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Abstract

Grain protein concentration of durum wheat is oftem low, particularly in low-N-input systems. Thén of our study was to
test whether a durum wheat - winter pea intercaypimprove relative yield and durum wheat grairtgiroconcentration in low-
N-input systems. A 2-year field experiment was iedrout in SW France with different fertilizer-Nviels to compare wheat
(Triticum turgidum L., cv. Nefer) and pea (winter peRisum sativum L., cv. Lucy) grown as sole crops or intercropsinow-
substitutive design. Without N fertilization or whé&l was applied late (N available until pea flomgriess than about 120 kg N
ha'), intercrops were up to 19% more efficient thale swops for yield and up to 32% for accumulatedit, were less efficient
with large fertilizer N applications. Wheat grairofein concentration was significantly higher ineircrops than in sole crops
(14% on average) because more N was remobilizedwheat grain due to: i) fewer ears per squarearietmtercrops and ii) a
similar amount of available soil N as in sole crajpe to the high pea,Nixation rate in intercrops (88% compared to 58% i

sole crops).

Keywords

Complementary resource use, grain protein condantrdand equivalent ratio (LER), nitrogen acqtigsi, nitrogen fixation,

plant competition
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Introduction

The intensification of agriculture during the |&& years has contributed, in some areas, to theaagpce of problems such as
soil erosion, environmental contamination by fezéit and pesticides and also selection of diseassts, and weeds resistant to
chemical treatments (Jackson and Piper 1989; Vamstaret al. 1998; Griffon 2006). Consequently,dfieiency of agricultural
systems needs to be improved and diversificatiomgrb-systems has been proposed as one of sewtutibss for future
agriculture (Altieri 1999; Griffon 2006). Intercrpmg (IC) - the simultaneous growing of two or maepeecies in the same field
for a significant period but without necessarilyrigesown and harvested at the same time (Willey9a®¥ could be one way to
increase the number of species cultivated (Vandermeal. 1998; Malézieux et al. 2008). Grass-legumercrops are common
in natural ecosystems, but they are now rarely uiseguropean countries, except in a few croppingtesys for animal feeds
(Anil et al. 1998). For these reasons there has beenewed interest in intercropping (Anil et1898; Malézieux et al. 2008)
and particularly grain legume-cereal intercropsicwhuse available resources more efficiently tHedorresponding sole crops
(Willey 1979ab; Ofori and Stern 1987; VandermeeB%,9Willey 1990; Fukai and Trenbath 1993). The auage of such
systems can be explained by the fact that the hierdropped species do not compete for exactlys#mee resource niche and
thereby tend to use resources in a complementayy(8rsaydon and Satorre 1989; Hauggaard-Nielseh 20@lab). Cereals in
particular seem to be more competitive for soirgamic N (Jensen 1996) compared to grain legumes as peas, due to faster
and deeper root growth and the higher N demantdetéreal (Fujita et al. 1992; Corre-Hellou 2005ubgaard-Nielsen et al.
2003; Corre-Hellou and Crozat 2005). Consequettily,grain legume increases its reliance on syntbidfifixation (Li et al.
2008). Furthermore, growing a grain legume-ceratdrcrop at various N levels shows that the graguine has a higher
interspecific competitive ability at lower soil MJels, whereas that of the cereal is lower (Hauggbléelsen and Jensen 2001;
Ghaley et al. 2005). The complementary use of Ncasubetween species could be of particular intémdsw-N-input cropping
systems and organic farming, particularly for cereath high N requirements such as durum wheat.

In 2007, in southern France durum wheat represerfigdof the cereal area and peas 76% of the leguese(AGRESTE 2008).
Fulfilling the N demand of durum wheat is crucialdbtaining maximum yield and grain protein concatitn (Garrido-Lestache
et al. 2004). Consequently, durum wheat is genefaittilized with high levels of N in conventionatopping systems, which can
lead to nitrate leaching during the following wintghen drainage normally occurs (Abad et al. 200#)ow-N-input systems
and organic farming, where N is often a limitingaarce, it is difficult to reach the grain proteoncentration threshold needed
to avoid kernel vitreousness (Garrido-Lestache [et2@04), which makes it unsuitable for high-qualpasta (semolina)

production (Samaan et al. 2006) and hence for hwwoasumption.
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The advantages of legume-cereal intercrops aren adfssumed to arise from the complementary use codtces by the
components of the intercrop (Ofori and Stern 19Rfisen 1996). Thus, when intercropped, the cehealld have access to a
greater proportion of soil inorganic N because r&ager interspecific competitive ability explainkby a faster and deeper root
growth and higher N demand of the cereal (Corrdedehnd Crozat 2005), whereas the intercroppednegshould increase its
symbiotic N fixation to satisfy its N requirements (Crozatadt 1994; Voisin et al. 2002) as compared with soigpping
conditions.

In Europe, many studies on spring barley-pea in@c have shown that relative yield and grain pnot®mncentration of
intercropped barley are higher than in sole crapg.(Hauggaard-Nielsen et al. 2003) and that tb& yadvantage depends
greatly on N fertilization. In particular, HauggdaXielsen and Jensen (2001) showed that springypada intercrop advantage
for yield was maximum without N fertilization andysificantly reduced when N was applied, mostly dogea yield decrease
with N supply. Similar results were found for sgriwheat-pea intercrops (Ghaley et al. 2005). Howewe information on
winter wheat-grain legume intercrops is availaldlespite the fact that winter crops are more suitedouthern European
conditions in order to avoid water stress.

The aim of our study was to evaluate the effectd afailability as modified by fertilization (quatytand splitting of doses) on a
durum wheat-winter pea intercrop compared with sotgs by analyzing: i) N resource use, ii) cropdarction, iii) potential
advantages for total yield, dry weight and graiatein concentration and iv) functional relationghietween N acquisition and
intercropping performances for yield and cerealirgr@rotein concentration in order to better underdt species

complementarities for N use.
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Materials and methods

Site and Soil

The experiment was carried out on two experimefitdds of the Institut National de la Recherche édwmymique station in
Auzeville (SW France, 43°31'N, 1°30’E) in 2005-20(@Bxp. 1) and 2006-2007 (Exp. II). The 25-year meamual rainfall in
Auzeville is 650 mm and the mean annual air tentpegds 13.7 °C with a mean maximum daily air terapge of 21.9 °C in
August and a mean minimum of 6.0 °C in January. fHirfall during the growing seasons was 361 mm46&imm for Exp. |
and I, respectively, while the 25-year mean wa8 A8n for the same period (November-July). Exp. swharacterized by a
cold winter and a dry, warm spring, whereas thetavivas warm and dry and spring particularly wetirty Exp. II. In Exp. |,
soil water content was lower during the growingseeeand water stress higher in spring.

