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Abstract: In dryland agroecosystems, intercropping fruit trees with legumes is often an important
option for maintaining and improving soil N quality and fertility. The relationships of fine root length
density (FRLD), soil water content (SWC), and soil NO3 ~-N content (SNC) in agroforestry systems is
essential for optimal orchard management. Our objective was to understand the temporal and spatial
dynamics of FRLD, SWC, and SNC in an apple-soybean intercropping system and competition
between species for ecological niches. We established an orchard with soybean and apple, including
monoculture apple (MA), monoculture soybean (MS), and apple-soybean intercrop (AS) treatments.
We collected data on the distribution of FRLD, SWC, SNC, and productivity under the MA, AS,
and MS from 2020 to 2021. This study showed that AS had more FRLD compared to MA, and
intercropping apple (IA) FRLD increased at 20-60 cm soil depth at 50 and 100 cm from the tree
and decreased at 0—40 cm soil depth at 150 and 200 cm from the tree. Intercropping increased the
SWC of the system and decreased the SNC, and the effect of intercropping was concentrated in the
soybean cover area. The competition between apple and soybean reached its maximum at soybean
seed filling stage, with competition occurring mainly at 100 cm from the tree and at 0-20 cm soil
depth. Intercropping affected soybean growth and also reduced soybean yield with a land equivalent
ratio = 1.45. By understanding the dynamics of subsoil resources in the apple—soybean intercropping
system and interspecific competition, we can provide a theoretical basis for exploring the potential of
sustainable intensification of agroforestry systems.

Keywords: agroforestry; fine root; soil water; growth; competition; soil nitrate nitrogen

1. Introduction

The large-scale monocultures of crops are important in agricultural production. How-
ever, this agricultural practice has led to many environmental problems, such as soil erosion
and degradation, chemical contamination, and biodiversity loss [1]. Modern orchards usu-
ally adopt cultivation and management practices to reduce the competition for water and
nutrients by eradicating weeds [2]. Soil is susceptible to erosion and the loss of soil mois-
ture and nutrients, thereby reducing soil quality and productivity [3,4]. Therefore, it is
necessary to design a soil management system that supports the sustainable development
of orchards, such as mixed cropping. Agroforestry, or the combination of crops and woody
components in the same field, can achieve both good productivity and sustainable land
use [5]. Agroforestry systems are a very popular agricultural practice worldwide, including
in China, France, America, Iran, and Canada [6-10].

Agroforestry not only improves land use efficiency [11] and nutrient use efficiency [12],
but also enhances crop yields and profits [13,14]. There are two interaction interfaces
in agroforestry systems: the above-ground interface, where species compete for light
and heat, and the below-ground interface, where interspecific roots compete for soil,
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water, and nutrients [15,16]. However, competition between species is unavoidable in
agroforestry systems, and the degree of competition is influenced by factors such as planting
density, composition, and reproductive period, and in agroforestry systems, interspecific
competition occurs predominately below ground [17]. If competition is intense, root
distribution will be modified [18]. The spatial distribution of roots and their density in
the soil determine the ability of a crop to acquire the nutrients and water necessary to
sustain plant growth [19]. This acquisition function is mainly performed by fine roots
(diameter < 2 mm) [20]. The vertical stratification of the root system, where the roots of
trees are distributed in the soil below the roots of crops, is an advantage of agroforestry [7].
In response to below—ground competition for soil moisture and nutrients, the fine roots
of trees are limited to deeper soil [15], while the fine roots of crop species are found in
shallower soil [17]. In this case, it is particularly important to study the effect of the spatial
distribution of the fine roots of each component of an agroforestry system on the overall
system [17]. Vegetation cover can reduce soil evaporation and erosion and facilitate soil
water infiltration [21,22]. Different species assemblages in agroforestry systems can have
different effects on soil water balance at different times, and such effects may be negative,
positive, or neutral [7,15,23,24]. Moreover, agroforestry systems can alleviate both point and
non-point agricultural pollution because they are able to reduce leaching to groundwater
aquifers and absorb pollutants from both unsaturated and saturated low-depth zones
through their tree roots [25]. Leguminous crops are used as ground cover in agroforestry
systems. Their main benefits include the biological fixation of atmospheric nitrogen through
symbiosis with soil bacteria, which increases the soil nitrogen content [26]. Moreover, an
agroforestry system with leguminous crops as the intercropping material can not only
improve water utilization but also improve nitrogen uptake [27]. Legume-based cropping
systems significantly improve the amount of NH4*, NO3~, available P, and SOC in the
soil compared to continuous maize monocropping [28], and legume-based intercropping
systems can also promote rhizobia diversity and soil health by enhancing symbiotic and
non-symbiotic beneficial bacterial flora [29]. Intercropping with legumes has also been
suggested to increase overall productivity and biomass production of cereals [30]. Root
systems from two species cross over in the soil, resulting in changes in the distribution of
soil nutrients or soil moisture [31], and the spatial distribution of roots responds differently
to differences in soil nutrients and soil moisture. In agroforestry systems, the distribution
of soil water and nutrients is complex due to the diversity of species and the existence of
interspecific root systems. Therefore, it is important to explore the relationships among soil
moisture, nutrients, and roots in agroforestry systems.

At present, most of the research on agroforestry root systems, soil water, and soil
nutrient distribution in China has focused on rainfed agriculture; the fine root distribution
of the two species and their relationships with soil moisture and nutrients in agroforestry
systems remain unclear, and few studies have been conducted on irrigated agroforestry
systems [15,17,19,23]. Xinjiang is the birthplace of wild apples in China, and apple-based
intercropping systems constitute one of the most widely applied agroforestry systems in
China [32]. In recent years, China’s soybean market has become less competitive due to
imports and Chinese soybean production has begun to decline, with the country’s soybean
self-sufficiency rate on a slow downward trend. Coupled with the finite amount of arable
land available, this has led to slow growth in China’s total soybean production and the
increase in soybean production capacity has reached a bottleneck, posing a potential threat
to food security.

