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Abstract: With increasing economic and environmental costs associated with fertilizer use,
the need for low-input agroecological systems is on the rise. It is well documented that
intercropping legumes can increase the supply of nutrients, through N2-fixation and P
mobilization. Concurrently, the integration of trees in the agricultural landscape shows
increasing evidence of nutrient inputs through efficient biogeochemical cycles. However,
little is known about the effects shade has on legume-crop performance. This research aims
to determine whether intercropping of the legumes soybean (Glycine max L. Merr.) and
alfalfa (Medicago sativa) with wheat (Triticum turgidum durum) is beneficial for
performance, particularly under shady conditions associated with tree-based intercropping.
Test species were cultivated in hydroponics with a broad nutrient solution and steady state
addition of N for 3 weeks. Individual plants were transferred to rhizoboxes with a 2 mm
zone of soil for 16 days under (i) full sun or (ii) shade to mimic light levels at the tree-crop
interface. Under monocropping, shading was found to significantly decrease wheat
biomass. Intercropping wheat with alfalfa under full sun had no negative effect on growth
but did increase wheat P uptake as compared to monocropped wheat. In contrast,
intercropping wheat with soybean under full sun decreased wheat biomass, suggesting
competition. However, under shade, this competitive effect was mitigated, as wheat
exhibited similar biomass and higher N and P shoot concentration when associated with
soybean as compared to monocropped wheat under lower light levels. This effect may be
attributed to reduced biomass of soybean combined with higher soybean N2-fixation under
shade. Legume-based intercrops may increase nutrient supply and growth but these
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beneficial effects will be dependent on matching species selection to light levels under
tree-based intercropping.
Keywords: intercropping; 15N natural abundance; N2-fixation; Ontario; rhizobox; shade effects

1. Introduction
As conventional agriculture systems become dominated by monospecific crops, nutrient cycles
become more open and therefore more susceptible to losses through leaching, run off and
volatilization [1–3]. It is therefore vital that sustainable agriculture practices be developed to decrease
inputs of synthetic fertilizers into ecosystems. Intercropping annual crops within tree-based systems
can reduce nutrient leaching and increase nutrient cycling, through complementarity of resource
partitioning [1,4–6]. This in turn can decrease the amount of external fertilizer inputs.
In single species cropping systems, individuals can be expected to have adapted similar strategies to
fulfill those requirements, whereas plants in a multi-species system can have different resource
requirements, and possess different biological and physical strategies for acquiring nutrients [7,8].
More specifically, intercropping legumes with non-legumes typically exhibits a nutrient advantage [9–11].
Sierra and Nygren [12] used 15N natural abundance to demonstrate direct transfer of N from the
legume tree Gliricidia sepium to nearby grass. Other studies have exhibited N transfer from peanut to
rice [13] and soybean to maize [14]. Jensen [15] demonstrated a yield increase in intercropped field pea
and barley due to complimentary use of soil inorganic and atmospheric fixed N sources. Li et al. [16]
examined phosphorus (P) dynamics in common bean and wheat to elucidate whether rhizosphere
acidification from common bean would mobilize P, and thereby benefit intercropped durum wheat.
Several studies have investigated the effects of nutrient deficiency on N2-fixation rates. For example,
Høgh-Jensen et al. [10] examined the effects of P deficiency on growth and N2-fixation in white clover
plants, and showed that although P deficiency did not affect N uptake, it did affect the relative growth
of roots, shoots and nodules. Low P supply also decreased the N2-fixation per unit weight [10].
The effects of light availability on N2-fixation are less certain. Studies have suggested that
competition for light can decrease N2-fixation by decreasing growth. Carlsson et al. [17] found that
competition for light from grasses may have decreased plant growth and consequently limited
N2-fixation at the plant level. Jensen [15] reported that competition from barley had a negative effect
on N2-fixation of intercropped pea, also presumably because of increased competition for light. As
annual intercrops are increasingly found in tree-based intercropping systems, the effects of light
dynamics on biogeochemical processes are emerging as an important interaction.
The objective of this research is to investigate the effects of a low light environment on nutrient
dynamics and biomass response of intercropped durum wheat (Triticum turgidum durum) with
legumes (Glycine max L. Merr. and Medicago sativa) in order to mimic the tree-crop interface. We
employ hydroponically grown legumes and wheat under steady-state N supply transferred to
rhizoboxes under varying light levels. We hypothesize that wheat growth will be suppressed under
shade but nutritional status will be enhanced under intercropping, a result of legume-driven
rhizosphere effects. However, shade and nutrient effects on isotopic-determined biological N fixation
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remain uncertain. Uncovering abiotic stresses in this model tree-crop interface provides unique
management information in a tree-based intercropping context.
2. Results
Wheat performance was highest under full sun in monocropping; dry weight of shoot, root, and
total wheat biomass was significantly greater in full sun as compared to under shade (shoot: p = 0.024;
root: p = 0.0441; total biomass: p = 0.0274; Table 1). Intercropped with soybean under the no shade
treatment, wheat shoot mass was significantly smaller (p = 0.042) as compared to monocropped wheat
(Table 1). However, overall, this significant negative intercropping effect on companion wheat was not
observed when intercropped with alfalfa (Table 1). Biomass allocation patterns were confirmed with
analysis of the root area. Exclusively in full sun, wheat root surface area was significantly smaller
under intercropping as compared to monocropped wheat, decreasing by 20% when intercropped with
alfalfa and 42% when intercropped with soybean (Table 2). Again, only in full sun, wheat total root
length was significantly reduced under intercropping (reduced root length by 26% when intercropped
with alfalfa and reduced root length by 39% when intercropped with soybean). No significant
differences were found between wheat root length and area for intercropping and monocropping when
under shade, nor did we measure any changes in the root system of the associated legumes under shade
or under no shade (Table 2).
Table 1. Biomass means (±SE) for shoot and root tissue and shoot: root for monocropping
and intercropped wheat under shade and no shade.
Shoot
Design
Monocropping
Intercropping
w/ soybean
w/ alfalfa
Monocropping
Intercropping
w/ soybean
w/ alfalfa

