitrogen 8s&{NNI) was always significantly below one (p<0.@& both sole crops and
intercrops (Fig. 7) indicating a significant N deincy throughout the whole growth period. In EKANNI values of both wheat

sole crops and intercrops were significantly aborne (p<0.05) at wheat tillering, roughly one ogbtly less at E1cm stage of
wheat and thereafter significantly lower (p<0.0%3ept at the beginning of pea flowering (BPF) inON8ig. 7f) for the intercrop

and in N140 (Fig. 7g) for both sole crop and intepc The main result is that the intercropped winddt was always higher or
at least statically equal to that of the sole diapboth experiments and all N treatments, indiggthat intercropping improved
the wheat N status during the growing season. Withbfertilization the wheat NNI of both sole crapd intercrop decreased
with development stages and aerial biomass incréagein Exp.ll the wheat NNI remained quite stablem BPF to wheat

flowering (WF). Each fertilizer-N application inased the wheat NNI or reduced its decline.
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Land equivalent ratio for N acquisition (LERy)

Whatever the date of sampling or N fertilizatiomginee, LER values calculated from N accumulatedtinoss (LER) were
always higher or at least statistically similarrttthat calculated from aerial biomass (Fig. 4).olighout the crop growth, LER
values were roughly one or more in all treatmept(05) except for N140 at maturity (Fig. 4g). Tidicates an advantage of
intercrop in comparison to sole crop for N acqigsithroughout crop growth greater than for bionfasgluction. On the whole,
LERy values were reduced with N fertilization, in peutar for N180 (Fig. 4c), N80 (Fig. 4f) and N140igF4g). For all N
treatments and stages, wheat partial | BRlues (LER.y) were always above 0.5 (p<0.10) except at Elcrgxp.l, wheat
tillering in Exp.ll and for N140 at all stages. @re other hand, the values of LEERwere always equal to or below 0.5 and lower
when N fertilizer was applied. The total LERalues and partial LERvalues changed significantly over time, particiylan
Exp.ll. LERy values of wheat were increased until pea floweand then decreased particularly for the NO (F, H60+ (Fig.
4e) and N8O (Fig. 4f) treatments. In Exp.l, LERalues of wheat remained more or less stable ttrout the crop growth, and
similar results were observed for LERalues of pea. In Exp.ll, LERvalues of pea were significantly (p<0.10) redubetiveen

WF and maturity.

Discussion

Various authors havimdicated that sequential measurements of crop tirallow a better understanding of the dynamics and
mechanisms of competitive interactions in intercaop sole crop compared to a single measuremdimabfyield (e.g. Connoly

et al. 1990; Andersen et al. 2004). In our study,sampled four (Exp.l) and five (Exp.ll) times dgithe growing season at key
development stages. The following discussion wélllérgely organized according to the growing pegibdtween these stages
because they determined key periods for intersipezimpetition and complementarity between duruneattand winter pea.

Our data has shown that for limited early N avaiighb(no fertilizer or a small amount applied aftthe wheat booting stage)
there were significant complementarities betwe¢eranopped durum wheat and winter pea for light aikbgen use. This was
clearly due to species differences in their dynanacgrowth and to differences in species phenokogy physiology which we

will demonstrate afterwards.

Early growth dynamics

We observed that wheat growth was earlier thandhata for both sole crops and intercrops andbtiteer start of wheat was
mostly the result of faster seedling emergencetheuamore, wheat early advantage over pea was plsoteb to i) its faster and
deeper root growth and ii) higher N demand tharsehaf pea (Fujita et al. 1992; Corre-Hellou 2005uggaard-Nielsen et al.

2003; Corre-Hellou and Crozat 2005).[0] It was atgotainly due to the establishment of costly pedutation (in energy and
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nutrients) according to e.g. Vocanson et al. (208% Voisin et al. (2002) which could have redueady pea growth. Crop
emergence and early growth were slower in Exp.B thu i) the coarse soil structure, ii) the lowl sgater content at sowing,
only partially compensated by irrigation, and the low winter temperatures. In particular, pea agiscted by the coarse soil
structure and the low soil water content at sowmgxp.ll possibly explained by a higher water dechdue to greater pea seed
size. Also, and particularly in Exp.ll, pea emerdatdr and hence at lower temperatures than wheagtasing the differences
between the early growth of the two species astitiied by higher CGR values in Exp.ll than in Exp.

