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Abstract
Background and aims Reliance on nitrogen (N) fertil-
izers to maintain crop productivity requires a thorough
understanding of the transformation of this nutrient
within the soil-plant system. Organic matter input from
a mixture of crop residues, such intercrop systems,
influence N transformations differently compared to
sole crops. We tested the hypothesis that N mineraliza-
tion and immobilization differ between cereal-legume
intercrops and sole crops.
Methods A short-term experiment using 15N isotopic
pool dilution was conducted in 2007 and 2012 in maize
(Zea mays L.) and soybean (Glycine max L. Merr.) sole
crops and 1:2 (1 row maize:2 rows soybean) and 2:3
(two rows maize:3 rows soybean) intercrops. Soil char-
acteristics, gross mineralization and immobilization, and
net immobilization to a 10 cm depth were quantified.
Results Soil characteristics (pH, bulk density, soil or-
ganic carbon (C), total N, and C:N) were not

significantly different (P<0.05) among treatments,
but differed significantly (P<0.05) between years
(2007 vs. 2012). Soil NH4

+-N was significantly lower
(P<0.05) in the maize sole crop. Gross N mineraliza-
tion, immobilization and net immobilization, were sig-
nificantly different (P<0.05) among treatments and
between years. Relative NH4

+-N immobilization was
significantly different (P<0.05) among treatments and
between years, showing the lowest values in the inter-
crops. The amount of NH4

+-N mineralized per day
was significantly greater (P<0.05) in the 2:3 intercrop
and was significantly different (P<0.05) between years
in the 2:3 intercrop. Residence time of NH4

+-N was
significantly longer (P<0.05) in the soybean sole crop
and 1:2 intercrop followed by the 2:3 intercrop and the
maize sole crop.
Conclusions Intercropping contributed to the long-term
immobilization of N and therefore was a more sustain-
able land-management practice than sole cropping. The
adoption of cereal-legume intercrops will curb our cur-
rently growing reliance on N fertilizers.

Keywords Argentine pampa . Cereal-legume .

Crop residues . Isotope pool dilution . Legumes .
15N . NH4

+-N residence time

Introduction

The addition of nitrogen (N) fertilizers to maintain soil
fertility and crop productivity has amplified the
amount of reactive N in the biosphere and contributed
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to nitrous oxide (N2O) gas emissions (Jamont et al.
2013). The increase of reactive N in the biosphere also
results in eutrophication of ecosystems and a loss of
biodiversity (Galloway et al. 2003). As agricultural
production continues to intensify, a growing reliance
on N fertilizers to meet current and future global
demands for food, fiber and fuel, is expected (Baggs
et al. 2006). Therefore, understanding N transforma-
tions in various agricultural management practices, at
the soil and crop level, is essential (Arihara and
Srinivasan 2001).

Reducing external N inputs can be achieved
through the diversification of cereal crops by integrat-
ing legumes either in rotation or as an intercrop.
Intercropping, where crop intensification occurs in
both time and space is defined as the simultaneous
growth of more than one species in the same field
(Vandermeer 1992). The concept of cereal-legume,
and legume-based intercropping is not new in tropical
agroecoystems (Sharma and Behera 2009), and it is
gaining recognition in temperate regions (Hauggaard-
Nielsen and Jensen 2001; Oelbermann and Echarte
2011). This is because intercropping systems have a
smaller environmental foot print (Li et al. 2001) and
they are more resilient to local climate change due to
their greater structural complexity (Dyer et al. 2012).
In low input intercrops, the efficient use of soil re-
sources, via enhanced microbial activity, tighter nutri-
ent cycling, and complementary use of N, increases
plant productivity, especially in the non-N fixing
crop, compared to sole crops (Bedoussac et al.
2014). However, in high-input systems, the quantity
of mineral N fertilizer required in intercrops can be
reduced due to dynamic soil-plant interactions (Pelzer
et al. 2012) since crops do not compete for the same
resource niche, but use N in a complementary way
(Hauggaard-Nielsen and Jensen 2001). For example,
intercropping rapeseed (Brassica napus L.) with faba
bean (Vicia faba L.) accumulated 20 % more N per
crop species compared to a rapeseed sole crop
(Jamont et al. 2013).