Exp. | was carried out on a plot with loamy soiB%2 clay, 29% silt and 46% sand) with an availabdew capacity of 223 mm
(0-150 cm). Soil pH in water was 8.0, indicatingadcareous soil as illustrated by the Ca€@ntent (20 g kg) mainly in the 90-
120 cm layer (65 g kY. The topsoil (0-30 cm) contained 9.4 g'kptal C, 0.93 to 1.09 g Kgtotal N, a satisfactory phosphorus
and potassium content and a cation exchange cy§&&C) of 16.0 cmol+ k§ Exp. Il was conducted on another plot with clay
loam soil (26% clay, 34% silt and 28% sand) withaamilable water capacity of 207 mm (0-150 cm)l $bi in water was 8.3
with a large amount of CaG@B7 g kg'), mainly in the 60-120 cm layer (165 g8gThe topsoil (0-30 cm) contained 9.9 g'kg
total C, 1.07 g kg total N, adequate contents of phosphorus and siatasand a CEC of 21.3 cmol+ kgFor both experiments,
phosphorus, potassium and CEC values were assuntedrton-limiting. The four previous crops on tikperimental sites were
durum wheat Triticum turgidum), sunflower Helianthus annuus), durum wheat and sorghurSofghum bicolor) for Exp. | and
sunflower, durum wheat, sorghum and sunflower fap.BI. In Exp. |, 7 t h& sorghum residues with a C:N of 63 were
incorporated on September 26, 2005 by tillage @@ depth). In Exp. Il, 4 to 7 t Haof sunflower residues - with a C:N
varying between 31 to 55 according to the prevewsflower experiment - were incorporated on Septer@h, 2006 by tillage

(20-25 cm depth) (see details in Table 1).

Experimental design

Durum wheat (W) Triticum turgidum L, cv. Nefer, authority Eurodur) and winter ped (Pisum sativum L., cv. Lucy, authority
GAE recherche) were grown as sole crops (SC) aradragxed crop (IC) in a row-replacement design.eehmain treatments
were compared: i) durum wheat (cv. Nefer) sole srepwn at the recommended density (336 graifi} i) winter pea (cv.
Lucy) sole crops sown at the recommended densiy(Zins rf) and iii) durum wheat-winter pea intercrops, eaphlcies sown

at half of the sole crops densities in alternatestoln Exp. |, final plant densities were 51 foles@ropped pea, 27 for

4
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intercropped pea, 226 for sole cropped wheat a2dpldnts nf for intercropped wheat. In Exp. II, plant densitigere 56 for
sole cropped pea, 27 for intercropped pea, 20&dter cropped wheat and 101 plants fior intercropped wheat.

Wheat stages were identified according to the Zadakle (Zadoks et al. 1974).

In both experiments, different fertilizer N subdtments were evaluated on intercrops and wheatcsopes while pea sole crops
were grown only without any N application. In Expve compared: i) no fertilizer-N (NO), ii) low Neftilization (N100) split
into two applications of 50 kg N Haat ‘1 cm ear’ (E1cm, Zadoks 30) and ‘flag leafivis’ (FLV, Zadoks 37) and iii) moderate
N fertilization (N180) split into 3 applications 80 kg N h& at wheat tillering (Zadoks 23), 100 kg N'hat Zadoks 30 and 50
kg N ha' at Zadoks 37. In Exp. II, four treatments wereleated: i) no fertilizer-N (NO), ii) one applicatioof 60 kg N h&
(N60) at Zadoks 37 aimed at increasing grain pnoi#) one application of 80 kg N HgN80) at Zadoks 30 to increase yield and
iv) a moderate N fertilization (N140) split into avapplications of 80 kg N Haat Zadoks 30 and 60 kg N hat Zadoks 37. In
Exp. Il, the previous crop was rainfed sunflowesvan with four levels of fertilizer N: 50, 150, 0&1.00 kg N ha for NO, N60,
N80 and N140, respectively, which led to contrastignamics of N availability. As a consequence,ié@ treatment was more
than the simple effect of a late N supply due ® phevious treatment with sunflower, so we choseaime it N60+ in order to
underline this point. The two experiments (I and dombined with various N treatments, aimed toetow wide range of N
availabilities, which can be considered as low-Ntinsystems for durum wheat, a very N-demanding ¢op to 300 kg N ha
for a 8 t hd grain target).

The experimental layout for both experiments waarmlomized split-plot design with N applicationraain plots and crops as
subplots, with five replicates (4 for wheat soleps in NO and intercrops in N180) in Exp. | ancethreplicates (5 for pea sole
crops) in Exp. Il. N treatments and replicates wsmearated by a barlei@rdeum vulgare) strip (6 and 12 m wide in Exp. | and
I, respectively) in order to avoid border effedise to N fertilization. Each subplot (5 m x 1.84 consisted of 11 rows spaced
14.5 cm apart. Seeds were sown using a 6-row prieumr@cision experimental prototype drill with 28n row separation.
Sowing was done in two passes by moving to thet (ig#h.5 cm) for the second pass and by blockingromeof the drill. The
intercrop treatment consisted of 6 rows of whedt&nows of pea spaced 14.5 cm apart, with alterwéieat and pea rows.
Fungicide-treated seeds were sown on November @ PBxp. 1) and on November 9, 2006 (Exp. Il). IrpEIll, 20 mm of
irrigation water was applied after sowing becausthe low water content in the topsoil. Weeds wesatrolled with a mixture
of trifluraline (900 g h&) and linuron (450 g Y before emergence. Diseases and green aphidsceetelled as much as

possible with appropriate pesticides.

M easurements and analysis

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



127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148

149

150
151
152
153

154

155

Crop samples taken from 0.5 m2 (7 rows, 1.015 ml tetdth, 0.5 m long) were harvested by cuttingndajust above the soil
surface at: i) the beginning of pea flowering (BRE)04 °C d after wheat emergence (AWE) in Exp. | and 128 W*@GWE in
Exp. 11), coinciding with ‘flag leaf visible’ stagef wheat (Zadoks 37) and ii) at wheat floweringR\WZadoks 69) coinciding
with the end of pea flowering (1401 °C AWE in Exp. | and 1746 °CHAWE in Exp. II). At maturity, plots were mechaniiga
harvested to determine total grain yield. pea sod@s were harvested at pea physiological mat(ti@g8 °C & AWE in Exp. |
and 2143 °C d AWE in Exp. Il) while wheat sole crops and intengs were harvested at wheat physiological mat(Aadoks
92; 2429 °C & AWE in Exp. | and 2824 °CHAWE in Exp. Il). Outside rows (2 rows on each sifethe plot) were not
harvested in order to avoid border effects.

