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Keywords:
Actual yield: Actual yield is the crop yield grown under nutrient and water stress and pests and
diseases stress. Most widely accepted management practices such as sowing date, plant
density, nutrient management and crop protection (Chapagain & Good, 2015).
Attainable yield: Crop grown under optimal management practices (i.e. recommended plant
density, non-nutrient limited conditions, effective control of biotic stresses) in farmers field
(Chapagain & Good, 2015).
Biological Nitrogen Fixation (BNF): Biological nitrogen fixation (BNF) enables legumes to fix
atmospheric N.
Intercropping: Intercropping is the act of growing two or more crops (or different genotypes)
together and coexisting for a certain period of time on the same piece of land (Brooker et al.,
2014; Vandermeer, 1992).
Land Equivalent Ratio (LER): Vandermeer defined the LER as the relative land area under sole
crops (monoculture) that is required to produce the same yield achieved by intercropping
(Vandermeer 1989).
Monoculture: In this paper defined as the growing of one single crop in a field at a time (pea and
wheat)
Potential yield: When a crop grown without water and nutrient limitation and effective control of
biotic stresses. Crop growth is determined by genetic characteristics and climatic factors
(Chapagain & Good, 2015).
Push-pull: This implies that the main food crop is protected by a strong repellent that reduce
pest colonization and development (hence the push). The pull involves using a crop which
attracts the pest, but is not the main harvestable crop (Pickett et al., 2014).
SPAD: Index of relative chlorophyll content i.e. leaf greenness
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0. Abstract
Fertilizer, herbicide and pesticide application has severe environmental and human health
consequences. Global agricultural practices releases approximately 24% of the emitted
greenhouse gasses. Intercropping may help to switch from a more industrial agricultural system
to a more sustainable agriculture system due to niche differentiation, crop facilitation and
pest/disease suppression. Here we studied large scale monocultures of pea and wheat and
different strip widths of spring wheat and dry pea; 0.25m, 0.5m, 1.5m, 3m and 6m. The experiment
was conducted on loamy soil near Lelystad, the Netherlands. Results show that pea yield was
lowest for 0.25m strip width and highest for the 6m strip width. However, wheat yield was highest
for strip widths 0.25m and 0.5m and lowest for the monoculture. Nitrogen yield (kg/ha) for pea
was highest for strip widths 1.5m, 3m and 6m while for wheat strip widths 0.25m and 0.5m had
higher nitrogen yield (kg N/ha). The nitrogen use efficiency (%) was highest for all strip widths
compared to the monocultures.
1. Introduction
Global world population is predicted to rise from 7.3 billion to 9.8 billion people by 2050 (UN,
2017). This implies that agricultural crop production needs to double by 2050 to meet the demand
for; an increasing population, increase in biofuel consumption and more plant based diet shifts
(Deepak et al., 2013). The challenge is not only to increase production, but also to guarantee food
security for around 800 million now chronically undernourished (FAO, 2017). However, due to
environmental, social and economic trade-offs, this increase in agricultural production will be
difficult to obtain. Concerns linked to agricultural externalities include; soil degradation, water
pollution, decreasing available freshwater, decreased biodiversity, increased greenhouse gas
emissions, climate change, human health exposure to diverse agrochemicals and people
migrating to cities (Barlow, 2005; Bogin, 1988; Tacio, 2013).
Fertilizer, herbicide and pesticide application have sever environmental and human health
consequences (Horrigan et al., 2002; Power, 2010). Global agricultural practices releases
approximately 24% of the greenhouse gasses emitted (EPA, 2016). There is an increase in
awareness in developed countries of environmental degradation arising from agrochemicals and
research is done to reduce (industrial) agriculture dependency on agrochemicals (Carvalho, 2016;
Fujita et al., 1992). Sustainable intensification of agricultural, while mitigating the ecological
footprint, is needed to meet higher future food demands with a growing interest in mixed cropping
systems such as intercropping (Yu et al., 2015).
Intercropping is the act of growing two or more crops (or different genotypes) together and
coexisting for a certain period of time on the same piece of land (Brooker et al., 2014;
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Vandermeer, 1992). Benefits of intercropping arise mainly due to niche differentiation, crop
facilitation and pest/disease suppression (Vandermeer, 1989). There is a better resource use
efficiency in intercropping as different crops utilize different environmental resources. Niche
differentiation is defined as when two species differentiate in their use of ecological resources i.e.
using the environment differently in a way that facilitates the species to coexist, and hence tend
to allow different species to exploit partly different resource and thus compete less strongly for
the same resources (Loreau, 2004). Crop facilitation is how different crops can enhance resource
availability by e.g. organic acid and phosphatases excretion to increase P availability in acidic
soils (Hinsinger 2001) and the direct and indirect N transfer from nitrogen-fixing to non-nitrogenfixing crops (Stern 1993; Zhang 2017). Also, using different crops will change the canopy
architecture which can potentially decrease incoming light reaching the soil i.e. faster soil cover.
This in turn, can decrease weed pressure (Bilalis et al., 2008). Pest and disease-suppression can