After harvest, the interactions between mixed crop
residues affect decomposition differently in intercrops
compared to sole crops (Redin et al. 2014). Mixing
residues with high and low C/N ratios increases fau-
nal activity and nutrient translocation (Chapman et al.
1988), and improves the synchrony between N supply
and crop N demand (Vachon and Oelbermann 2011;
Redin et al. 2014). This creates competition for NH4

+

by immobilizers and nitrifiers, reducing N losses from
the soil-plant system (Liang et al. 2013), causing
immediate net N immobilization and delaying the
onset of net mineralization (Frimpong et al. 2012).
For example, intercropping spring barley (Hordeum
vulgare L.) and pea (Pisum sativum) in Scotland
reduced NO3

− leaching and N2O emissions compared
to sole cropped barley (Pappa et al. 2011).

To address the increasing reliance on N fertilizers
at a global scale, multiple studies have focused on
plant N availability and grain yield in a variety of
cropping systems, including intercrops (Pappa et al.
2011; Hauggaard-Nielsen et al. 2012; Jamont et al.
2013; Chapagain and Riseman 2014). However,
knowledge on the underlying process of mineraliza-
tion leading to N availability, when different intercrop
configurations are used over the short-term, remains
scarce. Therefore, understanding the process of min-
eralization provides further insight into the amount of
N available for plant uptake or nutrient input require-
ments under different agroecosystem management
practices (Davidson et al. 1991). Although Vachon
and Oelbermann (2011) evaluated the rate of mineral-
ization of crop residues at the same site as the current
study, using a 9-month litterbag decomposition exper-
iment, their results only yielded values on net N
mineralization. Using 15N stable isotope techniques
however, advances our understanding of gross N min-
era l iza t ion and immobi l iza t ion in var ious
agroecosystem management practices (Powlson and
Barraclough 1993). To date, most N mineralization
studies focused on laboratory incubations whose re-
sults are extrapolated to understand this process at the
field-scale (Mary et al. 1996). But laboratory-scale
studies underestimate mineralization rates compared
to those at the field-scale (Sanchez et al. 2002). The
primary goal of this study was to evaluate the dynam-
ics of gross mineralization and immobilization, and
net immobilization in two differently configured
cereal-legume intercrops and in cereal and legume
sole crops. This was achieved by conducting a short-
term field study in 2007 and in 2012 using the 15N
isotopic pool dilution technique. It was hypothesized
that N mineralization rates will be greater in the
intercrops because of the different quantity and
mixing of residues compared to the sole crops. Our
study provided further understanding on the response
of residue input from single or mixed crops and its
effect on soil N transformations.
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Materials and methods

Experimental site

The research site was located in the southern Argen-
tine Pampa, outside the city of Balcarce (37°45′S,
58°18′W). Previous studies conducted at this inter-
crop site included residue decomposition, greenhouse
gas emissions, land equivalent ratio, and changes in
soil characteristics as a result of intercropping
(Oelbermann and Echarte 2011; Vachon and
Oelbermann 2011; Dyer et al. 2012; Echarte et al.
2011; Oelbermann et al. 2015). The climate in this
area was classified as mesothermal subhumid–humid
(Thornthwaite classification) or as temperate humid
without dry season (Köpen classification). The mean
annual rainfall, potential evapotranspiration, and the
annual mean air temperature (1980–2012) were
860 mm yr−1, 856 mm yr−1, and 14.3 °C (maximum
24.2 °C and minimum 7.6 °C), respectively (Unidad
Integrada Balcarce Weather Station, 37°45′ S, 58°18′
W, 130 m.a.s.l.) (Fig. 1). The soil was classified as a
Typic Agridudoll (US Soil Taxonomy) or Luvic
Phaeozem (FAO Soil Classification) and was part
of the Mar del Plata series, with a soil texture of
41.1 % sand, 35.8 % silt and 23.1 % clay (INTA
1979). The Balcarce soils were formed from an
Aeolian accretion of calcareous loess during the
Holocene epoch (Blanco and Stoops 2007), and were
composed of illite (80 %) and montmorillionite
(20 %) clay minerals. Ammonium fixation was neg-
ligible; only 0.01 % of the NH4

+-N added to the
Phaeozems of Balcarce was fixed to clays. The soil

(0–20 cm) was moderately acid with a pH of 5.77,
had low available phosphorus (P) of 7.83 mg kg−1

(Bray-extractable P), and a high soil organic C
(SOC) content of 30.6 g kg−1. The slope was 2 %,
indicating little to no erosion.

