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Abstract

Background Overyielding (i.e., mixtures of crops yield-
ing higher than expected when compared with mono-
cultures) and increased nutrient acquisition have been
found in many intercropping systems. However, there
are very few published studies on long-term changes in
soil chemical and biological properties in intercropping
systems compared to sole cropping.

Methods A field experiment was established in 2003 in
Gansu province, northwest China. The treatments com-
prised three intercropping systems (either continuous or
rotational wheat/maize, wheat/faba bean, maize/faba
bean intercropping), rotational cropping (wheat-maize,
wheat-faba bean, faba bean-maize, and wheat-maize-
faba bean rotations), and monocropping (sole wheat,
faba bean and maize) systems. In 2011 (ninth year of
the experiment) and 2012 (tenth year) the yields and
some soil chemical and biological properties were ex-
amined after all crop species were harvested.
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Results There was overyielding by 6.6 % and 32.4 % in
wheat/maize intercropping in 2011 and 2012, respec-
tively. Faba bean/maize intercropping was enhanced by
34.7 % and 28.6 %, respectively but not wheat/faba
bean intercropping. Soil organic matter, total nitrogen,
Olsen P, exchangeable K and cation exchange capacity
in all intercropping systems did not differ from the
monocultures except for soil pH in wheat/maize and
faba bean/maize intercropping in 2011 and soil ex-
changeable K and cation exchange capacity (CEC) in
2012. Soil pH in wheat/maize and faba bean/maize
intercropping was significantly reduced by 3.2 % and
1.9 %, respectively. Soil exchangeable K in wheat/
maize, faba bean/maize and wheat/faba bean
intercropping declined markedly by 15 %, 21.7 % and
12.1 %, respectively. Soil cation exchange capacity in
wheat/maize, faba bean/maize and wheat/faba bean
intercropping was notably lower than the corresponding
monocultures by 17.5 %, 23.3 % and 18.3 %, respec-
tively. Soil enzyme activities after 9 and 10 years of
intercropping differed little from monocultures or
rotations.

Conclusions The results indicate that intercropping
overyielded compared with monocropping or rotational
cropping and also maintained the stability of most of the
soil chemical and enzyme activities relative to rotations
and monocropping in the relatively fertile soil studied.

Keywords Intercropping - Monoculture and crop
rotation - Overyielding - Soil available nutrients - Soil
enzyme activities - Soil fertility- Soil organic matter-
Soil total nitrogen
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Abbreviations

OM organic matter

TN total nitrogen

CEC cation exchange capacity

M monoculture or monocropping

R rotation

Inter (C) continuous intercropping

Inter (R) rotational intercropping

W+M wheat and maize combination
F+M faba bean and maize combination
W+F wheat and faba bean combination
LER land equivalent ratio
Introduction

Intercropping has been long practiced in many parts of
the world (Francis 1986). More than 28 million hectares
are sown annually in China (Zou and Li 2002) and
intercropping is also common in other parts of the world
such as Indonesia, India, Niger, Mali, central America
and western Europe (Zomer et al. 2009). More than one-
third of the areas of cassava (Manihot esculenta L. var.
variegata) and bananas (Musa paradisiaca L. var.
sapientum O. Ktze.) grown in the Americas and Africa
are intercropped (Leihner 1983; Mucheru-Muna et al.
2010). In northwest China 75,100 ha of intercropping in
Ningxia province produced 43 % of regional total grain
yields in 1995 and there are 200,000 ha in Gansu prov-
ince with an annual grain yield of 12 t ha ' (Li et al.
2001a).

Thus, a wide range of intercropping has been devel-
oped because of significant increases in productivity
compared with monocultures (Gregorich et al. 2001;
Li et al. 2007). Intercropping enhances water, nutrient
and energy efficiency (Francis 1989), reduces environ-
mental pollution (Stuelpnagel 1992), increases LER
(LER is defined as the relative land area required as sole
crops to produce the same yields as intercropping)
(Keating and Carberry 1993; Morris and Garrity
1993a, b), reduces the risk of crop failure and increases
food security (Rusinamhodzi et al. 2012).

Intercropping can provide significant overyielding
(i.e., mixtures of crops performing better than expected
when compared with monocultures) and nutrient acqui-
sition advantages. Underlying mechanisms comprise
border row effects and below-ground interspecific inter-
actions and facilitation (Fortin et al. 1994; Lesoing and
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Francis 1999; Li et al. 2001a). Overyielding has been
observed in many intercropping systems such as maize/
soybean, sorghum/soybean, maize/cowpea, wheat/
mungbean, wheat/chickpea and maize/faba bean. In a
4-year field experiment maize over-yielded on average
by 43 % and faba bean by 26 % in a low-phosphorus
calcareous soil (Li et al. 2007). A similar result was
obtained in maize/faba bean intercropping in Ningxia
Hui Autonomous Region, northwest China (Mei et al.
2012). Yield advantage of 21-25 % compared with
monoculture has also been reported in soybean/
pigeonpea intercropping in India (Ghosh et al. 2006).
Martin et al. (1998) found that shoot biomass increased
by 21 % in faba bean/maize intercropping. Similar re-
sults have been reported for pea/barley and maize/
cowpea intercropping in Denmark and Iran, respectively
(Jensen 1996; Dahmardeh et al. 2010).

There are very close relationships between yield ad-
vantage and nutrient acquisition in intercropping sys-
tems (Morris and Garrity 1993a). Observations have
focused on nutrient acquisition in intercropping systems
such as maize/faba bean which significantly enhanced
total N and P by over 50 % compared with monoculture
in Gansu (Li et al. 2003, 2011a). In a newly-reclaimed
desert soil our previous study showed that in maize/faba
bean intercropping P acquisition was 17.9-29.6 %
greater than in corresponding monocultures (Mei et al.
2012). Similar results have been found in wheat/bean
intercropping nutrient uptake compared with sole crops
in Africa and N acquisition in pea/barley intercropping
in Denmark (Eskandari 2011; Hauggaard-Nielsen and
Jensen 2001). One question is whether increased nutri-
ent removals from soil by intercropping leads to declin-
ing soil fertility. At present there is little information
available on soil fertility in the long term in
intercropping systems compared with monoculture or
rotational cropping systems.