occur if suitable crops are chosen due to among other mechanisms; such as the push-pull
strategy. Intercrops could achieve food security with reduced anthropogenic inputs and hence
lower environmental impacts.
Intercropping with a legume/non-legume is a widespread system due to the fact that it enables
farmers to combat soil erosion, increase soil organic matter (SOM) and increase available N (Scott
et al., 1987; Fujita et al., 1992; Stagnari et al., 2017). Biological nitrogen fixation (BNF) enables
legumes to fix atmospheric N. However, intercropping may be undesirable when a single product
is required as this might require too much labour and time to make it economic profitable for the
farmer. Intercropping is not yet suitable for intensive farming systems as mechanization for e.g.
harvesting the product is lagging behind (Feike et al., 2012). Not all intercropping systems have
a positive effect, in certain intercrop systems strong interspecific competition of water and/or
nutrients between two or more crops might occur, reducing growth (Li et al., 2014).
Nitrogen (N) transfer from legume to cereal increase cropping system’s yield and N-efficiency
(Fujita et al., 1992; Liu et al., 2011). Most N made available to cereal, will occur to the breakdown
of above- and below-ground biomass of the legume. Current insights suggests that plants may
acquire N directly from the intercropped neighbouring legume plant (Thilakarantha et al., 2016).
The transfer of nitrogen can be as much as 80% of the nitrogen receivers plant’s N demand
(Moyer-Henry et al., 2006). Nitrogen can be taken up by three different pathways; direct N transfer
(root-root contact or mycelial network), decomposition of (small) roots/root nodules and root
exudates (leakage) (Thilakarantha et al., 2016; Hauggaard-Nielsen and Jensen, 2004).
Intercropping legumes normally obtain lower maximum yields compared to monocropping
legumes (Park et al., 2002). However, the land productivity measured by Land Equivalent Ratio
(LER) clearly show advantages when cereals and legumes are intercropped (Mandal et al., 1990;
Fujita et al., 1992). LER is a common way to assess the yield advantages of intercropping over
monocultures. LER is defined as the relative land area under sole crops that is required to
produce the same yield achieved by intercropping (Vandermeer 1989).
Increasing plant diversity within certain crop species can be beneficial for pest control. Lopes et
al., 2015 observed that mixing pea with wheat significantly decreased aphid population compared
to pure stands. If the surrounding crops are also hosts for aphids, aphid population can grow
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rapidly and become a problem. Fast aphid population outbreak on crops is due to an exponential
population growth (Costamagna et al., 2007). Having different crops on the field may bring more
natural enemies to the field to reduce aphid infestation (Landis et al., 2000). Furthermore, nonhost plants might mask smell and visual cues to find the host hence confusing or repelling the
insects (Randlkofer et al., 2010).
Increasing plant diversity reduce fungi infestation (Bannon & Cooke, 1998; Bondreau, 2013).
However, Chen et al., (2007) reported higher nitrogen content in wheat resulted in a higher mildew
disease index (DI) and disease severity index (DSI). Hence, higher N availability will have a
higher mildew disease indexes. Intercropping will decrease Septoria tritici infestation compared
to monoculture. Reducing host-host contact decrease spore dispersal. Also vertical spore
dispersal was reduced in a wheat-clover intercrop. Hence, decreasing host-host contact will result
in lower septoria tritici blotch infestation (Bannon & Cooke, 1998). Intercropping can reduce
certain rust species (Theunissen & Schelling, 2004). However, Bulson et al., (1997), reported that
bean density did not have a significant effect on the rust incidence of wheat.
Wheat is a strong competitor for soil N, which might compete with the small amount needed by
peas the early stages of their life cycles. This will hamper pea growth and may result in decreased
pod formation (Dayoub et al., 2017). Intraspecific competition is defined as competition between
the same crops; interspecific competition is defined as competition between different crops.
According to Bulson et al., 1996 increasing the density of beans in a bean-wheat intercrop
experiment, significantly increased the mean N content (%N) of wheat. Neugschwandtner and
Kaul found out in 2015 that grain N concentration of oat increased with decreasing oat share. Pea
nitrogen was not affected by the intercropping system (Neugschwandter and Kaul, 2015).
The potential yield is the yield limited by climate and crop cultivar choice while other factors are
optimal. The optimum yield is not constant but fluctuates from year to year depending on climatic
variability. The attainable yield is the nutrient limited yield that farmers can achieve when soil
fertility and water management are optimal. Actual farmer yields are lower due to the range of
constraints to crop growth; weed pressure, pests and diseases, soil fertility and water
management practices which are not optimal (Rabbinge 1993). This study will focus on the effect
of intercropping to reduce yield gaps in the field. Abiotic factors which can cause crop losses are
water, temperature, nutrients and irradiation; the so called attainable yield. Biotic factors which
can reduce crop yields are weeds, pests and pathogens (Chapagain & Good, 2015). This
illustrates that factors that define yield gaps at different levels.
To determine the advantage of different strip width cropping compared to large scale monoculture,
in this paper defined as the growing of one single crop in a field at a time, different pea and wheat
crop components during the experiment and at harvest will be assessed:





