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A B S T R A C T

Complementarity in acquisition of nitrogen (N) from soil and N2-fixation within pea and barley

intercrops was studied in organic field experiments across Western Europe (Denmark, United Kingdom,

France, Germany and Italy). Spring pea and barley were sown either as sole crops, at the recommended

plant density (P100 and B100, respectively) or in replacement (P50B50) or additive (P100B50)

intercropping designs, in each of three cropping seasons (2003–2005). Irrespective of site and intercrop

design, Land Equivalent Ratios (LER) between 1.4 at flowering and 1.3 at maturity showed that total N

recovery was greater in the pea–barley intercrops than in the sole crops suggesting a high degree of

complementarity over a wide range of growing conditions. Complementarity was partly attributed to

greater soil mineral N acquisition by barley, forcing pea to rely more on N2-fixation. At all sites the

proportion of total aboveground pea N that was derived from N2-fixation was greater when intercropped

with barley than when grown as a sole crop. No consistent differences were found between the two

intercropping designs. Simultaneously, the accumulation of phosphorous (P), potassium (K) and sulphur

(S) in Danish and German experiments was 20% higher in the intercrop (P50B50) than in the respective

sole crops, possibly influencing general crop yields and thereby competitive ability for other resources.

Comparing all sites and seasons, the benefits of organic pea–barley intercropping for N acquisition were

highly resilient. It is concluded that pea–barley intercropping is a relevant cropping strategy to adopt

when trying to optimize N2-fixation inputs to the cropping system.

� 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Intercropping is an old and widespread practice in the low-
input systems of the tropics (Willey, 1979), and was common in
developed countries before the ‘fossilisation’ of agriculture (Cass-
man, 1999; Matson et al., 1997). However, the shift from mainly
labour intensive systems to cropping optimised through the use of
fertilizers and other chemical inputs during the 20th century
constituted a significant transformation in agriculture around the
world (Crews and Peoples, 2004). Intercropping has been
neglected in research on plant production systems in Europe
possibly due to the complexity of these systems and because
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intercrops can be difficult to manage in cropping systems based on
agrochemicals.

Intercropping is based on the manipulation of plant interactions
to maximize their growth and productivity (Trenbath, 1976;
Vandermeer, 1989; Willey, 1979). Intercropping of pea (Pisum

sativum L.) and barley (Hordeum vulgare L.) in temperate regions
improves use of plant growth resources over that in the respective
sole crops due to resource complementary, i.e. species do not
compete precisely for the same niches (Hauggaard-Nielsen et al.,
2001a; Jensen, 1996; Willey, 1979).

Barley is much more competitive for soil mineral nitrogen (N)
than pea (Jensen, 1996), most likely as a consequence of the faster
and deeper root growth of barley (Bellostas et al., 2003; Corre-
Hellou and Crozat, 2005a; Hauggaard-Nielsen et al., 2001b). Soil N
uptake by sole cropped barley can far exceed that of sole cropped
pea (Hauggaard-Nielsen et al., 2006). Moreover, when inter-
cropped with pea, barley can take up a considerably higher
proportion of soil N that can be explained purely by its relative
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sowing density (Hauggaard-Nielsen et al., 2006). The depletion of
soil mineral N by barley forces the grain legume to increase its
reliance on symbiotic N2-fixation (Karpenstein-Machan and
Stuelpnagel, 2000). Other benefits of intercrops include greater
stability of yields than in the respective sole crops (Willey, 1979)
and resilience to perturbations (Trenbath, 1999).

Accumulation of major nutrients such as phosphorous (P),
potassium (K) and sulphur (S) may similarly be enhanced by
the pea and barley nutrient complementarity in intercrops
(Andersen et al., 2007; Eriksen, 1997; Marschner et al., 1986),
possibly influencing overall crop yields and thereby competitive
ability for capturing and utilizing other resources (light,
water, etc.).

Intercrop components might utilize the growth resources
more efficiently potentially supporting a greater number of
plants which may result in greater optimum intercrop plant
densities than the optimum density for sole crops (Ofori and
Stern, 1987; Willey, 1979; Willey and Osiru, 1972). This
hypothesis can be tested by comparing different classical
intercrop designs, such as the replacement and additive designs.
In a replacement design the total relative density (100%) is held
constant while the relative proportion of each species is varied
according to the recommended sole crop density (De Wit and Van
den Bergh, 1965; Hauggaard-Nielsen et al., 2006; Trenbath,
1976). In the additive design the species can be grown such that
the overall relative density exceeds 100% potentially inducing
the most productive intercrops (Fukai and Trenbath, 1993;
Snaydon, 1991).

