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Abstract

The major objective for clover in a winter wheat/white clover intercropping system is to supply nitrogen (N) for the wheat. A field experimen
was repeated in 2 years on a loamy sand in Denmark to investigate the possibilities for increasing N supply to the winter wheat by cutting
mulching the clover between the wheat rows. The clover was cut with a weed brusher on three different dates in each year.

Intercropped wheat with unbrushed clover had a lower grain yield than wheat as a sole crop. Brushing increased wheat N uptake and wi|
grain yields. Intercropping with two or three brushing dates gave higher wheat yields than wheat as the sole crop. The largest increases in gra
uptake, 21-25kg N h&, were obtained for the brushings around wheat flag leaf emergence. The highest yield increases with a single brushir
0.98-1.11 Mg DM hat, were obtained when brushing was performed during the stem elongation phase. The largest grain yields for treatments w
two brushings were obtained with a first brushing at start of stem elongation and a second around flag leaf emergence. The first brushing prob
provided N to increase the wheat leaf area index and thus the light interception, while the second brushing provided N to sustain the leaf area dt
grain filling and reduced clover biomass and therefore competition for water. Intercropping wheat and clover increased grain N concentrati
by 0.11-0.39%-point compared with wheat as a sole crop. Intercropping may thus offer possibilities for improving the bread-making quality
organically grown wheat.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction to associated crops through mineralised root and nodule N
(Ledgard and Steele, 19p2Annual N inputs from BNF to a
Low-input farming systems, such as arable organic farmgrass-clover mixture can be up to 300-500 kg N*h@&inther
ing, often have limited access to nitrogen (N), and this ofterand Jensen, 2000 although values of 150-300kg Nk
limits the productivity of these system8érry et al., 2002; year ! may be more typicaHlgersma et al., 2000The amount
Olesen et al., 2002Many of these farming systems rely on bio- of N supplied from BNF in grass-clover mixtures is extremely
logical N fixation (BNF) to supply N for intercropped cereals variable, depending on the proportion of clover, the defoliation
and/or for subsequent crogslgersma et al., 2000; Mueller and regime and soil moisture availability. The amount of N trans-
Thorup-Kristensen, 2001In intercropping systems, legumes ferred from the legume to the grass component can also be quite
can provide N for the intercropped cereals through N transfevariable, butthe proportionrarely exceeds 10% of BNedgard
(Xiao et al., 2004, while long-term transfer through effects on et al., 1985; Hagh-Jensen and Schjgrring, 2000
soil organic N is most important for yield improvements at the  Intercropping of cereals and clover offers a possibility to pro-
crop rotation levelQlesen et al., 2002 vide N to the cropping system while growing a cereal cropi
White clover (rifolium repens L.) is known to have a high et al., 1998. In a winter wheat/white clover intercrop, winter
capacity for BNF, and the fixed N is partly made availablewheat (riticum aestivum L.) is seeded into an already estab-
lished stand of white cloverJénes and Clements, 1993 he
wheat can be seeded into rototilled strips to reduce early com-
* Corresponding author. Tel.; +45 89991659; fax: +45 89991619. petition between the clover and winter wheBli¢rsted et al., in
E-mail address: JorgenE.Olesen@agrsci.dk (J.E. Olesen). pres$.
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Previous experiments on winter wheat/white clover system3he white clover cultivar was Milo (DLF-Trifolium, Denmark),
have shown interspecific competition for both above- and belowand the winter wheat cultivar was Stakado (Abed, Denmark).
ground resources (M.D. Thorsted, unpublished data). Belowinorganic fertiliser was applied at the rate of 70kgNha
ground competition for water and N is particularly important 17 kg P hal and 52 kg K hal by even distribution on 10 April
for wheat grain yields, whereas above-ground competition pri2000 and on 26 April 2001.
marily affects the growth of the cloverkorsted et al., in preks The experiment was a randomised complete block design
When the cereal crop is less competitive (e.g. due to low planwith four replicates. There were nine experimental treatments
densities), grain yields may also be reduced by above-groungiving a total of 36 plots. The plot size was 38 m. The
competition Jones and Clements, 199&rain N concentra- treatments included intercrops of winter wheat and white clover,
tions, however, generally increased by intercropping with cloverwinter wheat as a sole crop, and different combinations of three