0.35 ± 0.063 az
0.32 ± 0.019 az
0.37 ± 0.049 az

Biomass (g plant−1)
Root
Total biomass
Shade
0.89 ± 0.089 az
1.25 ± 0.152 az

Shoot: root
0.39 ± 0.034 az

0.65 ± 0.046 ay

0.81 ± 0.055 az
1.13 ± 0.073 az
1.05 ± 0.043 az
1.42 ± 0.087 az
No Shade
1.32 ± 0.145 ay
1.97 ± 0.190 ay

0.50 ± 0.025 az

0.36 ± 0.006 bz
0.60 ± 0.073 abz

1.00 ± 0.083 az
1.37 ± 0.126 az

0.36 ± 0.023 az
0.44 ± 0.063 az

1.37 ± 0.089 az
1.97 ± 0.143 ay

0.40 ± 0.007 az
0.35 ± 0.037 az

Means within a column for Design with the same letter (a–b) are not significantly different according to a
Tukey’s test at p < 0.05 (N = 3); Means within a column for Shade with the same letter (z–y) are not
significantly different according to a Tukey’s test at p < 0.05 (N = 3).
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Table 2. Root growth parameters (root surface area and root length) for wheat (in
moncropping or intercropped with soybean or alfalfa), soybean and alfalfa.

Design
Wheat
Monocropping
Intercropped w/soybean
Intercropped w/alfalfa
Associated legume
Soybean
Alfalfa
Wheat
Monocropping
Intercropped w/soybean
Intercropped w/alfalfa
Associated legume
Soybean
Alfalfa

Rhizosphere Parameter
Root surface area (cm2) Root length (cm)
Shade
63.8 ± 6.7 az
54.9 ± 6.0 az
65.5 ± 5.8 az

799.7 ± 95.5 az
667.4 ± 89.0 az
796.2 ± 71.1 az

24.0 ± 3.3 z
350.8 ± 60.3 z
17.2 ± 2.4 z
252.7 ± 36.2z
No Shade
94.8 ± 17.2 az
54.9 ± 3.7 bz
75.6 ± 0.7 bz

1101.7 ± 165.7 ay
672.8 ± 71.1 bz
810.2 ± 12.1 bz

24.3 ± 4.1 z
12.8 ± 1.7 z

366.0 ± 47.8 z
194.9 ± 26.2 z

Means within a column for Design with the same letter (a–b) are not significantly different according to a
Tukey’s test at p < 0.05 (N = 3); Means within a column for Shade with the same letter (z–y) are not
significantly different according to a Tukey’s test at p < 0.05 (N = 3).