In many intercrop competition studies interspecific interac-
tions were studied only at one site even though interactions may
vary according to a range of local biotic and abiotic conditions. The
aim of this study was to determine the effects of pea–barley
intercrop design and growing conditions across Western European
organic farming systems on N2-fixation and soil N use, with
additional determinations of P, K and S shoot accumulation at two
sites to evaluate other nutrient use efficiencies.

2. Materials and methods

2.1. Field sites

Replicated field experiments were carried out during 2003–
2005 in Northern, Central and Southern Europe at sites in
Denmark, United Kingdom, France, Germany and Italy (Table 1).
For further information about national climatic growing conditions
see Gooding et al. (2007). In all countries the preceding crop on the
experimental sites were established as the second ‘cereal’ after a
fertility building clover-rich ley. A false seedbed was established
prior to sowing as the only targeted method of weed management.
The crop was managed according to organic farming practices
without pesticide use.
Table 1
Site details for the joint field trials carried out during 2003–2005 in Denmark, United

Europe.

Country Denmark United Kingdom

Site Tåstrup Reading

Location 558400N, 128180E 518290N, 08540W

Max. available water (mm) 244 238

% Clay (<2 mm) 12.0 8.5

% Silt (2–60 mm) 25.0 18.5

% Sand (60–2000 mm) 63.0 73.5

Soil pH 6.6 6.9

Soil organic N (g kg�1; 0–250 mm) 1.2 1.1

Bulk density (Mg m�3) 1.53 1.59
2.2. Experimental design

The experimental plots were drilled (125 mm row width) in a
complete one-factorial randomized design with four replicates. A
leaf-less, medium early, pea cultivar cv. Baccara and a medium
early, two-row barley cultivar cv. Scarlett were used at all sites.
Sole crops were sown at the recommended seed density of 90 and
300 plants m�2 for pea (P100) and barley (B100), respectively. Row
intercrops were established in an additive (P100B50) and a
replacement (P50B50) design. The actual plant densities were
within 20% of the target densities of pea and barley plants m�2

independent of year and site (data not shown). The sowing dates
varied amongst years and site depending on spring sowing
conditions.

2.3. Sampling and analytical methods

Soil samples were collected across the experimental sites before
sowing (n = 4) using a soil corer at 0–30, 30–60 and 60–90 cm.
Samples from similar layers were bulked and mixed thoroughly and
kept frozen before extractions. Soil mineral N was extracted in 2 M
KCl. The KCl extracts were frozen prior to analyses of NO3

�/NO2
�and

NH4
+ with standard colorimetric methods using a segmented flow

injection autoanalyser (Technicon Autoanalyzer II).
Aboveground crop was sampled destructively at pea flowering

and again at harvest ripeness of the latest maturing species. In the
sole crops, plants from six 1 m rows (0.75 m2) were cut at the soil
surface. In the row intercrops three 1 m rows of each species were
cut at the soil surface and put into separate fractions. All plant
materials were dried at 70 8C to constant weight to determine total
DM production. For the samples taken at harvest ripeness, samples
were separated and threshed into straw and grain. Total N and
d15N were determined on 5–10 mg subsamples of finely ground
material using an elemental analyser (CE Instruments EA 1110)
coupled in continuous flow mode to an isotope ratio mass
spectrometer (Finnigan MAT DeltaPlus). In Denmark and Germany,
macronutrients P, K and S were evaluated from ground plant
materials for the sole crops and the replacement intercrop design.
Phosphorous was determined colorimetrically with ammonium
molybdate after destruction with perchloric acid (Stuffins, 1967).
Total K was determined by flame emission after dry-ashing (450 8C
for 3 h) followed by dissolution in nitric acid (Askegaard and
Eriksen, 2000). Total S was determined by turbidimetry after wet-
ashing with magnesium-nitrate and perchloric acid (Nes, 1979).