Soil fertility, including physical, chemical and bio-
logical properties, plays an important role in determin-
ing crop yields in agricultural ecosystems (Doran 2002;
Pellegrino et al. 2011; Wei et al. 2006). Soil fertility has
been defined as the capacity of a specific soil type to
function and to sustain plant productivity and maintain
or enhance water and air quality (Karlen et al. 1997).
Numerous studies have been performed recently on soil
fertility in relation to fertilization, irrigation, tillage or
management (Méder et al. 2002; Melero et al. 2006,
2007). Méder et al. (2002) stated that nutrient inputs in
organic systems are around 42.5 % on average lower
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than in conventional systems and mean crop yields were
21 % lower over a 21-year period in Switzerland with
soil fertility greatly enhanced by organic farming
(Méder et al. 2002). Other studies have demonstrated
that soil TOC, N, microbial biomass and soil enzyme
activities in zero tillage were significantly higher than
conventional or rotational systems across 5 years
(Alvear et al. 2005; Madari et al. 2005; Roldan et al.
2007). As noted above, studies may suggest effects of
cropping systems on soil chemical and biological prop-
erties. A perennial grassland with a high diversity of
plant species stored 500 % more C and 600 % more N
on average than did monocultures through greater root
biomass accumulation to 60 c¢cm soil depth by highly
complementary functional groups from 1994 to 2006 in
Minnesota in the US (Dybzinski et al. 2008; Fornara and
Tilman 2008; Fornara et al. 2009). The yield and nutri-
ent advantages in intercropping or mixtures started to
appear even in experiments of short duration.

However, there are few studies that have focused on
soil fertility in intercropping relative to monocultures
and rotations at a longer time scale. The objective of the
present study was therefore to further test the occurrence
of grain yield and nutrient acquisition advantages in
terms of changes in selected soil chemical properties
and enzyme activities after 9-10 years in intercropping
compared to monocultures and rotations at appropriate
N and P fertilizer application rates but without applica-
tion of potassium fertilizer or farmyard manure.

Materials and methods
Site description

The study was conducted at the Experimental Station of
the Institute of Soils, Fertilizers and Water-Saving
Agriculture, Gansu Academy of Agricultural Sciences,
at Baiyun (38°37°N,102°40’E) located 15 km north of
Wuwei city in Gansu province, northwest China at
1504 m height above sea level. The soil is a sandy loam
which contains 57 % sand, 39 % silt, and 4 % clay
(International Society of Soil Science). Topsoil (0—
20 cm) bulk density is 1.40 g cm ™ and the physico-
chemical properties were: soil organic matter (OM)
19.1 g kg !, total N 1.18 g kg™ ', Olsen P
20.3 mg kg ', exchangeable K 233 mg kg ' and pH
value (1:2.5 soil:DI water) 8.0 in 2003 before the start of
the experiment. The soil type has been classified as an

Orthic Antrosols (FAO/UNESCO 1988) and the loca-
tion has a typically arid climate. Most precipitation falls
between May and September and the total precipitation
and potential evaporation were about 150 and 2021 mm
averaged over the 13 years from 2000 to 2012, respec-
tively, according to Wuwei Meterological Station near
the experimental site. The growing season is usually
from the middle of March until October. Average annual
air temperature is 7.7 °C and cumulative temperatures
above 0 °C and 10 °C are 3646 °C and 3149 °C,
respectively. The frost-free period is 170—180 days and

total solar radiation is 5988 MJ m 2 year .

Experimental design and management

The long-term field experiment was designed with 13
treatments and three replicates. All treatments were as
shown in Table 1. The treatments comprised six
intercropping systems, four rotations and three mono-
cultures. One intercropping combination included 0.8 m
faba bean or maize or wheat strip (four rows of faba
bean with 0.2 m inter-row distance, two rows of maize
with 0.4 m inter-row distance, or six rows of wheat with
0.133 m inter-row distance) and 0.8 m associated crop
strip (six rows of wheat, two rows of maize or four rows
of faba bean), so that two crop strips can be exchanged
in the subsequent year for the rotational intercropping
treatment. In intercropping the wheat density within
each row was the same as in the monoculture wheat.
Inter-row distance in monocropping was 0.20 m for faba
bean, 0.40 m for maize, and 0.133 m for wheat. Inter-
plant distance within the same row was 0.2 m for faba
bean and 0.25 m for maize in intercropping and
monocropping. These row and density arrangements
made the planting density in monocropping or rotational
cropping identical to intercropping on a comparable
area. The same soil preparation, row spacing, fertiliza-
tion, irrigation, and harvesting procedures were used for
10 years. One half of each intercropped area was occu-
pied by wheat, maize or faba bean so that the overall
proportional density of each crop species was equal in
both the monoculture and intercropping treatments.
The field experiment was established in 2003 and all
treatments received 225 kg N ha ' year ' as Urea
(CO(NH,),) and 40 kg P ha ' year ' as Calcium
Superphosphate (Ca(H,PO4,),.H,0) in accordance with
conventional agricultural practice in the region based on
previous studies (Li et al. 2001a, 2003). The large
amounts of N and P removed by crops were replaced
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Table 1 Long-term intercropping field experiment plot arrangement with different cropping systems for 10 years since 2003