Here, we attempted to evaluate the effects of apple-based intercropping on fine root,
water, and nitrate nitrogen distribution in the understory of apple and soybean. We
designed a two-year field trial, and the objectives of this study were to (a) quantify the
effects of fine root, water, and nitrate nitrogen distributions within the intercropping
system at different reproductive periods; (b) understand the patterns of ecological niche
competition between apple and soybean understories; and (c) determine the effects of
intercropping on apple and soybean yields.
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2. Materials and Methods
2.1. Experimental Materials

The tested soybean (Glycine max (Linn.) Merr.) variety was Suinong 30, and the apple
variety tested was Malus niedzwetzkyana (Dieck) (Malus pumila var. niedzwetzkyana).

2.2. Study Site and Experimental Design

The study was conducted in Yining County, Yili Kazak Autonomous Prefecture, Xin-
jiang Uygur Autonomous Region, China (81°51’ E, 43°45’ N) (Figure 1). The study site was
903 m above sea level and the climate was a temperate continental climate with a mean
annual temperature of 9.3 °C. The total rainfall amounts from June to October during the
study periods in 2020 and 2021 were 170.92 mm and 196.44 mm, respectively. Over the past
five years, the annual rainfall was 525.41 mm. The orchard covers an area of 4.67 ha, and
the land is flat and slope-free. The soil is cultivated to a depth of 60 cm and has a relatively
homogeneous texture. The average field water holding capacity of the 0-60 cm soil layer
in the test orchard was 22.14%, and the average bulk density was 1.38 g-cm~3; the basic
fertility of the 0-60 cm soil layer was 9.47 g-kg~! organic matter, 0.62 g-kg ! total nitrogen,
0.62 mg-kgf1 ammonium nitrogen, 5.91 mg~kg*1 nitrate nitrogen, 4.53 mg-kgf1 available
phosphorus, and 77.86 mg-kg ! available potassium.
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Figure 1. The location of the study site.

The experiment was conducted in 2020-2021, and the experiment had 3 treatments:
apple-soybean intercropping, apple monocrop, and soybean monocrop, with 3 replications
of each treatment. The apples of monocropping apple (MA) and intercropping apple (IA)
were planted at a spacing of 3 m between plants and 5 m between rows, and there was a
drip irrigation belt 30 cm from the tree on each side of the apple tree row. In apple-soybean
intercropping (AS), the row spacing between apple and soybean was 1.2 m, with a 60 cm
open space in the middle of the tree row. The planting of intercropping soybean (IS) was
divided into wide and narrow rows; the row spacing of wide rows was 40 cm, and the
row spacing of narrow rows was 30 cm; a drip irrigation tape was laid in the middle of
narrow rows, and soybean plant spacing was 10 cm. The monocropping soybean (MS)
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had a drip irrigation belt to manage four rows, with a row spacing of 30 cm and a plant
spacing of 10 cm and no difference between wide and narrow lines (Figure 2). We planted
one-year-old apple trees after the maize harvest in October 2019, and soybeans were sown
on 8 May 2020 and 10 May 2021. Apple trees had an average height of 2.05 m, a diameter
at breast height of 2.3 cm, and a crown spread of 1.47 m from north to south and 1.62 m
from east to west. Fertilization and irrigation methods for trees and soybeans were based
on common local practices, and both apple trees and soybeans were irrigated with drip
irrigation. Base fertilizer was applied 4-5 days before sowing each year. The fertilization
was as follows: 300 kg-ha=! DAP (1 > 18%, p > 46%) and 105 kg-ha~! potassium chloride
(K20 > 57%). When fertilizing, attention should be paid to 1 m from the apple tree row. All
trees (MA and IA) were watered 5 times a year, and irrigation was carried out once from
flowering to the young fruit stage, twice from the young fruit stage to the fruit expansion
stage, and twice from the fruit expansion stage to harvest. The amount of water to be
irrigated was 750 m3-ha~! at a time, with 100 m® of water irrigated per hour for 35 h. Plants
were topdressed twice, and water-soluble fertilizer (N: P: K = 17%: 8%: 44%) was applied
each time in amounts of 225 kg-ha~!. The MS and IS were irrigated six times throughout
the reproductive period, on average once every 17 days. The area planted with MS was
0.13 ha, and the amount of water for MS to be irrigated was 600 m3-ha~! at a time, with
100 m® of water irrigated per hour for 47 min. Plants were topdressed twice with
150 kg-ha ™! of urea and 120 kg-ha ! of water-soluble fertilizer each time. The area planted
with IS was 4 ha, and the amount of water for IS to be irrigated was 400 m3-ha~! at a time,
with 100 m® of water irrigated per hour for 16 h. Plants were topdressed twice, each time
with 100 kg-ha~! of urea and 60 kg-ha~! of water-soluble fertilizer.

Figure 2. Diagram of a soybean—apple intercropping system.