2.4. Calculations and statistics

Weed samples were taken before initiating the field experi-
mentation in all countries to measure natural 15N abundance for
each site (Table 2). In France and Germany these samples indicated
that the natural 15N abundance in the plant-available soil N was
Kingdom, France, Germany and Italy representing Northern, Central and Southern

France Germany Italy

Thorigné d’Anjou Kassel San Marco Argentano

478370N, 08390E 518250N, 9825’E 398180N, 218120E

248 233 248

15.0 17.0 25.0

47.5 80.0 48.0

37.5 3.0 27.0

6.5 6.8 7.7

2.0 1.4 2.0

1.27 1.50 1.34



Table 2
d15Nitrogen (N) of shoot N at maturity in sole cropped barley (B100) reference

plants and in pea when sole cropped (P100) and intercropped in either additive

(P100B50) or replacement (P50B50) design using either natural abundance in

Denmark (DK), United Kingdom (UK), and Italy (IT) or enrichment technique in

France (FR) and Germany (GE) for quantifying N2-fixation. Values are the mean

(n = 4) � SE for each site and growing season.

Site Year B100 P100 P100B50 P50B50

Natural abundance technique

DK 2003 3.50 � 0.41 0.66 � 0.17 0.04 � 0.06 0.11 � 0.05

2004 4.22 � 0.48 0.80 � 0.38 0.36 � 0.11 0.20 � 0.08

2005 5.03 � 0.91 1.38 � 0.25 0.49 � 0.10 0.28 � 0.12

UK 2003 NDa ND ND ND

2004 3.37 � 0.08 0.24 � 0.24 0.37 � 0.11 0.24 � 0.24

2005 4.78 � 0.39 1.37 � 0.19 0.70 � 0.12 1.37 � 0.19

IT 2003 5.78 � 0.30 1.27 � 0.10 1.26 � 0.21 1.17 � 0.04

2004 2.48 � 0.14 0.76 � 0.04 0.23 � 0.05 0.18 � 0.02

2005 3.16 � 0.24 0.62 � 0.17 �0.20 � 0.07 �0.17 � 0.02

Enrichment technique

FR 2003 280 � 25 173 � 3 171 � 4 162 � 17

2004 236 � 31 179 � 12 165 � 9 148 � 3

2005 236 � 31 180 � 11 197 � 15 172 � 15

GE 2003 239 � 24 28 � 10 19 � 3 13 � 2

2004 453 � 23 85 � 7 56 � 6 33 � 5

2005 483 � 27 125 � 8 59 � 5 61 � 5

a Not determined.
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insufficiently different from the abundance in atmospheric N2 to
allow accurate measurement of N2-fixation. At these two sites,
therefore, the enrichment technique (Chalk, 1998) was used. The
achieved large 15N enrichment of the plant-available soil N pool
(B100) after applying 15N enriched urea in these two countries
indicates great accuracy of the subsequent calculations (Table 2).
In Denmark, United Kingdom and Italy the natural abundance
technique was used with levels of barley d15N in the range between
2.5 and 6.5% (Table 2) indicating appropriate precision of
estimates (Unkovich et al., 1994). The percentage of total above-
ground N accumulation derived from N2-fixation (%Ndfa) is
calculated using the 15N contents of the legume (d15Nlegume) and
Fig. 1. Accumulation of total shoot N in pea (P) and barley (B) at the flowering (a–f) and

when intercropped in either additive (P100B50) or replacement (P50B50) design in Denm

of countries (All). Values are the mean (n = 12 for each site and n = 60 for all sites) and

different using Tukey’s Studentized Range (HSD) Test for treatments.
non-fixing reference (d15Nreference plant) (Shearer and Kohl, 1986):

%Ndfa ¼ 100�
d

15
Nre ference plant � d

15
Nlegume

d
15

Nre ference plant � B
(1)

where the 15N enrichment of soil N compared with atmospheric N2

is expressed as parts per thousand (d15N or %). As the natural
abundance difference between the legume and the non-fixing
reference is less than when using the enrichment technique a B-
value is included in these calculations representing 15N discrimi-
nation. The B-value for pea (�0.72%) was derived from d15N
natural abundance analyses of shoots of plants grown in pots
containing N-free growth medium in a naturally lit, temperature
controlled glasshouse (Hauggaard-Nielsen et al., 2003).

Both the enrichment and natural abundance calculations are
based on the assumption that the 15N value of reference plants
(barley) provide a measure of the equivalent 15N level of soil
mineral N available to the legume (Peoples et al., 1998).