2.1. Nutrition
There was a significant difference in shoot N concentration between intercropped wheat and wheat
in monoculture in the shade treatment (p = 0.0181; Figure 1). In comparison to the monocropped
wheat treatment, the shoot N concentration of wheat increased by 72% and 58% in the soybean and
alfalfa intercropping systems, respectively. The percentage of N derived from atmosphere (Ndfa),
measured by the natural abundance method, in soybean tended to be higher and more consistent under
shade (56–73%), whereas Ndfa in alfalfa ranged from 18% to 29% in shade (Figure 2). We detected
significantly higher wheat P concentration when intercropped with alfalfa in the no shade treatment
(p = 0.0094; Figure 3) and this translated into significantly greater wheat biomass associated with
alfalfa over the association with soybean (Table 1).

Agriculture 2012, 2
Figure 1. Nitrogen concentration (%) of wheat shoots for monocropped wheat and wheat
intercropped with soybean and alfalfa under shade and no shade. Bars represent SE of the
means (N = 3).

Figure 2. %N derived from atmosphere (Ndfa), determined with the natural abundance
method, for soybean and alfalfa in hydroponic systems under shade and in full sun. Bars
represent SE of the mean (N = 3).
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Figure 3. Phosphorus concentration (%) of wheat shoots for monocropped wheat and
wheat intercropped with soybean and alfalfa under shade and no shade. Bars represent SE
of the means (N=3).

2.2. Soil Status
Soil parameters for the different cropping systems and under the two light levels are summarized in
Table 3. There was no difference in soil extractable P and total %N between monocropped and
intercropped treatments, although soils under monocropped wheat did show a tendency toward higher
extractable P levels in rhizobox soils. The presence of alfalfa significantly decreased the rhizosphere
soil pH compared to the presence of soybean when intercropped with wheat under shade (p = 0.0139;
Table 3).
Table 3. Soils status from rhizobox soils. Data are means (±SE) for three samples.
Total N
(%)
Design
Monocropping
Intercropping
w/ soybean
w/ alfalfa
Monocropping
Intercropping
w/ soybean
w/ alfalfa