In early stages of growth (until wheat stem elommgatorresponding to ‘ear 1 cm’ stage), wheat washmmore efficient than
pea for light absorption, due to its earlier growgheater height during winter, tillering and higrggeen leaf area index, as
illustrated by CGR values much higher than one fsmwing to E1cm. Similar dynamics were observedtiersole crop and the
intercrop indicating that our results are in goggeament with species’ phenological and physiolalgiifferences. However,
pea growth was lower in intercrop than in sole alagng early stages as illustrated by CGR valugkér for the intercrop than
for the sole crops. This is certainly due to lessoming PAR available for the intercrop pea beiaglp shaded by the durum

wheat.

Inter mediate period of growth dynamics

From wheat ‘1 cm ear’ stage to wheat flowering, ititercrop as a whole was more efficient for lighsorption than wheat sole
crop thanks to light absorption by the intercropgesh in late stages in particular without N fezéition. Indeed, legume
efficiency for light absorption in late stage wasedo: i) the later growth of the legume and alsthe small effect of senescence
on pea light interception; this comportment of peas ever shown for sole crop by Guilioni and Lecoé&005) who
demonstrated that pea leaves did not fall, maieththeir orientation and their area was only redung5-10% allowing higher
light absorption compared to wheat close to ceftealering stage. The later growth of the legume whserved for both sole
crop and intercrop, as illustrated by lower CGRueal compared to the period from sowing to ‘ear lstaje of wheat indicating
that phenological difference can play a centra inlshaping the observed dynamics (Berntsen 2084).

When N fertilizer was applied early (wheat tillegior stage ‘ear 1cm’ of wheat), we observed a 8lighcrease in the cereal
growth in winter but a strong increase in earlyirgpr Hence, when the growth of the intercroppecuiieg was expected to
increase markedly - like in sole crop - there wessllight available to it, which reduced its aebamass production and
consequently that of the whole intercrop. Howetefertilization had only a small effect on thgak, Of intercrop because it was
already close to the potential without N fertilipat, indicating a good complementary absorptiomnabming PAR of the two
species under these N conditions. This suggestshiafficiency of intercrop in N fertilized treaénts was mostly due to wheat

light absorption - certainly related to the effettN fertilization for wheat green leaf area indexd biomass increase - which
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markedly reduced pea growth due to light competitibhis result was coherent with the positive datien observed in both
experiments between wheat sole crop and intercrepngeaf area index and N fertilization as alredelscribed by many authors
for other graminaceous crops (e.g. Gastal et &8R219/ilman and Pearse 1984).

On the contrary, in low N availability conditionsp harmful competition of wheat for light was obsst on the legume as
indicated by low CGR values, because wheat eadwtlr was limited by a lack of available mineral Nthe soil. Then, unlike
spring barley-pea intercrop (Corre-Hellou 2005);uth wheat-winter pea allowed a similar or betteg 0§ light compared to
sole crops throughout the growth period, especiaitis low N supply. These conclusions are strenggigeby the fact that similar
results were obtained for both experiments whilativer conditions were very different. This alsofgoms that, in N fertilized
treatments, wheat has a higher and pea a lowerspaeific competitive ability when intercropped atiis difference was
increased as soil N availability was enhanced.