Experimental design and management

The experimental intercrop and sole crop plots were
established in 2007. This was a continual experiment,
and for this study two intercrop years (2007 and 2012)
were examined. The experimental plots were
established on land previously under experimental use
of alternating crop and pasture. The previous crop was
sunflower (Helianthus annuus L.) cultivated for 2 years
using a disk harrow followed by a spike harrow. The
study was a randomized complete block design (RCBD)
with four treatments: maize sole crop, soybean sole
crop, 1:2 intercrop (one row of maize and two rows of
soybeans) and 2:3 intercrop (two rows of maize and
three rows of soybeans). Each treatment was replicated
three times, and each treatment plot was 8.8×12 m. The
maize and soybean sole crops were rotated annually, but
the intercrops were not. In this study, treatments plots
referred to as maize sole crop were under maize in
2008–09, 2010–11 and 2012–13, and under soybean
in 2007–08 and 2009–10. Treatments plots referred to
as soybean sole were under soybean in 2008–09, 2010–
11 and 2012–13, and under maize in 2007–08 and
2009–10.

Plant density (plants m−2) was 4.3 (1:2 intercrop), 5.3
(2:3 intercrop), 8.0 (maize sole crop) and 29 (soybean
sole crop), with a 0.52 m distance between crop rows in
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Fig. 1 Thirty-two-year mean (1980 to 2012) monthly temperature and precipitation in the southern Argentine Pampa, near the city of
Balcarce (37°45′S, 58°18′W), Argentina
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all treatments. The site was disk harrowed three times
and spike harrowed before planting. Weeds were con-
trolled by N-phosphonomethyl glycine (Glyphosate).
All crops received P fertilizer (35 kg P ha−1). Maize in
the sole crop and in the intercrops received N fertilizer
(150 kg N ha−1) in the form of urea. Fertilizer was
applied by hand at the bottom of the maize stems at
the 6th leaf stage in the intercrops. Soybeans were
inoculated with Bradyrhizobium japonicum. Maize
was seeded in late October or early November and
harvested in April; soybeans were seeded in November
and harvested inMay. Crop residues were returned to all
treatments after each harvest from 2007 to 2012. Mean
values, in all treatments, of C and N concentration of
crop residue biomass was 42.2% (C) and 0.66% (N) for
maize, and 44.8 % (C) and 1.4 % (N) for soybeans
(Vachon and Oelbermann 2011).

Quantification of soil chemical and physical
characteristics

Prior to applying 15N, three soil samples were extracted
randomly from each treatment replicate to a 10 cm depth
using a 7 cm inner diameter soil corer. A 20 g subsample
of field moist soil was oven-dried (105 °C, 48 h) to
determine bulk density. Bulk density was calculated
using the inner diameter of the core sampler and the
oven dry weight of the soil. Bulk density was not
adjusted for rock volume (mineral particles≥2 mm) be-
cause these soils had minimal rock content. A 5 g sub-
sample of field moist soil was extracted in 50 mL of 2M
KCl, and analyzed for NH4

+-N and NO3
−-N by micro-

distillation (Bremner 1965). Data for NH4
+-N and

NO3
−-N were available only for 2012.

The remaining soil was air-dried and sieved to 2 mm.
Soil pH was quantified using a 20 g subsample in a 1:1
soil:water suspension (BioKit AB 15B, Houston, TX,
USA). Prior to the analysis of SOC and N, soil carbon-
ates were removed by adding 150 mL of 0.5 M HCl to
2 g of sieved soil. The mixture was stirred three times
over 24 h, and washed by pipetting the HCl from the
settled soil by adding ultrapure water to the soil. This
washing procedure was repeated daily for 4 days after
which the soil was dried in an oven at 40 °C for 2 days
(Midwood and Boutton 1998). The acid treated soil was
ground in a ball mill (Retsch® ZM1, Haan, Germany)
and analyzed for SOC and N (Costech 4010, Cernusco,
Italy). Soil organic C and total N stocks were determined
by multiplying SOC and N concentration (%) by the

amount of soil per square meter, using soil bulk density,
to a 10 cm depth.