0.10 ± 0.003 a
0.09 ± 0.023 a
0.10 ± 0.006 a

Parameter
Extractable P
(mg Kg−1 dry soil)
Shade
24.2 ± 2.19 a

pH
7.1 ± 0.09 a
7.2 ± 0.06 a
6.8 ± 0.13 b

0.08 ± 0.011 a

22.8 ± 1.00 a
19.4 ± 2.35 a
No Shade
20.0 ± 1.02 a

0.10 ± 0.008 a
0.09 ± 0.014 a

20.8 ± 1.15 a
18.7 ± 1.01 a

6.9 ± 0.08 a
6.9 ± 0.12 a

7.1 ± 0.08 a

Means within a column for Design with the same letter (a–b) are not significantly different according to a
Tukey’s test at p < 0.05 (N = 3).
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3. Discussion
3.1. Intercropping Effects on Wheat Nutrient Acquisition and Growth
In this controlled experiment, there were similar significant increases in N uptake in wheat grown
with alfalfa and soybean compared to the monocropped wheat but only under shade (Figure 1). This
supports reported positive effects on N budgets when intercropping legumes with wheat. Previous
research has demonstrated that the presence of legumes under no shade can have a beneficial effect on
companion wheat N uptake [16,18,19] as well as for other associated crop species. For instance,
Chu et al. [13] found that rice (Oryza sativa L.) intercropped with peanut (Arachis hypogaea L.) had
significantly greater N content than monocropped wheat and that wheat intercropped with peanut
showed yield increases of 29–37%.
This increase in N uptake of companion crops is presumably derived from N2-fixation capacity of
the legumes present. Estimates of N2-fixation rates of soybean and alfalfa are reportedly 178 kg N ha−1
and 350 kg N ha−1 per year, respectively [20,21] reflecting a substantial amount of the required N for
optimal growth. We found that N derived from atmosphere (Ndfa) ranged from no fixation to upward
of 80% of total N derived from atmospheric N. Specifically, shaded soybean exhibited between 56%
and 73% Ndfa (Figure 2).
Presumably, other abiotic factors are affecting the rates of N2-fixation within these systems. There
is a species defined optimal level of light for N2-fixation, potentially linked to other site variables.
Houlton et al. [22] suggested a unifying theory on Ndfa’s curvilinear relationship to temperature with
optimal conditions around 25 °C. Phosphorus availability has been extensively shown to increase
N2-fixation in greenhouse and field conditions [10,16,23,24]. Schipanski et al. [25] demonstrated that
soil texture and subsequent effects on biomass may be more important for N2-fixation capacity than the
previously purported soil N levels. We argue that these abiotic factors may be crucial parameters in
predicting N2-fixation rates as shown here in shaded intercropping systems, effects that when scaled up
will have significant effects on the N budgets of tree-based intercropping systems.
Wheat intercropped with alfalfa had significantly greater shoot P concentration than monocropped
wheat in the no shade system (Figure 3). This was not due to differences in P acquisition zones, as
monocropped wheat had a greater root area than wheat intercropped with alfalfa, higher by ~20%, as
shown in the Winrhizo analysis (Table 2). Presumably, the presence of alfalfa had a facilitative effect
on wheat P uptake, which has also been demonstrated in other plant species such as faba bean and
maize intercrops by Li et al. [26]; faba bean rhizosphere acidification mobilized P, resulting in
increased availability of P for maize uptake. However, overall, wheat P concentration was higher under
shade than in full sun (Figure 2). Although not significant, we measured higher extractable P in
rhizobox soils under the shade treatment. Again however, wheat shoot biomass exhibited no significant
difference between the intercropped alfalfa and monocropped wheat, suggesting that although P
nutrition increased, this did not result in a biomass response. Past work has demonstrated yield
advantages in legume intercrops due to mobilization of P with common bean and faba bean [11,16].
Similar results were expected in this experiment. But again, this lack of recorded biomass response
may be due to suppressed growth under shade.
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3.2. Light Availability and Plant Performance
In monocropping systems, the dry weight of shoot, root, and total wheat biomass were significantly
less under shade in comparison to full sunlight, as was hypothesized. Similar effects in biomass
reduction under shade have also been demonstrated by Carlsson et al. [17] on Trifolium species.
Although intercropping with soybean under full sun reduced wheat biomass, this did not occur under
shade; the competitive ability is negated due to reduced light availability and consequently smaller
biomass (Table 2).
Although the presence of alfalfa and soybean had a beneficial effect on wheat shoot N and P in the
shade treatment, wheat exhibited no difference in N concentration between the intercropped and
monocropped treatment under full sunlight. This suggests that shading may have also impacted the
ability of soybean and alfalfa to access soil N, presumably due to an overall decrease in plant size,
particularly the rhizosphere zone. This reduction in N uptake indirectly provides additional N for
wheat to access from soil sources.
Some studies have found that light limitation can decrease the N2-fixation capabilities of
legumes [2,15]. For instance, shading has been shown to decrease N2-fixation rates in white clover [10].
In contrast, a study by Chu and Robertson [27] found no impact of shading on N2-fixation in clover
plants. It was hypothesized that shading of legumes would have a negative effect on N2-fixation, which
would lead to decreased levels of N in the shade treatment. However, we found that light limitation
effects on N2-fixation capacity was species specific, insofar as N2-fixation, as determined by the
natural abundance method, was lower in alfalfa as compared to soybean. High levels of N2-fixation in
soybean under shade may be associated with optimal micro-environment conditions, particularly
temperature. However, regardless of species, intercropped wheat exhibited higher levels of N uptake
when compared to monocropped wheat, suggesting that N2-fixation is, if not a reliable, at least a
considerable source of N in the system.
4. Experimental Section
4.1. Plant Growth Conditions