Samples were divided into pea and wheat and ira;m@nd straw and dried at 80 °C for 48 h. At cnagturity, DW, yield, N
and N excess of straw and grain were determined onvil%at straws (ears) and 20 pea plants, allowing#tieulation of
harvest index, N harvest index and grain proteimceatration’®N excess and total-N accumulated in shoots wereratsasured
at the BPF and at WF. Total N and C were analymeslib-samples of finely ground plant material ughgyDumas combustion
method with a Leco-2000 analyser (LECO Corporatimn Joseph, USAJ°N concentration was determined using an elemental
analyzer (Euro-EA, Eurovector, Milan, ltaly) cougléo a mass spectrometer (Delta advantage, Theteur&n, Bremen,
Germany).

Soil samples (0-120 cm depth) were collected withydraulic coring device with a 15-mm diameter au@dCL3, Geonor,
Oslo, Norway) a few days after sowing on Novemb&r 2005 (Exp. 1) and on November 15, 2006 (Expahyl shortly after
harvest on July 8, 2006 (Exp. 1) and July 19, 2(xp. II). Soil cores were divided into four layefsto 30, 30 to 60, 60 to 90,
and 90 to 120 cm. For each sample, five soil cerese taken at a distance of 1 m from each otheale into account soil
variability. The five corresponding cores were tipaoled before determining water content and mifiéranalysis. Soil mineral
N content was determined after KAl 1) extraction by colorimetric reactions (Griess @etthelot reactions for nitrate and

ammonium, respectively) in a continuous flow autdgrer (Skalar 5100, Skalar Analytic, Erkelenz, Gany).

Calculations

The data used to calculate N balances are showalite 1. Mineralization of N residues, humus N méfigation and N leaching
over the growing period were estimated using th&CSTsoil-crop model (Brisson et al. 2008) and pamvalues recently
proposed by Justes et al. (2009) for mineralizabébriN residues. Mineral N available {Man9 Was estimated for the two

experiments as follows:

N = InitialNmin + Nmineralization — Nleaching + N x FUE

available

with FUE (apparent Fertilizer-N Use Efficiency) callated as follows:
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(NacW_SC(N) - NacW_SC(NO))—AI nitialNminy_,, — ANmineralization,_, — ANleaching,,_,
N

FUE =

where Nag.scqy is the N accumulated by the wheat sole crop witlerilization and Nag.scno Without N fertilization;A is the
difference between fertilizer-N and NO treatmeats ) initial mineral N in soil AlnitialNminy.g), i) net N mineralization from
humus plus residues - which could lead to N imnipdilon - ANmineralizatiop.yo) and iii) nitrate leaching below 120 cm
depth ANleaching.yo).

The percentage of plant N derived from fikation (%Ndfa) was determined using th&l natural abundance method for un-
fertilized treatments (Amarger et al. 1979; Unkdéviet al. 2008). In N-fertilized intercrops treatrteea similar approach was
used with some adaptation, i.e. taking into acc@sné reference crop the durum wheat in the irgpscfertilized at the same
rate, making the rather dubious assumption thatpadake up the same mineral N in soil as durumatvhy exploring the same
soil volume. The %Ndfa in sole cropped and intgupesl pea was calculated using the natural variatiofN abundance
expressed in terms &funits, which are the parts per thousand (%.) denatelative to the nominated international staddair
atmospheric N(0.3663% of°N), for pea §**N,) and for a reference crop'tNy). The correction factd reflecting thes'°N of
legume shoots that are fully dependent upgtiiition was assumed equal to be -1%. for pea aiegrto Voisin et al. (2002).
In this way it is possible to determine the degséesotopic discrimination between the stable ipes!*N and™®N to calculate

the %Ndfa according to the equation provided byaBtreand Kohl (1986):

O15N . — 15N
%Ndfa =100x ( ref pea J

015N, - B

The calculation assumes that 818\, provides a suitable measurement of &l of soil mineral N available for pea (Peoples
et al. 2001; Unkovich et al. 2008). At wheat floimgr and pea physiological maturity, the %Ndfa watcalated using as
reference the average value between intercroppeadtwtarvested at wheat flowering and that harvemtedmonth later at wheat
physiological maturity. For the unfertilized treants we also used a non-fixing mutant of pea (PZFdsson) as reference crop.
We considered each N treatment separately in dodeke into account the effect of N fertilizer e 5N of soil mineral N. To
eliminate variations due to soil heterogeneity oskort distances we took a$N, the average of all the replicates of the
intercropped wheat harvested at wheat flowering ahdll the replicates of the intercropped wheatvhsted at wheat
physiological maturity and only one value for pe@s$on which did not grow very well (and with a dlpmental shift in
comparison with cv. Lucy).

Finally, N accumulated from air (QNdfa) was caltathas the product of accumulated shoot N and %Ndfa
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The land equivalent ratio (LER) is defined as thlative land area required when growing sole ctopgsroduce the dry weight
or yield achieved in intercrop (Willey 1979a). Degight LER for a wheat-pea intercrop is the surnthefpartial LER values for

wheat (LERw.w) and pea (LER.p), in accordance with De Wit and Van Den Bergh §)96

DW,,_
LERpw-w = D\\//\(\(NN <
-

DW,_
HERone = D o
P-sC

LERow = LERpw-w + LERyp

where DWy.c and DW_c are the intercrops (IC) dry weight per unit areaviheat and pea, respectively; R\Wc and DWs_sc
the dry weight per unit area achieved in sole ci&S) for wheat and pea, respectively. IggRvas calculated separately for
each IC replicate using the replicate values of @¥\the numerators and the mean sole crops vakessall replicates for the
denominators to eliminate the variation in theaatitributed to sole crop DW variability. Moreovésr LERyw.w We considered
the same N treatment for the intercrops and the saps while LEBy.» was calculated with the unfertilized pea sole casp
reference because we hypothesized that N is natitinlg resource for legumes and did not affect p&d. A value of LER
higher than 1 indicates an advantage to interangjgerims of improved use of environmental resou(tigkt, carbon, water and
N) for plant DW growth. Conversely, when LERis lower than 1, it indicates that resources aexdumore efficiently by sole
crops than by intercrops. Moreover, partial IggR/alues for wheat and pea can be compared withé&c&use in intercrop each
species is sown at half of the sole crops densifissa consequence, a partial LfgRabove 0.5 indicates that a mixed crop
produces more than a sole crop (on a row or plasish and vice versa when partial LggRis below 0.5. By analogy, we
calculated the LER by considering the grain yiefdl énd, in order to evaluate the complementary &l istween the crops, the

accumulated N. We then chose to name them\ &Rl LER,, respectively.