Cropping system Crop species Plot size (mxm) Specification in row distance
Monoculture F (faba bean) 4x5.6 02 m
W (wheat) 4x5.6 0.13 m
M (maize) 4x5.6 04 m
Rotation W-M (wheat-maize) 4x5.6 0.13 m for W or 0.4 m for M
M-F (maize-faba bean) 4%5.6 0.4 m for M or 0.2 m for F
W-F (wheat-faba bean) 4%5.6 0.13 m for Wor 0.2 m for F
W-M-F (wheat-maize-faba bean) 8%5.6 0.13 m for W or 0.4 m for M or 0.2 m for F
Continuous intercropping W/M (wheat/maize) 8x5.6 6 rows W and 2 rows M
W/F (wheat/faba bean) 8x5.6 6 rows W and 4 rows F
M/F (maize/faba bean) 8§x5.6 2 rows M and 4 rows F
Rotational intercropping W/M (wheat/maize) 8x5.6 6 rows W and 2 rows M
W/F (wheat/faba bean) 8x5.6 6 rows W and 4 rows F
M/F (maize/faba bean) 8x5.6 2 rows M and 4 rows F

F, Wand M represent faba bean (Vicia faba L.), wheat (Triticum aesivum L.) and maize (Zea mays L.), respectively. The field experimental
site is located in an area with one cropping season annually, thus monoculture wheat, faba bean, or maize was cropped continuously every
year on the same plot. The rotations involved one crop in 1 year and the other crop in the subsequent year. In other words, each crop species
was alternated every 2 years or 3 years. Continuous intercropping comprised the same crops grown together each year and in rotational
intercropping intercropped with the two crop species were grown in rotation with one crop each year

by even broadcasting all P and half of the fertilizer N
and incorporating into the soil before sowing. The other
half of the N was top-dressed at the first irrigation (15th
July, this duration was the highest water evaporation
time span of the soil and the maize utilized more water
than other crops, according to soil water conditions and
crop utilization) or divided into two portions applied at
the elongation and pre-tasselling stages of monoculture
or intercropped maize. All plots were irrigated 6—7 times
in the case of wheat/maize, faba bean/maize
intercropping and sole cropping maize, and three to four
times in the case of wheat/faba bean intercropping and
sole cropping faba bean and wheat, according to the
conventional farming practice in this area, to prevent
water stress. Each irrigation event comprised around
75 mm.

The cultivars used in the long-term experiment were
No. 2014 for wheat (Triticum aestivum L.), Zhengdan
No. 958 for maize (Zea mays L.) and Lincan No. 5 for
faba bean (Vicia faba L.) in both 2011 and 2012. After
harvest the residues of previous crop species were
ploughed into the soil and the new crop species were
sown the following year. Grain yield and straw biomass
of wheat, faba bean and maize were determined at
maturity of the individual crop species by harvesting
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from a strip. Plant samples were air-dried and the grain
was threshed by hand.

Soil and plant sampling and analysis

Soil samples were collected from the top 20 cm of the
profile using an auger (35 mm diameter) after harvesting
each crop species in both 2011 and 2012. Three soil
cores were collected from each plot and combined to
give one composite sample per plot for monocultures
and rotations and there were two sampling sites for each
crop strip per plot in intercropping. The composite sam-
ples were air-dried and sieved through a 2-mm mesh.
Plant residues were removed by hand and the soil sam-
ples were placed in plastic bags for chemical analysis.
Additional soil samples were collected using the same
methods and stored at 4 © C for 2 days until analysis for
soil enzyme activities.

Soil organic matter (OM) was determined by wet
oxidation using the acidified dichromate method (Bao
2000). Soil total N was measured after Kjeldahl diges-
tion according to standard protocols (Bao 2000) (SKD-
800, Peiou Corporation, Shanghai). Soil Olsen P was
determined by colorimetry (Uvmini-1240, Shimadzu
Corporation) using standard procedures (Olsen et al.
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1954). Soil exchangeable K was extracted using
1 mol L™" ammonium acetate (NH4OAc) solution buff-
ered at pH 7 (Bao 2000) and determined by flame
photometry (M410, Sherwood Corporation, UK). Soil
CEC was measured by the Ammonium Acetate (1 M
NH40Ac) method (Bao 2000) (M410, Sherwood
Corporation, UK). Soil pH was measured in soil sus-
pensions with deionized-distilled water (1:2.5 soil : DI
water, w/) (Rayment and Higginson 1992) (pHS-3C,
SPSIC Corporation).

Soil urease activity was assayed using field-moist
chloroform-fumigated soil samples (within 1 h of re-
moval of the chloroform vapor by evacuation) and in
non-fumigated subsamples in the presence and absence
of toluene using the method described by Guan (1986).

Soil acid phosphatase activity was determined by the
method of Tabatabai and Bremner (1969) using p-
nitrophenyl phosphate disodium (PNPP) as substrate.
On the basis of a modified universal buffer stock solu-
tion, the pH for the acid phosphatase analysis was
adjusted to 6.5 with HCI. The pNP released by phos-
phatase was determined colorimetrically at 400 nm.
Enzyme activity is expressed as micrograms of p-nitro
phenol produced per gram of soil.

Soil nitrate reductase activity was determined by a
colorimetric method (Guan 1986). Triplicate 5 g soil
samples were incubated with 4 ml of 2,4-dinitrophenol
solution, 1 ml potassium nitrate solution and 5 ml dis-
tilled water at 25 °C for 24 h. A similar set up was
prepared for the control. The control sample was incu-
bated at —20 °C for 24 h. After incubation, 10 ml 4 M
KCl solution was added to all the soil samples including
the control. This was shaken for 30 min and filtered.
NH,4CI buffer (3 ml at pH 8.5) and 2 ml of color reagent
were added to 5 ml of the filtrate and left for 15 min for
color development. Optical density was determined in a
spectrophotometer against the blank at 520 nm. The
enzyme activity is expressed as micrograms of NO, —
N per gram daily.