The direct transfer of N from a Nfixing legume to an different timings of brushing the white clovefdble 1. The
intercropped cereal is usually insufficient for cereal produc<lover and weeds were brushed/cut between cereal rows with a
tion (Stern, 1993 There is evidence that the transfer of N from brush weeder (Brtschi-Fobro, lswil, Switzerland). The brush-
legumes to grass in mixed pastures is promoted by defoliatiomg was done from zero to three times at three different dates prior
of the legume, which results in root and nodule dedtfaiinin  to wheat growth stage GS39 on the BBCH scalencashire et
et al., 2000. Thus, methods that reduces the above-groundl., 199). Brushingwas done on 10 April (GS23), 4 May (GS31)
clover biomass may contribute N to the intercropped cereal, botAnd 18 May (GS37) in 2000. In 2001 brushing was done on 4
through above-ground residues and through increased releaseMéy (GS30), 18 May (GS31) and 31 May (GS39). The weed
below-ground N.Thorsted et al. (2002a)sed a brush weeder brusher cut off the plant material at the soil surface in 11cm
to cut the clover between oat rows to increase N recycling anwide bands, and this plant material was left on the ground.
reduce interspecific competition in oat/white clover intercrop-The brush weeder was also used in the plots without white
ping. This increased oat grain N yields and grain N concentraelover.
tion. Mechanical control of the clover may therefore be an option
to reduce interspecific competition and to increase N transfe?.2. Measurements
from clover to wheat in winter wheat/white clover intercropping
systems. Grainyields were determined by harvestinga 1.5 115m

The objective of the experiment presented here was to invesubplot. The area outside the harvest plot was used for plant
tigate the possibilities for reducing interspecific competition andsampling. The plots were harvested at maturity (15 August 2000
increasing the transfer of N from clover to winter wheat by brush-and 23 August 2001) using a combine harvester. Grain weight
ing off the clover at various times during the vegetative growthwas determined by weighing 600 dried grains per plot. Above-

of winter wheat. ground biomass of wheat, clover and weeds was harvested in two
samples of 50 cnx 50 cm per plot. To assess the above-ground
2. Materials and methods clover biomass removed at each brushing, two 1&c80 cm

samples in the clover bands were cut prior to each brushing in
A field experiment was performed twice starting in 1999 and2001. Clover N content was not measured, but an estimate of 3%
2000 at Research Centre Foulumin Denmark 88N, 9°35E). N of clover dry matter was used in the calculatiombdrsted et
The soil is loamy sand (9% clay, 3% organic matter) and isal., 2002h. Sampling of above-ground plant material was done
classified as a typic hapludult according to the Soil Taxonomyon three dates from 2 May to 13 August in 2000, and on four

System Nielsen and Mgberg, 1985 dates from 30 May to 2 August in 2001. The above-ground plant
material was separated into wheat, clover and weed fractions in
2.1. Experiment design 2001, but clover and weeds were pooled in 2000. Clover and
weeds were not sampled on the first sample date in 2001.
Clover was undersown in spring oatvéna sativa L.) in The dry weight of grain and all plant samples were deter-

spring 1999 and in another field in 2000 by evenly distributingmined after oven drying at 8@ for 24 h. Total N in the wheat
8kgseeds hal in 36 and 32 plots, respectively. The oat crop biomass and grain was determined by the Dumas method on
was harvested and the grain and straw removed on 3 Septembarely milled samples from each pldténsen, 1980

1999 and 25 August 2000. In the plots with clover, the clover

was cut and the cuttings removed just before seeding the whea&3. Statistical analyses

There were four plots without clover. In 1999, the plots with-

out clover were created by scraping off the upper 5cm soil in - The yield and biomass data were analysed by one-way
four plots that had clover. In 2000, the clover-free plots wereANOVA using the MIXED procedure of SAS statistical anal-
created by not seeding clover at all. A Maschio rotary cultivatorysis system$AS Institute, 199P Since the exact timing of the
was used to rototill 9 cm wide bands 25 cm apart in the clovebrushings varied between the 2 years, data for each cropping
sward, and winter wheat was sown in the bands with a Nordsteyear was analysed separately with block as random variable. To
seeding machine mounted on the rotary cultivator on 8 Octobasbtain variance homogeneity, all data from the plant samplings
1999 and on 21 September 2000. The target plant density wad above-ground biomass was transformed using the natural log-
400 plants m?, and the direction of the rows was East-West.arithm. The grain yield was not transformed.
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2.7