2.3. Collection of Root and Soil Samples

Samplings were collected three times in 2020 and 2021, respectively, first in mid-June
when the soybean was at the branching stage (BS), second in late-July when the soybean
was at the flowering-podding stage (FS), and third in late-August when the soybean was at
the seed filling stage (SS); this collection was performed 3 days before irrigation in all cases.
Soil samples were taken with a cylindrical steel soil corer with an internal diameter of
4.5 cm (volume 141 cm?) driven into the soil by a sledgehammer. A total of 162 soil samples
were taken for each sampling, and fruit trees were randomly selected for sampling each
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time, excluding the fruit trees that had already been sampled, with the location of each
sampling being on the east side of the fruit trees. There were four sampling locations per
treatment, 50 cm (T5g), 100 cm (Tqg0), 150 cm (T1gp), and 200 cm (Tpgg) from the tree row
on the east side of the fruit tree. At each sampling position, cores were collected at depths
of 0-20, 2040, and 40-60 cm (Figure 2). Due to the different planting patterns of soybean
in the monocropping and intercropping, the temporal and spatial distribution of root and
soil water and nitrogen cannot be effectively compared, so monocropping soybean was
not studied.

2.4. Determination of soybean Agronomic Characters

Ten consecutive soybean plants with uniform growth were selected, and the plant
height, stem thickness, and leaf area of the soybean were measured at the BS, FS, and the
SS, respectively. The area of the soybean leaves is measured by the punching and weighing
method, selecting the middle of a healthy leaf and perforating it sequentially from the
petiole, avoiding the vein portion of the leaf and 2 cm from the tip. The formula is:

(W1 + W) x N x 3.14 x 12 x 1072
W1

Leaf area = @

In the formula, Wy is the total drying weight of the rounded leaves, W5 is the total
drying weight of the remaining leaves after punching, N is the number of holes, and r is
the radius of the holes.

2.5. Fine root Analysis

The soil samples were placed in 200-mesh nylon gauze and sieved under running
water, and then the living fine roots (brighter color and not completely dehydrated) were
separated from the washed soil samples by forceps. The fine roots (diameter <2 mm and
length > 0.5 cm) of the apple are found to be reddish brown and those of soybean were
grayish white in the monocropping fruit trees and MS. The color characteristics of the fine
roots were used to establish the criteria for differentiating the fine roots of different species.
Fine roots were then scanned using a flatbed scanner (STD4800; Regent Instruments Inc.,
Canada) at 600 dpi. From these images, the fine root lengths from each core sample were
measured using WinRhizo (Reg. 2020; Regent Instruments, Canada). These data were used
to calculate the fine root length density (FRLD; cm-cm™3).

FRLD = FRL 5L )

In the formula, FRL is the fine root length and V is the volume of the core (141 cm3).
Although this method is the most accurate way to determine root length density, some of
the roots will fall off during the process of washing the root system [33].

2.6. Competitive Ability

The index of competitive ability of soybean and fruit trees was calculated using the
formula for overlapping ecological niches proposed by Levins (1968) [34].

r
Lgs = Bs 2 stpaj (3)
j=1
r
Lss = Bs 2 stpaj (4)
j=1

1 T
By = - Y P2 (5)
j=1
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where r is the number of resource sites (number of samples) and r < 3, Lsa is the competition
index of soybean plants against fruit trees, L, is the competition index of fruit trees against
soybean plants, and B is the ecological site width index (Bs and Bt have the threshold [1/7, 1],
and L, and Lg,; have the threshold [0, 1]). Py and P, are the proportion of the jth site’s
FRLD values used by soybean plants or fruit trees to the site’s total FRLD used, respectively.
The formula was calculated using data on root length density. The formula is sensitive
to the number of individuals in each population and to the quantitative characteristics of
each particular plant population. It reflects the overlap in resource use between the two
groups and, to some extent, the interspecific competition that arises from the overlapping
ecological niches.

2.7. Soil Analysis

For each soil sample, the nitrate nitrogen content in soil was determined by colorimetry.
Five grams of soil sample were added to 50 mL of 2 mol-L~! KClI solution and shaken for
1 h before the suspension was filtered for 3-5 min. Then, the absorbance Ay and Ayzs of
the extract was measured at 220 nm and 275 nm, respectively. The corrected absorbance
was calculated according to the following formula:

A= Apg —2Ay5 (6)

The following procedure was used for nitrate standard curve formulation. First,
0.7220 g of KNO3 was weighed, dried, and cooled in a 105 °C oven in a small beaker. Then
distilled water was added to dissolve it. The mixture was quantitatively transferred into a
1000 mL volumetric flask and shaken well, that is, the 100 mg/mL nitrate nitrogen standard
solution. We pipetted 10.00 mL of this solution into a 100 mL volumetric flask, diluted it to
volume, and shook it well, that is, the 10 ug/mL nitrate nitrogen standard solution. We
took 0,1, 2,3,4,5,6,and 7 mL of 10 ug/mL nitrate nitrogen standard solution in a 50 mL
volumetric flask, added secondary redistilled water, and shook to volume. Absorbance
was measured at 220 nm and 275 nm with a 1 cm cuvette. We used formula (2) to find the
corrected absorbance. From this, we obtained the standard curve equation.

By establishing the correlation curve between A and the concentration of nitrate
nitrogen, the concentration of nitrate nitrogen in the leaching solution can be calculated.
Nitrate nitrogen is calculated as follows:

. , D
Nitrate nitrogen content = C X V x pn 7)

In the above formula, C is the NO3 ~-N content obtained from the standard curve; V
is the total volume of the colorimetric assay solution (mL); D is the fractionation multiple;
and m is the fresh soil sample mass (g) [35].

The SWC was determined using the drying method. The soil samples were placed in
an aluminum box and then dried in an oven. Then, the SWC was calculated by comparing
the soil weights before and after drying. The formula was as follows:

. . m; —m
Soil moisture content =

®)

my; —m

where m is the weight of the aluminum box (g); m; is the weight of the fresh soil sample
and the aluminum box (g); and m, is the weight of the dry soil sample and aluminum
box (g).