Soil sucrase activity was measured by the method of
Guan (1986). Five grams of fresh soil were placed in a
50 mL Erlenmeyer flask together with 15 mL of 8 %
sucrose solution, 5 mL phosphate buffer (pH 5.5) and
1 ml of toluene. The flask was shaken and then placed in
an incubator at 37.0+0.1 °C for 24 h. After incubation
the sample was filtered through a quantitative filter
paper. Then, 1 mL of the filtrate and 3 mL salicylic acid
were taken to 50-mL in a volumetric flask and heated for
5 min at 100 °C in a water bath. After heating, the flask

was cooled for 3 min with flowing tap water and deion-
ized water was added to make up to 50 mL, and sucrase
activity was measured colorimetrically at 508 nm
(U-2800, Japan). Sucrase activity is expressed as mg
glucose g soil ' (24 h) "

At maturity, the dry matter yield of grain and above-
ground parts was determined on samples collected by
harvesting two continuous rows maize or six continuous
wheat or four continuous faba bean in both the
intercropping and monoculture and rotation treatments.
Aboveground parts were ground (divided into grain and
straw at maturity). Plant materials were over-dried at
70 °C for 48 h and ground. Nitrogen (N), phosphorus
(P) and potassium (K) concentrations in grain and straw
were determined on ground sub-samples of oven-dried
plant material after digestion in a mixture of concentrat-
ed H,SO, and H,0O,. Nitrogen was measured by the
micro-Kjeldahl procedure with 5 ml digestion solution P
by the vanadomolydate method, and K by flame pho-
tometry (Bao 2000). Aboveground nutrient acquisition
(N, P and K) of each crop was calculated as the sum of
grain and straw nutrient acquisition which was deter-
mined as the product of nutrient concentration and grain
or straw yield based on the land area occupied by the
Crops.

Calculations

Grain yields, aboveground biomass, nutrient acquisi-
tion, soil chemical properties or enzymes activities by
wheat/maize, faba bean/maize and wheat/faba bean in
intercropping with monoculture or rotation were com-
pared. As intercropping comprised at least two crops,
the crops and soil properties by intercropping can be
compared with the weighted means of the two mono-
culture or rotation crop species based on the land area
occupied and their proportions in the intercropping
system.

The weighted means of grain yields by monocultures
or rotation were calculated as follows:

Weighted means of grain yield
= Ym{mnculturea X Pa + Ymonoculture;, X Ph (1)

Where Ymonocultureu and Ymanoculture;, are the grain
yields of crops @ and b in the monoculture. P, and P,
are the proportions of the area occupied by the respective

crops in intercropping. P, is determined by P, = W,/
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(Wa + Wb> andP, =W,/(W, +W,), where W, and

W,, are the widths of crops @ and b in the intercropping
strips.

Similarly, the weighted means of grain yields in
rotation were calculated as follows:

Weighted means of grain yield
= Yrotation(, X Pa + Yrolation;7 X P,, (2)

The above equations were also used to calculate the
weighted means of soil properties in monoculture or
rotation.

Statistical analysis

The experiment was a completely randomized block
design with three replicates. The original treatments
consisted of 13 cropping systems (as described above)
and summarized four cropping systems {monoculture
(M), rotation (R), continuous intercropping [Inter (C)]
and rotational intercropping [Inter (R)]}. The first fac-
tors were three crop combinations [wheat+maize (W+
M), wheat+faba bean (W+F) and maize+faba bean
(M+F)] and secondary factors were the four cropping
systems [M, R, Inter (C) and Inter (R)]. All data from the
factorially designed experiment were subjected to anal-
ysis of variance using SAS version 9.1 (SAS Institute
2003) and mean values (n=3) were compared by least
significant difference (LSD) at the 5 % level.

Results
Crop productivity

There were significant differences between crop species
combinations in both grain yields and aboveground
biomass in both 2011 and 2012. The productivity of
the wheat+maize combination was higher than that of
faba bean+maize which in turn was higher than that of
the wheat+faba bean combination. The average grain
yields of wheat+maize, faba bean + maize and wheat+
faba bean combinations were 9.6, 8.0 and 4.6 Mg ha™'
and above-ground biomass values were 19.6, 14.9, and
10.0 Mg ha "' across both years (Fig. 1).

In the wheat+maize combination intercropping en-
hanced significantly (p<0.05) the grain yield productiv-
ity by 32.4 % compared to the weighted means of the
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corresponding monocrops in 2012 but there was no
significant effect in 2011. Similar trends were observed
for aboveground biomass in the combinations (Fig. 1).
In the faba bean+maize combination continuous
intercropping overyielded by 34.8 % compared to the
weighted means of the corresponding monocrops in
2011 and by 28.7 % in 2012 (Fig. 1). In the wheat+faba
bean combination there were no significant increases in
productivity in terms of grain yield or aboveground
biomass in intercropping (C) or (R) over rotational
cropping, but a decline in grain yield of intercropping
over monocropping was observed (Fig. 1).

Nutrient acquisition

Generally, the N, P and K acquisition by the wheat+
maize combination was significantly (p<0.05) greater
than the faba bean+maize or wheat+faba bean combi-
nations in both years with the exception of N acquisition
in 2012. The nutrient acquisition of the wheat+maize
combination was significantly higher than that of faba
bean+maize, which was in turn significantly greater
than that of wheat+faba bean, especially in 2011. The
N acquisition of wheat+maize, faba bean+maize, and
wheat+faba bean combinations ranged from 201 to
276 kg ha™', P acquisition from 23 to 45 kg ha™' and
K acquisition from 160 to 359 kg ha ' across both years
(Table 2).

In a similar fashion to productivity, in the wheat+
maize intercropping combination N acquisition in-
creased by 6.0 % in 2011 and 33.2 % in 2012 compared
with the weighted means of the corresponding mono-
cultures in the corresponding years. P acquisition in this
combination was enhanced by 28.0 % compared to the
weighted means of the corresponding monocultures in
2012 but not in 2011. Similarly, K acquisition increased
by 27.4 % in comparison with the weighted means of
the monocultures, but only in 2012 (Table 2).