(kgN ha 1)

1.57
1.56
1.58
1.76
1.56
1.61
1.64
1.55
1.37
0.03

Grain weight N conc. (%) Grain N content Plant N uptake
0.4

(mg)

0.38 47.8
0.44 476
0.43 478
0.42 49.7
0.44 46.9
0.46 49.0
0.47 48.6
0.48 475
0.44 484
0.02

2001

(Mgha1)
4.13
5.18
5.15
4.87
5.30
5.59
5.31
5.80
5.36
0.14
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60.0
62.3
73.4
85.4
79.0
79.7
86.8
88.1
71.3

3.1

1.66
1.58
1.60
1.82
1.58
1.68
1.67
1.65
1.47
0.03

Grain weight N conc. (%) Grain N content Plant N uptake Grainyield HI
0.7

(mg)
041 47.2
0.38 46.1
0.44 452
0.43 49.1
045 445
0.45 48.6
0.45 47.3
0.43 46.6
0.47 45.9
0.02

Grain yieldHI

2000
(Mgha1)
3.60
3.94
459
4.71
5.00
4,73
5.20

33
4.86
0.16

5.

Clover

Effects of intercropping (with/without clover) and dates of brushing of clover on winter wheat dry matter grain yield, dry matter grain weiggttirttgax€HI) and grain N concentration and content, and wheat
Brushing dates

above-ground N uptake at the last sample date in 2000 and 2001

S.E.D. is the standard error of difference.

Table 1
Treatment
Index
S.E.D.

The wheat harvest index (HI) was calculated by dividing the
dry matter grain yield by dry above-ground wheat biomass at
the last sampling date.

3. Results
3.1. Wheat grain yield

Brushing on any single date increased grain yidlab{e J).

On average, brushing one or more times increased grain yield
by 31%. In 2000, the highest yields were obtained from the
two brushing dates in May, whereas the first brushing in April
only gave a small yield increase. In 2001, the first two brush-
ings (early May) resulted in higher yield than brushing in late
May.

The average yield increase from a single brushing was 0.81
and 0.94 Mg hat in 2000 and 2001, respectivelJgble 9. The
additional average vyield increase from a second brushing was
0.56 Mgha? in 2000 and 0.33Mgha in 2001, and a third
brushing resulted in an additional average yield increase of 0.35
and 0.40Mgha® in 2000 and 2001, respectively. The yield
increase of an additional brushing decreased with the number
of brushings.

Intercrops on average had 4% lower grain yield than wheat
as a sole cropTable ). However, all intercrops that had been
brushed twice or more had grain yields very close to or higher
than the wheat sole crop.

3.2. Harvest index and grain weight

The harvest index (HI) was increased by brushing in 2001,
whereas HI increased in 2000 for the two last brushing dates
only (Table ). There was a clear tendency towards higher Hi
when clover was brushed two or three times compared to one
brushing only.

The grain weight was reduced by brushing on the first two
dates in both years, but was increased by the last brushing
(Table 1.

3.3. Grain N uptake and concentration

Wheat N content increased on average by 31% when clover
was brushed one or more timé&able J). The greatest increase
in grain N content (25kg N ha in 2000 and 21 kgN ha in
2001) was obtained with the final brushing alone in both years,
and there was only a small additional increase in grain N content
from additional brushings.

The wheat sole crop had on average 10 kg N'hhigher
grain N content than the unbrushed wheat intercrop. However,
the mean grain N content of the brushed intercrops averaged
10 kg N ha! higher than that of the wheat sole crop.

Grain N concentration was slightly reduced by brushing on
the first two dates in both years, but it was increased by brushing
on the last dateTable J. Intercropped wheat had consider-
ably higher N concentration than wheat as a sole crop in both
years.
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Fig. 1. Development of above-ground dry matter in wheat in 2000 (a) and 2001 (b), N uptake in wheat above-ground biomass in 2000 (c) and 2001 (d) and above
ground dry matter in clover and weeds in 2000 (e) and 2001 (f). Symbols indicate no brushing of clover in intgygrbpughing of clover at all three dates in
intercrop @) and wheat sole crop brushed three times between wheat sowsdrtical marks indicate dates of brushing. Bars show the standard error.