Nitrogen immobilization and mineralization using
isotope pool dilution

The 15N isotope pool dilution technique was used to
quantify gross N mineralization and immobilization
(Davidson et al. 1991). The labelled ammonium sulfate
(15NH4)2SO4 (~350 μg N mL−1, 10 % 15N) fertilizer
was added in 2007, at the start of the experiment, to the
sole crops and the 2:3 intercrop. After 5 years, in 2012,
the labelled solution was added to all sole crop and
intercrop treatments. Gross mineralization rates were
measured just prior to crop sowing, to minimize the
impact on N mineralization and immobilization by the
growing crop. In 2007 four PVC cylinders with a 6 cm
inner diameter and 13 cm long, and in 2012 six PVC
cylinders of the same size, were randomly inserted into
the soil to a 12 cm depth within each treatment replicate.

A multiple point injection device, with the same
diameter as the PVC cylinders was used to ensure the
application of the 15N label to the soil was homogenous.
The injection device contained seven hypodermic syrin-
ges (Monaghan 1995) and an acrylic disc, to which
seven spinal needles were fixed. The device with the
syringes was connected to the needles. When the syrin-
ges were pulled up, the syringe plungers were pushed
down, injecting 15N solution into the soil. Injection of
the labelled ammonium sulfate fertilizer occurred at a
rate of ~10 μg N per g of dry soil. The volume of the
solution injected was dependent on the soil moisture,
and was adjusted to increase soil moisture by a maxi-
mum of 20–25 % (Monaghan 1995).

After 24 h (t=0), half of the PVC cylinders from each
treatment replicate were removed, ensuring that initial
immobilization of the label had ceased (Hood et al.
2003). The remaining PVC cylinders were removed
after 96 h (t=1), allowing sufficient time for N transfor-
mations to occur but before re-mineralization began
(Videla 2004). Twenty grams of the collected field moist
soil from within each cylinder was extracted with
100 mL of 2 M KCl.

Potassium chloride extracts were analyzed for ex-
changeable NH4

+ using steam distillation in the pres-
ence of MgO as described by Bremner (1965). We
measured 15N using the polytetrafluoroethylene
(PTFE) diffusion technique described by Sørensen and
Jensen (1991) and Mulvaney et al. (1997). Twenty
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milliliters of KCl extract solution was weighed into
100 mL jars, a PTFE envelope containing a quartz filter
paper disc (Whatman GF/D) of 5 mm diameter acidified
with 10 μL of 2.5 M KHSO4 was added to the solution,
approximately 0.2 g of MgO was then added to the
vessel, which was closed immediately, shaken at 50
rev min−1 for 72 h in the dark at 30 °C (Mulvaney
et al. 1997). After shaking, the discs were dried over-
night in a desiccator with silica gel and a trap of 50 mL
concentrated H2SO4. The dry discs were placed into 5×
9 mm tin capsules (Costech, Cernusco, Italy) and ana-
lyzed for 15N:14N ratio with a Delta V mass spectrom-
e te r equ ipped wi th a Conf lo IV In te r face
(ThermoScientific, Waltham, USA).

Gross N mineralization and immobilization rates
were quantified as described by Kirkham and
Bartholomew (1954):

m ¼ NH4
þ½ �0− NH4

þ½ �t
Δt

� ln APE0=APEtð Þ
ln NH4

þ½ �0= NH4
þ½ �t

ð1Þ

i ¼ NH4
þ½ �0− NH4

þ½ �t
Δt

� ln NH4
þ½ �0APE0

� �
=ln NH4

þ½ �tAPEt

� �

ln NH4
þ½ �0= NH4

þ½ �t
ð2Þ

wherem is the gross Nmineralization rate (μg N g−1 soil
d−1); i is the gross N immobilization rate (μg N g−1 soil
d−1); NH4

+ is the total soil ammonium content (μg N g−1

soil); Δt is the related time interval (days); APE is the
atom percent 15N excess of NH4

+; 0 (t=0) and t (t=1)
indicate the two sampling time points.

The net rate of immobilization was calculated by
subtracting the gross rate of mineralization from the gross
rate of immobilization. Relative NH4

+-N immobilization
is the ratio between the gross rates of N immobilization
and mineralization. The percentage of NH4

+-N mineral-
ized per day (%) was defined as the gross N mineraliza-
tion rate divided by soil total N, and multiplied by 100.