Statistics

Analysis of variance was carried out using the Aprdcedure of the 2.7.1 version of R software (Reflgyment Core Team
2007) for each year, considering N treatments @grthin factor, crops as a sub-factor and interadietween N treatments and
crops. All data were tested for normal distributiming the Shapiro—Wilk test and pairwise compasseere performed using a
two-tailed t-test (P=0.05 or P=0.10) to compareéatments within crops and crops within N treatreeAtcording to Sheskin
(2004), the significance of differences betweenttrents can be estimated using simple planned a@sopa when comparisons
have been planned beforehand, regardless of whetmat the omnibus F value is significant. Cortiela coefficients calculated

from linear regressions were statistically analyssihg the table proposed by Fisher and Yates (1938ally, confidence

8
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Results

N availability according to treatments

Apparent N available depended greatly on the piegedrops and the differences in their N treatmeetgperimental N
fertilization, N fertilizer efficiency, soil N mirralization (soil + crop residues), initial N minec@ntent and weather conditions.
In Exp. |, soil N mineral content at sowing waskgN ha® on average for all N treatments, while in Expit lvas ca. 30 kg N
ha® for NO and N80 and ca. 50 kg N héor N60+ and N140 (Table 1). Considering the whgtewing period, apparent N
fertilizer-use efficiency (FUE) was ca. 63% for NlL@&nd N180 in Exp. | and 11%, 58% and 56% for N@08) and N140 in
Exp. Il, respectively.

The mineralization simulated using STICS soil-cropdel indicated that ca. 50% of residues and hunetisN mineralization
would have occurred between sowing and BPF anatter 50% between BPF and harvest due to increasiihgemperature.
Throughout the growing period, residues and humetsNhmineralization calculated in Exp. | were lowerNO than in N-
fertilized treatments, due to a lower soil orgaNicontent. In Exp. I, net N mineralization calagld was lowest for NO and
N80, highest for N60+ and intermediate for N140.

Finally, apparent N available over the whole grayvperiod was lowest for NO for both experiments @akg N h&), highest
for N180 (223 kg N hd) and intermediate for N60+ and N80 (ca. 147 kgaN)tand for N100 and N140 (ca. 170 kg N*paN
treatments differed also in the N availability dgmies; indeed, apparent N available calculated fsawing to BPF represented
46% of apparent N available over the growing pefimdN100, 58% for N180, 65% for NO and N60+ and®fbr N80 and
N140.

Finally, residual soil mineral N content measuretavest on 120 cm depth was different betweatrtrents (Table 1). Without
N fertilizer, pea sole crop soil mineral N at hatvevas significantly higher than that of the integritself higher than that of the
wheat sole crop. No difference was found betweg&grénop and wheat sole crop for N60+ and N80 wirileeral N content at

harvest was higher by 10 kg N*han average in intercrop than in wheat sole crapNb00 and N180 (Exp. 1) and for N140

(Exp. 11).

N complementaritiesin intercrop

N acquisition and N accumulation in shoots

As expected, sole cropped wheat N uptake and theeddmulation in shoots was positively correlatéthw fertilization in

both experiments (Fig. 1). Similar results wereaoted for the intercropped wheat in Exp. |, whiteExp. 1l the maximum N

10
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uptake was obtained with N60+ and the minimum wiiB. Without N fertilizer, sole cropped pea alwayscumulated
significantly (p<0.10) more N than the sole croppéttat and than the whole intercrop. In N-fertidizgots, the whole intercrop
accumulated more N than the sole cropped pea in BEXjut less or a similar amount in Exp. Il, dwethe decrease in the
intercropped pea’s apparent accumulated N. Thecrae as a whole always acquired more N than the opped wheat and
the difference was reduced and became non-signifisith the increase in N availability (N140 and 80). The intercropped
wheat accumulated more than 50% as much N as tleecsopped wheat (70% and 78% on average for Exgnd I,
respectively). The higher the N availability, tleeder was the difference between intercropped atelcsopped wheat. Finally,
intercropped pea N acquisition was reduced witheNilization compared to NO except in Exp. | whéie maximum was in
N100. Moreover, in Exp. Il no difference was fouhdtween N treatments for pea N accumulated. Onageerfor all N
treatments, crops and years, N harvest index v for wheat and 0.76 for pea. In Exp. |, wheatadvlst index was 0.75 for
both sole crop and intercrop while in Exp. Il itsv@.66 for sole cropped wheat and only 0.58 farorbpped wheat. N harvest
index of the intercropped pea was ca. 0.78 whatineN treatment and experiment while sole cropmesi N harvest index was

0.73 and 0.64 for Exp. | and I, respectively.

N, fixation of pea

We clearly observed that in our experiments, seietogeneity and N-fertilization affectéfN,.; more than the choice of crop
reference or stage of sampling (Table 2). Indeeel,found that the non-fixing pea Frissél'N was similar to that of the
intercropped wheat in NO. No difference was foumtween intercropped wheat°N at flowering and at maturity (Table 2).
Moreover, intercropped whe&t®N was reduced with N fertilization compared with,N&cept for N60+ in Exp. II, while no
significant difference was found in N-fertilizedetments. The values of sole cropped §és were slightly lower in Exp. II
than in Exp. | and no difference was found betwientwo sampling dates for both experiments.

The calculated percentage of total above-groundctuiaition derived from M fixation (%Ndfa) of the intercropped pea
calculated was higher than that of the sole croggedfor all N treatments (on average 85% and 6é%pectively in Exp. | and
75% and 52%, respectively in Exp. Il). In Exp.Het%Ndfa of the intercropped pea was almost theesai-fertilized plots and
in NO while in Exp. Il, there was a large differenoetween the N treatments. A key point is th&p. Il, N fertilization applied
at the ‘visible flag leaf’ wheat stage (N60+), @sponding to the beginning of pea grain fillingerss not to have affected the
legume %Ndfa compared with the unfertilized treatm@5 and 84%, respectively). Conversely, N fizdiion (80 kg N ha)
applied earlier at the beginning of wheat stem gddion (N80 and N140 in Exp. Il) seems to have ceduthe %Ndfa compared
with NO (60% for N80 and 70% for N140).

Finally, the quantity of above-ground N accumulatitived from air (QNdfa) was maximum for the sotepped pea and

greater in Exp. | than in Exp. Il (Table 1). In Expthe QNdfa of the intercropped pea was greiat&100 than in NO and N180.
11
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On the other hand, in Exp. I, the QNdfa of theeintopped pea was the highest for NO, intermediiatBl60+ and the lowest for

N80 and N140.

Land equivalent ratio for N accumulated in shoots (LERy)

LER values calculated from shoot N accumulationRLEwere always greater than 1, i.e. 1.15 on avefagall N treatments
and experiments, indicating an advantage of inbpcicompared with sole crops for N accumulatiog.(Ba). However, LER
were lower when a large amount of N fertilizer vegplied (1.08 for N140 in Exp. I, 1.06 for N80 ah@8 for N140 in Exp. II)
compared with NO (1.32 and 1.16 in Exp. | and éspectively). Wheat partial LgRvalues were always greater than 0.5, i.e.
0.73 and 0.78 on average for Exp. | and Il, respelgt On the other hand, pea partial LE®Ralues were close to or less than 0.5
(0.48 and 0.31 on average for Exp. | and Il, retpely). Wheat partial LER values were the highest for NO in Exp. | and for
N60+ in Exp. Il and lowest in Exp. | for N100 and.80 and for NO and N140 in Exp. Il. Finally, peatf@ LERy values were
slightly affected by N fertilization in Exp. | coraped with NO while values were significantly reddaogith N fertilization in

Exp. 11 (0.26) compared to NO (0.46).