N accumulated by the intercropped wheat was at % and often more of that of the wheat sole dovghalf plant density,
particularly until the beginning of pea floweringdawhen little or no N fertilizer was applied. Thlisnfirms that the cereal had
access to a more than proportionate share of soignal N in intercrop per plant as compared to sofp (Jensen 1996). This
result is supported by: i) the increase in pea sgtitbN, fixation rate demonstrated in the companion pgBedoussac and
Justes 2009) and in agreement with several othdrest for spring intercrops (e.g. Corre-Hellou 2085uggaard-Nielsen et al.
2003; Corre-Hellou and Crozat 2005), and ii) thevdo durum wheat biomass per square meter in irdprdue to light
competition exerted by the pea. Consequently araxpscted, the intercropped wheat N status (NNB alevays higher than that
of the sole crop except when a large amount of Bl agplied. This confirms that intercrop can improweat N status compared
to sole crop and consequently the grain proteirtezdnin particular with little or no N fertilizeMoreover, the advantage of
intercrop over sole crop seems to increase thrautgihe growth period due to higher N available ge@rum wheat plant. The N
status of sole cropped and intercropped wheat mexsly below one, in particular in late stages ahen little or no N fertilizer
was applied, underlining the existence of a nitrodeficiency in the crop throughout the growingipemwhich confirmed that
we were in low N inputs conditions. However, theemropped wheat had a lower N deficiency whictovedd better

photosynthesis and hence higher radiation usdaesifiy (e.g. Justes et al. 2000).

L ate growth dynamics

From wheat flowering (WF) to maturity, durum wheaems to be the most efficient, certainly due)tthe earlier initiation of
seed filling and maturity of peg@hysiological maturity of the legume was observeglegks before that of the durum wheat) and
i) the effect of the diseases and pests of pealwhviere not perfectly controlled by pesticide apgdions. However, it was not

possible to know precisely if the greater efficiginé wheat in late stages occurred between WF aadnpaturity or between pea
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maturity and wheat maturity because wheat biomassnet measured at the pea maturity stage in quariements. Nevertheless,
in late stages, wheat took advantage of the irdprby remobilizing more N into its grain due to:lawer grain yield and ii)
almost similar N available compared to the solgo@ocording to the high legume fixation described in the companion paper

(Bedoussac and Justes 2009).

Conclusion

The objective of our paper was to answer to théoviohg question: how the final outcome of the durwheat-winter pea
intercrop can be explained? Thus, we demonstratsdin our experiments the use of environmentaueses for plant growth
changed over time, indicating that the ability farcrop to exploit resource niches and thereby captasources varies
significantly during the growth cycl&@hroughout crop growth, resources were used ug% More efficiently in intercrops than
in sole crops for aerial biomass in low N condifoand intercrops efficiency for N uptake was grediban for biomass
production throughout crop growth at all N fertiltion levels. Regardless of N availability, whesaikt advantage of intercrop for
aerial biomass production more than pea (bR > LERow.p) by using N, light and certainly GGnd water more efficiently
throughout the growth cycle due to its earlier gilawgreater height and higher N demand. CGR and dRamic analysis
indicated that pea took advantage of intercrop madietween pea flowering and wheat flowering (nter end of pea grain
filling), while wheat took advantage of intercroptiveen the emergence and the beginning of wheat stengation (Elcm
stage) and until pea flowering.

Wheat benefited from N fertilization more than phgectly by its faster growth, improving light ameater capture and hence
suppressing pea growth whatever the amount andateeof N application (Fujita et al. 1992; Jens@f6t Bulson et al. 1997).
Moreover, as shown by many other studies on sppies, winter pea has a higher interspecific conmpetability at low N
levels because of: i) the reduction ig fikation with N supply (Voisin et al. 2002; Ghaleyal. 2005) and ii) the amplification of
differences in species growth dynamics with N sygplauggaard-Nielsen and Jensen 2001; Ghaley €0@b). Durum wheat
and winter pea showed interspecific complementaritygood agreement with other studies on cerealrfeg spring-sown
intercrops (Corre-Hellou and Crozat 2005; Haugga&diedsen et al. 2006; Hauggaard-Nielsen et al. 2009

However, intercrop efficiency and crops interspgecifompetitiveness ability depended on the dynanotd\N availability
throughout the growth cycle of intercrops. N fézgk applied at the beginning of wheat stem eldogatlearly leads to a
significant and early decrease in pea N acquistiio® to a quantitative reduction in fikation described in the companion paper
(Bedoussac and Justes 2009) and the opposite withr fate N fertilization. As a consequence, theaadage of intercrop for
biomass production, yield or accumulated N was makiunder low N fertilization treatments (no oreldertilization) due to

good complementarities of durum wheat and winterfoe GLAI and growth dynamics over time.
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Another point concerns the reduction of pea lodgirtch is of great importance in order to obtaindgield. Indeed, pea is

very sensitive to lodging, mainly because of dissdgke pea ascochytdiycosphaerella pinodes) which usually attacks the

stems. Hence pea sole crop must be harvested #ieomaturity, which may be difficult in bad weaths with severe lodging.