Statistical analysis

Prior to any statistical analyses, all data were examined
for normality (Shapiro-Wilk test of normality) and ho-
mogeneity of variance (Levene test of equality of vari-
ances). Data for soil chemical characteristics was tested
using the univariate general linear model (ANOVA) in
SPSS v20 (SPSS Science Inc. 1989). Treatment-by-year

interactions were not significant. Significant differences
between means (main effects) were separated by
Tukey’s multiple comparison test for factors with three
or more levels (e.g., treatment); and significant differ-
ences for factors with two levels (e.g., year) were de-
rived from the F-statistic (Steel et al. 1997). The thresh-
old probability level for determining significant differ-
ences for all statistical analyses was set at P<0.05.

Results

Soil chemical and physical characteristics

Soil pH and bulk density were not significantly different
among treatments in 2007 and 2012. However, bulk
density increased significantly (P=0.005) from 2007
to 2012 in all treatments (Table 1), with a relative
increase ranging from 9 to 17 % (Table 2). Soil organic
C concentration and stock increased significantly (P=
0.001) between 2007 and 2012 (Table 1). Among all
treatments, SOC concentration and stock increased up to
29% and up to 45%, respectively (Table 2). Soil total N
concentration increased significantly (P=0.05) between
2007 and 2012 in the soybean sole crop only (Tables 1
and 2). Between 2007 and 2012, soil total N stock
increased significantly (P=0.001) in all treatments
(Table 1) with a relative increase ranging from 21 to
36 % (Table 2). The soil C/N ratio increased significant-
ly (P=0.001) between 2007 and 2012 (Table 1); with a
relative change ranging from 12 to 19 % (Table 2).

In 2012, soil ammonium N (NH4
+-N) was signifi-

cantly different (P=0.001) among treatments prior to
seeding and at harvest. Prior to crop seeding, NH4

+-N
was significantly greater in the 1:2 intercrop than in
other modalities (Table 1), however at crop harvest it
was significantly greater in the maize sole crop (23.90±
10.44 μg g−1), followed by the soybean sole crop (11.63
±1.05 μg g−1), 1:2 intercrop (9.53±0.50 μg g−1) and 2:3
intercrop (7.87±2.23μg g−1). NH4

+-Nwas significantly
greater (P=0.001) at crop harvest than at crop seeding.
Soil nitrate N (NO3

−-N) was not significantly different
among treatments prior to crop seeding in 2012
(Table 1) and at crop harvest. However, NO3

−-N was
significantly lower (P=0.001) at crop harvest [maize sole
crop (9.90±1.29 μg g−1); soybean sole crop (10.47±
0.93 μg g−1); 1:2 intercrop (10.70±1.40 μg g−1); 2:3
intercrop (10.63±1.99 μg g−1)] than prior to crop seeding
(Table 1).
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Nitrogen mineralization and immobilization

Gross N mineralization was significantly greater (P=
0.001) in the sole crops in 2007, and in the 2:3 intercrop
in 2012 (Fig. 2). The gross N mineralization rate rose
significantly (P=0.001) between 2007 and 2012 in the
2:3 intercrop with a relative increase of 274 %. Between
years, the maize and soybean sole crops had a relative
increase of 37 and 25 % respectively (Table 2). Gross N
immobilization was significantly different (P=0.001)
among treatments in 2012, where the greatest rate oc-
curred in the 2:3 intercrop (Fig. 3). Nitrogen immobili-
zation rose significantly (P=0.001) between 2007 and
2012 in all treatments and had a relative increase rang-
ing from 49 to 125 % (Table 2). Net N immobilization
was significantly different (P=0.001) among treatments
in 2007 and 2012 (Fig. 4). In both years, net immobili-
zation was greatest in the soybean sole crop followed by
the intercrops and was lowest in the maize sole crop. Net
N immobilization increased significantly (P=0.001) be-
tween 2007 and 2012, with a relative increase ranging
from 2 to 66 % (Table 2).