Determinations of crop N are derived conventionally from
shoot-based measures of DM and N content (%N):

N2-fixed ¼ %Ndfa

100

� �
� DM� %N

100

� �
(2)

where soil N uptake is estimated as the difference between total N
and N2-fixed.

The Land Equivalent Ratio (LER) is the relative land area with
sole cropping (SC) required producing the yields achieved by
intercropping (IC) (Willey, 1979). LER for a pea–barley intercrop is
the sum of the partial LER for pea (LP) and barley (LB) (De Wit and
Van den Bergh, 1965):

LB ¼
yieldbarleyIC

yieldbarleySC
(3)

LP ¼
yield peaIC

yield peaSC
(4)

LER ¼ LB þ LP (5)
maturity growth stages (g–l) when sole cropped (P100 and B100, respectively) and

ark (DK), United Kingdom (UK), France (FR), Germany (GE), Italy (IT) and as a mean

columns with the same letter within each individual diagram are not significantly



Fig. 2. Pea (P) and barley (B) partial Land Equivalent Ratio (LER) using final total

shoot N accumulation (see Fig. 1) at the flowering (a and b) and maturity growth

stages (c and d) when intercropped in either additive (P100B50) or replacement

(P50B50) design in Denmark (DK), United Kingdom (UK), France (FR), Germany

(GE), Italy (IT) and as a mean of countries (All). Values are the mean (n = 12) � SE.

The values for the overall mean across countries are the mean (n = 60) � SE. The

horizontal vertical dotted line indicates initial pea sowing proportion.
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LER values > 1 indicate an advantage from intercropping, in
terms of the use of environmental resources for plant growth,
and when LER < 1 resources are used more efficiently by SC than
by IC.

Analysis of variance was carried out on data using the GLM
procedure of the SAS software (SAS, 1990). The significance of
differences between treatments was estimated using F-tests and
probabilities equal to or less than 0.05 considered significant.
Assumptions of normal distribution and variance homogeneity
were tested graphically using residual plots. Only statistically
significant effects will be noted in the text.

3. Results

3.1. Total aboveground nitrogen accumulation

On average, overall sites and years, greater amounts of
aboveground N were accumulated in the crops including pea,
compared with B100, at both flowering of the pea and at harvest
maturity (Fig. 1). At flowering, the total N yields were greatest in
France, followed by Germany and Italy, and then by the United
Kingdom and Denmark (Fig. 1). This ranking was changed
somewhat by harvest maturity when highest N yields were
achieved in Italy (15.9 g N m�2); although lowest yields were still
recorded in Denmark and United Kingdom (7.9 g N m�2).

When averaging overall sites and seasons, at maturity N yields
declined in the order: P100 > P100B50 > P50B50 > B100 (Fig. 1).
Within sites, errors were greater, but there was always lower N
accumulation in B100 than in P100 or the intercrops (Fig. 1).
Within sites no difference in total N accumulation comparing
additive or replacement intercrop designs were found, even
though the pea intercrop proportion was greater in the additive
than in the replacement design (Fig. 1).

3.2. Aboveground phosphorous, potassium and sulphur accumulation

In both countries improved utilization of total P, K and S was
identified using LER (Table 3) indicating around a 20% uptake
improvement of the individual macronutrients. In general,
significantly more K and S were accumulated in Germany than
in Denmark independent of cropping treatment (Table 3). Sole
cropped pea accumulated significantly more P than the individual
intercropped components, but less than the total pea and barley
contribution in the intercrop.
Table 3
Total aboveground accumulation of soil phosphorus (P), potassium (K) and sulphur

(S) in sole crops of pea (P100) and barley (B100) and by pea–barley intercrops

grown in replacement design with 50% pea (P50) and 50% barley (B50) in Denmark

(DK) and Germany (GE). For DK data the mean was taken from two growing seasons

(n = 8) whereas the GE data include three years (n = 12). Using Tukey’s Studentized

Range (HSD) Test for treatment values for each individual nutrient marked with the

same letter are not significantly different. Land Equivalent Ratio (LER) > 1 indicates

an advantage from intercropping compared to the respective sole crops in terms of

the use of the specific nutrient � SE.