N, P and K acquisition of the faba bean/maize
intercropping combination either rotationally or
continuously was enhanced by 20.3 %, 20.0 %
and 30.2 % compared with the weighted means
of the corresponding monocultures or rotational
cropping in 2012, with similar results in 2011
except for K acquisition (Table 2). The N, P and
K acquisition values of the wheat+faba bean com-
bination, in contrast, were not significantly affect-
ed by cropping system (Table 2).
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monocrops and rotational systems (Tables 3 and 4). Soil
chemical properties of rotational and continuous maize/
faba bean intercropping vs rotational and monocultured
cropping were 18.9 g kg' vs 19.3 g kg™! for soil
organic matter, 1.30 g kg ' vs 1.29 g kg ' for soil total
N, 27.9 vs 31.8 mg kg ' for Olsen-P, 68.3 mg kg ' vs
73.4 mg kg ' for exchangeable K, 11.6 cmol kg ' vs
12.5 cmol kg ! for CEC, and 8.02 vs 8.23 for soil pH
(Tables 3 and 4).

Wheat/faba bean intercropping after 9 and 10 years
did not change significantly (p>0.05) any soil chemical
properties determined in 2011 compared with the
weighted means of the corresponding monocultures.
Olsen P, exchangeable K, CEC and pH of soils in
continuous or rotational intercropping decreased slight-
ly compared to the weighted means of the correspond-
ing monocultures or rotations in 2012 with the exception
of OM and total N (Tables 3 and 4). Soil chemical
properties of rotational and continuous maize/faba bean
intercropping vs rotational and monoculture cropping
were 19.0 g kg ™' vs 19.2 g kg ™' for soil organic matter,
131 g kg ' vs 1.32 g kg" for soil total N, 33.7 vs
30.3 mg kg ' for Olsen-P, 66.9 mg kg ' vs
68.3 mg kg ' for exchangeable K, 12.2 cmol kg ' vs
13.1 cmol kg ! for CEC, and 8.07 vs 8.10 for soil pH
(Tables 3 and 4).

There were different trends in soil pH in 2011 and
2012 with intercropping both rotationally and continu-
ously lowering soil pH to 8.33 in 2011 compared to 8.48
for rotational and monoculture cropping systems, and
rotational and continuous intercropping reducing soil
pH to 7.79 in 2012 compared to 7.92 for rotational
cropping (Tables 3 and 4).

Soil enzyme activities

Wheat/maize intercropping after 9 and 10 years en-
hanced or did not change soil urease activity (1.76 mg
NH,"-N g ' soil (24 h)"! for continuous intercropping
in 2011 and 2.43 NH4"-N g! soil (24 h)™" for both
intercropping in 2012) compared with the weighted
means (1.53 NH,"-N g soil (24 h)™" in 2011 and
2.40 NH4"-N g ' soil (24 h) ") of corresponding mono-
cultures or rotations. Soil urease activity, ranging from
1.43 to 2.37 NH,-N g! soil (24 h)™", did not differ
significantly (p<0.05) among intercropping, monocul-
ture and rotational cropping systems for maize and faba
bean combination in either year. Soil urease activity for
wheat and faba bean combination, ranging from 1.48 to

2.97 NH,"-N g soil (24 h) ', also did not differ sig-
nificantly (p>0.05) among intercropping, monoculture
and rotational cropping systems in either year (Table 5).

Soil acid phosphatase activity for all of three crop
combinations and all four cropping systems, ranging
from 67 to 124 ug p-nitrophenol g ' soil h™', did not
differ significantly (p>0.05) among wheat/maize, faba
bean/maize or wheat/faba bean intercropping and their
corresponding monocultures or rotational cropping sys-
tems in either 2011 or 2012 with the exception of faba
bean/maize intercropping in 2012 (Table 5). In 2012 soil
acid phosphatase activity after rotational maize/faba
bean intercropping was 95 pg p-nitrophenol g~ soil
h™!, which was significantly (»<0.05) higher than in
rotational cropping systems (Table 5).

Soil nitrate reductase activity, ranging from 3.83 to
7.79 ug NO, -N g ! soil (24 h) ' in wheat/maize
intercropping, did not differ significantly (p>0.05) from
the weighted means (5.87 ug NO, -N g~ soil (24 h)™)
of wheat and maize monocultures or rotations in 2011 or
2012. Faba bean/maize intercropping significantly re-
duced (p<0.05) nitrate reductase activity to 3.69 ug
NO, -N g ' soil (24 h)" from 5.61 ug NO, -N g™ soil
(24 h)™" for the weighted means of the rotation, but not
significantly from 3.52 ug NO, -N g "' soil (24 h)™" for
that of the monoculture in 2011 and 2012. Nitrate re-
ductase actitity (5.32 ug NO, -N g~' soil (24 h)™") in
wheat/faba bean intercropping was not significantly
(p>0.05) different from rotational and monoculture
cropping systems (5.63 pg NO, -N g ! soil (24 h)™)
in 2011 and 2012, with one exception in comparison
with monoculture (3.36 pg NO, -N g ' soil (24 h) ') in
2012 (Table 6). Furthermore, after 9 and 10 years there
was no significant difference in soil sucrase activity
among wheat/maize, faba bean/maize and wheat/faba
bean intercropping in 2011 or 2012 (Table 6).