Total biomass
o Total biomass of wheat, pea and weed
o Total seed yield of wheat and pea
Aphid and natural enemy counts in wheat and pea
Fungi infestation in wheat
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Chlorophyll content i.e. leaf greenness (SPAD)
Nitrogen analysis of pea and wheat seeds

If intraspecific competition of wheat for nitrogen is limiting crop production, smaller strip widths of
pea-wheat will have (1)The highest biomass (total biomass and seed yield) of wheat and pea will
be obtained. This will mainly be due to more wheat kernels per plant. If pests prefer host-host
contact of either pea or wheat (2) Aphid population will be lower in smaller strip widths due to
more natural enemies and decrease the change for exponential aphid population growth as less
host-host contact is maintained and (3) Less rust and septoria blotch will be observed due to less
host-host contact; However, (4) Higher mildew infestation will be observed in smaller wheat strips
as there will be a higher nitrogen content; (5) Hence, higher SPAD values will be obtained for the
smaller strip widths for wheat; (6) Implying higher nitrogen seed yield in wheat; (7) No difference
in pea nitrogen will be found for the different strip widths.
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2. Materials and methods
2.1 Field layout
This study was conducted from June to August 2017 at the organically managed farm of
Broekemahoeve near Lelystad, Flevoland (52°32’23.70”N, 5°33’44.92”E) (appendix; T1). The
sowing date of wheat monoculture was on the 6th of April 2017 and the sowing of the strips and
the monoculture pea occurred on the 19th of April 2017. Harvest of pea occurred on the 4th of
August 2017 and harvest of wheat occurred on the 22nd of August 2017. Spring wheat Lennox
(Triticum aestivum ‘Lennox’) was used and a dry pea variety Rebel (Pisum sativum ‘Rebel’) was
used.
Six different treatments were tested: (1) large scale monoculture wheat (2.7 ha) and pea (1.3 ha)
(2) alternating strips of pea and wheat; strip width 0.25m (3) alternating pea and wheat; strip width
0.5m (4) alternating pea and wheat; strip width 1.5m (5) alternating pea and wheat; strip width 3m
(6) alternating pea and wheat; strip width 6m. Three different blocks were sown, the different
treatments were sown in plots of 18 meters, with the monocultures as exception, with the
observed field being 12 meters (appendix; figure 2). Wheat was sown in densities of 170 kg/ha,
while peas were sown in densities of 50 seeds/m2. Strip widths 0.25m and 0.5m were fertilized
with 50% of the N requirement of spring wheat 50 kg N/ha + 30 kg N/ha to support the initial grow
of the pea; in total 80 kg N/ha. In the 1.5m, 3m and 6m strip widths, pea and wheat will be fertilized
separately, 30 kg N and 100 kg N respectively. The fields were fertilized with feather meal, which
has a fast releasing nitrogen effect. The NPK composition of feather meal is: 11-0-0.
The experimental field had a loamy soil of 48% sand, 32% silt, and 20% clay
with an organic matter content 2.3%.
The average temperature of the growing season was 15.7oC; with total precipitation of 269.2 and
866.9 hours of light (for more detailed weather information per treatment; appendix T2)
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2.2 Non-destructive measurements
Pests & diseases
2.2.1 Aphids and natural enemies
One aphid species was identified in pea namely the pea aphid (Acyrthosiphon pisum). Three
different aphids were identified in wheat: bird cherry aphid (Rhopalosiphum padi), English grain
aphid (Sitobion avenae) and rose grain aphid (Metopolophium dirhodum). Every 7 days aphids
were identified and counted directly on the pea and spring wheat plants between: June 01, 2017
(Julian day 152) and July 27, 2017 (Julian day 208) (total of nine observations). On June 1st sticks
were distributed in each treatment for each block according to figure 3 in the appendix the same
pattern was used for every treatment. From Julian day 152 to 180, the first five weeks, were spent
on counting aphids and their natural enemies in peas. From Julian day 187 to 208, the last four
weeks were spent on counting aphids and natural enemies in the wheat. Every week, 40 plants
per treatment per block were analyzed for pea and wheat.
Natural enemies of the aphid include ladybird (Coccilnellidae magnifica), hoverfly (Syrphidae
syrphinae), lacefly (Chrysopidae chrysopinae), parasitoids (Ichneumonidae) and (red) larvae of
midgets (Aphidoletes aphidimyza). Parasitoids parasitize on aphids, thus mummified aphids will
also be taken into account as a natural enemy.
2.2.2 Mildew, septoria tritici blotch and rust
From Julian day 187 to 208, the final four weeks of the growing season; mildew, septoria tritici
blotch and rust were counted using a standard area diagram (SAD) for spring wheat developed
by Rios (Rios et al., 2013). Every week the top three leaves of 40 random plants, around the
assigned sticks, were assessed on their disease severity per treatment per block.
2.2.3 Leaf chlorophyll content
Leaf chlorophyll content was assessed using a SPAD meter (Minolta SPAD 502 Plus Chlorophyll
Meter) from the last expanded leaf in spring wheat. Data has been collected from Julian day 187
to 208, the final four weeks of the growing season. After calibration, five measurements were
taken instead of ten, as five measurements did not significantly differ to ten measurements. Five
measurements were taken per leaf per plant starting close to the main nerve spread over the
length of the leaf. Every week the top three leaves of 40 random plants, around the assigned
sticks, were assessed on their leaf chlorophyll content per treatment per block
2.3 Destructive measurements
2.3.1 Plant biomass (distribution)
Using a frame of 50cm*50 cm and 25cm*75cm (for the 0.25m strip), the number of plants were
counted and harvested. The locations of harvest occurred close to the sticks in the ground, as
mentioned before. The plants were cut using a garden pruner, 2 cm above ground level. When
harvested, organs of pea and wheat were separated. For pea the stalk, leaf, pod and pea were
separated while for wheat the tiller, leaf and panicle were separated and weighed to obtain the
fresh weight. Hereafter, the plants were placed in an oven for 48 hours at 70oC. After the samples
were oven dried, samples were weighed again to determine dry matter.
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Pea
After the pea plant organs were separated, the number of pods were manually counted. After the
peas have been oven dried, the dried peas were put into a seed counting machine, contador
pfeuffer, to determine the number of peas. With this, the 1000 kernel weight can be calculated
(formula 4). The number of peas per pod can also be calculated.
Wheat
The number of grains were counted using the contador pfeuffer seed counting machine. Using
the dry weight and the number of seeds, the 1000 kernel weight can be determined.
2.3.2 Nitrogen content
Chemical analysis was conducted for wheat grains and pea seeds after being oven dried. Plant
samples were digested with a mixture of H2SO4–Se and salicylic acid (Novozamski et al., 1983).
The actual digestion is started by H2O2 and in this step most of the organic matter is oxidized.
After decomposition of the excess H2O2 and evaporation of water, the digestion is completed by
concentrated H2SO4 at elevated temperature (330°C) under the influence of Se as a catalyst. In
these digests total N was measured spectrophotometrically with a segmented-flow system
(San++ System).
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2.4 Calculation and statistics
The advantage of intercropping compared to monoculture pea and wheat was determined using
the Land Equivalent Ratio (LER). LER of pea-wheat intercropping was calculated on basis of dry
harvestable product yield: intercropped yield pea divided by monoculture yield pea added by
intercropped yield wheat divided by monoculture yield wheat, see formula 1 (Maed & Willey 1980).
Yab and Yba are the individual crop yields in intercropping while Yaa and Ybb are the individual
crop yields in sole cropping wheat and pea respectively.
(