Site Nutrient Total aboveground accumulation (g m�2)

Sole crop Intercrop LER

P100 B100 P50 B50 P50B50

DK P 1.51A 1.39AB 0.57C 1.17BC 1.21 � 0.07

GE 1.77A 1.45AB 0.79C 1.00BC 1.20 � 0.07

DK K 3.31B 4.70A 0.89C 4.54A 1.26 � 0.06

GE 7.23A 5.46B 3.08C 3.82C 1.20 � 0.09

DK S 0.60AB 0.76A 0.25C 0.58B 1.19 � 0.06

GE 0.91A 0.80A 0.41B 0.57B 1.18 � 0.07
3.3. Utilization of plant nitrogen sources

Overall sites, the pea partial LER (LP) for total N accumulation
(Fig. 2) was higher in the additive design than in the replacement
design, especially at the flowering growth stage (Fig. 2a and b).
Irrespective of site total LER averaged 1.4 at the flowering growth
stage with greatest complementarity in Italy and Germany and
lowest in the UK. In contrast, the partial LER for barley N was often
slightly less in the additive (overall LB = 0.67) compared to the
replacement (LB = 0.74) design. The effects of intercropping design
on barley were, however, different in Italy (Fig. 2c and d), where an
exceptionally competitive pea crop (LP = 0.9 independent of
intercrop design at harvest time) and poor barley performance
was associated with unusually low precipitation in early spring.
Across sites LP averaged 0.5–0.6 and LB 0.6–1.2 suggesting a
complementary (LER > 1) acquisition of nitrogen in the intercrops
(Fig. 2). At maturity and irrespective of site and intercrop design
total LER averaged 1.3 with greatest complementarity in Germany
and lowest in Italy.

3.4. Symbiotic nitrogen fixation

During early growth the rhizobia-pea plant symbiosis was
evaluated in all countries by visual evaluation of pink root nodules
distributed on the pea root system. In all countries it was
concluded that the soil contained sufficient populations of native
Rhizobium leguminosarum bv. viciae for efficient inoculation. The
significantly lowest %Ndfa was found in France (48%), and highest
in Germany (83%), with the other three countries ranging between
71 and 78% (Table 4). Independent of design, intercropping
significantly raised %Ndfa by 10% compared with pea sole crop. On
average, overall countries the quantity of N2-fixed by the different
crops ranked in the order P100 > P100B50 > P50B50 (p < 0.001).
In Germany and Italy pea fixed the largest amounts of N
(10.5 g N m�2) followed by United Kingdom (7.4 g N m�2) with
significantly less in France and Denmark (4.5 g N m�2). The
amount of N2-fixation in the intercrop, compared with the pea
sole crop (LP for N2-fixation) showed that the additive design
(P100B50) decreased the fixed N by 25% (LP = 0.75), whereas in the



Table 4
Percentage of total pea N at maturity derived from N2-fixation (%Ndfa), amount of N2-fixation (g N m�2) and partial pea Land Equivalent Ratio (LER) based on amount of N2-

fixation for each site when sole cropped (P100) and intercropped in either additive (P100B50) or replacement (P50B50) design in Denmark (DK), United Kingdom (UK), France

(FR), Germany (GE), Italy (IT) and as a mean of countries (All). Using Tukey’s Studentized Range (HSD) Test for treatments on %Ndfa (capital letters) and g N fixed m�2 (normal

letters) values for each individual site (n = 12) and for all countries (n = 60) marked with the same letter are not significantly different. For LER values are the mean � SE.

Site %Ndfa g fixed N m�2 Partial LER (g fixed N m�2)

P100 P100B50 P50B50 P100 P100B50 P50B50 P100B50 P50B50

DK 67.9A 74.5A 75.3A 6.41a 8.87a 7.15b 0.67 � 0.15 0.52 � 0.12

UK 72.3B 82.7B 79.2AB 8.90a 4.13a 3.17b 0.86 � 0.16 0.56 � 0.12

FR 46.6A 46.0A 52.0A 6.15a 10.65b 7.83c 0.88 � 0.20 0.69 � 0.23

GE 81.4A 85.9A 84.3A 15.40a 8.01a 5.27b 0.58 � 0.02 0.48 � 0.01

IT 62.6B 74.9A 75.7A 12.99a 7.34b 5.46c 0.85 � 0.07 0.62 � 0.06

All 66.4B 72.9A 73.4A 10.31a 4.12b 2.87b 0.75 � 0.06 0.56 � 0.05
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replacement design (P50B50), N2-fixation reduction largely
reflected the reduction in pea sowing density (LP = 0.55) (Table 4).