The experiment was conducted under greenhouse conditions at the University of Toronto
Scarborough greenhouse facilities in Southern Ontario (Toronto, Ontario). The average temperature in
the greenhouse was 24.91 °C and the average humidity was 61.78%. The three plant species
investigated include durum wheat (Triticum turgidum durum) and the legumes soybean (Glycine max
L. Merr.) and alfalfa (Medicago sativa). Seeds of soybean and alfalfa were sterilized with 6% H2O2
and 3% Ca(ClO)2 (3g Ca(ClO)2 in 100 ml of distilled water) for 10 minutes, respectively, followed by
rinsing four times with distilled water. Seed of soybean were germinated in Petri dishes on filter papers,
while seeds of alfalfa were germinated in vermiculite. After sterilization, Petri dishes with seeds were
placed in a cold room overnight. Dishes were then wrapped in aluminum foil to protect from
illumination and placed horizontally in the greenhouse for 7 days. Dishes were uncovered and exposed
to light 4 days after germination. All seedlings were pre-cultured in a hydroponic system in order to
generate roots with a large enough mass to cover the rhizoboxes.
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Prior to transfer to the hydroponic system, alfalfa seedlings were inoculated with Sinorhizobium
meliloti Rm1021 and soybean seedlings were inoculated with Bradyrhizobium japonicum. Continuous
aeration was provided using air pumps and thin tubes situated below the surface of the nutrient
solutions. After inoculation alfalfa and soybean seedlings were transferred to buckets containing
0.7 mM K2SO4, 1 mM MgSO4, 1.65 mM CaCl2, 9 µM Fe3+, 5 µM H3BO3, 7.4 µM MnSO4, 1.08 µM
ZnSO4, 1.26 µM CuSO4, 0.1 µM Na2MoO4, 30 µmol KH2PO4. Nutrient solutions for alfalfa and
soybeans were changed every 7 days. For an N source before nodulation, 2 mM urea were added for
the first two weeks. Note, no nitrates were added to the legume solutions in order to minimize
inhibitory effects on nodulation.
Durum wheat seeds were sterilized with 6% H2O2 for 10 minutes followed by rinsing with distilled
water. Seeds, set on mesh, were then transferred to a hydroponic culture system, into 7 L buckets
containing 0.7 mM of K2SO4, 1mM MgSO4, 4 µM H3BO3, 1.65 mM CaCl2, 1 µM ZnSO4, 6 µM
MnSO4, 1 µM CuSO4, 0.1 µM Na2MoO4, 0.1 mM FeNaEDTA, 0.25 mM KH2PO4. Buckets were
covered for one week until germination. Wheat plants were grown with KNO3 levels representing
sufficiency (20 µmol N per seedling). Nutrient solutions were changed every 3–4 days. At the
transplanting to the rhizoboxes stage (3 weeks from germination), 3 representative wheat, soybean and
alfalfa plantlets were harvested for initial biomass measurements.
4.2. Steady-State Supply of Nitrogen
Nitrogen additions for pre-contact wheat were supplied exponentially to a total level of 20 µmol N
per seedling. Exponential additions were employed to avoid early toxicity and to match nutrient supply
with growth. Nutrient applications were calculated with the equations (see [28]):
NT = NS(ert − 1)
where r was the relative addition rate required to increase Ns (the initial level of N content in plant) to
a final level of NT + Ns. The amount Ns was determined by analysis of seedlings before fertilization.
As we established pre-determined N target levels (NT), r is determined for the number of applications
(t = 8). Amount of N for each application was determined by:
N = NS(ert − 1) – Nt-1
where Nt-1 was the cumulative amount of N up to and including the last application. Additions
increased exponentially over 3 weeks with additions every 3 days.
4.3. Experimental Design
Interactions between wheat and legumes were investigated using a device based on the rhizobox
design by Hinsinger and Gilkes [29] and Casarin et al. [30]. This device consists of a soil filled mesh
bag sandwiched between two plastic plates. The plants were attached to either side of the soil filled
bag. The soil in the rhizobox device was supplied with water through a filter paper wick connected to a
reservoir at the bottom of the container. This device allowed the plant species to take up nutrients and
interact with the soil while root mats remained separated from the soil by the mesh. It also allows for
easy collection of soil from the rhizosphere for analysis. Soils were a P sufficient topsoil [extractable
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P = 21 mg kg−1 dry soil] collected from the University of Toronto’s Koffler Scientific Reserve at
Jokers Hill. The experimental soil was air dried and sieved at 2 mm to remove gravel and debris. The
soil was then moistened with distilled water. Forty-six grams of soil (bulk density 1.15 g cm−1) were
placed into the 40 cm3 rhizobox in order to obtain a soil thickness of 2 mm. Roots were spread out in
order to maximize contact with the soil. In the intercropping treatment, one soybean and one wheat
plant were planted onto either side of the soil containing mesh bag, thus employing an additive design.
For alfalfa, we used two plants per rhizobox to achieve a similar rhizosphere zone as the soybean and
mimic more natural densities. In the monocropping treatment, only wheat was planted onto one side of
the soil. The whole plot treatments consisted of two light levels representing no shade plants (full
sunlight) and shaded plants (50% sunlight). Shade canopies were constructed in the greenhouse with
shade cloth at 50% on all four sides and top of a 1 m3 box. Plants remained in contact with the soil
under shade or no-shade treatments for 16 days after which they were harvested for analysis.
4.4. Plant and Soil Analysis
Plant tissue was dried in an oven at 60 °C for 4 days. Pre and post contact root, shoot and leaf
biomass were determined for each species (N = 3). After contact in the rhizobox, total length and area
of roots were determined using measurements by WinRhizo software (Regent Instruments Inc.,
Quebec, Canada). Wheat P concentration of shoot and root tissues were assessed after contact in each
treatment by digestion and spectrophotometry. Soil available P was determined with the Olsen P
method. Total N in plants (shoots and roots) and soil was determined with the Dumas method using a
LECO FP428. The soil pH was measured in 1:5 soil to water solution using a pH meter.
4.5. N2-Fixation Measurements
15