In intercrop, pea maturity occurred around 3 wesd®re durum wheat and due to lodging, pests asebdes this can be very
prejudicial to the pea harvest efficiency. Howevarpur conditions, no lodging was observed for peatercrop because the
legume clings to the durum wheat with its tendilgating a dense and stable network.

As a practical conclusion, our results indicate thaum wheat-winter pea intercrop productivity danoptimized by adapting

cropping sequences, N fertilization in particulagt also by choosing crop species of widely différphenologies and/or

morphologies in order to maximize capture and minégrcompetition for solar radiation. It is essent@ prevent an adverse
effect on legume growth (involving Nixation) which very much influences the final oame and total yield potentials of the
intercrop.

Further research are needed to investigate theteffevheat and pea cultivars on interspecies dyosrhypothesizing that short
or late wheat cultivars would be more suited fdeiiarop than tall or early ones and vice versapfa cultivars. Furthermore,
intercrop competition analysis - considering vasitegumes species, crop densities, sowing datest{eally shifting wheat and

pea sowing date) and N fertilization - seems @itio order to optimize these innovative agro-estays. Moreover, defining

specific objectives (grain or biomass productiomjmg protein concentration increase, reduction déathing and chemical use
etc.) would lead to different choices for the o@lraombination of cultivars of the two species,itlikeensity and fertilization-N

strategies.
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Tables

Table 1. For the different N treatments (Nx where ‘x’ repents N applied in kg N fia i) soil N mineral content at sowing on 0-
120 cm, ii) calculated apparent available N on O-tfh from sowing to the beginning of pea floweri{{®to BPF) and from
sowing to maturity harvest (S to H) and iii) plalensities of wheat and pea in sole crop (SC) atatdrop (IC) (for details, see

Bedoussac and Justes 2Q09)

2005-2006 (Experiment I) 2006-2007 (Experiment I1)
NO N100 N180 NO NGB0+ N80 N140
Initial mineral N on 0-120 cm (kg N ha™) 37 40 35 30 52 28 46
Mi R 0-120 N—— S to BPF 60 77 129 60 91 129 161
iner i - m
neral avarabe on & (kg bR StoH 90 168 223 94 144 150 171
SC 51 56
Pea
. 5 IC 26 27 28 29 28 25 28
Plant densities (plants m™)
Wheat SC 224 229 224 211 198 190 207
IC 11 114 112 105 99 95 104

Table 2. Canopy height (cm) of sole crops (SC) and intgrsr(IC) measured at ‘1 cm ear’ stage of wheatiff1beginning of
pea flowering (BPF) and wheat flowering (WF) foe thnfertilized plots (NO) or considering the me&mlbN treatments. Values

are the mean of (=3 to 5) + standard error.

2005-2006 (Experiment I) 2006-2007 (Experiment |1}

NO N NO N
SC IC SC IC SC IC SC IC
£ Wheat 25 £ 0 26 = 2 25 =0 27 £ 3 23 £ 0 23 £ 2 25 20 23 4
Pea 10 £ 0 10 = 0 10 %0 6 1 8 1 50
BPF Wheat 58 + 2 55 £ 1 62 + 4 61 3 45 £ 4 47 £ 2 54 + 4 57 £ 2
Pea 56 £ 4 55 £ 5 58 £ 3 41 £ 3 47 £ 2 52 =3
WE Wheat 70 £ 0 70 £ 0 77 £ 3 75 4 92 £ 7 91 £ 6 100 = 2 98 £ 2
Pea 63 £+ 3 60 £ 0 66 £ 6 76 + 4 73 +5 74 + 2