𝑌𝑎𝑏

)

(

𝑌𝑏𝑎

)

2
2
𝐿𝐸𝑅 = ( 𝑌𝑎𝑎
) + ( 𝑌𝑏𝑏
)

Formula1

The yield ratio (YR), to compare intercropped pea with monoculture pea and intercropped wheat
with monoculture wheat, was determined by the following formula(s) for pea and wheat; formula
2 and formula 3 respectively.
𝑌𝑎𝑏
𝑌𝑎𝑎
𝑌𝑏𝑎
𝑤ℎ𝑒𝑎𝑡 =
𝑌𝑏𝑏

𝑌𝑅 𝑝𝑒𝑎 =

Formula 2

𝑌𝑅

Formula 3

Dry grain yield intercropped wheat or pea divided by dry grain yield monoculture wheat or pea.
The 1000 kernel weight is a formula to show how much 1000 seeds weigh; in this case for pea
and wheat (formula 4).
1000 𝑘𝑒𝑟𝑛𝑒𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 =

1000
(𝑆𝑒𝑒𝑑 𝑛𝑢𝑚𝑏𝑒𝑟⁄𝑆𝑒𝑒𝑑 𝑤𝑒𝑖𝑔ℎ𝑡)

Formula 4

The maximum number of aphids (max aphid) was calculated for every strip width for each
measuring day. It is the area under the curve for aphid abundance of five measuring days (Wang
2017). Aphid abundance was calculated by aphid counts on both pea and wheat (all aphids per
strip width per measuring day).
Analysis of variance for randomized complete block design (RCBD) was used and conducted with
R (version 1.0.153). Continuous data were analysed using Tukey post-hoc test to compare the
difference between the different treatments (significant level p<0.05) after significant effects were
found. Count data was analysed (aphid population and natural enemy population) using Poisson
distribution.
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3. Results and discussion
3.1 Seed yield pea and wheat

Figure 1: seed yield (kg/ha) for different strip widths for both wheat (blue) and pea (orange). Highest wheat
seed yield obtained for 0.25m strip width, wheat yield decreased until 1.5m strip width and with no significant
differences till 6m strip width with the lowest wheat seed yield for monoculture. Lowest pea yield obtained
for 0.25m strip width and increased till 1.5m strip width no significant difference till 6m strip width. Wheat
seed yield higher than pea seed yield for every strip width (kg/ha).

