
agronomy

Article

Effect of Tree Presence and Soil Characteristics on
Soybean Yield and Quality in an Innovative
Alley-Cropping System

Alberto Mantino 1,* , Iride Volpi 1, Martina Micci 2, Giovanni Pecchioni 1, Simona Bosco 1,
Federico Dragoni 1, Marcello Mele 3,4 and Giorgio Ragaglini 1

1 Institute of Life Sciences, Sant’Anna School of Advanced Studies, 56127 Pisa, Italy;
iride.volpi@gmail.com (I.V.); g.pecchioni@santannapisa.it (G.P.); s.bosco@santannapisa.it (S.B.);
f.dragoni@santannapisa.it (F.D.); g.ragaglini@gmail.com (G.R.)

2 Department of Agricultural, Food and Environmental Sciences, University of Perugia, 06121 Perugia, Italy;
martinamicci@alice.it

3 Department of Agriculture, Food and Environment, University of Pisa, 56124 Pisa, Italy;
marcello.mele@unipi.it

4 Center for Agri-environmental Research “Enrico Avanzi”, University of Pisa, 56122 Pisa, Italy
* Correspondence: a.mantino@santannapisa.it; Tel.: +39-050-883-521

Received: 22 November 2019; Accepted: 27 December 2019; Published: 30 December 2019 ����������
�������

Abstract: Agroforestry is indicated as a farming practice suited to enhance ecosystem services
generated by cropping systems. However, farmers are often reluctant to implement agroforestry
systems due to the potential yield loss of crops. In a field trial, soybean was intercropped with poplar
short-rotation-coppice rows in an alley-cropping system with 13.5 m wide alleys, in order to assess
the effect of tree presence on soybean yield and quality. The light availability (LA) was significantly
affected by the tree presence, with an increasing effect along the season due to tree growth, being at
its lowest in the tree–crop interface positions (West and East). Significant effects of the tree-distance
and LA were registered on soybean yield, with the highest reduction of soybean yield in the West
(−78%) and East (−35%) positions. Crude fat content in soybean grain did not vary among positions
in the alley, while crude protein content was the lowest in the most shaded position (West −8% than
the highest value). The assessment of spatial variability among plots of measured soil characteristics
highlighted no significant effect of pedological conditions upon soybean yield. Thus, in our study,
the LA effect was more important than soil characteristics in determining a detrimental effect of
competition for resources between soybean and poplar. Conversely, soybean quality was affected by
soil characteristics, since crude fat significantly correlated with soil nutrients, pH, soil organic matter
and soil texture.

Keywords: agroforestry; silvoarable; intercropping; poplar short rotation coppice (SRC);
sustainable intensification

1. Introduction

Among agroforestry systems, silvoarable Alley-Cropping Systems (ACS) are characterized by
the intercropping of crops and wide-row trees [1], providing a variety of products, such as food, feed,
fibers, fuelwood and timber, while increasing the potential delivery of agroecosystems services [2].
Nonetheless, farmers are reluctant to implement agroforestry systems because of the potential loss
of gross production due to: (i) the reduction of arable surface and (ii) the risk of lower crop yields
driven by the competition for resources between crops and trees [3]. In Italy, farmers consider tree
management in a silvoarable system, and its relative cost as a possible driver of failure [4]. Furthermore,
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the majority of farmers are not attracted to bioenergy plantations with fast-growing tree species such
as Populus spp., Salix spp. and Robinia pseudoacacia L., because of the poor financial returns and the
depressed Italian market [5]. The conversion of existing Short Rotation Coppice (SRC) stands to
silvoarable ACS, in which the hedgerows are managed as a SRC, is proposed as an option for the
implementation of sustainable cropping systems by combining the production of food and wood at the
farm level in the temperate regions of Europe [6,7].

In recent years, the European Commission has been fostering the cultivation of soybean, and it
has promoted the necessity to reduce consistently the dependence from imports of protein supply for
animal feeding. To date, imported soybean meal for animal feeding (i) represents 70% of protein-rich
feedstuff used in the European Union (EU) [8] and (ii) it is associated with an increase of environmental
impacts generated by land clearing in South America [9]. Worldwide, soybean represents one of the
largest sources of vegetable oil and animal protein feed [10].