2.8. Yield and Land Equivalent Ratio (LER)

At maturity, three 1.0 m x 1.0 m harvest plots were randomly selected in each plot to
investigate the yield of each plot and to calculate the theoretical yield of each plot.
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Apple trees were not productive in 2020. In 2021, five fruit trees were randomly
selected from each plot and all fruit was picked and weighed to calculate the
theoretical yield.

Using the land equivalent ratio as an indicator to measure the yield advantage of
intercropping, the calculation formula is:

Yis | Yir
LER = ¢ “ty - ©)
where Ys is the yield of IS, Y)s is the yield of MS, Y[ is the yield of intercropping fruit
trees, and Yy is the yield of monocropping fruit trees. If LER > 1, it indicates that the
fruit tree-soybean mixed stand has yield advantage; if LER < 1, it indicates that the fruit
tree—soybean mixed stand has no yield advantage.

2.9. Statistical Analyses

Microsoft Excel 2010 and SPSS 19.0 (SPSS, Chicago, IL, USA) for were used for data
processing and one-way analysis of variance (ANOVA), respectively, and significant dif-
ferences between processing methods were tested at the 5% probability level by Duncan’s
multiple range test. Different letters in the same period indicate significant differences.
Bars represent standard deviation (n = 3).

In order to understand the relationship between different variables (FRLD, SWC, SNC,
soil depth (SD), horizontal distance (HD), and sampling time (ST)), we used SPSS to do
correlation analysis between variables, and through the results of correlation analysis,
we selected suitable variables for multiple linear regression analysis and obtained the
impact of independent variables (SWC, SNC, HD and ST) on target variables (FRLD) and
influence level.

3. Results
3.1. Fine Root Length Density Distribution in the Intercropping System

Two-dimensional distribution characteristics of root length density (FRLD) of apple
and soybean showed that FRLD of MA and AS increased and then decreased as soil
depth increased in the vertical direction (Figure 3). In the horizontal direction, FRLD
decreased with increasing distance from the tree row for monocrop and intercrop apples,
while soybean FRLD increased with increasing distance from the tree row and gradually
decreased with increasing depth. At SS, intercropping reduced apple FRLD by 5.30%
compared to MA, while the overall FRLD intercropping increased by 87.73% due to the
distribution of soybean fine roots, and the distribution of FRLD in the horizontal direction
in the intercropping pattern was Tpoy > Tso > T150 > T109 (Figure 3c,f).

By comparing the distribution of apple fine roots between monocropping and inter-
cropping, we found that the differences were mainly at the FS and SS, where intercropping
increased the FRLD of apple at Tsg and Tqpg by 9.37% and 13.43%, respectively, and de-
creased the FRLD of apple fine roots at T159 and Tygg from the tree by 48.48% and 57.00%,
respectively (Figure 3b,ce, f). However, the root development of soybean reached its peak
at SS, and compared to monocropping, intercropping increased the total FRLD at Ty, T150,
and Tygg by 38.20%, 89.80%, and 2936.79%, respectively (Figure 3c,f).

At Tsp, intercropping increased apple FRLD by 4.10%, 7.28%, and 16.74% in the
0-20 cm, 20-40 cm, and 40-60 cm soil layers, respectively; intercropping increased apple
FRLD by 7.00%, 17.13%, and 16.16% at T1qo in different soil layers, respectively; intercrop-
ping reduced apple FRLD by 55.86%, 46.21%, and 43.37% at T;s5¢ in different soil layers,
respectively; and the intercropping reduced the apple FRLD by 73.11%, 67.80%, and 30.11%
at Tygp in different soil layers, respectively (Figure 3b,ce,f). In the apple—soybean intercrop-
ping system, apple fine roots overlapped with soybean fine roots at T1gg, T150, and Tpqg at
SS. The percentages of soybean fine roots in each soil layer were 37.65%, 2.15%, and 0 at
T100; the percentages were 79.75%, 49.57%, and 9.84% at T1s50; and at Ty, the percentages
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of soybean were 99.06%, 97.30%, and 78.37% (Figure 3c,f). Intercropping increased the
distribution of fine roots in proximal trees and decreased it in distant trees.

2020BS 2020FS 1202088
I Monocropping apple [ T T

[ Intercropping apple
I Intercropping soybean
A

2021BS _ 2021FS

Figure 3. Two-dimensional fine root length density distribution in different growth stages in MA
and AS systems. BS: branching stage (left: a,d), FS: flowering-podding stage (b,e); SS: seed filling
stage (right: c,f); in the 2020 (top) and 2021 (bottom) seasons.

Overall, the FRLD of MA and IA increased in 2021 compared to 2020 at all locations,
with larger increments in T5p and Tpgg, while the FRLD of intercropped soybeans was
elevated in shallow soils (0-20 cm) and decreased in the middle (2040 cm) and deep layers
(40-60 cm). At the BS of 2021, the difference in fine root distribution of single intercropped
fruit trees was smaller than at SS of the previous year, and then the difference between the
two gradually increased again (Figure 3c,d).

Intercropping reduced the FRLD of apple and increased the FRLD of the system
as a whole, and the differences between monocropping and intercropping were mainly
concentrated at FS and SS. Intercropping increased the FRLD of apple at Tsy and Tqgg, and
the increase was mainly in the 20-60 cm soil layer. Intercropping reduced the FRLD of
apple fine roots at T159 and Tygg, with a greater effect in the 0-40 soil layer. At SS, apple
roots were predominant at T5g and Tygg and a minority at Tpgg, and the distribution of apple
and soybean fine roots was comparable at T5.