There was a relationship between the total DM production and
the amount of nitrogen fixed (Table 4; Fig. 4). The site in Germany
achieved greater quantities of N2-fixation, particularly when
compared with the low French values, which themselves were
associated with greater dependence on soil mineral N (Table 4).

3.5. Acquisition of soil nitrogen

In the top soil (0–30 cm), between 2 and 7 g mineral N m�2

were found with the highest values in Denmark and France. Values
increased to 4–14 g mineral N m�2 when the whole 0–90 cm soil
profile was included (Table 6). Overall sites, soil N was
accumulated most effectively whenever barley was sown, whether
as an intercrop, or as a sole crop (Fig. 3). This quality of barley was
particularly evident in Denmark and Germany. There was more soil
mineral N taken up by crops grown in Italy and France than in the
other three countries.

At maturity LER values for soil N uptake were nearly always
higher than unity, the only exception being in Italy (LER = 0.96).
Otherwise, there was often a 20–30% improvement in utilization of
soil N sources by intercropping irrespective of design (Table 5).
Adding barley to the pea, or replacing pea with barley, reduced the
amount of soil N taken up by the pea more than would be predicted
from the proportionate reduction in pea sowing rate (LP = 0.53 and
0.42 for the additive and replacement designs, respectively). It is
evident that competition from barley affected more the amount of
soil N uptake than the amount of N2-fixed by pea.
Fig. 3. Total soil N uptake at maturity measured by 15N techniques in sole cropped pea

additive (P100B50) or replacement (P50B50) design in Denmark (DK), United Kingdom (U

the mean (n = 12 for each site and n = 60 for all sites) and columns with the same le

Studentized Range (HSD) Test for treatments.
4. Discussion

4.1. Nitrogen accumulation and yield advantages

Ideally dual intercrops should enhance the complementary
effects between species (Davis and Woolley, 1993). A high
complementarity is attributed to competitive and facilitative
production mechanisms (Vandermeer, 1989). Several studies
report substantial complementary use of N sources in cereal–
legume intercrops (Anil et al., 1998; Carruthers et al., 2000; Jensen,
1996), as shown in the present study for the five different sites
across Europe (Fig. 2; Tables 4 and 5) representing various climatic
zones (Table 1).

Results for final total N accumulation (Fig. 1) indicate the
importance of pea for high N yields. Across countries and years
significant differences between cropping strategies could be
ranked P100 > P100B50 > P50B50 > B100. The LER values based
upon total shoot N accumulation (Fig. 1) show interspecific
complementarity between intercropped species averaging to 30–
40% more efficient use of total N resources than in the respective
sole crops (Fig. 2) throughout the growing season supporting one
of the major advantages of intercropping cereals and legumes
(Ofori and Stern, 1987; Willey, 1979).

Macronutrients other than N, like P, K and to a lesser extent S,
are major nutrients influencing crop yields and thereby compe-
titive ability for utilizing other environmental growth resources.
Using LER for evaluating P, K and S productivity and efficiency per
unit area of land indicate around 20% more efficient use in the pea–
barley replacement intercrop compared to the respective sole
(P) and barley (B) (P100 and B100, respectively) and when intercropped in either

K), France (FR), Germany (GE), Italy (IT) and as a mean of countries (All). Values are

tter within each individual diagram are not significantly different using Tukey’s



Table 5
Land Equivalent Ratio (LER) and partial pea LER (LP) for soil N accumulated in

aboveground plant parts, when intercropped in either additive (P100B50) or

replacement (P50B50) design in Denmark (DK), United Kingdom (UK), France (FR),

Germany (GE), Italy (IT) and as a mean of countries (All). Values are the mean of

n = 12 for each site and n = 60 for all sites � SE.