Pea
Dry pea seed yield was lowest with strip width 0.25m and highest for the 6m strip (p=0.00). Strip
widths 0.25m and 0.5m had significantly lower seed yield compared to 1.5m, 3m and the 6m strip
widths. Pea yield was lower for strip width 0.25m than 0.5m (p=0.00) Pea yield was significantly
lower for the monoculture compared to the 6m strip (p=0.03). No significant difference in yield
between 1.5m, 3m and 6m strips (p>0.05). Strip widths 1.5m, 3m and 6m were significantly higher
than strips 0.25m and 0.5m (p<0.05).(table 2a).
Strip widths 0.25m and 0.5m received different fertilization rates, compared to the other strips, as
mentioned in the method. Hence, the nitrogen applied was more used by the wheat as can be
observed for the wheat grain yield for strip widths 0.25m and 0.5m (table 2b). A possible
explanation for the lower pea yield in strip widths 0.25m and 0.5m might be due to the competition
for nitrogen with wheat in the early stages of its life cycle. This gave the wheat a higher competitive
advantage, for the rest of the growing season limiting pea growth. As can be seen from table 2a,
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the pod/pea ratio was significantly lower for 0.25m and 0.5m indicating that nitrogen competition
with wheat was a hampering factor. This was also confirmed by Dayoub et al., 2017, who found
that increased competition for nitrogen led to a decrease in pod formation in peas (Dayoub et al.,
2017). Significantly highest total biomass was achieved for strip widths 1.5m, 3m and 6m
compared to the rest of the strips (appendix figure 10).
Wheat
Unlike dry seed yield of pea, wheat seed yield was significantly higher for strip widths 0.25m and
0.5m compared to the other strips (p<0.05) (table 2b; figure 1). Strip widths 1.5m, 3m and 6m
were all significantly higher compared to the monoculture with the monoculture having the lowest
seed biomass of all the strips (p<0.05). The number of seeds per plant was significantly higher
for strip width 0.25m and 0.5m than 1.5m, 3m and 6m (p<0.05). This might be due to the higher
number of tillers formed. As mentioned before, due to the higher wheat interspecific nitrogen
competition with pea, more tillers were formed (Dayoub et al., 2017). Tillering determines plant
canopy size, photosynthetic area and the number of spikes bearing seeds at maturity (Xie et al.,
2016). Hence, a larger amount of tillers, which result in more leaves, might have increased
photosynthetic area resulting in higher wheat seed yield. The total plant biomass was significantly
higher for strip width 0.25m compared to the other strips. Zhang et al. (2015) found that there was
an increased soil phosphorus availability induced by faba bean root exudation which stimulated
root growth and phosphorus uptake in surrounding maize plants (Zhang et al., 2015). In this way,
pea roots can acidify the soil surroundings releasing essential nutrients which the wheat can take
up and thus increase wheat yield. There was no significant difference for strips 1.5m, 3m and 6m
indicating that a possible reason might have been the fertilization rate and/or decreased light
competition with pea (appendix figure 10).
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3.2 Plant nitrogen content

Figure 2: nitrogen kg/ha for wheat (blue) and pea (orange). Wheat nitrogen yield was always higher than
pea nitrogen yield for the different strip widths. Highest wheat nitrogen yield obtained with strip width 0.25m
and increased till strip width 1.5m and steadied off till 6m strip width. Lowest nitrogen yield for wheat and
pea was obtained for the monoculture.

Pea and wheat
Plant pea nitrogen (kg N/ha) content was significantly higher in strip widths 1.5m, 3m and 6m
compared to 0.25m, 0.5m and monoculture (table 2a; figure 2). The percentage nitrogen in dry
pea weight was significantly higher for monoculture. However, due to lower total biomass, lower
pea kg N/ha was obtained. Possibly due to the interspecific competition early in the growing
season of wheat, pea nitrogen in strip widths 0.25m and 0.5m were lower than the other strips.
Wheat plant nitrogen content was significantly higher for strip widths 0.25m and 0.5m compared
to rest of the strips with monoculture having the lowest wheat plant kg N/ha. Neugschwandter
and Kaul stated in 2015 that nitrogen content did not change for pea monoculture compared to
pea intercropping. They also stated that wheat nitrogen content would be higher with a higher
bean density, thus having more bean-wheat edges (Neugschwandter and Kaul, 2015). This was
also confirmed in this experiment. Moreover, lower strip widths might indicate more pea-wheat
root interaction.
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3.3 Pest and diseases
3.3.1 aphid and natural enemies
Pea
The maximum number of aphids was significantly higher for the monoculture compared to other
strip widths in pea (p<0.05) (Table 2a). The total number of aphids per strip width, per measuring
day (averaged over three blocks) increased steadily for the first two measuring days. On the third
measuring day, Julian day 167, the number of aphids increased exponentially in the monoculture;
reaching a significant 1,928 aphids (p<0.05) dispersed over the 40 measured plants compared to
the other strips (figure 3). The maximum number of natural enemies was not significant throughout
the different treatments (Table 2a) (p>0.05). However, Landis et al., 2000, stated that
intercropping increased the number of natural enemies. It was expected that more aphids would
increase natural enemy abundance, however the ratio of natural enemies and aphids was also
not significant over the different strip widths (Table 2a). After the exponential growth of aphids in
the monoculture, aphid population dropped rapidly. Costamagna et al., stated in 2007 that more
diversity leads to less aphid infestation due to the covering of pea odour. Strip width 0.25m had
the lowest aphid load. Aphid population in the strips remained relatively low compared to the
monoculture throughout the season.

Figure 3: total aphids per strip width per measuring day (averaged over blocks) for pea. Peak at Julian day
167 for monoculture. Lowest aphid abundance found for strip width 0.25m.

Wheat
There was no significant difference for the maximum number of aphids (p>0.05) and maximum
number of natural enemies (p>0.05) in wheat between the different strip widths (Table 2b). The
number of natural enemies in the strips were not significant from one another. However, the
14

natural enemy diversity, with respect to number of different species, was highest with strip with
0.25m and lowest with the monoculture (appendix; figure 5). Xie et al., (2012) found that
intercropping wheat with mung bean significantly decreased aphid populations and the species
diversity of the natural enemies of aphid were higher. Xie also found no significant difference in
the number of natural enemies.
3.3.2 Fungi
Wheat
Mildew infestation was not significant for the first and third leaf. Mildew infestation was significant
for the second leaf across the different strip widths (appendix table 1) (p<0.05). Strip width 1.5m
had the lowest infestation while strip width 0.25m had the highest mildew infestation. The mean
(across the three leaves) was also significantly different across the treatments with 0.25m and
3m having the highest infestation and strip width 0.5m had the lowest infestation. However,
mildew covered a small percentage of the leaf and was possibly outcompeted by septoria and
rust.
Septoria infestation was significantly higher for the 3m strip width compared to strip widths 0.5m
and 1.5m (p>0.05) for the top leave. No significant differences was found looking at the lower two
leaves. The mean septoria infestation of the three leaves was highest for the 3m strip width and
lowest for 0.5m strip width. Rust infestation was the second most occurring fungi found in wheat.
Septoria was the most robust fungus in wheat. As near maximum surface area of the wheat leaf
was covered by septoria tritici blotch. Fungi infestation increased with increasing days (Appendix
figure 8).
As found by Chen et al., 2007, higher nitrogen content in wheat plants did not result in higher
mildew infestation. Lower host-host contact did also not decrease septoria infestation as found
by Bannon & Cooke in 1998. Strip width intercropping did also not decrease rust infestation, this
was also found by Bulson et al., 2007.
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3.4 Land Equivalent Ratio (LER)