3.2. Soil Water Content Distribution

The two-dimensional distribution characteristics of soil water content showed that
SWC increased with increasing soil depth for both MA and AS (Figure 4). At BS, the
difference in SWC between monocropping and intercropping was relatively small, while
at FS and SS, the difference in SWC between monocropping and intercropping was larger
due to irrigation between tree rows, and compared with monocropping, intercropping
increased the total SWC by 25.06% and 41.42% at FS and SS (Figure 4b,c,e,f), respectively.
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Figure 4. Two-dimensional SWC distribution in different growth stages of MA and AS system.
(left: a,d,g,j) Soybean branching stage; (b,e,h k) soybean flowering-podding stage; (right: c,f,i,1) seed
filling stage; 2020 MA (a—c), 2020 AS (d-f), 2021 MA (g-i), 2021 AS (j-1).

By comparing the SWC between monocropping and intercropping, we found that
the difference between them was mainly at FS and SS. Compared with monocropping,
intercropping increased the SWC at Tyq, T150, and Tpp9 by 80.04%, 71.60%, and 43.49%
(Figure 4b,c,e,f), respectively. Compared with monocropping, the intercropping increased
the SWC by 114.91%, 77.64%, and 47.56% at Tygp in different soil layers, respectively;
intercropping increased the SWC by 96.45%, 73.54%, and 44.81% at T5 in different soil
layers, respectively; and intercropping increased the SWC by 53.24%, 53.48%, and 23.74%
at Togo in different soil layers (Figure 4b,c,e,f), respectively.

Compared to 2020, the SWC in MA in 2021 decreased by 2.46%, 2.94%, and 5.01% at
BS, FS, and SS, respectively, with the decrease in SWC occurring mainly in Tsp and Tysp.
Meanwhile, the SWC in AS increased by 1.07%, 11.14%, and 2.95%, respectively, with the
increase in SWC occurring mainly in T1lgg, Tq50, and Tpgp. At FS and SS, intercropping
increased the SWC in the system compared to monocropping, and the increase occurred
mainly in the area of overlapping apple-soybean root systems, and the change in SWC was
greater in the shallow layer (0—20 cm) and decreased as the soil layer deepened.

3.3. Soil NO3~ —N Content Distribution

The two-dimensional distribution characteristics of SNC showed that the SNC in-
creased with the increase in soil depth and the distance from the tree row in the MA system,
and in the AS system, SNC increased with soil depth (Figure 5). With the advancement of
the growth period, the SNC at each soil depth decreased continuously in the MA and AS
treatments. Compared to monocropping, intercropping decreased the overall SNC in the
system in all three periods by 25.89%, 37.33%, and 21.06% (Figure 5a—f), respectively.

Horizontally, compared to monocropping, intercropping increased the mean SNC at
Ts0 by 37.31% and decreased the SNC at T1qg, T150, and Tppp by 7.38%, 38.40%, and 51.90%
(Figure 5a—f), respectively. Vertically, compared to monocropping, intercropping increased
the mean SNC at T5p in 0-20 cm, 2040 cm, and 40-60 cm soil layers by 23.19%, 60.97%,
and 27.78%, respectively; intercropping decreased the mean SNC at Tyoy by 16.47% and
15.86% (0-20 cm and 20—40 cm soil layers), respectively, and increased the mean SNC at
40-60 cm soil layers by 10.20%. Intercropping reduced the mean SNC in different soil layers
at T150 by 37.27%, 57.80%, and 20.14% respectively; intercropping reduced the mean SNC
in different soil layers at Tpgg by 48.83%, 48.89%, and 57.99% (Figure 5a—f), respectively.
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Figure 5. Two-dimensional soil NO3;~ —N content distribution in different growth stages of MA
and AS systems. (left: a,d,g,j) Soybean branching stage; (b,e,h k) soybean flowering-podding stage;
(right: ¢,£,i,1) seed filling stage; 2020 MA (a—c), 2020 AS (d—f), 2021 MA (g-i), 2021 AS (j-1).

Compared to 2020, the SNC in MA in 2021 decreased by 15.95% and 2.27% at BS
and FS, respectively, with the decrease in SNC occurring mainly in Tsp and Ty, while
it increased by 4.30% at SS, with the increase in SNC occurring mainly in Tygo and Tys.
Meanwhile, the SNC in AS decreased by 11.04%, 6.14%, and 11.32%, respectively, with
relatively uniform decreases across sampling sites.

At BS, FS, and SS, intercropping reduced SNC in the system compared to monocrop-
ping, and at Ts, intercropping increased SNC, while intercropping showed a negative
effect on SNC in the area of overlapping apple-soybean root systems. The further away
from the apple tree, the greater the effect.

3.4. The Relationship between FRLD and Spatiotemporal Distribution of Soil Resources

Correlation analysis showed that in the MA treatment, the distribution of apple fine
roots had an extremely significant positive correlation with SWC and ST (Table 1) and
an extremely significant negative correlation with SNC and HD. In the AS treatment,
apple fine root distribution was significantly positively correlated with SWC, significantly
positively correlated with SNC and ST, and extremely significantly negatively correlated
with HD. The results showed that in addition to soil depth, other influencing factors affect
the distribution of fine roots.