Site P100B50 P50B50

LP LER LP LER

DK 0.51 � 0.08 1.25 � 0.08 0.33 � 0.05 1.19 � 0.06

UK 0.42 � 0.06 1.19 � 0.10 0.59 � 0.15 1.42 � 0.17

FR 0.78 � 0.09 1.36 � 0.13 0.45 � 0.06 1.21 � 0.11

GE 0.41 � 0.05 1.23 � 0.08 0.42 � 0.07 1.24 � 0.08

IT 0.54 � 0.13 1.00 � 0.12 0.40 � 0.09 0.93 � 0.07

All 0.53 � 0.04 1.20 � 0.05 0.42 � 0.04 1.18 � 0.04

Table 6
Soil mineral N (NO3

� + NH4
+) content (g N m�2) in the soil profile before sowing at

each growing season (year) in Denmark (DK), United Kingdom (UK), France (FR),

Germany (GE), Italy (IT) and as a mean of countries (All). Values are the mean

(n = 4) � SE.

Site Year Soil depth (cm)

0–30 30–60 60–90

DK 2003 7.44 � 0.42 3.17 � 0.13 3.03 � 0.46

2004 3.34 � 0.58 1.89 � 0.31 1.24 � 0.25

2005 5.24 � 0.60 1.59 � 0.41 2.81 � 0.71

UK 2003 NDa ND ND

2004 2.52 � 0.15 1.39 � 0.04 1.23 � 0.03

2005 1.52 � 0.12 1.34 � 0.05 1.15 � 0.35

FR 2003 1.65 � 0.25 0.57 � 0.08 1.76 � 0.26

2004 4.13 � 0.50 1.07 � 0.14 0.53 � 0.21

2005 4.55 � 0.37 5.60 � 0.24 1.18 � 0.06

GE 2003 3.28 � 0.49 2.76 � 0.41 1.69 � 0.25

2004 2.40 � 0.36 2.38 � 0.36 2.63 � 0.39

2005 2.30 � 0.35 1.30 � 0.20 0.75 � 0.11

IT 2003 2.98 � 0.45 0.25 � 0.04 ND

2004 3.93 � 0.35 4.10 � 0.62 2.55 � 0.38

2005 ND ND ND

a Not determined.

Fig. 4. Pea nitrogen (N) fixation as a function of pea shoot dry matter (DM)

production in all years independent of cropping strategy in Denmark (DK), United

Kingdom (UK), France (FR), Germany (GE) and Italy (IT) (n = 36 for each site).
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crops (Table 3). The better use of S supports the findings of Eriksen
et al. (2001) and Reuveny et al. (1980) that the S requirement of
plants is closely related to the N requirement (Fig. 1), and that plant
N metabolism is strongly affected by the S status of the plant
(Thomas et al., 2003). However, further investigations are needed
to clarify specific mechanisms involved in the P, K and S uptake.

4.2. Effects of intercropping on N2-fixation in pea

Independent of cropping strategy N accumulation in pea
derived from N2-fixation was in general 60–80% and in accordance
with other field study estimates (e.g. Peoples et al., 1995). France
was the exception with an average %Ndfa around 50% presumably
due to high soil mineral N levels (Jensen, 1986) and high pea weevil
(Sitona lineatus L.) damage on nodules (Corre-Hellou and Crozat,
2005b). A significantly greater percentage of N derived from
fixation when pea was intercropped with barley than in pea sole
cropping was found, in accordance with Jensen (1996).

On a per pea sown basis the additive design decreased the
amount of N2-fixed by 25% (pea sown at 100% of sole crop,
LP = 0.75), whereas in the replacement design it was actually 10%
higher (pea sown at 50% of sole crop, LP = 0.55). That is, competition
from barley affecting N2-fixation was stronger in the additive than
in the replacement intercrop. Such interspecific competition,
exhibited as decreased pea growth, presumably reduced demand
and resources for N2-fixation (Hauggaard-Nielsen et al., 2001a,b).

4.3. Competition for soil mineral N sources

The results from Denmark and Germany, in particular, confirm
barley’s greater competitive ability to take up soil mineral N
compared with pea (Fig. 3) (Hauggaard-Nielsen et al., 2001a;
Jensen, 1996). In the additive intercrop design partial pea LER
values ranged from 0.42 in UK to 0.78 in France, again showing that
the interspecific competitive ability of barley towards soil N is
strong (Table 6) given that the pea sowing density was equivalent
to pea sole cropping (Table 5). In the replacement design the partial
pea LER ranged from 0.33 to 0.59 which was closer to the expected
0.5 according to seed density at sowing. We confirm that
intercropped pea, especially when intercropped additively, had
to rely on N2-fixation to a larger degree than when sole cropped
(Hauggaard-Nielsen et al., 2006; Jensen, 1996). A high concentra-
tion of soil mineral N inhibits symbiotic N2-fixation (Jensen, 1986)
and reduces N inputs from N2-fixation to the cropping system.