Relative NH4
+-N immobilization was significantly

greater in the soybean sole crop in 2007 (P=0.05) and
in 2012 (P=0.05) (Table 3). Relative NH4

+-N immobi-
lization also increased significantly (P=0.001) between
years. The greatest relative increase occurred in the
maize sole crop (29 %), but decreased (−16 %) in the
soybean sole crop (Table 2). NH4

+-N mineralized per
day was significantly greater (P=0.05) in the maize sole
crop in 2007, whereas in 2012, it was significantly
greater in the 2:3 intercrop (Table 3). The NH4

+-N
mineralized per day was significantly greater (P=0.05)
in 2012 than in 2007, with a relative change ranging
from −3 to +139 % (Table 2). NH4

+-N residence time
(data available for 2012 only) was significantly different
(P=0.05) among treatments (Table 3). The shortest
NH4

+-N residence time occurred in the maize sole crop
and the 2:3 intercrop, whereas the longest residence time
occurred in the 1:2 intercrop and soybean sole crop.

Discussion

Soil chemical characteristics

Soil physical and chemical characteristics were similar to
those reported Studdert and Echeverría (2000), Aparicio
and Costa (2007), and Domínguez et al. (2009) from theT
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same region of Argentina as our study. In 2009 and 2010,
Dyer et al. (2012) conducted a study at the same site and
found a lower bulk density (0–10 cm) in all treatments
compared to our results. Over time, conventional tillage
practices caused soil compaction, increasing soil bulk
density, which was also observed by Tolon-Becerra
et al. (2011) in the Argentine Pampa.

A greater crop residue input from maize and
soybeans in all treatments compared to sunflower,
produced at this site prior to 2007, increased SOC and
soil total N by 2012. Andrade (1995) reported above-
ground residue input from sunflower in Balcarce, Ar-
gentina was 958 g m−2. Comparatively, the mean

residue input over six growing seasons from maize
was 2237 g m−2, 824 g m−2 from soybeans, 1688 g
m−2 from the 1:2 intercrop, and 1775 g m−2 from the
2:3 intercrop (Regehr 2013). However, maize and soy-
bean sole crops were rotated annually, and the treatment
referred to as maize sole crop had a 6 year mean crop
residue input of 1622 g m−2 and that referred to as
soybean sole crop had a 6 year mean crop residue input
of 1432 g m−2. This greater input of organic matter from
crop residues in all treatments led to an accumulation of
SOC and N between 2007 and 2012.

The short-term nature of this study failed to detect
measurable changes in SOC and N among treatments

Table 2 Relative change (%) between 2007 and 2012 for various soil characteristics evaluated in maize and soybean sole crops and in 1:2
and 2:3 intercrops, Balcarce, Argentina

Soil characteristics Maize sole crop Soybean sole crop 1:2 Intercrop 2:3 Intercrop

pH +1.99 −8.75 −5.92 +3.44

Bulk density +16.96 +9.09 +12.82 +16.67

SOC concentration +23.39 +28.02 +28.75 +18.07

Soil total N concentration +9.52 +9.09 +15.00 0.00

C/N +12.71 +17.09 +11.67 +18.58

SOC stock +42.16 +40.11 +44.86 +29.72

Soil total N stock +35.95 +20.76 +28.27 +21.98

Gross N mineralization +36.92 +25.40 NA +273.68

Gross N immobilization +48.98 +66.22 NA +128.38

Net immobilization +68.61 +2.01 NA +59.35

Relative NH4
+-N immobilization +28.70 −16.12 NA +8.41

NH4
+-N mineralized per day −15.00 −3.33 NA +138.71

Fig. 2 Gross nitrogen mineralization (0–10 cm) in maize and
soybean sole crops and in 1:2 and 2:3 intercrops in 2007 and
2012, Balcarce, Argentina. Bars with the same upper case letters,
comparing differences between years and within treatments, are

not significantly different at P<0.05 using the Student’s t-test.
Bars with the same lower case letters, comparing differences
among treatments and within years, are not significantly different
at P<0.05 using Tukey’s multiple comparison test
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in 2007 and in 2012. Quantifyable differences in soil
characteristics are expected to occur 10+ years after
initiating intercropping (Oelbermann and Echarte
2011). For example, Alvarez et al. (1998) detected a
measureable increase in SOC after more than 5 years
of initiating land-management changes in the Argen-
tine Pampa, whereas Studdert and Echeverria (2000)
found measureable changes after 11 years. Increases in
SOC and N over the short-term in soil with an inherent
high SOC content, such as that of the Canadian Prai-
ries, the Corn Belt in the Midwest USA, or the Ar-
gentine Pampa, cannot be detected as statistically

significant within less than a decade (Malhi et al.
2008; Kutsch et al. 2012).