From the multiple linear regression equation, it can be concluded that in the MA
treatment, SWC, SNC, HD, and ST can explain 78.97% (RZ) of the possibility of the formation
of FRLD. The SWC, HD, and ST are the main factors affecting the FRLD (Table 2). The
obtained multiple linear regression equation is: ypa = 0.301 + 0.003xgwc + 0.000053xsne —
0.097xpp + 0.015xgT. In the AS, SWC, SNC, HD, and ST could explain 77.89% (R?) of the
possibility of the formation of FRLD, and all factors were the main influencing factors; the
obtained multiple linear regression equation is: yas = 0.173 + 0.008xgwc + 0.00039xsne —
0.086XHD + 0.012XST.
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Table 1. Results of correlation analysis of fine root density and different influencing factors.
Treatments Index FRLD SWC SNC SD HD ST
FRLD 1
SWC 0.497 ** 1
SNC —0.477 ** —0.280 ** 1
MA
SD 0.044 —0.32 0.439 **
HD —0.871 ** 0.484 ** —0.535 **
ST 0.177 ** 0.357 ** —0.132 0 1
FRLD 1
SWC 0.452 ** 1
AS SNC 0.168 * —0.115 1
SD 0.119 0.490 ** 0.114 1
HD —0.854 ** —0.342 ** —0.167 * 0 1
ST 0.165 * 0.283 ** —0.373 ** 0 0 1
MA: monocropping apple, AS: apple-soybean intercropping, FRLD: fine root length density, SWC: soil water
content, SNC: soil NO3;~—N content, SD: soil depth, HD: horizontal distance, ST: sampling time (n = 36).
* Significant at 5% (p < 0.05). ** Very significant at 1% (p < 0.01).
Table 2. Results of multiple linear regression analysis of fine root density and different
influencing factors.
Nonstandardized Standardized Multicol Model Parameters
s andardize : :
Treatment Model Coefficient Coefficient ; Sig. Linearity
B Standard Toleance VIF R? Sig.
Error
Constant 0.301 0.028 10.666 2 x107%
SWC 0.003 0.001 0.080 2.125 0.035 0.689 1.451
MA SNC 0.0000533 0.000 0.019 0.495 0.621 0.632 1.582 0.7897 42199 x 10-7
HD —0.097 0.005 —0.837 —20.503 4 x 1072 0.587 1.705
ST 0.015 0.003 0.194 5.570 8x 108 0.806 1.241
Constant 0.173 0.033 5.218 4x1077
SWC 0.008 0.002 0.152 4.220 4x10°° 0.798 1.254
AS SNC 0.0003897 0.000 0.117 3.308 0.001 0.828 1.208 0.7789 8.11 x 10~%
HD —0.086 0.004 —0.782 —22345 2 x 107 0.839 1.192
ST 0.012 0.003 0.165 4.613 7 x 1076 0.802 1.247

MA: monocropping apple, AS: apple—soybean intercropping, SWC: soil water content, SNC: soil NO3~—N
content, HD: horizontal distance, ST: sampling time (n = 36).

3.5. Competitiveness Index for Apple—Soybean Intercropping Systems

As shown in Figure 6, the competitiveness index of apple trees tended to increase
and then decrease with increasing soil depth, while the competitiveness index of soybean
plants decreased with increasing depth. The competitiveness indices of both apple and
soybean increased with the advancement of the growth period, indicating that plant growth
promoted changes in competitive strategies within the system. At 0-20 cm, the soybean
competitiveness index was significantly greater than the apple competitiveness index,
while at 20-60 cm, the soybean competitiveness index was significantly smaller than the
apple competitiveness index. Competition between apple and soybean plants occurred
mainly in the 0-20 cm soil layer and increased with the duration of the reproductive period,
and the competition index between species peaked at SS.
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The horizontal competition ability indices for apple trees and soybean plants are
shown in Figure 7. There was no competition in the horizontal direction at T5y cm and Ty
at the FS. The competitiveness index of soybean was significantly lower than that of apple
at Tygo at FS and significantly higher than that of apple at SS, and the competitiveness index
of soybean plants was significantly higher than that of apple trees at T159 and Ty in the
horizontal direction. At BS, interspecific competition occurred mainly at T159 and Tpgp, and
at FS and SS, the competition was more intense at T1gg than at other locations.

3.6. The Growth of Soybeans

As shown in Figure §, the plant height, stem thickness, and leaf area of MS and IS all
increased continuously with the advancement of the growth period and increased rapidly
in the branching and pod stages. Compared with MS, IS significantly increased the soybean
plant height at the FS by 10.50%. In 2020, compared with MS, IS significantly reduced the
stem thickness of soybean at the seed filling stage by 26.33%, and in 2021, compared with
MS, IS significantly increased the leaf area of soybean at the FS by 28.48%.
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3.7. System Yield and Yield Composition Factors

As shown in Table 3, in two years, AS increased soybean pods per plant by 9.25%,
and there was no significant difference compared with MA. In contrast, intercropping
significantly decreased the soybean 100-grain weight by 10.67%. In 2020, intercropping
significantly increased the number of soybean grains per pod by 28.70% compared with MS.
Soybean yields dropped significantly by 69% in two years. Due to the different planting
patterns, the seeding amount of the AS was much lower than that of the MS. In 2021, AS
reduced the number of fruits per plant by 5.92%, the fruit weight by 4.38%, and the yield
by 11.44%, but the differences were not significant. Calculating the LER based on the
production of soybeans and fruit trees in 2021 showed that LER = 1.45 > 1. This showed
that apple and soybean intercropping had production advantages.

Table 3. Soybean and apple yield and yield composition factors under different planting patterns in
2020 and 2021.

No. of 100-Grain
Plant Number - ha—1  Pods-Plant~1 No. of Weight (g) . 1
Years Treatment Trees Number - ha—1 No. of Seed-Pod—1 Single Fruit Yield (kg - ha™)
Fruits-Plant—1 Weight (g)
Monocropping 2.4 x 10° 4063 +7962  23+0802 29744 0.76P 6636.51 + 590.56 P
soybean
2020 ,
niercropping 1.1 x 10° 442 +12.382  296+090° 2650+ 0.682 3759.91 + 338.53
soybean
Monocropping 2.4 x 10° 4074 +7.852  247+0802  30.04 4 0.88P 7243.20 + 623.99 P
soybean
Intercropping 1.1 x 10° 447 410442 28840942 26940872 3815.04 + 349.07
2021 soybean
Monzggzpmg 675 8.44 + 1.06 2 227.62 + 14432  1296.75 + 163.34 2
Inte?;;fepmg 675 7.94 4+ 0.952 217.64 + 10952  1148.44 +97.822

Letters indicate significance analysis between treatments (p < 0.05).