Figure 4: Yield ratio wheat (red), yield ratio pea (green) and LER (blue) shown in graph over different strip
widths.

The LER was not significant between the strips (p>0.05) but strip widths 0.5m, 1.5m, 3m and 6m
were significantly higher than 1 (p<0.05). Lower pea seed yields were found in the 0.25m and
0.5m strip widths compared to the monoculture. As seen in figure 4, this decreased the yield ratio
for pea (green). However, the relative yield ratio of wheat for strip widths 0.25m and 0.5m was
1.77 and 1.60 respectively.
This might be due to the different fertilization rates, pea-wheat root contact or light competition.
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3.5 System overview
The LER for all strips, except 0.25m, was significantly above 1 (table 1). Indicating a per-area
advantage to intercropping pea and wheat compared to monoculture pea and wheat.
The NLER was not significant over the different strip widths (Table 1; b). The nitrogen use
efficiency (%)was significantly higher for strip widths 0.25m, 0.5m, 1.5m, 3m and 6m compared
to the monoculture (Table 1; c). Implying that more nitrogen was taken up and found in
harvestable product in pea and wheat. The biomass weeds (kg/ha) was not significant throughout
the treatments. Bilalis et al., 2008 stated that better canopy cover was acquired when
intercropping was practiced, hence decreasing weed biomass (Bilalis et al., 2008). Weed yield
reduction for intercropped pea and wheat was not the case in this experiment. In appendix figures
11 through 22, different weed species were found on the field. Figure 23 in the appendix shows
the biomass of the different weeds on the field.
The water holding capacity, measured in conductivity (µs/cm), did not change throughout the
different treatments (appendix figure 9).
Table 1: System summary for pea and wheat for different strip widths; a) Land equivalent ratio b) Nitrogen
land equivalent ratio c) nitrogen use efficiency (N kg/ha in harvestable product/N kg/ha applied fertilizer) d)
weeds (kg/ha) throughout the treatments

0.25
0.5
1.5
3
a. LER
1.22
1.25
1.33
1.27
b. NLER
1.47
1.43
1.49
1.43
c. NUE (%)
4.73 b
4.60 b
4.54 b
4.34 b
d.
Weed 573
903
660
672
(kg/ha)
System summary significance is indicated by using letters (a and b);
letters indicates no significant difference for the specific row

6
1.33
1.46
4.49 b
715

Mono
--3.18 a
--

Significance at p<0.05. No

3.5.1 Pea and wheat overview
In pea, the maximum number of aphids was significantly higher for the monoculture compared to
the other strip widths (Table 2a; a.) Implying that aphids had the chance to exponentially increase
in number as neighbouring plants were hosts. Landis et al., 2000, stated that intercropping
increased the number of natural enemies. This was not observed as the natural enemies
maximum was not significant throughout the treatments (Table 2a; b). It was expected that more
aphids would increase natural enemy abundance, however the ratio of natural enemies and
aphids was also not significant over the different strip widths (Table 2a; c). Seed yield (kg/ha) was
significantly highest for the 6m strip width (Table 2a; d). This was not as expected. A possible
reason for the lower pea yield in strip widths 0.25m and 0.5m might be due to the competition for
nitrogen, other essential nutrients or light with wheat in the early stages of its life cycle (Dayoub
et al., 2017). yield ratio was significantly lower for strip widths 0.25m and 0.5m compared to the
rest of the strip widths (Table 2a; e). The number of seeds per plant was significantly lower for
strip width 0.25m followed by strip width 0.5m compared to the rest of the strip widths and
monoculture (Table 2a; f). The nitrogen content of the pea (%) was significantly highest for the
monoculture followed by the 0.25m strip (Table 2a; g). Neugschwandter and Kaul stated that pea
nitrogen content did not differ when comparing intercropped beans to monoculture pea
(Neugschwandter and Kaul, 2015). The difference in nitrogen content between the monoculture
17

(highest obtained nitrogen content) and 0.5m (lowest obtained nitrogen content) is very small
(<0.2%). The nitrogen yield (kg N/ha) was highest for strip widths 1.5m, 3m and 6m, this might be
due to the higher yields obtained (Table 2a; h). The nitrogen yield ratio was significantly highest
for strip widths 1.5m, 3m and 6m compared to 0.25m and 0.5m (Table 2a; i) due to higher obtained
yields. The pod/pea ratio was lowest for strip widths 0.25m and 0.5m. The ratio shows that early
in the growing season competition occurred between the pea and wheat for nutrients. As the
number of flowers of the peas determine the number of pods. If a plant experiences a shortage
of nutrients or stress, less flowers will be formed, hence less pods will be formed (Helenurm &
Schaal, 1996).
Table 2a: Pea crop summary shown for different strip widths.