The low NH4
+-N concentration indicated that N was

mineralized rapidly and converted to NO3
−-N since no

plants were available to take up N prior to crop seeding.
Variation in NH4

+-N prior to crop seeding was due to
differences in the amount of residual N available from
the previous cropping season. Differences in NH4

+-N
between sole crops and intercrops at harvest were also
observed by Chapagain and Riseman (2014) in a pea-
barley intercrop and pea sole crop in western Canada.
This was due to the distribution of maize and soybean

Fig. 3 Gross nitrogen immobilization or microbial consumption
of NH4

+ (0–10 cm) inmaize and soybean sole crops and in 1:2 and
2:3 intercrops in 2007 and 2012, Balcarce, Argentina. Bars with
the same upper case letters, comparing differences between years
and within treatments, are not significantly different at P<0.05

using the Student’s t-test. Bars with the same lower case letters,
comparing differences among treatments and within years, are not
significantly different at P<0.05 using Tukey’s multiple compar-
ison test

Fig. 4 Net nitrogen immobilization (0–10 cm) in maize and
soybean sole crops and in 1:2 and 2:3 intercrops in 2007 and
2012, Balcarce, Argentina. Bars with the same upper case letters,
comparing differences between years and within treatments, are

not significantly different at P<0.05 using the Student’s t-test.
Bars with the same lower case letters, comparing differences
among treatments and within years, are not significantly different
at P<0.05 using Tukey’s multiple comparison test
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roots in the intercrops, and their interaction, affecting
NH4

+-N at harvest. The dynamic interaction between
crop roots and changes in the structure of rhizospheric
microbial communities as a result of biological N fixa-
tion and associated chemical changes, allowed maize
plants to use NH4

+-N present in the soybean rows,
leading to a lower residual of this nutrient throughout
the growing season.

Soybean nodules from roots and decomposed resi-
dues from previous cropping seasons did not affect
NO3

−-N in the intercrops (Reents and Möller 2000;
Matusso et al. 2014). A lower soil NO3

−-N at harvest,
also reported by Li et al. (2005), was due to differences
in plant N uptake. For example, the maize sole crop had
a greater demand for N, and therefore a greater plant N
uptake compared to soybean, which supplied its N
through N2-fixation (Zhang and Li 2003).

Nitrogen mineralization and immobilization

Rates of gross N mineralization and immobilization in
the sole crops were within the range of those reported by
Bengston et al. (2003), Burger and Jackson (2003),
Flavel and Murphy (2006), and Griffin (2007). The
greater gross N mineralization and immobilization rates
in all treatments in 2012 were due to the recent accu-
mulation of soil organic matter (SOM), since a signifi-
cant proportion of the newly accumulated N became
incorporated into the active SOM pool (Nieder and
Benbi 2008). The greater rate of gross N mineralization
in the intercrops was due to differences in the magnitude
of N cycling through this treatment compared to the sole
crops (Flavel and Murphy 2006). This occurred because
residues from cereal and legume crops are present in
different ratios in intercrops compared to the sole crops.
The mixing of crop residues causes complex interac-
tions, influencing N mineralization and immobilization
differently in intercrops than in the sole crops (Barrios
et al. 1996; Redin et al. 2014). Additionally, N mineral-
ization is a biotic process, and soil with a higher micro-
bial activity and soil microbial biomass (SMB) has
greater N mineralization rates (Bengston et al. 2003).
For example, in 2012, SMB-C (0–10 cm) was greater in
the 2:3 intercrop compared to the other treatments
(Oelbermann et al. 2015). Significant correlations be-
tween the rate of net and gross rate of N mineralization
and SMB-C were also observed in a Wyoming grass-
land (Tracy and Frank 1998) and in white clover (Trifo-
lium repens L.), ryegrass (Lolium perenne L.) andT
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pasture lands of New Zealand (Zaman et al. 1999).
However, in 2007, Oelbermann and Echarte (2011) also
observed a greater SMB-C in the 2:3 intercrop, but in
this year, the rate of gross N mineralization was lower
than in 2012. A greater SMB does not always corre-
spond to a higher N mineralization rate, due to differ-
ences in the proportion of the active SMB among treat-
ments (Flavel and Murphy 2006). Field studies on gross
N mineralization are difficult to conduct due to the
heterogeneous distribution of mineral N and interfer-
ence from other processes such as nitrate movement in
soil, root adsorption, volatilization and denitrification, in
addition to variations in soil temperature and humidity,
causing inconsistent results when comparing within and
between cropping systems (Mary et al. 1996).