3.4. Wheat biomass and N uptake reduced to 40-50gDMn? (Table 2. Thus, not all above-
o , ground N in the clover was recycled by the brushings. However,

At the second sampling in 2000, the second brushing was thgese estimates of clover biomass covered both wheat rows and

only treatment giving a significant increase in wheat biomasg,er strips, and some clover was probably also growing in

(P=0.002). Atthe third sampling there was significantly highery,e \yheat rows. The estimates of above-ground N in clover

biomass for aII.of the brushmg datei.3<( 0.03, data not shown). (Table 3 prior to brushing were from the clover strips and there-

In 2(,)01' brushing on the f|rst date increased wheat biomass %Bre probably represent a more accurate estimate of the amount

the first and second sampling dafe<0.01). The largest wheat ¢ above-ground N recycled.

biomass was obtained in both years by brushing on all three 1o amount of N recycled by brushings increased when

dates Fig. 1a and b)' _ _brushing was delayed from the tillering stage to the stem elonga-
The N content in above-ground wheat biomass at the fingf,, gtage in wheaffable 3. Multiple brushings did not recycle

sampling was sm_ular for t_he wheat as a sole crop and th%ubstantially more N than one single late brushing, probably

unbrushed wheat intercrop in both yedfg( Ic and d). Brush-  ho05,ise the clover needs to re-establish its leaf area after brush-

ing increased total above-ground N uptake of wheat by an avefrg, and this reduces photosynthesis and BNF.

age of 27 kg N hal in 2000 and 13 kg N hia" in 2001 (Table J). Weed biomass was low in all treatments in 200akle 2.

Later brushings increased N uptake more than earlier bruslyyshing tended to reduce weed biomass at the first sampling
ings in 2000, whereas there was no significant difference amongate  However by the last sampling date there were no
brushing dates in 2001. differences.

3.5. White clover and weed biomass
4. Discussion

The clover + weed biomass was reduced by similar amounts
by brushing in both years={g. le and f). The clover+weed 4.1. Recycling of N
biomass remained fairly stable over time during June and July
after the last brushing in all treatments. The above-ground clover The increase in N content in above-ground wheat biomass
biomass measured several days after brushing in 2001 wdm brushing was on average 20kgNtia The average
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Table 2

Mean clover and weed biomass at three sampling dates in 2001

Treatment Clover biomass (g DMTR) Weed biomass (g DM rr?)

Index Brushing Clover 30 May 20 June 2 August 30 May 20 June 2 August
a - —— + 192 be 293 f 233 f 32cd 26 abc 4a

b +— — + 131 bc 157 cde 169 def 18 bed 29 abc 10a
c -+ — + 48 a 100 bcde 120 cde 16 abcd 12 ab 19a
d ——+ + 230¢c 71 abc 67 abcde 18 bed 29¢c 10a
e ++ — + 48 a 87 bcd 105 becde 7 abd 28 abc 17 a
f +—+ + 123 bc 53 ab 49 abc 14 abcd 18 abc 15a
g —++ + 89b 48 ab 73 abcd 7 ab 17 abc 22 a
h +++ + 41 a 48 ab 79 abcd 12 abd 18 abc 15a
i +++ — 18 bcd 24 abc 7a

Analysed on log-transformed data and retransformed to the original unit. Within each column, means followed by different letters are sigiffécantlgtdhe
0.05 significance level based otests.