Pea
1.5
3
6
Mono
62.7 a
51.1 a
68.2 a
192.8 b
a. Max aphid
b. Natural enemies max
33.33
31.67
37.67
38.00
c. Natural enemy/aphid
0.12
0.12
0.14
0.12
3507 cd 3725 d
2660 bc
d. Seed yield (kg/ha)
3575
cd
0.66 a
0.90 a
1.34 b
1.32 b
1.40 b
e. Yield ratio
-31 a
37 b
53 c
48 c
49 c
52 c
f. Number seeds/plant
3.39 bc
3.27 a
3.33 ab 3.31 a
3.22 a
3.42 c
g. Nitrogen content (%)
60 a
78 b
119 bc 116 bc
120 bc
91 b
h. Nitrogen yield (kg N/ha)
0.74 a
0.92 a
1.43 b
1.37 b
1.44 b
i. N yield ratio
-j. 1000 kernel weight
203
196
196
195
192
184
4.26 a
4.55 a
4.94 b
5.07 b
4.94 b
4.30 a
k. Pod/pea
Pea crop summary significance is indicated by using letters (a, b, c and d); Significance at p<0.05.
No letters indicates no significant difference
0.25
27.9 a
51.33
0.25
1771 a

0.5
56.4 a
40.67
0.17
2401 b

In wheat, the maximum number of aphids, maximum number of natural enemies, ratio natural
enemy and aphid, mildew mean, septoria mean, rust mean and SPAD (Table 2b; a-g) in wheat
were not significant throughout the different strip widths. Seed yield was highest for strip widths
0.25m and 0.5m compared to the rest of the strip widths. With monoculture having significantly
the lowest seed yield. Higher seed yields might have been due to significantly more number of
tillers, hence more light interception, higher nitrogen content indicating more nitrogen uptake for
wheat in the smaller strip widths and a higher nitrogen yield. Higher nitrogen content was to be
expected for strip widths compared to monoculture (Neugschwandter and Kaul, 2015). The partial
nitrogen land equivalent ratio was highest for strip width 0.25m followed by 0.5m, and remained
unchanged for the rest of the strips. 1000 kernel weight was not significant throughout the
treatments (Table 2b; o). Implying that the weight per seed did not change over the different
treatments.

18

Table 2b: Wheat crop summary shown for different strip widths

Wheat
0.25
0.5
1.5
3
6
Mono
a. Max aphid
8.3
8.1
10.2
8.2
8.4
-b. Natural enemies max
62
56
46
44
53
-c. Natural enemy/aphid
0.51
0.55
0.27
0.18
0.57
-d. Mildew mean (%)
1.46
0.99
1.04
1.46
1.22
-e. Septoria mean(%)
28.94
25.51
25.75
31.15
29.20
-f. Rust mean (%)
7.55
8.02
7.41
6.69
8.11
-g. SPAD
43.27
45.15
45.90
42.31
43.19
-10534 c
9538 c
7891 b 7299 b 7546 b
5939 a
h. Seed yield (kg/ha)
1.77 b
1.60 b
1.32 a
1.23 a
1.27 a
i. Yield ratio
-430 bc
452 c
372 a
375 a
377 ab
j. Number seeds/plant
-620 c
539 b
454 a
427 a
452 a
400 a
k. Number of tillers (#/m2)
2.36 d
2.31 cd
2.25 b
2.25 b
2.30 c
1.95 a
l. Nitrogen content (%)
248
c
221
c
176
b
164
b
173
b
116 a
m. Nitrogen yield (kg N/ha)
2.21 c
1.94 b
1.55 a
1.45 a
1.51 a
n. N yield ratio
-o. 1000 kernel weight
49
48
48
48
48
47
Wheat crop summary significance is indicated by using letters (a, b, c and d). Significance at
p<0.05. No letters indicates no significant difference
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Limitations
Higher seed yields for wheat occurred from strip widths 0.25m and 0.5m possibly due the larger
number of tillers, greater light interception due to more photosynthetic area and nitrogen content
in the seeds. Strip widths 0.25m and 0.5m were fertilized together while the other strip widths and
monocultures were fertilized separately. Implying that there was interspecific competition between
the pea and wheat. Low pea yields might have been caused by the fact that the seeds or soil
(unknown) was contaminated with Fusiarium wilt in the pea. Hence, maybe causing lower
emergence rates. We did not score the Fusarium in pea, but in appendix figure 4 however an arial
picture shows that Fusarium wilt is clearly present within the field (purple plants). Before seed
germination there was a pigeon problem, The pigeons enjoyed a nice share of peas resulting in
less dense pea cover with open spots here and there. Manually weeding was done throughout
the growing season for the bigger weeds. There was also a difference in cropping history between
the monoculture wheat and monoculture pea and blocks.
There was no significant difference in LER between the different strip widths. Indicating that it
does not matter which strip width a farmer choses, they will roughly get the same LER. However,
the yield ratio of wheat and pea was significantly different for strip widths 0.25m and 0.5m. When
a farmer decides to use strip widths 0.25m or 0.5m, the farmer will look at what crop he or she
desires most; either significantly higher wheat yields compared to the other strips for 0.25m and
0.5m or having higher than monoculture yields for wheat and pea with roughly the same yield
ratio. However, it is easier to harvest strips 1.5m, 3m or 6m strips compared to 0.25m and 0.5m
due to machinery limitations. Another limitation to this experimental set-up was that wheat was
sown earlier than the blocks and pea monoculture. Hence, comparisons between wheat
monoculture and wheat in the strips was not possible to make as wheat monoculture was ripe
earlier.
For future research, more belowground research should be done. Little research on field root
interaction in intercrop systems has been conducted. It is also recommended to apply the same
amounts of fertilizer for the different treatments and monocultures making the experiment more
homogenous. Now it is unclear whether the treatment effect is due to the smaller strip widths or
because of the fertilization.
4
Conclusion
This paper considered a system analysis of strip intercropping with different strips widths for crops
pea and wheat. As it is a system analysis of the field we looked at different aspects of the crops
and the surrounding, mainly: (i) total seed yield of wheat and pea (ii) aphid and natural enemy
counts (iii) fungi infestation in wheat (iv) index of relative chlorophyll content i.e. leaf greenness
(SPAD) (v) weed biomass (vi) nitrogen analysis of seed (vii) total plant biomass of wheat and pea.
Strip width intercropping provided more biodiversity compared to monoculture pea and wheat.
Intercropping showed a higher tillering density compared to the monoculture. There was a higher
nitrogen content obtained in the 0.25m strip compared to the other strips and monoculture of
wheat. The nitrogen use efficiency for wheat and pea (%) was higher in all strip widths compared
to the monoculture. Aphid infestation was significantly lower in all strip widths compared to the
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monoculture in pea, but in wheat the aphid infestation was not significant. Fungi infection, was
mostly not significant for the different fungi and for the different strip widths and monoculture.
Total yield of pea and wheat per area was reduced in monoculture compared to different strip
widths. Hence, intercropping shows to present numerous advantages compared to having
monocultures. In order to decrease the yield gap between actual yield and potential yield, the
growth limiting factors and growth reducing factors should be closed down. A lot can be done to
achieve maximum productivity i.e. cultivar selection, weed management, (organic) fertilizer
application, higher crop diversity, increase in natural enemies to reduce pests etc.
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6. Appendix
Texts:
T1: This study was conducted in the Broekemahoeve at PPO Lelystad in collaboration with
Wageningen UR. The research conducted was financed by two EU projects; LEGVALUE and
Remix. The idea of LEGVALUE is to foster sustainable legume-based farming systems and grifeed and food chains in the EU. The project asses the economic and environmental benefits for
the EU agro industry and produce legumes in a sustainable manner.