Rates of gross N immobilization and the release of
inorganic N were affected by the differences in residue
quality among treatments (Burger and Jackson 2003).
Crop residues with high C/N ratios had lower rates of
mineralization and higher rates of immobilization. In a
previous study, Vachon and Oelbermann (2011) report-
ed C/N ratios of 66 (maize sole crop), 31 (soybean sole
crop), 56 (1:2 intercrop) and 62 (2:3 intercrop). Treat-
ments that received crop residues with high C/N ratios
had a greater rate of gross N immobilization and a lower
rate of net N immobilization. Therefore, availability of
easily decomposable substrates in the initial phase of
decomposition was lower in the intercrops compared to
the soybean sole crop (Luxhoi et al. 2006).

The incorporation of large quantities of maize residue
in the sole crop limited N availability. However, mixing
maize and soybean residues in the intercrops resulted in
a greater availability of N to the growing crops (Sakala
et al. 2000). For example, Vachon and Oelbermann
(2011) determined that maize residue contributed 70 %
C and 55%N in the 1:2 intercrop, and 78%C and 63%
N in the 2:3 intercrop. The greater rate of net immobi-
lization indicated a more active microbial population
and therefore a reduced potential for inorganic N loss
from the intercrops (Accoe et al. 2004). This is because
N available from the N-rich soybean residue was
immobilized in greater quantities by microbes growing
on the N-poor maize residue as a result of an increased
availability of N (Redin et al. 2014).

Relative NH4
+ immobilization (the ratio between

gross N mineralization and immobilization) was influ-
enced by the type of residues added to the soil
(Mendham et al. 2004). A lower relative NH4

+ immo-
bilization in 2012 in both intercrop configurations

minimized the potential of decreasing the NH4
+-N pool,

which was due to the mixed crop residue input in these
treatments (Vervaet et al. 2004). A relative NH4

+-N
immobilization value of ≥1 indicates an N-limited soil,
whereas a value of≈0.5 indicates N saturation (Aber
1992). Accordingly, all treatments in 2007 and 2012
were N-limited, and this limitation was greatest in the
sole crops and lowest in the 2:3 intercrop.

Although the large amount of NH4
+-N mineralized

per day in the maize sole crop showed that available N
was highest in this treatment, the potential to minimize a
decrease the NH4

+-N pool was greatest in the intercrops
(Vervaet et al. 2004). The high NH4

+-N mean residence
time in the soybean sole crop caused a slower turnover
of the N pool due to a lower C availability to drive the
internal N cycle (Hart et al. 1994). A shorter residence
time in the 2:3 intercrop showed that the NH4

+-N pool
size was relatively small (Flavel andMurphy 2006), and
that this intercrop configuration had a lower potential for
nitrification and NO3

−-N leaching (Verchot et al. 2001),
minimizing the loss of N as N2O (Frimpong et al. 2012).

In conclusion, our data suggest that both intercrop
and sole crop agroecosystem management practices had
a positive effect on soil characteristics as a result of
greater crop residue input compared to land management
practices prior to 2007. Due to the dynamics of mixing
crop residues, complex interactions in the soil-plant sys-
tem stimulated a more active microbial community that
modified soil N transformations differently in the inter-
crops than in the sole crops. Both intercrop configura-
tions proved to be a more sustainable land management
option compared to sole cropping, since they contributed
to the long-term immobilization of N, with the potential
to reduce nitrification and NO3

−-N leaching. Reduced
soil nitrification rates also moderate N2O losses causing
intercrops to abate the overall contribution of this green-
house gas to global climate change. Our data contributed
to a more thorough understanding of N transformations
in soil at the crop level, and provided new knowledge on
the most effective agroecosystem management practice
and intercrop configuration(s) to curb our growing glob-
al dependence on N fertilizers with the added potential of
reducing water pollution and moderating N2O emis-
sions, and to meet current and future global demands
for food, fiber and fuel.
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