N natural abundance method was used to detect fixed N in soybean and alfalfa individuals. The
plant tissue was oven-dried at 70 °C and milled into fine powder in a rotating ball bearing mill. The
15
N/14N isotope ratio (%15N) was determined by a Stable Isotope Ratio Mass Spectrometer (Thermo
Finnigan, Bremenm, Germany) coupled to an Elemental Analyzer (Carlo Erba CHNS-O EA1108-Italy).
The proportion of 15N derived from the sample deviating from 15N in atmosphere was calculated as [31]:
15Nx (‰) = [(%15Nx/%15Na) − 1] × 1000
where %15Nx and %15Na are the percentages of 15N in the sample and in the air (0.3663%; [32]),
respectively. Percentage of N derived from atmosphere (%Ndfa) was established based on calculations
employing internal 15N of inoculated soybean and alfalfa and of non-inoculated reference plants. The
percentage of N derived from atmosphere out of total N in the sample was calculated as:
%Ndfa = [15Nr − 15Nx)/15Nr − 15Nfr)] × 100%
where 15Nr is the 15N value from the reference, 15Nx is the value from the treatment sample and 15Nfr,
values for individuals grown in N-free solution (Alfalfa = −0.92‰; Soybean = −0.80‰) was
determined from the literature [33,34].
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4.6. Statistical Analysis
Biomass (shoot and root) and P and N concentrations and content data were subjected to analysis of
variance using a general linear model (PROC GLM) in SAS version 8.0 (SAS Institute Inc. Cary, NC,
USA). In the case of a significant F-test, treatment means were compared using a Tukey’s HSD test.
T-tests were used to test for differences between δ15N values of N2-fixing (inoculated soybean and
alfalfa) and δ15N of the reference [non-fixer (non-inoculated soybean and alfalfa)] in order to meet the
criteria for the natural abundance method. Normality was confirmed with using the Shapiro-Wilk test.
The level of significance was set to p ≤ 0.05 for statistical tests.
5. Conclusions
In this model tree-crop system, intercropping wheat and alfalfa had beneficial effects on wheat N
and P uptake. However, although intercropping with soybean demonstrated a positive effect on wheat
N uptake, we report a negative impact on biomass production. This suggests that simultaneous
cultivation with wheat can provide an intercrop advantage but specifically with alfalfa. Of particular
interest in this study were other abiotic stresses. We examined light limitations on wheat performance
when intercropped with legumes, presuming that N content would be reduced in the shade treatment
due to suppressed N2-fixation rates. This supposition was not supported by our analysis, suggesting
that legume functioning may be optimized under shady conditions, presumably via temperature
modifications; however, this requires more research. Limitations associated with low light levels,
presumably similar to those found near the tree component of tree-based intercropping systems, are
shown to be alleviated by integrating legumes with annual cereal crops. The long-term success of this
management approach will be dependent on other factors such as modified nutrient cycles and
increased hydrological inputs under trees.
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