The effect of intercropping on soybean productivity has been studied under several agroforestry
systems and in different biogeographic regions, resulting in different responses according to tree density
when it comes to elements such as the competition for light, water and nutrients [11–14]. In particular,
Reynolds [11] observed that, under temperate climate conditions, the reduction of light availability,
more than the competition for soil water, caused a significant decline of the Net Assimilation of
plants within a distance of 2 m from the tree rows. Other authors found that tree presence may
induce soybean yield stability and promote N2-fixation under water stress, boosting agroforestry as a
promising solution to climate change adaptation [3]. However, few studies have been conducted in
Mediterranean environments, and consequently, there is a scarcity of information about the effect of
the tree presence on the soybean seed content of fat and protein.

A soybean–poplar SRC intercropping field trial was set up in 2017 in Italy in a coastal Mediterranean
environment. The present study aims: (i) To investigate the effect of tree presence upon soybean yield
components and feed quality in a rainfed ACS, according to the position of the soybean plants in the
alley (West, Mid-West, Center, Mid-East, East) and (ii) to evaluate the effect of light availability at the
herbaceous layer and of soil characteristics on soybean grain yield and composition in an ACS.

2. Materials and Methods

2.1. Experimental Design and Crop Management

The field trial was carried out in a coastal plain area close to the city of Pisa (Tuscany, Italy), in the
Center for Agro-Environmental Research of the University of Pisa (CIRAA) “E. Avanzi” (43◦40’56.1” N,
10◦20’31.1” E; 1 m above sea level and 0% slope). The experimental area is characterized by an average
annual rainfall of 920 mm and 15 ◦C of annual mean temperature (long-term average 1986–2016).

The experimental Alley-Cropping Systems (ACS) fields were originated from a former poplar
Short Rotation Coppice (SRC) plantation (Populus x canadensis clone AF2 and Populus x generosa A.
Henry × nigra L. clone Monviso) established in 2009. The stand had a planting design of 30 rows with
a NW–SE orientation (357◦ N-NW), spaced 2.7 m between rows and 0.5 m between trees in the row.
The total surface covered is 1.2 ha. From 2009 to 2016, poplar was coppiced every two years with a
cut-and-chip harvester at the end of February, after the frost period. In March 2017 four out of five
rows of poplar were removed, leaving 12 m-wide alleys of arable surface within two single-rows of
SRC poplar spaced 13.5 m. Land clearing was performed with a forestry shredder (until 20 cm depth).
Within the arable alleys, four randomly-distributed alley plots for the cultivation of soybean were
obtained (12 × 30 m). Aside of the ACS, five continuous poplar rows spaced at 2.7 m (7400 plants ha−1),
and covering an area of about 3000 m2, were left as our SRC control treatment.

In the first year after the conversion from SRC to ACS, no crops were cultivated in the alleys, so as
to achieve the full devitalization of poplar below-ground residues by herbicide spraying on re-sprouted
shoots. The experiment started in May 2018, during the second poplar SRC growing seasons.
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The seedbed was prepared by chisel ploughing (50 cm depth) and disk harrowing for the
cultivation of soybean under rainfed conditions. Soybean (Glycine max (L.) Merr. cv. Zora) inoculated
with Bradyrhizobium japonicum was sown with a seeding rate of 50 seeds per m2. N-P-K fertilization
(32 N-96 P2O5-96 K2O kg ha−1) was provided before sowing in order to avoid soil nutrient scarcity as a
limiting factor for crop development. After 40 days from the emergence, root nodules were absent.
Thus, two consecutive nitrogen (N) applications of 92 kg N ha−1 were carried out on 13 July 2018 and
21 August 2018. Nitrogen fertilizer was applied to poplar rows in both the ACS and SRC plantations.
Soybean was harvested on 8th October 2018. The harvest of woody, above-ground biomass was
performed on 5 March 2019. Poplar above-ground biomass accumulation per plant was equal to 7.1 kg
dry weight in ACS and 4.7 kg in SRC, while the biomass production of poplar per unit area was 15.2
and 5.7 Mg ha−1 in ACS and SRC, respectively. At harvest, the average tree height was about 5.0 m in
both ACS and SRC.