Discussion

Continuous intercropping for 9-10 years continued to
show overyielding and nutrient acquisition advantages.
Irrespective of continuous or rotational cropping sys-
tems, productivities of wheat/maize and faba bean/
maize intercropping were significantly higher than those
of monocultures or rotations in 2012 but not in 2011.
The results are consistent with our previous studies of
wheat/maize (Li et al. 2001a) and maize/faba bean (Li
et al. 2007) intercropping in terms of grain yield and
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Table S Soil urease and acid phosphatase activities as affected by crop combinations and four cropping systems in 2011 and 2012

Year  Crop combination  Urease activity Average  Acid phosphatase activity Average
(mg NH,"-N g ' soil 24 h™") (ug p-nitro phenol g~ 'soil h™")
M R Inter Inter (R) M R Inter (C) Inter (R)
©
2011 W+M 1.52b 1.54b 1.76a 1.58b 1.60A 116a 115a 124a 119a 118A
F+M 1.43a 1.46a 1.53a 1.47a 1.47B 73a 75a  87a 88a 81C
W+F 1.57a 1.52a 1.48a 1.51a 1.52B 85a 88a  99a 98a 93B
Mean 1.51B  1.51B 1.59A 1.52AB 91B  93AB 104A 102AB
2012 W+M 234a  245a 2.36a 2.50a 2.41B 9la 73a  98a 102a 91A
F+M 228a  233a 2.29a 2.37a 2.32B 97a 67b  98a 95a 89A
W+F 2.82ab  2.91ab 276ab  297a 2.86A 9la 82a 8la 77a 83A
Mean 248B  2.56AB 247AB  2.61A 93A 74B  92A 91A
ANOVA
Year (Y) <0.001 0.001
Combination (C) <0.001 <0.001
System (S) 0.167 0.002
Y*C <0.001 <0.001
Y*S 0.011 0.070
C*S 0.293 0.528
Y*C*S 0.735 0.251

Values are means of three replicates. Values followed by the same small lowercase letters are not significantly different among different
cropping systems for one crop combination in 1 year at the 5 % level by LSD (horizontal comparison); values followed by the same capital
letters are not significantly differences among different crop systems (horizontal comparison) or different crop combination (vertical
comparison) in 1 year at the 5 % level by LSD in 1 year. W+M, F+M and W+F represent wheat and maize, faba bean and maize, wheat
and faba bean combinations respectively; M, R, Inter (C) and Inter (R) represent monoculture, rotation, continuous intercropping and

rotational intercropping

biomass of aboveground parts. However, there was no
yield advantage in wheat/faba bean intercropping. Yield
advantage of wheat/maize intercropping is derived
mainly from the “competition-recovery principle”
where an earlier mature crop species acquires more
resources and overyields and thereby suppresses the
growth of the associated later mature crop species which
has a compensated or recovery growth and finally
overyielding after harvest of the early mature crop spe-
cies (Li et al. 2001a, b). The advantage of faba bean/
maize intercropping results mainly from interspecific
facilitation between the two intercropped species (Li
etal. 2007). Faba bean and wheat were sown at roughly
the same time and were mature at about the same time
(faba bean maturity 15-20 days later than wheat), thus
there are neither interspecific facilitation nor
competition-recovery processes in the wheat/faba bean
intercropping. Other intercropping systems in other re-
gions have also shown yield advantage of intercropping

@ Springer

over monocultures (de Carvalho, Nunes, and de Oliveira
2009; Andrade et al. 2012; Rusinamhodzi et al. 2012).
For instance, maize-based intercropping with ecological
intensification increased productivity by 42.1 and
88.9 % in central Mozambique compared with mono-
culture (Rusinamhodzi et al. 2012). Tomato fruit yields
increased by about 26 % in tomato/ryegrass (Lolium
perenne L.) intercropping compared with sole crops
(Carvalho et al. 2009) and there was higher productivity
in sunflower/soybean intercropping than in sole
cropping (Andrade et al. 2012).

As a consequence, intercropping removes more nu-
trients from the soil than corresponding monocrops and
this has been observed in the present study and also in
previous studies (Xia et al. 2013; Yang et al. 2013;
Zhang and Li 2003). Faba bean/maize intercropping N
acquisition enhancement ranged from 9 to 32 % com-
pared with monocultures at different N levels (Li et al.
2011b). P acquisition of maize/faba bean intercropping
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Table 6 Soil nitrate reductase and sucrase activities as affected by crop combinations and four cropping systems in 2011 and 2012
Year  Crop combination  Nitrate reductase activity Average  Sucrase activity Average
(ug NO, N g ' s0il 24 h™) (mg glucose g 'soil 24 h™")
M R Inter (C)  Inter (R) M R Inter (C)  Inter (R)
2011 W+M 8.30a 837a 7.79a 7.77a 8.06A 27a  28a 28a 27a 28A
F+M 3.52b  56la 3.85ab  3.6%b 4.17C 27a  28a 28a 27a 28A
W+F 6.13a  7.90a 5.80a 6.12a 6.49B 28a 27a  29a 27a 28A
Mean 598B  7.29A 5.81B 5.86B 27A  27A  28A 27A
2012 W+M 3.73a  337a 3.83a 3.79a 3.68B 34a 352 33a 33a 33A
F+M 4.07a  3.35a 4.36a 3.66a 3.86AB 352  36a 35a 34a 35A
W+F 336b  4.53a 4.52a 4.52a 423A 36a  34a 37a 35a 36A
Mean 3.72A  3.75A 4.24A 3.99A 35A  35A  35A 34A
ANOVA
Year (Y) <0.001 <0.001
Combination (C) <0.001 0.410
System (S) 0.132 0.784
Y*C <0.001 0.485
Y*S 0.013 0.959
C*S 0.508 0.898
Y*C*S 0.694 0.997

Values are means of three replicates. Values followed by the same small lowercase letters are not significantly different among different
cropping systems for one crop combination in 1 year at the 5 % level by LSD (horizontal comparison); values followed by the same capital
letters are not significantly differences among different crop systems (horizontal comparison) or different crop combinations (vertical
comparison) in 1 year at the 5 % level by LSD in 1 year. W+M, F+M and W+F represent wheat and maize, faba bean and maize, wheat and
faba bean combinations respectively; M, R, Inter (C) and Inter (R) represent monoculture, rotation, continuous intercropping and rotational

intercropping

increased by 29 and 28 % in a relatively fertile soil (Li
et al. 2007) and by 23.5 % over several P application
rates in comparison with monocultures in a reclaimed
desert soil in northwest China (Mei et al. 2012). As
observed in some studies, legume/cassava intercropping
increased K acquisition by 44 % compared with cassava
monoculture across several years (Qi et al. 2004). The
question thus arises as to how soil fertility is influenced
when nutrient removal from the soil is increased in
intercropping systems.