T2: Weather data
The average temperature of the growing season for wheat mono was 15.3oC; with total
precipitation of 291.4mm and 959.7 hours of sunlight.
The average temperature of the growing season for wheat mixture was 15.9oC; with total
precipitation of 273.8mm and 873.4 hours of sunlight.
The average temperature of the growing season for pea mono and mixture was 15.8oC; with
total precipitation of 242.5mm and 767.6 hours of sunlight.
Figures:

Figure 1: Layout of experiment
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Figure 2: Treatment field layout

Figure 3: Stick distribution field layout for different strip widths
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number of natural enemies per plant

Figure 4: Aerial picture layout of field. Fusarium wilt visible in monoculture and edges of different blocks
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Figure 5: natural enemy diversity for pea
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Figure 6: natural enemy diversity for wheat
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Figure 7: Aphid diversity for different strip widths per plant (VKL=vogel kers luis, GGL=Grote graan luis,
RGL=Roos gras luis)
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Figure 8: mean fungi infestation (mildew, rust and Septoria) for different treatments over time

Figure 9: Conductivity µs/cm for different strip widths
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Figure 10: total biomass m2 for pea (leaf, stalk, pod, pea) and wheat (stem and ear) over different strip
widths
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Figure 11: W1

Figure 12: W2

Figure 13: W3

Figure 14: W4

Figure 15: W5

Figure 16: W6
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Figure 17: W7

Figure 18: W8

Figure 19: W9

Figure 20: W10

Figure 21: W11

Figure 22: W12
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Figure 23: Distribution of weed biomass (g) in pea for different strip widths. W1-W12 are different weeds
found on the field.

Tables:
Table 1: rust infestation on different leaves for strip widths (letters indicate significance~TukeyHSD,
p≤0.05)
L1

0.25

0.5

1.5

3

6

Mildew (n.s)

0.61

0.41

0.38

0.64

0.58

Septoria

15.85 ab

13.27 a

12.84 a

18.99 b

15.94 ab

Rust (ns)

6.36

6.09

5.07

5.48

6.60

L2

0.25

0.5

1.5

3

6

Mildew

2.14 b

1.34 ab

1.23 a

1.96 ab

1.91 ab

Septoria (ns)

30.24

28.48

26.94

31.93

29.77

Rust (ns)

5.67

7.37

6.5

5.55

5.78

L3

0.25

0.5

1.5

3

6

Mildew (n.s)

2.44

1.67

2.01

2.39

1.55

Septoria (ns)

36.67

31.53

34.02

38.44

33.78

Rust

5.38 a

9.19 b

9.02 b

6.87 ab

7.95 ab

33

Mean

0.25

0.5

1.5

3

6

Mildew

1.46 b

0.99 a

1.04 ab

1.46 b

1.22 ab

Septoria

28.95 ab

25.50 a

25.76 ab

31.15 b

29.20 ab

Rust (ns)

7.55

8.01

7.41

6.69

8.12
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