2.2. Data Collection

A meteorological station, located inside one agroforestry alley plot, collected daily values of air
temperature and rainfall. Soil characteristics were derived from samples collected in 63 points and
georeferenced with a handheld global positioning system (GPS) during September 2017. Soil sampling
was performed in the overall experimental area, collecting random cores with an auger (5 cm inner
diameter) at two depths (0–10 cm and 10–30 cm). Soil cores were analyzed for the following parameters:
soil texture (international pipette method), pH (H2O, 1:2.5), organic matter content (Walkley–Black
method), total N content (Kjeldhal method), available P (Olsen method) and exchangeable potassium
(K) (BaCl2 method) [15].

The Light Availability (LA) at the herbaceous layer and its variability along the alley was measured
by means of hemispherical photos taken according to a transept replicated three times (every 10 m)
in each plot. The transept was designed in order to consider progressive distances along a line
perpendicular to the tree row and the ordination of rows. Thus, each transept consisted in five positions
from west to east within the alleys: 2.5 m-West; 4.5 m-Mid-West; 6.75 m-Center, 4.5 m-Mid-East;
2.5 m-East. Overall, 60 photos (5 positions × 3 replicates in each plot × 4 plots in the alley) were taken
by a digital camera fitted with a 180◦ fish-eye lens (Nikon, Coolpix 4500 with FC-E8 lens, Minato,
Tokyo, Japan) during three development stages of the soybean at sowing (16 June), complete formation
of side shoots (26 July) and its full maturity stage (2 October). Finally, LA was obtained by processing
the images with the free software Gap Light Analyzer 2.0 GLA [16].

In the same five positions where hemispherical photos were taken, soybean above-ground biomass
was sampled at harvest (8 October 2018), collecting 15 samples per plot in an area of 0.5 m2 each.
The following parameters were considered to evaluate the soybean productivity and yield components:
total dry weight of above ground biomass (g m−2), dry weight of grain (g m−2), dry weight of crop
residues (total weight minus the weight of grain) (g m−2), number of plants (n◦ m−2), plant height
(cm), number of internodes of the main shoot (n◦ plant−1), number of pods (n◦ pods of the sample/n◦

plants of the sample) (n◦ plant−1), average weight of a single pod (weight of pods of the sample/n◦

of pods of the sample) (g pods−1), number of seeds per pod (n◦ of seeds of the sample/n◦ of pods of
the sample) (n◦ pod−1) and the weight of 1000 seeds (g). The dry weight, samples of seeds, pods and
stems, were placed into a forced-draft oven at a 60 ◦C until constant weight for the determination of
the dry matter content.

Then, soybean grain samples were analyzed for Crude Protein (CP) and Crude Fat (CF) contents.
Crude fat was extracted for 6 h with petroleum ether, while the Kjeldahl method was used to determine
N [17]. Crude protein was calculated as N × 6.25. Area-scaled CP and CF (g m−2) were calculated as
the products of dry grain yield (g m−2) by CP and CF content (%).
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2.3. Statistical Analysis

Statistical analyses were performed using the R software [18]. Ordinary Kriging (OK) was used
to interpolate the values of 63 soil points for the analyzed parameters (Table 1) with the “gstat”
package [19,20] and “automap” package [21] was used to calculate the cross-validation outcomes.

Table 1. Mean value ± standard error (SE) of the under-canopy light availability in the alley plots (%)
for the five transect positions in the three investigated soybean growth periods (Sowing, Vegetative,
Maturity) and mean value ± standard error of the whole soybean cropping season.