Inter cropping dry weights and yields and wheat grain quality

Dry weight (DW) and yield (Y)

Our results indicate that intercrops shoot biontaigsveight (DW) and yield depended on N availapi(iig. 3). On average, for
all N treatments and crops, harvest index was A3vheat and 0.52 for pea. For both sole croppstliatercropped wheat,
harvest index was 0.45 and 0.41 for Exp. | andeBpectively. Sole cropped pea harvest index wi& &nd 0.47 in Exp. | and I,
respectively, while intercropped pea harvest indes 0.52 and 0.54 in Exp. | and I, respectiveld am average for all N
treatments.

The sole cropped and intercropped wheat DW and yiglre significantly (p<0.10) increased by fergiN in Exp. | (Fig. 3). In
Exp. Il, sole cropped wheat DW and yield were digantly increased (p<0.10) from NO to N80, whifgercropped wheat DW
and yield were highest in N60+ and clearly lowastNO. For both experiments, intercropped pea DW wgietd were
significantly reduced with N fertilization (p<0.10nostly when large amounts were applied (N180xp. E and N140 in Exp.
II). Thus, in Exp. I, total intercrop DW and yieleere increased when fertilizer N was applied. Ip.Hk total intercrop DW and
yield were the highest in N60+ and, surprisinghe towest in N140. Finally, wheat and pea sole £BWV and yield were
always significantly higher (p<0.10) than their r@sponding intercrop DW and yield, but seemed lotlvan the total intercrop

DW and yield for treatments with little or no N fiizer (NO, N60+ and N100). Conversely, increasihg amount of fertilizer N
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(N180 in Exp. I, N80 and N140 in Exp. Il), the sal®pped wheat produced significantly more DW aiaddythan the whole

intercrop (p<0.10).

Dry weight and yield land equivalent ratios (LERpyw and LERy)

LER values calculated from shoot biomass dry we{§W) produced at harvest (LER) were approximately 1 or more in all
treatments (p<0.05) except for N180 where it wgsificantly (p<0.05) less than 1 (Fig. 2b). Thislicates that resources were
used for DW production up to 17% more efficientlyimtercrops than in sole crops in low-N conditio®s the whole, LERy
values were reduced with increasing N fertilizatiparticularly for treatments N180 (Exp. I) and M01¢Exp. I). For all N
treatments, wheat partial LEfR values (LERw.w) were always above 0.5 (p<0.05) and not signifiyadifferent from 0.5
(p>0.10) for NO and N140 in Exp. Il. On the othemnt, LERy.p values were always equal to or significantly belows
(p<0.05).

LERy were 1.19, 1.17 and 1.01 for NO, N100 and N18&peetively in Exp. | and 1.19, 1.11, 0.92 and Gaf5NO, N60+, N80
and N140, respectively in Exp. Il (Fig. 2c), indiog that resources were finally used more effitiem intercrops for yield
when little or no N fertilizer was applied. PartidERy.» were 0.49 and 0.64 in NO in Exp. | and I, resp#ety and only 0.36 and
0.23 for N180 and N140, respectively while partiBRy.y were always about 0.5 or more (p<0.05).

The advantage of intercrops over sole crops waatgréor N accumulation than for yield or DW, aseally mentioned. Indeed,
considering all the N treatments and experimerER kalues were 1.15 on average for LWBut only 1.02 and 1.05 for LER
and LER,, respectively. On average, wheat partial LER valvere higher for N than for DW or yield (0.76, ®.6nd 0.62,

respectively), while pea partial LER values werghleir for yield (0.43) than for N (0.38) or DW (0)39

I nter cropping advantage for wheat grain protein concentration

Wheat grain protein concentration was on averagé (Exp. I) and 15% (Exp. Il) higher (p<0.05) inéntrops than in sole crops
(Fig. 4) except for N180 (Exp. I). On average fottbhexperiments, the linear regression (Fig. 4jcates that the lower the sole
crop grain protein concentration in NO, the greates the increase in intercrop wheat grain proteincentration. Both sole
cropped and intercropped wheat grain protein canagon were higher in N-fertilized plots companeidh NO. The late split of

N (N60+) in Exp. Il resulted in a large increaseniheat grain protein concentration compared with(R®% in sole crop and
24% in intercrop) and a similar result was foundNd 40 in Exp. Il (49% in sole crop and 37% in inct@p). On the other hand,
the single early split of N (N80) in Exp. Il hacsmall effect on wheat grain protein concentratiompared with NO (10% and
16% for sole cropped and intercropped wheat, reésedg). In Exp. |, the increase in wheat grainfeio concentration compared

with NO was about 64% and 27% for sole croppediataicropped wheat, respectively on average forQ\diid N180.

13
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Functional relationships

LER values of intercrops for yield (LEIR were strongly negatively correlated (p<0.01) withaccumulated by the whole
intercrop at the beginning of pea flowering (Fig).5This was mainly due to the significant reduttgd partial LER values of
pea (LER.p) with N accumulated by the intercrop (p<0.01), whpartial LER, values of wheat (LERp) remained stable
whatever the N accumulated by the whole intercppg(10). Similar results were found when plottingRy and partial LER
values with mineral N available until BPF (Fig. 5B)s an interesting result, the two regressionsiabd in Figs 5a and 5b
indicate that LER exceeded 1 when the N accumulatédercrop or the early mineral-N available viess than 120 kg N Ha
On the other hand, LERwas slightly positively correlated (p<0.05) wittetpercentage of plant N derived from fikation of
the legume (Fig. 5¢) while LERy and LER.» were not correlated with the %Ndfa (p>0.10). Wheensidering the amount of
atmospheric N acquired by pea (Fig. 5d) a signifigeositive correlation was observed with LE&d LER » (p<0.05), but not
for LERy.w (p>0.10).

Finally, for both experiments and all N treatmetiti@re was a negative correlation between whedd gied wheat grain protein
concentration for a given N level (Fig. 6). In Expcorrelations were highly significant for NO (€5) (Fig. 6a), but not for the
N-fertilized treatments (p>0.10). In Exp. Il, cdatons were significant for NO (p<0.01), N80 (p&®D) and N140 (p<0.05) (Fig.