4. Discussion
4.1. The Distribution of Fine Roots

Interspecific facilitation through the spatial distribution of root systems of constituent
species has been suggested to enhance grain yield and nutrient uptake [36-38]. Under
the traditional definition of fine roots, fine roots can be further divided into absorbing
and transporting roots based on their function [39]. Root distribution plays an important
role in the interaction between species within an intercropped field. In such fields, the
root distribution of different species differs in time and space, and there is interspecific
competition for resources (e.g., soil water and nutrients), which is very different from
monoculture fields [40]. In this study, intercropping reduced the FRLD of apple and
increased the overall FRLD of the system, with the differences between monoculture and
intercropping concentrated at FS and SS. In the area not covered by soybean (at Tsy and
T100), intercropping increased FRLD of apple and the increase was greater in the 20-60 cm
soil layer, while in the area covered by soybean (at T159 and Tgp), intercropping reduced
FRLD of apple, and the reduction was greater in the 0—40 cm soil layer. Soybean cover
in the field resulted in the overlapping of apple roots with soybean roots in the cover
area, probably due to competition for resources resulting in more distribution of apple
fine roots in the uncovered area of soybean and movement to deeper soil layers, which is
direct evidence of changes in fine root distribution in apple-soybean intercropping systems,
where competition is unavoidable and plants promote root development in deeper soils
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to take up more water and nutrients [1]. As the root system of apple trees developed, the
distribution of apple tree fine roots in the 20-60 cm soil layer increased in 2021 compared
to 2020, leading to a change in the distribution of fine roots in soybean in 2021 compared
to 2020, with an increase in the distribution of fine roots in soybean in the 0-20 cm soil
layer and a decrease in FRLD in the 20-60 cm soil layer. In addition, the Tjpp was the
location of the greatest overlap in fine root length density between apple and soybean,
which separated the dominant areas of the two species in the lower ground, with decreasing
FRLD in apple with increasing distance from the tree and the opposite in soybean, a root
distribution pattern that reduces below-ground competition between species and improves
the utilization of deep soil resources [41]. The difference in FRLD between intercropping
and monocropping apples was reduced during the recovery period from fall to spring,
while the rapid growth of soybean roots was from spring to summer, and this difference
in root growth time helped to reduce competition between species and improve resource
utilization [17].

4.2. Distribution of Soil Water Content

Whether agroforestry has an overall positive or negative impact on soil moisture re-
mains the focus of research investigating water dynamics in arid and semi-arid
regions [42]. Maintaining sustainable soil moisture for vegetation is critical, especially
in arid regions where water scarcity is the greatest limiting factor for vegetation growth and
sustainability [43]. Soil moisture plays a central role in driving growth patterns in semi-arid
environments [44]. In many studies, researchers have found that trees in agroforestry
systems can improve soil moisture conditions [45]. In the present study, we found a large
difference in soil moisture content between monoculture and intercropping at FS and
SS. The SWC in intercropped fields was increased by 30.54%, and some studies have
shown that planting crops or forage between trees affects soil moisture storage, soil
moisture retention capacity, and soil moisture availability, increasing soil moisture un-
der trees [46,47]. The increase was concentrated within the 0—40 cm soil layer where the
apple and soybean root systems overlap (T1gg, T150 and Tpqp) and was due to several factors:
(1) What we cannot ignore is the effect of the irrigation pattern on soil moisture distribution.
In this study, four drip irrigation strips were arranged between two rows of trees, and
the study showed that drip irrigation can reduce the leakage of soil moisture below the
root zone [48], while a reasonable drip irrigation system can also improve soil moisture
distribution [49]. (2) Higher water content of neighboring crops is possibly related to re-
duced evaporation due to canopy shading, and reduced crop transpiration is due to lower
wind speed and increased humidity [50-52]. (3) Lower soil evaporation is due to inter-row
crop cover [23], resulting in improved soil quality, enhanced infiltration even during limited
rainfall events, and reduced water loss during rainfall intervals [53]. We also demonstrated
that SWC was an important factor affecting fine root distribution in both monocropping and
intercropping patterns.

4.3. Distribution of Soil NO3~-N Content

Nitrogen (N) is one of the large number of nutrients essential for all living organ-
isms. In plants, it is a component of nucleotides, amino acids, chlorophyll, and secondary
metabolites. N contributes to structural and functional aspects of growth and develop-
ment, and its bioavailability within the plant affects crop productivity [54,55]. The size
and structure of the root system are important variables that affect the availability of N to
plants [56]. Effective NO3 ™ root zone residues are one of the keys to ensuring high crop
yields [57,58]. In agricultural production, N input to the system from leguminous crops or
the combination of deep-rooted crops with shallow-rooted crops to enhance the use of soil
space are examples of improving resource use efficiency in cropping systems [59]. In this
experiment, intercropping reduced soil nitrate N content by an average of 28.09% over the
three sampling periods compared to monocropping, and we also found that intercropping
increased soil nitrate N content closer to the tree (Tsg), while at Tqqg, T150, and Ty, inter-
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cropping exhibited a negative effect on soil NO3 ~-N. The decrease in SNC was greater with
increasing distance from the tree. In soybean growing areas, competition for resources be-
tween apples and soybeans was intense due to the vigorous growth of soybeans. Moreover,
both irrigation and fertilizer application have an impact on the distribution of SNC [60].
Studies have shown that the minimum salt concentration occurs below the drip head and
increases with distance from the drip head within a certain range [61], with nitrates all
clustering towards the boundary of the wetted volume [62], while the uniformity of drip
irrigation is also an important factor in the distribution of SNC [63]. Our study found that
intercropping had a strong effect on SNC in all soil layers, and when soil resources were
abundant and evenly distributed, plants mainly absorbed resources from shallow soils [64],
while the fine roots of intercropped apples could obtain nutrients from deeper soils [65].
Agroforestry complex systems could reduce nutrient leaching to deeper soils [25], resulting
in lower NO3;™-N content in deeper soils. In addition, we also demonstrated that SNC was
an important factor affecting FRLD in both monocropping and intercropping patterns.