Position Tree Distance (m) Sowing Vegetative Maturity Mean

West 2.5 81.24 ± 2.52 b 73.45 ± 3.37 b 68.19 ± 3.31 b 74.3 ± 2.12 c
Mid-West 4.5 94.68 ± 0.59 a 92.2 ± 0.73 a 87.72 ± 1.53 a 91.54 ± 0.71 b

Center 6.75 96.5 ± 0.32 a 95.2 ± 0.32 a 92.4 ± 0.79 a 94.7 ± 0.34 a
Mid-East 4.5 95.02 ± 0.5 a 93.75 ± 0.45 a 90.38 ± 0.68 a 93.05 ± 0.32 ab

East 2.5 84.78 ± 1.83 b 81.35 ± 1.71 b 74.9 ± 1.95 b 80.35 ± 1.64 c
Mean 90.44 ± 1.02 87.19 ± 1.33 82.72 ± 1.48 86.79 ± 1.18

Different lowercase letters indicate significant difference among light availability (LA) values for the Kruskal-Wallis
test (P adj < 0.05).

Mean and standard deviation (SD) of the soil parameters for each plot were calculated by the
“zonal statistic” function in QGIS software version 2.18.14 [22] from the raster maps generated by OK
interpolation for each investigated depth. To evaluate the relationships among soil parameters and
crop performance, in each soybean sampling point, soil parameter values were extrapolated from
the raster maps generated by OK interpolation with the “Point sampling tool” plugin found in QGIS
software version 2.18.14 [22].

The LA measured in the three soybean development stages and the average value of the cropping
season were analyzed in order to investigate the differences among the positions in the alley using
the Kruskal-Wallis Test with the “FSA” package [23], since the residuals were deviated from a
normal distribution.

The parameters describing the agronomic performance of soybean were analyzed in order to
assess the differences among the positions in the alley. Levene’s test was used to check the homogeneity
of variance and the Shapiro–Wilk test to check the normality of the residuals. The following parameters
were log transformed, since these residuals deviated from a normal distribution: “Number of pods
per plant” and “Area-scaled CF”. The effect of the position in the alley on soybean yield parameters
and grain quality was determined using the lmer() function for linear mixed-effects models, in the
“lme4” package [24], with the factor “position” (n = 5) as a fixed effect and the interaction between
“plot” (n = 4) and “replicate”(n = 3) as the random effect. Tukey’s honestly significant difference (HSD)
post-hoc test was carried out by pairwise multiple comparisons using the “emmeans” package [25] with
the emmeans() function. In order to investigate the multiple relationship among soybean grain yield,
tree presence, light availability and soil characteristics, a Principal Component Analysis (PCA) was
performed using the “vegan” package [26], and Spearman’s correlation was performed to investigate
the relationships among dry grain yield, CP, CF and soil characteristics.

3. Results

3.1. Meteorological Conditions

The most suitable sowing period for soybean in the experimental area usually occurs across April
and May; nevertheless, the high rainfall level recorded in these two months of 2018 (66 mm and 91 mm,
respectively) led to delay the sowing until June 2018.

During the soybean growing period, rainfall distribution was characterized by high variability
(Figure 1). From 1 June to 18 October the total rainfall was 125 mm, and in the sixty days after sowing,
88 mm of precipitation were registered. The wettest period was recorded in the last ten days of June
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(32 mm), while a dry period started in September and continued until soybean harvest in October.
During the soybean vegetative stages, an absence of rainfall was observed only from 31 July to 9 August
that matched with the warmest period of 2018, with an average air temperature of 27.6 ◦C. The average
temperature in the study period was 22.8 ◦C.
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Figure 1. Ten-day average rainfall and mean air temperature in San Piero a Grado (Pisa, Italy) from
1 June to 28 October 2018.