6b) and seemed to become weaker as N availaliiitgased.
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Discussion

N complementarity in intercrop (I1C)

As expected, sole cropped wheat N accumulation peagtively correlated with N availability (amount soil mineral N and
fertilizer N) and the intercropped wheat accumuatere than 50% more N than the sole cropped whdi.confirms that the
cereal had access to a greater proportion of soiiganic N when intercropped as compared with te sropping situation,
supported by the increase in the percentage of platerived from N fixation (%Ndfa) of pea which agrees with severtiler
studies (e.g. Corre-Hellou 2005; Hauggaard-Nielgtnal. 2003; Corre-Hellou and Crozat 2005). Hendee to the
complementary use of N sources by intercrop commsn®l accumulated by the whole intercrop was shghtly affected by N
fertilization.

The calculations of %Ndfa and the choice of refeeenrop must be analysed carefully (Shearer and K886). In order to
evaluate the quality of %Ndfa estimation, a sevigjtianalysis of the calculation was carried ouingsi) a non-fixing pea,
characterized by very low DW production and eatthygiological maturity, or ii) the intercropped wheend iii) two stages of
plant sampling. This analysis indicated that & difference remained the same between intercroppedsole cropped pea
and between stages. Thus the %Ndfa of the intepedpea can be assumed to be always higher thiaof it sole cropped pea
even if absolute values of calculated %Ndfa areatkstble. Indeed, we observed that the variabifity*™N values within a crop
stage was similar to that between stages for béidatvand pea in sole crops or intercrops duegoil)heterogeneity over short
distances, ii) crop dynamics and iii) variability chemical analysis due to sampling. We can asshaie¢he mean of th&°N
values measured at the two stages (wheat flowamdgwheat maturity for wheat and WF and pea mattoitpea) was a better
estimate of the real value of crép’N than when considering stages separately dueaiiasmeterogeneity and plant sampling
bias, as recommended by some authors (e.g. Peziés2001).

A second critical point concerns the calculatiohthe pea %Ndfa in N-fertilized treatments consiagrintercropped wheat for
the same treatment as the reference plant. Thisrgg®n means that wheat and pea used the samerpioopof fertilizer-N and
soil mineral N. This hypothesis is certainly delbégebecause of: i) the localization and dynamictheffertilizer-N in the soil, ii)
the interaction between soil mineral N content symbiotic fixation, iii) soil heterogeneity and igjfferences in crop dynamics.
Moreover,6"N of the N fertilizer is very important; it was 40+ 0.1%o in Exp. Il which agrees with the decreabserved in the
8N values of wheat in N-fertilized treatments (N kgxp early) compared with NO. Th&°N of the N fertilizer was not
measured in Exp. |, but it must have been negitidging by the decrease in wheéaiN value in N-fertilized plots; an analysis
of the same type of fertilizer in the following yeiadicated a5°N value of -0.9 + 0.1%.. This confirms that tf\ natural

abundance method is not very suitable when N ifegtilis applied, even though in our experimentdiferences in calculated
15
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%Ndfa were in good agreement with the total N conté plants. A multi-enrichment technique usingdted'N application
must therefore be carried out in these situationslftaining a more precise estimate of legume %N8&lon C, pers. comm.).
Durum wheat-winter pea intercrops seems to be reffigient than sole crops to improve N use, paltéidy in low-N systems
(Hauggaard-Nielsen et al. 2006), although somerotésults only showed a small benefit from intepsrqJensen 1996;
Andersen et al. 2004). In particular, intercropense more stable over the years than sole cropBl faccumulation. Indeed,
whatever the N treatments and experiments, N aclatetl by the whole intercrop was less variable thgnsole crops.
Moreover, intercrops appeared more efficient thale srops for the use of N sources due to the cemghtary use of soil
mineral N and the increase in the %Ndfa of theramped pea when the soil mineral N content was(k80 kg N ha for 0-30
cm depth, in agreement with sole cropped pea mesbitained by Voisin et al. (2002)) during earltenerop growth (until the
booting stage of wheat). Indeed, N fertilizatiof (& N ha') applied at the beginning of wheat stem elongatiearly lead to a
decrease in %Ndfa. However, when N fertilizer wpgpliad later, at the ‘visible flag leaf’ wheat stagcorresponding to the
beginning of pea grain filling, no reduction wassetved in the %Ndfa. This is in keeping with: ipthitrong decrease in,N
fixation activity after the beginning of pea podifig (Vocanson et al. 2005), ii) the slower N aguuation in later stages of
growth (Vocanson et al. 2005) and iii) the incregseeevil damage on nodules observed in Exp.si aloted by other authors
(Corre-Hellou and Crozat 2004).

The complementary use of N sources by intercroppaomants was particularly efficient for the unféztid treatment indicating
that intercropping is well adapted to low-N-inpystems. Moreover, the soil mineral N content atéstrwas similar for the sole
cropped wheat and the intercrops, confirming thmaércropping is as efficient as wheat in using soiheral N. Finally,
intercropping could reduce i) nitrate leaching canagl to sole cropped pea due to its lower soil nalné content at harvest and

ii) gaseous N losses, by reducing the use of iteafilN.

I nter cropping production

The LER can be considered as an indicator of cregsurce use for plant growth all over the grows®ason. In our
experiments, resources (light, g@ater, nutrients and N) were used up to 17% reffieiently in intercrops than in sole crops
for DW production in low-N conditions. Our resulshow that wheat took advantage of intercroppingubing available
resources more efficiently than pea, regardleds a¥ailability. Moreover, wheat benefited from Ntfiization indirectly by the
increased growth of the wheat improving light aretev captures ability and then suppressing peatgr(®haley et al. 2005).
The vyield of wheat depends heavily on N supplylesady observed for many cereals (e.g. Gate 1989%frdy and Bouchard
1999; Le Bail and Meynard 2003), and consequentigrhlization increased total grain yield of inteops due to its strong effect

on wheat yield, which exceeded the reduction inypelal. Hence the yield of the whole intercrop vehsays at least to the same

16



396
397
398
399
400
401

402

403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424

as that of the sole crops, except when a large atrafuN was applied. LER values calculated fromd/ig.ERy) indicates that
resources were used up to 20% more efficientlyfeld production in intercrops compared with soteps when little or no N
fertilizer was applied. The negative effect of Ntifezation was mainly due to the reduction of p&@ot biomass and yield
corresponding to a reduction in, fixation. This confirms that intercropping efficiey depends mostly on the complementary
use of N between crops and the capacity of thenhegto increase the rate of, fixation (%Ndfa) for its N nutrition which is

enhanced by the fact that the advantage of intesatompared with sole crops was greater for N aotation than for yield.