Table 3. Comparative absolute growth rate (CGR) calculatedHe time interval corresponding to the datesamhpling: sowing
to ‘lcm ear stage of wheat (E1lcm), Elcm to theimd@gg of pea flowering (BPF), BPF to wheat floweyi(WF), WF to
maturity harvest (Harvest) and for the whole growtriod (Sowing to Harvest) for the different Natments (Nx where ‘X’
represents N applied in kg N Haof experiments | and Il. Values are the meanandard error. Single plus (+) and single

asterisks (*) indicate that CGR are significantiffetent from one at P=0.10 and P=0.05 respectively

2005-2006 (Experiment |) 2006-2007 (Experiment I1)
NO N100 N180 NO NGO+ N80 N140
8C Ic sC IC sC IC sC Ic sC [¢] sC ic sC Ic
Sowing to E1cm 19+01* 25+07* 17+04% 36+14"* 18+02* 48+08° 38+08* 45+11* 40204 117£55° 31+04* 98+55% 51+10* 83+28"
Elcm to BPF 09 + 0.1 1.3 +05 10 0.2 1905 14+01" 1904 06+02° 09104 1.3 £ 086 33+£05*% 16401* 30204* 1504 43 £33
BPF to WF 07 01 06+01* 08017 1303 08 +02 4003 05x01* 04£00* 06x02" 2310 0902 1204 06 03" 07=x07
WF to Harvest 23+07 43416 * 70+23 " 15108 84 +16 " 4311 042+05° 00201° -02:+05" 082103 00x02* 01+03" -0301"° 01£01°"
Sowing to Harvest 1.0 £ 0.1 14+00* 14+02* 16x02* 16x01* 32:+05*" 09zx02 1.0+ 04 12+01* 35+14* 15202* 33+11* 13+01* 33+14*
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Table 4. Values of fitted parameters, cumulative PAR abedr root mean square error, bias and PAR landvalgait ratio

. exfK1x(t-K2))
PARM T 1+ expgK1x (t-K 2

calculated from the logistic modek,, = F )) for the whole intercrop (IC), pea sole crop (P

SC) and wheat sole crop (W SC) for the differentedtments (Nx where ‘x’ represents N applied ir\kba®).

2005-2006 (Experiment 1) 2006-2007 (Experiment I1)
NO N100 N180 NO N60+ N80 N140
IC WSC PSC IC W SC IC W SC IC WSC PSC IC W SC IC W SC IC W SC
K1*10° 743 923 1030 693 665 767 757 809 813 967 834 711 960 1018 927 769
K2 () 671 569 782 653 581 652 589 842 755 967 865 813 832 790 826 764
Feagmax (%) 89 74 93 91 83 93 87 86 73 91 94 90 93 92 94 97
PAR absorbed (MJ m?) 342 333 289 359 366 369 380 400 373 367 427 432 441 457 450 486
RMSE (%) 31 2.1 1.8 1.9 2.3 ZT 23 1.6 24 1.3 26 1.6 2.9 3.6 1.7 1.8
Bias (%) -0.2 -0.1 0.4 -0.2 -0.2 -0.2 0.2 0.2 0.2 0.4 0.3 0.1 0.2 0.6 0.3 0.2
LERpaR 1.10 1.10 1.10 1.08 1.07 1.07 1.06

Figures

Figure 1. Major stages and sampling dates which occurrathglithe experimental periods represented on andatescale
coupled with a degree day scale (base 0°C) saaléng (S), wheat emergence (WE), pea emergence (#i€at tillering stage
(WT), pea leaf development (LD), ‘1 cm ear’ stagevbeat (E1cm), beginning of pea stem elongatidg)(Sisible flag leaf

stage of wheat (FL), beginning of pea flowering EBRvheat flowering (WF), end of pea flowering (BPWheat ripening (WR),
final harvest (maturity) for pea sole crop (PSCaryl final harvest (maturity) for wheat sole crop amercrop (WSC and IC H).
Wheat stages are indicated with a ‘Z’ (for Zadokals) followed by the number of the stage e.g. @ Bates of fertilizer-N

application are indicated with a bold ‘N’ for batikperiments.