Continuous intercropping maintains soil fertility
in terms of chemical properties

The present study evaluated changes in soil chemical
and biological properties after 9-10 years of
intercropping in comparison with monoculture or rota-
tion. In previous studies different results were obtained
from different soil fertility conditions. For example,
Thierfelder and Wall (2012) found that intercropping

gave a 31 % increase in soil carbon content compared
with conventional practice in a sandy soil with a low
organic matter content (11.2 g kg ). Our results are not
consistent with these findings. The initial soil organic
matter content was 19.1 g kg ' before the start of the
experiment and the average soil organic matter content
across all of the intercropping treatments over 2 years
was 18.9 g kg™ after 9-10 years of intercropping and
was almost stable. Cong et al. (2014) found that soil
organic carbon content increased by 4 % by
intercropping over monocropping using a C/N analyser
after the soil was treated with 0.5 M HCI. The present
study presents soil organic matter content using conven-
tional chemical procedures, which likely derived from
the difference between the methods.

Although soil total N content did not differ in
intercropping from monocropping or rotational
cropping, soil total N (1.20-1.42 g kg™ ' soil) after 9 or
10 years increased in comparison with the initial value
(1.18 g kg ' soil) before the start of the experiment
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(2003). Higher plant diversity enhanced soil N avail-
ability and retention in natural grass systems (Dybzinski
et al. 2008). Yong et al. (2012) also found that wheat/
maize/soybean intercropping increased soil total N by
9.4-38.6 % but wheat/maize/sweet potato intercropping
reduced soil total N by 1.8-14.0 % (Wang et al. 2012;
Yong et al. 2012a, b). Our present results do not confirm
the diversity effect on soil total N accumulation in the
relatively fertile soil studied. However, our present re-
sults show that all cropping systems enhanced soil total
N content compared to the initial value in 2003 before
the start of the field experiment. This indicates that a
fertilizer N application rate of 225 kg N ha ' is appro-
priate for these intercropping systems and is able to
maintain soil N fertility over a longer time scale. Cong
et al. (2014) found in the same experiment that soil
organic N content in intercropping was higher than that
in monocropping through removal of inorganic N by
pre-treatment with 0.5 M HCI. In the present study soil
total N did not show similar trends to organic N (Cong
et al. 2014). This may be due to differences in soil
organic and total N, suggesting that intercropping
changes the composition of soil N, and this requires
further study. Recent work has shown 40 kg ha' N
driven from belowground and rhizodeposition to soil
available N to transform the immobilization state
(Jensen and Hauggaard-Nielsen 2003; Kopke and
Nemecek 2010; Lopez-Bellido et al. 2006). In addition,
the lack of consistency may be due to different crop
species, soil types, irrigation and management practices
in different studies (Berthrong et al. 2009).

When soil N is not limiting soil P is often the most
important major growth-limiting nutrient for crops
(Ritter 2007). In our present study soil Olsen P did not
differ in wheat/maize intercropping from monocropping
or rotational cropping. However, when faba bean was
involved in intercropping Olsen P showed a decreasing
trend in faba bean/maize and wheat/faba bean
intercropping in 2011 and wheat/maize intercropping
in 2012 compared with the corresponding monoculture
or rotation. Faba bean/maize intercropping involved a
decline in Olsen P by 25.3 % in comparison with the
corresponding monoculture, which resulted from the
rhizosphere effect of faba bean via rhizosphere acidifi-
cation and exudation of organic acids and protons from
roots and mobilization of insoluble inorganics (Li et al.
2007). Similar studies have shown that pigeon pea roots
secret piscidic acid and promote P release from FePOy,
by chelating iron (Ae et al. 1990). Lupine roots secrete

@ Springer

citric and malic acids and increase P uptake in P defi-
cient soils (Dakora and Phillips 2002) and enhanced
acid phosphatase activity in chickpea/maize
intercropping mobilizes P from organic to soluble forms
(Li et al. 2004). These underlying mechanisms can
benefit crops themselves and also neighboring plants
whose roots intermingle (Li et al. 2007). Regardless of
continuous or rotational intercropping, faba bean/maize
intercropping removed 32—44 kg P ha™' year ' from the
soil, 3.4-7.1 P kg ha ' more than was removed by the
corresponding monocultures. This will contribute to the
decline in soil Olsen-P in intercropping compared to
monocropping or rotational cropping. However, the soil
Olsen-P concentrations (23.5-38.8 mg kg ') after 9 or
10 years of intercropping were higher than the initial
value (20.3 mg kg ') in 2003 before the start of the
experiment. These results indicate that 40 kg P ha ' was
sufficient in all wheat/maize, faba bean/maize, wheat/
faba bean intercropping treatments. Similar results were
obtained in soybean/wheat intercropping which re-
quired 60 kg ha ' P to both soybean and wheat to meet
their P requirements in a sandy loam soil with very low
available P (Aulakh et al. 2003). Our previous study
found that faba bean/maize intercropping and monocul-
tures averaged P acquisition of about 37 and 30 kg ha™'
at different P application rates on a newly reclaimed P-
deficient soil across 2 years (Mei et al. 2012). This
suggests that adequate P inputs can sustain soil P fertil-
ity in these intercropping systems.

In the present study there were no fertilizer K or
manure applications due to the relatively high K content
of the soil at the start of the experiment (233 g kg ') in
2003. This led to intercropping, monoculture and rota-
tional cropping systems showing substantially lower
soil exchangeable K by as much as 66.1-76.8 % after
9 or 10 years of cropping compared to the start of the
experiment (233 mg K kg™ "). The crops removed about
200 to 300 kg K ha ' year ' without any return of K to
the soil. Furthermore, intercropping removes more K
due to overyielding, which leads a greater decrease in
soil exchangeable K after 10 years of faba bean/maize
intercropping than monoculture faba bean and maize.
Mondal et al. (2004) found that in soybean/sesame
intercropping the maximum K acquisition was 121 to
133 kg ha ' at an application rate of 66 kg K ha ',
suggesting that soil exchangeable K was depleted even
with crop fertilization. Thus, soil exchangeable K in
wheat/maize, faba bean/maize and wheat/faba bean
intercropping was significantly lower than the
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corresponding monocultures and decreased by about
13.7 % especially in 2012. Furthermore, K acquisition
averaged over the intercropping systems was
299 kg ha ' and 45.5 kg ha ' higher than by the mono-
cultures in 2012. Our results are consistent with several
published studies (Blaise et al. 2005; Mondal et al.
2004). This implies that K fertilizer or manure applica-
tions are potentially important in both intercropping and
rotational cropping systems.