Functional relationships

The intercrop efficiency for grain production wadimated by LER and partial LER values. LER and LER_» were negatively
correlated with N accumulated by the intercrophatheginning of pea flowering. This indicates tiaur experiments, the final
efficiency for yield of the whole intercrop andtbi intercropped pea were already determined abelgenning of pea flowering
even when N was applied later on and whatever thativer conditions from the beginning of pea flowgrio harvest. This
suggests that is possible to predict the finacifficy of the whole intercrop and of the intercregpea at this stage. However,
in order to manage the intercrops, it would berggtng to determine the final efficiency earliban at the beginning of pea
flowering. We hypothesized that N accumulated by whole intercrop at beginning of pea flowering elegls on mineral N
available at beginning of pea flowering. This wamformed by the similar relation observed when tigt LER, and patrtial
LERy against early available N. However, this calcolatassumes that apparent N-fertilizer-use effigiemas similar for the
sole cropped and the intercropped wheat which seeasonable since N-fertilizer-use efficiency dejszh mostly on the
weather conditions when N fertilizer was appliedakhcan lead to N losses by volatilization. It islilknown that N-fertilizer-
use efficiency also depends on crop N demand gtiosl to physiological stage and varies accordmghe crop growth rate
(Limaux et al. 1999). However, we can assume thdeMand of the whole intercrop and of the interpempwheat were fairly
similar in early stages due to row intercroppingevehplant competition would be almost the sameiwithe row in sole crops
and intercrops until stem elongation. Hence, osulte confirm that early available N strongly detéres the performance of the
intercropped pea and of the whole intercrop in canspn with sole cropping situation, but does righi§icantly modify the
growth of intercropped wheat. These results arkeping with the fact that intercropping efficienegtimated for total grain
production (LER), was increased when the %Ndfa of pea increasédrame specifically when the amount of N deriveair
air was increased. As a first estimate, in our @@k, early mineral N available or N accumulabedntercrops at beginning of
pea flowering must be lower than 120 kg N*ha observe an advantage for yield.

It is well known that wheat grain protein concetitia depends not only on the amount of N fertilikat also on N splitting (e.qg.

Gate 1995), partly due to smaller N losses (Limaugl. 1999). This was confirmed by the late splitN (N60+ treatment) in
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Exp. Il which resulted in a large increase in whgetin protein concentration for both sole cropd amtercrops. It has been
demonstrated by many authors over the last twodiecthat for sole wheat crops, yield and grainginotoncentration are
negatively linearly correlated (e.g. Gate 1995)isTas confirmed by the negative correlation betweteat yield and wheat
grain protein concentration for a given N levelparticular for low N supplies. This result wasoatsbserved for the intercropped
wheat. Moreover, as N availability increased theaation became weaker, indicating that N wasagery limiting resource

when a large amount of N was applied. As a consemyet is likely that the higher grain protein centration in intercropped
wheat than in sole cropped wheat can be mainlyagx@dl by the reduction in intercropped wheat yigltich was about 40%
lower than that of wheat sole crop. However, it tnbe assumed that wheat grain protein concentratipends on the
interaction with N availability. Indeed, only 15% tine N absorbed by the intercropped pea is unaialfor the intercropped
wheat which in our conditions represented onlyléakg N hd on average for both experiments and all N treatsadnseems

also that the N dynamics were altered in interctogsause of the changes in the timing effixation of the legume. Moreover,
intercrop allowed a better synchrony of wheat N dechand supply due to the changes in wheat grosith @onsequence of
inter- and intraspecific competition, leading toeduced number of ears per square metre for thechopped wheat. Finally, the
wheat grain protein concentration was significafigher in intercrops than in sole crops, becautager amount of N was
remobilized by each plant and ear due to: i) fewbeat plants, ears and grains per unit area, putiih only slightly less

available soil N per square metre than for sol@greo that more N was available for each graintat.
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Concluding remarks

Our results confirm that intercropping is more edito low-N-input systems than to conventional hidértilized systems. When
N fertilizer is applied, the intercropped legumegth and yield were significantly reduced, while eah was only slightly
affected. On the other hand, when there was aawuf N during early growth, e.g. when little ar fertilizer was applied late
to preceding crops, leaving low residual mineraltiNere was a marked complementarity between spedoiggarticular for N
acquisition. Intercropping efficiency for N use wgieatest with low N availability, due to greateruldtake by wheat. This
clearly allowed better wheat grain filling due t):the high pea M fixation rate in intercrop, making available fduet
intercropped wheat almost as much soil mineral Nspeare meter as in the sole crop, ii) fewer wipéatts, ears and grains per
unit area in intercrops compared with sole crops le@nce iii) a higher efficiency of the cereal é@aver N. Our results show
that N fertilization of intercrops must be carriedt after the end of pea flowering to prevent aneaske effect on Nfixation.
Moreover when the N fertilization occurs after #red of wheat stem elongation (at the booting stabe)N taken up will be
largely remobilized to the grain, causing a sigmifit increase in grain protein concentration.

Our results must also be related to the specieplesnentarity due to differences in their phenolagy physiology. It can be
postulated that if there are significant compleragties between the crops for the use of natusdueces, particularly N, the
optimum N fertilization level for the intercropspsobably lower than that of the average of theviddal sole crop. This implies
that intercropping may be advantageous when littl@o N fertilizer is applied due to a high degmdecomplementary N use
between the two species. Such results have beentedfor several cereal-legume intercrops growarid, semi-arid, tropical
and temperate climates (Fujita et al. 1992; Ofod 8tern 1987; Jensen 1996).

Finally, our results confirm that intercroppingasgood way to improve the efficiency of N use imaagosystems, particularly
those with a low N availability, because of i) timerease in wheat grain quality, ii) the increa$dree atmospheric N input
through N fixation and iii) the potential reduction of N dang after legumes. We believe that it is impartaninvestigate the
interspecies dynamics that shape the final outcomimtercropping and more precisely inter- and asprecific competition
throughout the whole growing period. This may révégnamics in competition, which is critical to danine when the
advantage of intercrop begins. Later on, this vl helpful to optimize these innovative agroecamyst, in particular for the
choice of durum wheat and pea cultivar traits slite intercropping, the ideal proportions of spscand N fertilization

management.
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Tables

Table 1. Detailed data used for N-balance calculationhef different N treatments (Nx where ‘X’ represeNtapplied in kg N

ha®) for various periods: from sowing (S) to the beiy of pea flowering (BPF), or BPF to harvest ()S to H. Data are: i)

characteristics of incorporated residues, ii) tdpsmanic N content, iii) 0-120 soil N mineral dent at sowing, iv) apparent N-

fertilizer-use efficiency, v) apparent N fertilizavailable and corresponding N fertilizer appliedJ,simulated N mineralization

(humus and residues) using the STICS soil-crop mede simulated N leaching using STICS model,)vialculated apparent

available N and ix) soil N mineral content at 0-X20 depth at harvest for the intercrops (IC) areddble crops of wheat (W SC)

and pea (P SC).