WE E1cm FL WF WR WSCH
© g Wheatstage S  (27) Z30) (Z37) (Z69) (Z75) andICH
= I Il 4 1 L I n "
S0 t + + t + t + t
Eg Pea stage S PE SE BPF EPF PSCH

i
S8 459 951 1355
o % Degreeday : ' N N N " ;
H(Td)
0 151 234 878 1255 1552 2089 2580
WE WT E1cm FL WF WR WSCH
= Wheatstage S (Z7) Z23) (Z 30) Z37) (269) (Z75) and IC H
=3= PR ; ; . , ‘ ;
=3 —t— " . . . . ;
UE Peastage S PE LD SE BPF EPF  PSCH
S92 1022 1611
& % Degree day : .'2:.'39 ; : N —N i . .
b (cd)
0 156 661 872 1437 1902 2299 2980
I T T T T T T T T
Nov. Dec. Jan. Feb. Mar. Apr. May. Jun. Jul.
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568 Figure 2. Dynamics of green leaf area index (GLAI) of soteps (SC) and intercrops (IC) of pea and wheatHferdifferent N

569 treatments (Nx where ‘X’ represents N applied if\kpa') and dates of sampling. Values are means (n=3.t6ds each date of
570 sampling, vertical bars on the top of the figurerespond to standard deviation of the total IC, WHE, Pea IC, Wheat SC and
571 Pea SC (NO only) respectively. Asterisks on theig-aorrespond to fertilizer-N application.
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Figure 3. Evolution of total shoot dry weight (DW) produmtiin t h& of sole crops (SC) and intercrops (IC) of pea wheat
for the different N treatments (Nx where ‘x’ repeass N applied in kg N Ha and dates of sampling. Values are means (n=3 to
5). For each date of sampling, vertical bars ortdpeof the figure correspond to standard deviatibthe total IC, Wheat IC, Pea

IC, Wheat SC and Pea SC (NO only) respectivelyegts on the x-axis indicate fertilizer-N appliocats.
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578 Figure 4. Partial land equivalent ratio (LER) of wheat areh calculated from dry weight (LER) and N accumulated (LER
579 for the two experiments and N treatments (Nx whereepresents N applied in kg N Hafor the different dates of sampling: i)
580 wheat tillering (WT), ii) ‘ear 1cm’ stage of whe@lcm), iii) beginning of pea flowering (BPF), iwheat flowering (WF) and v)
581 harvest maturity (H). Values are the mean (n=3)ta Standard error. Single plus (+) and singlerishs (*) indicate that LER is
582 significantly different from one at P=0.10 and Fe®respectively.
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Figure 5. Evolution of the PAR fraction absorbed of soleps (SC) of pea or wheat and of the whole inter¢f@) measured

throughout crop growth for the different N treatrisefNx where ‘x’ represents N applied in kg N'havalues are means (n=3 to

5) and curves are regressed non-linearly agaiestidd time using the following logistic model:

. expKix(t-K2))
PARm 1+ expK1x (t - K 2))

FPARa:F

. For each date of sampling, vertical bars on tye df the figure correspond to

standard deviation of the total IC, Wheat SC and BE (NO only) respectively. Asterisks on the xsaixidicate fertilizer-N

application.
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591 Figure 6. Total shoot N accumulation in kg N haf sole crops (SC) and intercrops (IC) of pea wheat for the different N
592 treatments (Nx where ‘X’ represents N applied if\kpa') and dates of sampling. Values are means (n=3.t6ds each date of
593 sampling, vertical bars on the top of the figurerespond to standard deviation of the total IC, WHE, Pea IC, Wheat SC and

594  Pea SC (NO only) respectively. Asterisks on theig-indicate fertilizer-N application.
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596  Figure7. Nitrogen nutrition index (NNI) of wheat in a sateop (SC) and intercrop (IC) for the different fdd@tments (Nx where
597  x represents N applied in kg N fipand dates of sampling. Values are means (n=3 #csfandard error. Asterisks on the x-axis

598 indicate fertilizer-N application.
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