Soil CEC is related to SOC, pH and texture to some
extent (Morari et al. 2008; Ross et al. 2008; Makinde
et al. 2006). In comparison with monoculture, soil CEC
significantly declined by 16.1 % in intercropping in
2012. However, Makinde et al. (2006) found that soil
CEC was not influenced by intercropping because lower
calcium (Ca®") and magnesium (Mg>") concentrations
reduced the exchangeable base saturation (Saikh et al.
1998). Thus, intercropping significantly decreased soil
CEC and contributed to the removal of more cations
from the soil.

Soil pH in all treatments was lower in 2012 than in
2011, possibly due to systematic errors in soil pH mea-
surement. Averaged over the soil pH results in faba
bean/maize intercropping we observed a decrease of
0.16 pH units compared to the corresponding monocul-
ture. In previous studies we also observed that faba bean
acidified its rhizosphere notably, with the pH declining
by around 2 units in agar gel in 6 h, due to organic acids
or H" which were exuded from faba bean roots (Li et al.
2007). Similarly, we found that chickpea released acids
from roots and led to a decline in soil pH (Li et al. 2004).
However, we observed that wheat/maize intercropping
also reduced the soil pH compared to monocropping in
2011. Soil acidification results mainly from an imbal-
ance of cation removal from soil (Tang et al. 1997).
Therefore, the reduction in soil pH was likely due to
both the presence of legumes in the cropping systems
and enhanced cation removal from the soil due to
overyielding in the intercropping systems.

Continuous intercropping maintains soil biological
properties

Soil urease catalyzes the transformation of urea to re-
lease NH," and this increases the risk of gaseous NHj
loss from soils (Haynes and Williams 1999; Singh and
Kumar 2008). Baligar et al. reported that urease activity
was positively correlated with total C and N due to
higher microbial biomass and greater stabilization via

humic substances (Baligar et al. 1991, 2005; Burns
1978). Moreover, sampling date and soil moisture con-
tent also influence soil urease activity (Baligar et al.
1991). Regardless of crop combinations, soil urease
activities in faba bean/maize, wheat/maize, and wheat/
faba bean intercropping were similar to those found in
the corresponding monocultures in both 2011 and 2012,
indicating that intercropping does not influence soil
urease activity over a timescale of 10 years.

Soil acid phosphatase activity is associated with
mobilization of soil organic P sources (Conn and
Dighton 2000; Dick et al. 2000). Phosphatase activity
was positively affected by soil organic C and N and
total P and negatively with soil available P, pH and
soil texture (Sarapatka and Krskova 1997). In previ-
ous pot experiments we found that chickpea/maize
intercropping enhanced rhizosphere phosphatase ac-
tivity with organic P sources and root barriers (Li
et al. 2004). The results show that soil phosphatase
activities in wheat/maize, faba bean/maize and wheat/
faba bean intercropping did not differ from monocul-
ture or rotation.

Soil nitrate reductase activity indicates anaerobic ni-
trate reduction, including denitrification and dissimila-
tory processes. The first step is NO5; reduction to NO,
and NO, " is further reduced to N,O by nitrate reductase.
Furthermore, the N,O to N, pathway is catalyzed by
nitrous oxide reductase (Singh and Kumar 2008) which
can indicate soil available nitrate concentration
(Hogberg et al. 1986). Most studies have focused on N
accumulation, availability and effects of plant metabo-
lism on nitrate reductase in soil (Chen et al. 2004;
Eilrich and Hageman 1973; Hageman et al. 1961).
Nitrification and denitrification are determined by soil
nitrate reductase activity via soil physico-chemical
properties. High temperatures and moisture, neutral
pH, bulk density, texture, soil structure and plants ac-
celerate or favor the reaction (Fu and Tabatabai 1989;
Ma 2000; Simek et al. 2002; Venterea and Rolston
2000). In the present study there were no significant
differences in nitrate reductase activities between
intercropping and monoculture but faba bean-based
intercropping reduced nitrate reductase and likely in-
creased N fertility because stimulation of nitrate reduc-
tase activity occurred under low N fertility conditions.
The inconsistency between the 2 years in the present
study may be due to the lower soil moisture content in
2011 because low moisture availability inhibits nitrate
reductase activity.
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Sucrase activity is responsible for the breakdown of
the water soluble plant material in soils (Frankenberger
and Johanson 1983; Ross 1983). Soil pH and tempera-
ture stability and kinetic properties may explain the
differences in soil enzyme activities among the cropping
systems in both years (Frankenberger and Johanson
1983).

Conclusions

Continuous faba bean/maize and wheat/maize
intercropping for nine to 10 years still resulted in
overyielding and provided nutrient acquisition advantage
compared with the corresponding monocultures or rota-
tions. Intercropping maintained or enhanced the major soil
chemical properties and enzyme activities studied.
However, soil Olsen-P and exchangeable K contents de-
clined in intercropping to some extent, an effect that can be
ameliorated by the application of manures and/or inorganic
fertilizer K. Thus, continuous intercropping enhanced pro-
ductivity and sustained soil chemical properties and en-
zyme activities over a period of at least one decade. Further
observations on a longer timescale are needed to investi-
gate the overyielding mechanisms involved in
intercropping together with all soil properties contributing
to the maintenance of soil quality in the long term.
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