2005-2006 (Experiment [)

2006-2007 {Experiment 11)

MO M100 M1E0 M0 ME0+ MED M140
Specie Sorghum bicokor Hallanthus annuus
Date September 26, 2006 September 25, 2006
Residus incorporated Made 20-25 cm tillage: 20-25 cm tillage
Amount {t ha™) T [ 7 5 7 4 8
C:M 63 63 63 449 31 55 44
Sail organic M (g kg'} on 0-30 om 093 1.08 1.08 1.07 1.07 1.07 1.07
Initial mineral M (kg M ha') on 0-120 cm a7 v ar 30 82 28 45
Apparent N fertilizer use efficiency S 1o BPF 18 % a7 % 90 % 104 %
1% of M applied) StoH 62 % B Y 18 % T2 % 40 %
Caloulated efficient N fertilizer (kg N ha™) S to BRF Sys 61130 7280 83 80
and [ frfifizer appind) StoH G2 {100 115 {1ap 11 6 58 ran 56 ¢143)
Simulated M mineralization (humus + residues) 5 to BFF 36 44 A4 33 43 32 36
flkg N ha'y BPF to H an 3a 40 34 42 35 37
i ] F S to BPFF 13 13 i 3 4 3 4
Simulated N leaching (kg N ha '} BPF to H o o o 0 o o g
. . S 1o BPF &0 7 125 i) L 1249 161
Calculatad apparent M available (kg M ha'} StoH a0 168 993 a4 i44 180 371
5 Py TR 1= 29 4B &1 24 25 19 35
me'?ﬁ; m:‘ migerak N (b b hat) W SC 17 6 50 13 25 15 24
PEC 43 49

25



568 Table2. Data of3"°N values for the different N treatments (Nx whererépresents N applied in kg N fai) N excessq*N)
569 for a non-fixing pea (Frisson) sole crop (SC), intepped (IC) wheat, IC pea and SC pea at wheagfliog (WF), wheat harvest
570 (WH) and pea harvest (PH), ii) fraction of plantisrived from air (%Ndfa) of SC and IC pea calcudads the mean of WF and
571 PH usings™N average value of wheat at WF and WH and iii) amiaf N derived from air (QNdfa) of SC and IC peapaa

572  harvest. Values are the mean (n=3 to 5) + stanelaical.

2005-2006 (Experiment 1) 2006-2007 (Experiment II)
Data Crop Stage NO N100 N180 NO NGO+ N80 N140
Frisson SC WF 5.1*** 3.1
WF 50+04 20%05 22:06 2804 30:07 11:07 11207
Wheat IC  WH 48+06 25+09 1604 23+03 24+02 12+02 0904
Mean* 4.9 +06 23 +08 18 + 05 25+04 27+06 12+04 1.0 + 0.6
515N WF 0002 04:03 0302 04+03 -04+06 -03%00 03%02
IC PH 01+01 -07+04 -0820.0 04+02 -05+01 01+04 -05%03
Pea Mean** 0.1 + 0.1 -0.6 + 0.4 -0.6 + 0.2 04 +03 -05+04 -01+03 -04+03
WF 14 04 06 £ 0.1
SC  PH 1.0 + 0.4 07 02
Mean** 1.1 + 0.4 0.7 + 0.1
IC_ Mean™ 82t 2 87 = 13 88 t 5 84 = 5 85+ 7 60 £ 9 70 = 9
VoNdfa  Pea SC  Mean* 64+ 6 52 + 4
IC_ Mean™ 66 = 9 85 = 7 65 2 67 £ 9 22 £ 20 28t 7 28t 9
QNdfa  Pea SC  Mean* 115 + 29 90 + 30

573 * mean of WF and WH ; ** mean of WF and PH ; *** only one value
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579

Figures

Figure 1. N accumulated (kg N Ha in sole crops (SC) and intercrops (IC) of peadf wheat (W) in straw and grain for the
different N treatments (Nx where ‘X’ represents ppléed in kg N hd). Values are means (n=3 to 5) + standard errocrimps N

accumulated in straw and grain.
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Z005-2006 (Experiment T) 200a-2007 {Experiment ()
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585
586

Figure 2. Partial land equivalent ratio (LER) for wheat goela calculated from (a) N accumulated (WERb) dry weight
(LERpw), (c) grain yield (LER) for the two experiments and N treatments (Nx \ehi&t represents N applied in kg N Ha
Values are the mean (n=3 to 5) + standard errayl8iplus (+) and single asterisks (*) above thes badicate that LER is
significantly different from 1, at P<0.10 and P<®).@espectively. Single plus (+) and single asksrig) inside the bars indicate
that partial LER (either for wheat or pea) is sfmaintly different from 0.5, at P<0.10 and P<0.8&spectively; ‘ns’ indicates

non-significant (P>0.10).
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586  Figure3. Dry weight (t hd) of sole crops (SC) and intercrops (IC) of peagi®) wheat (W) for straw and grain for the différen

587 N treatments (Nx where ‘x’ represents N applie¢tgnN ha'). Values are means (n=3 to 5) + standard errogifain and for the

588 whole dry weight.
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590 Figure 4. Relationship between grain protein concentra(inof dry weight) of the intercropped (IC) wheatlasole cropped
591 (SC) wheat for the different N treatments (Nx whataepresents N applied in kg N Hpof Exp. | and Il. A linear regression
592 was fitted including all N treatments and experitse®ouble asterisk (**) indicate that linear regg®n is significant at P=0.01.
593 Values are means (n=3 to 5) + standard error. Fhelisector y=x and the regression y=1.2x arécimtetd in order to illustrate

594  the increased range of grain protein concentratid@ compared with SC.
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Figure 5. Land equivalent ratio calculated from vyield (LBRof the total intercrop (Total IC) and partial LERalues of
intercropped wheat (Wheat IC) and intercropped (B IC) as a function of (a) N accumulated bywthele intercrop at the
beginning of pea flowering (BPF); (b) mineral N é&hle until BPF (mineral N at sowing + N fertilizan applied before BPF +
N mineralized from humus and residues until BPF 4edthing until BPF); (c) the percentage of peaexiveed from air at
physiological maturity and (d) the amount of pead¢umulated from air at physiological maturity (Q&)d Linear regressions
were carried out for LER LERy.w and LER . Values are the mean (n=3 to 5) + standard e8iogle plus (+), single asterisk

(*) and double asterisk (**) indicate that lineagression is significant at P=0.10, P=0.05 and ®50espectively.
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609

Figure 6. Grain protein concentration of wheat (% of dryigh#) as a function of the dry grain yield (thdor sole cropped (SC)
wheat (solid symbols) and intercropped (IC) whegtefi symbols) for the different N treatments (Nxeveh‘x’ represents N
applied in kg N ha) for Exp. | (a) and Exp. Il (b). Linear regressiomere carried out for each N treatment, includinth sole

and intercropped treatments. Single plus (+), simggterisk (*) and double asterisk (**) indicateatthinear regression is

significant at P=0.10, P=0.05 and P=0.01, respelstiv
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