As a mean of all sites around 20% better utilization of soil N
sources was found when intercropping (Table 5); but with
considerable variation between countries ranging from no
advantage (Italy) up to 40% better utilization (United Kingdom).
In general, barley efficiently exploits soil mineral N, partly
alleviating the inhibitory effect of elevated soil N levels on
symbiotic N2-fixation improving use of N sources in the inter-
cropping system. Jensen (1996) found that pea only acquired 8% of
the total soil N taken up in a pea–barley intercrop, underlining the
stronger competitive ability of barley for soil mineral N. Gooding
et al. (2007) report the ability to improve cereal grain quality by
increasing the N uptake per cereal plant in faba bean–wheat
intercrops.

4.4. Improved management of soil N use and N2-fixation

Independent of the very different climatic conditions across
European organic cropping systems pea and barley grown as
intercrops offer an opportunity to increase the N2-fixation input to
the cropping system, while making efficient use of soil mineral N
sources, and maintaining yield level and stability (Anil et al., 1998;
Jensen, 1996; Neumann et al., 2007). However, the relationship
between total pea DM production and quantity of N2-fixed (Fig. 4)
suggests the need for a strong sink and/or photosynthate production
in the pea host plant to increase N2-fixation (van Kessel and Hartley,
2000). There is, therefore a limit to how competitive the barley
should be, for resources other than N. Hence, optimizing the balance
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between efficient uptake of available soil N by barley, and sufficient
N2-fixation by the pea, requires that the intercrop density and design
is regulated (Hauggaard-Nielsen et al., 2006), presumably according
to initial soil mineral N supply and other factors that might limit
production (Table 6), e.g. high soil N could imply a P25B75
replacement intercrop whereas a low soil N could imply a
P100B50 additive design.

Intercropping involves the use of systematic planting designs
(Vandermeer, 1989) to utilize plant interactions to maximize crop
growth and productivity (Ofori and Stern, 1987; Trenbath, 1976;
Vandermeer, 1989; Willey, 1979) through the principle assump-
tion that intercrop components compete only partially for the
same plant growth resource. Varying density and relative
frequency when intercropping can be used as specific ‘‘regulators’’
when specific intercrop objectives such as increased competitive-
ness towards weeds or specific grain yield composition are desired
(Hauggaard-Nielsen et al., 2006). However, in the present study no
clear relationship was found between general utilization of soil N,
competitive ability of barley for soil N resources or %Ndfa
comparing these two intercrop designs. The lack of response can
be explained by similar growth duration of pea and barley
competing intensively for available resources, throughout their
growth. Thus, the difference between designs and especially the
advantage of additive designs may be more relevant when
intercrop components differ greatly in growth duration (Fukai
and Trenbath, 1993; Snaydon, 1991).

The use of the same cultivars throughout Europe was expedient
from a scientific perspective, allowing the possibility of assessing
effects of environment on the balance between these pea and
barley cultivars. However, it is recognized that the performance of
sole crops and the balance between the species in an intercrop may
well have been different had we used locally recommended
varieties at each site.

5. Conclusion

The overall N resources were used 30–40% more efficiently by
pea–barley intercrops compared to the respective sole crops
showing a high degree of complementarity between pea and barley
across intercrop designs and very different growing conditions in
Europe. Measurements from Denmark and Germany showed a
general advantage of intercropping of around 20% on the use of P, K
and S. As a mean of all sites around 20% more efficient soil mineral
N uptake was achieved by the intercrops than the sole crops. Soil N
uptake by barley in intercrops was associated with an increased
reliance of pea on N2-fixation, raising the percent of total N derived
from N2-fixation. However, there is a limit to the interspecific
competitive ability of barley towards soil N in order to keep a
strong pea sink to hold up N demand and supply by pea.
Independent of climatic growing conditions, including biotic and
abiotic stresses, across European organic farming systems pea–
barley intercropping is a relevant cropping strategy to adapt when
trying to optimize N use and thereby N2-fixation inputs to the
cropping system.
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