increase in grain N content from brushing was also 20 kgN-ha  single brushing (13%). Smaller reductions in N use efficiency
This suggests that the entire additional N uptake was found ifave been found from delaying mineral N fertilisati@i¢sen et
harvested grain N. This large additional N uptake in the grain&!l., 2003. The estimated N use efficiencies are probably over-
may be explained by the late availability of the N from the brush-€stimated, since the brushings will also result in release of N
ings, which will tend to favour the growing grains because ndrom clover roots Trannin et al., 2000 About 40% of total N
additional N is needed to sustain the leaf area. Based on the esticcumulated in white clover is situated below the cutting height
mates of rate of N uptake in above-ground wheat biomass, th@grgensen and Ledgard, 1997
extra increase of N in the unbrushed wheat intercrop versus the There are several possible explanations for the relatively low
wheat sole crop was ca. 10 kg NHawhich is in line with val- N use efficiency. First, the white clover will compete with the
ues obtained in other wheat/clover intercrop studiégm(sted et Wheat for soil N. Secondly, the mulched clover must be min-
al.,in presy Thus, brushing approximately tripled the N transfer eralised before it becomes available to the crops. The high N
from the clover to the wheat. concentration of the clover will usually ensure a high mineralisa-
The N use efficiency (Eff) from the recycled N from the tion rate Breland, 199 Since the clover was not incorporated
brushing in 2001 can be estimated by dividing the increasé# the soil, it is possible that the generally dry conditions dur-
in grain N content by the N in above-ground clover brushedng May and June may have reduced the mineralisation rate

(Tables 1 and 8 or restricted the leaching of mineral N or dissolved organic N
N N (Hadas et al., 2004 There may have been gaseous losses of

Eff — 100 x —d0— ~'ue NHs, N2O and N from the clover mulch. Substantial ammonia
Nbrush volatilisation and nitrous oxide emissions from N-rich mulches

where Nyp is the grain N in the brushed intercrop treatmenthave been documenteldgrsson et al., 1998Finally, efficiency

(kg N ha 1), Nycthe grain Nin the unbrushed intercrop treatmentof any resource decreases with the resource’s abundance. While

(kg N ha 1) and Nprush is the amount of N brushed off by the N levels here were low compared to very high productivity cereal

weed brusher in the brushed intercrop treatment (kg™Nha production systems, these levels are still high with respect to nat-
The estimated average N use efficiency of all brushing treatdral or pasture systems, where N is very limiting and therefore

mentswas 17%. This is considerably lower than the typical N usesed very efficiently.

efficiency of 40-50% obtained for mineral N fertiliser applica-

tion to winter wheat in DenmarkJlesen et al., 2003; Petersen 4.2. Interspecific competition

and Djurhuus, 2004 The largest N use efficiency (28%) was

obtained for the first single brushing, and the smallest for the last Brushing not only affected the transfer of N from the clover

to the wheat, it reduced competition from clover and weeds. It

Table 3 is likely that the wheat was primarily affected by competition
Estimated amounts of N in above-ground clover biomass (kg Nt brushing from the clover intercrop, because weed biomass was low in
dates in 2001 both years.

Treatment 4 May 18 May 31 May Above-ground competition for light plays an important role

P 56 ~ - for the early growth of winter wheat in this intercropping sys-

. _ 86 _ tem (Thorsted et al., in pressThis may partly explain the

d - - 156 increase in wheat biomass observed in the treatments with
e 65 67 - early brushing of the clover. In some cases, there was a reduc-
! 62 - 137 tion in wheat biomass immediately following the brushings,
fl 4; 22 ;g probably caused by mechanical damage to the wheat from

brushing.
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Above-ground competition for light also plays a role for brushing should be performed at GS30/31 to increase the wheat
reducing the growth of the cloveiorsted et al., in pregs leaf area index, and the second brushing at GS37 to sustain the
After stem elongation in wheat, the light available for growth of leaf area during grain filling and reduce competition for water.
clover is severely reduced, and this probably limits BNF in theLate brushing will also increase grain N concentration and grain
clover until the wheat is harvested. weight (Table ). However, the optimal timing will probably