4.4. Interspecific Competition

Crop competitiveness, especially in arid and semi-arid regions, may be related to the
development of crop root systems [17]. We found that competitive relationships under
intercropping systems change dynamically as crop competitiveness increases. Because
soybean plants have a shorter developmental cycle than apple trees, apple trees are more
competitive during this period than later, while soybean plants become progressively more
competitive over time. We found that interspecific ecological niche competition reached
a maximum at SS and that the most intense competition among species occurred at Ty
in the horizontal direction and, in the vertical direction, in the 0-20 cm soil layer. It has
been observed that interspecific interactions in apple-soybean intercropping systems cause
the fine roots of intercropping apple trees to grow deeper into the soil (Figure 3), and
many researchers have also suggested that this ecological niche differentiation of fine
roots is beneficial in alleviating below-ground interspecific competition in apple-soybean
intercropping systems and increasing the efficiency of resource use deeper in the soil [66,67].
In this study, soybean plants were found to be more competitive than fruit trees at the
soil surface and at some distance from the trees, while fruit trees were more competitive
in deeper soils. Therefore, when implementing agroforestry models, we need to consider
enhancing water and nutrient recharge in locations and periods of intense competition,
which will help alleviate competitive pressures between species and increase yields.

4.5. Crop Growth and Yield

Comparing MS and IS showed that intercropping increased the plant height and leaf
area of soybeans and decreased the stem thickness of soybean before and during the growth
period so that the biomass was concentrated in the stems. Studies had shown that reduced
solar radiation availability leads to plants with a heightened understory and increases
leaf ratio and size; these strategies are used by plants to intercept and absorb more solar
radiation [68,69]. A previous study showed that high shading conditions reduced the
transpiration flow of soybean plants, limiting the redistribution of nutrients and inhibiting
photosynthesis, thereby resulting in an increase in flower abortion and, consequently, fewer
pods per plant and a lower number of grains per plant [70]. In addition to environmental
factors, different cropping patterns, irrigation and fertilizer application between MS and IS
may also lead to differences in soybean yields. The apple trees in this study were 2-3 years
old and at the young stage. The trees had no actual yield in the first year of the experiment,
and in the second year of the experiment, there was no significant difference in yield and
yield composition between monocropping and intercropping apples. This showed that
intercropping in the irrigated agroforestry system had little effect on the yield of fruit trees.
In this study, the LER of AS was 1.45 > 1, indicating that AS had planting advantages.
The results indicated that the implementation of agroforestry in irrigated agriculture was
conducive to maintaining soil moisture and that soil resources were evenly distributed in
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the overlapping areas of crops and trees, while under rainfed agroforestry conditions, the
overlapping areas of crops and trees will cause the excessive consumption of resources,
such as SWC [71]. The results of this study provide some technical guidance for the
planting of agroforestry systems in young orchards under arid and semi-arid conditions in
northwestern China and provide a further theoretical basis for the study of the relationship
between fine roots, soil water, and soil nitrate nitrogen.

Under the influence of limited arable land resources, declining comparative returns [72],
and import shocks [73], increasing soybean self-sufficiency is an urgent issue for the Chinese
government to address. In 2016, China’s former Ministry of Agriculture issued the “Guid-
ance of the Ministry of Agriculture on Promoting the Development of Soybean Production”,
which stated that the layout of soybean production should be optimized to improve the
quality, efficiency, and competitiveness of China’s soybean production. In 2021, China’s
Ministry of Agriculture and Rural Affairs requested to overcome difficulties and expand
the area dedicated to soybean oilseed crops, making the expansion of soybean oilseed crops
a political priority to be completed by 2022. The Ministry has planned multiple measures to
expand the acreage and increase production. Intercropping soybean with trees can mitigate
the tradeoff between agricultural and orchard land and improve the replanting index of
farmland. This may provide certain ideas for China to overcome the problem of limited
areas for soybean planting.

5. Conclusions

Fine root distribution, soil water, and soil N were investigated for two cropping
patterns (MA and AS) at different growth periods over two years, and crop growth and
yield were investigated for MA, AS, and MS treatments. This study showed that differences
between treatments were mainly concentrated in FS and SS, with AS having more fine roots
in the field due to soybean cover compared to MA. Apple FRLD increased at Tsq and T1qy,
mainly in the 20-60 cm soil layer, and decreased at T159 and Ty, mainly in the 0—40 cm soil
layer. Intercropping increased SWC and reduced SNC in the soybean covered area, and
intercropping increased SWC in the 0-20 cm soil layer and reduced SNC in all soil layers,
while SWC and SNC were the main factors affecting FRLD. Competition between apple
and soybean reached its maximum at the SS stage, with competition occurring mainly
at 100 cm from the tree horizontally and in the 0-20 cm soil layer vertically. LER = 1.45
indicates a planting advantage for AS. Overall, apple-soybean intercropping altered the
distribution of fine roots, increased SWC, and reduced SNC levels with high productivity.
This study aims to provide some technical guidance for agroforestry complex planting in
northwest China and to provide some theoretical basis for the study of the relationship
between roots and water and nitrogen in agroforestry systems.
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