The harvestindex (HI) of conventionally grown winter wheat depend on the actual climatic and soil conditions and on the
is usually 0.44-0.48Hay, 1995; Shearman et al., 2Q0&hich  architecture of the intercropping system.
is in line with the HI measured for the sole crofable 1. The
HI was considerably lower in the unbrushed wheat intercrop4.4. Perspectives
Except for the first brushing in 2000, brushing raised the HlI
of the wheat intercrop to the level of the sole crop. A low HI  Grain N concentration in the intercropped wheat was consid-
is generally caused by factors reducing assimilate availabiliterably higher that of wheat grown alone. Similar effects have
during grain filling. Due to the differences in crop height therebeen observed in other white clover/winter wheat intercropping
is little influence from competition for light on the wheat crop experimentsBergkvist, 2003; Thorsted et al., in prgs&rain
during grain filling (Thorsted et al., in preksit is more likely N concentration was maintained and sometimes increased by
that the lower HI of the unbrushed intercrop was caused bylover brushingsTable 1. Protein content is an important fac-
competition for water during grain filling, which has been showntor determining the bread-making quality of wheat, which is
to lead to reduction in HIFan et al., 2003 The larger leaf area an important issue in organic farminBérry et al., 2002 Inter-
index of the intercrop, as seen from the higher clover biomassropping of white clover and winter wheat may help ensure good
(Fig. 1e and f), would lead to higher evapotranspiration, usingoread-making quality in organic farming, and this could make
up more of the available soil moisture. This may have beemechanical control of clover profitable. Brushing is energy-
a particular problem in 2001, where there was a potential soihtensive, however, and is currently used only in high-value
water deficit of 162 mm during the period Aprilto Julii{orsted  vegetable crops. There is a need to develop other less costly
et al., in presp Alternatively, the increase in HI with brushing methods of cutting the clover between the wheat rows. In con-

could be an effect of wheat plant siz&¢iner, 2003 ventional farming, spraying clover with herbicides may also
offer possibilities to trigger leaf senescence and N relehses,
4.3. Timing of brushings 1992; Bergkvist, 2008

In sole clover crops, 75-94% of the total clover N may be
The largestyield increases were obtained for single brushingderived from BNF Jgrgensen et al., 1999n the present study,
during the stem elongation phase (stages GS31 to GS37) in tllee above-ground N in clover brushed of in the period from
first half of May. For these brushings, consistent average graid May to 29 May 2001 was estimated at 56—-199 kg N*ha
dry matter yield increases of 0.98—1.11 Mg havere obtained, Assuming that 85% of clover N was derived from BNF, this
andthe grain N contentwas increased by 13-25 kg™NHaarly  would correspond to a N input of 48-169 kg Ntta Only a
brushings resulted in less N being recycled from the clover. Osmall proportion of this N fixation was removed in the grains of
the other hand, the N use efficiency from early brushings wathe intercropped wheat. Continued growth of the white clover
higher than from late brushings. The net effect was an increasafter harvest of the wheat will contribute additionally to BNF.
in grain N with increasing delay in brushing. This may leave a considerable amount of N in the soil and
Despite the higher grain N content with later brushings.the clover, which can contribute to the N supply of subsequent
this did not lead to higher grain yields. The small yield effectcrops Qlesen et al., 20Q2r to increased nitrate leaching losses
of late available N has also been seen in conventional fertEriksen, 2001
tiliser trials (e.g.Olesen et al., 2003 This occurs because the
yield under conditions of ample water supply is determineds. Conclusions
by the cumulated light interception of the crop canopy, which
in turn is largely determined by early N uptak&r{ndlay, Brushing of the clover in the winter wheat/white clover inter-
1997. An increase in the N uptake during the vegetative stagerop was found to increase wheat N uptake and wheat grain
affects light interception during a large part of the growingyields. The grain dry matter yield was increased by brushings
season, whereas N uptake after anthesis will have little or nduring the stem elongation phase (GS31to GS37), whereas grain
effect. N concentration was increased by brushings at flag leaf emer-
The effect of brushings on grain N concentration dependedence (GS37 to GS39). The intercropped wheat increased grain
on the balancing effects of brushings on the grain yield andN concentrations by 0.11-0.39% and may offer possibilities to
on the grain N content. Early brushings increased grain yieldmprove the bread-making quality of organically grown wheat.
resulting inlower grain N concentrations, whereas late brushingslechanical control of the clover in the intercrop can increase
increased N concentration. wheat N supply and reduce interspecific competition, improving
The highest grain yields in both years were obtained withboth crop yield and grain quality. However, brushing is a costly
three brushings. However, identical grain N content and compasperation, and other less costly measures to control the growth
rable yields were obtained with only two brushings (treatmenbf the clover will need to be developed before this system is
g in 2000 and treatmerftin 2001). This suggests that the first adopted in practice.
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