3.2. Spatial Variability of Soil Characteristics

Table A1 (Appendix A) shows the Ordinary Kriging (OK) parameters for each analyzed soil
characteristic, and Table 2 depicts the average values of the parameters for each experimental plot.
The interpolation of soil texture parameters, sand, silt and clay with OK showed a high correlation
between the observed and predicted values in both investigated depths; moreover, the Pearson’s r
ranged from 0.95 to 0.98. Lower coefficients resulted for pH and soil organic matter (SOM), with an
average value for both depths of 0.82 and 0.66, respectively. Among soil macronutrient contents,
the highest correlation value was recorded for P (0.96 and 0.94 for the 0–10 and 10–30 cm depths,
respectively) and the lowest for N with 0.61 and 0.71, for these same 0–10 and 10–30 cm depths,
respectively. Regarding the variability of soil parameters along the field site, plots A and B were
characterized by a higher presence of sand and a lower of silt and clay if compared to the plots C and
D (Table 2). In particular, sand showed the highest variability among plots, (coefficient of variation
(CV) = 0.85 and 0.84, 0–0.10 m and 0.10–0.30 m depths, respectively) while silt and clay varied less.
Soil pH, SOM, Total N and exchangeable K varied slightly among plots, while conversely, available
P showed a high variation with a CV of 0.60 and 0.54, for the 0–0.10 m and 0.10–0.30 m depths,
respectively (Table 2).

3.3. Effect of the Position in the Alley on Light Availability, Soybean Yield and Quality

On average, in the four investigated plots, LA showed a decreasing trend during the soybean
growing season in all considered positions (Table 1). The average value of LA during the soybean
growing season was 86.79% ± 1.18%. The mean LA in the alley was 90.44% ± 1.02%, 87.19% ±
1.33% and 82.72% ± 1.48% in the first, second and third periods of investigation, respectively. LA at
the herbaceous layer varied significantly in each sampling period among the investigated positions
according to the tree distance. In all the sampling periods LA exhibited a similar pattern along the
alley transect, showing a significant reduction in the closer position to both tree rows, (West and East)
with respect to the central positions (Table 1). LA mean in the West and East positions (2.5 m from
the tree rows) was significantly lower with respect to the other positions in the alley. The highest
LA in the alley was recorded in the Center position with average value of 94.70% ± 0.34%. LA in
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Mid-West (91.54% ± 0.71%) position was lower with respect to Mid-East (93.05% ± 0.32%), similarly LA
in West (74.30% ± 2.12%) was lower than in East (80.35% ± 1.64%), even if these differences were not
statistically significant (Table 1).

Table 2. Average plot values and Coefficient of Variation (CV) among plots of soil characteristics of the
experimental plots: presence of sand (g kg−1), silt (g kg−1), clay (g kg−1), pH, soil organic matter (SOM)
(%), total N (%), available phosphorus (ppm of P2O5) and exchangeable potassium (ppm of K2O).

Average Value of Each Plot (0–10 cm Depth) ± Standard Deviation

Parameter Plot A Plot B Plot C Plot D CV

Sand 541 ± 51 397 ± 79 79 ± 9 77 ± 17 0.85
Silt 269 ± 33 349 ± 46 569 ± 6 578 ± 3 0.35

Clay 196 ± 24 249 ± 28 332 ± 15 304 ± 6 0.22
pH 7.51 ± 0.01 7.68 ± 0.06 7.71 ± 0.01 7.62 ± 0.02 0.01

SOM 3.12 ± 0.20 3.68 ± 0.18 3.16 ± 0.14 2.96 ± 0.05 0.1
Total N 1.94 ± 0.19 2.21 ± 0.08 1.93 ± 0.11 1.86 ± 0.03 0.08
P2O5 272 ± 5 225 ± 29 86 ± 9 77 ± 2 0.60
K2O 515 ± 41 511 ± 33 431 ± 8 452 ± 4 0.09

Average Value of Each Plot (10–30 cm Depth) ± Standard Deviation

Parameter Plot A Plot B Plot C Plot D CV

Sand 547 ± 50 419 ± 63 90 ± 7 73 ± 8 0.84
Silt 261 ± 22 349 ± 51 551 ± 7 558 ± 9 0.35

Clay 189 ± 19 247 ± 19 354 ± 6 350 ± 2 0.28
pH 7.54 ± 0.06 7.54 ± 0.05 7.65 ± 0.09 7.57 ± 0.01 0.01

SOM 2.23 ± 0.15 2.56 ± 0.12 2.19 ± 0.03 2.24 ± 0.02 0.07
Total N 1.53 ± 0.14 1.65 ± 0.1 1.51 ± 0.06 1.45 ± 0.02 0.05
P2O5 254 ± 13 225 ± 24 77 ± 6 98 ± 4 0.54
K2O 474 ± 81 418 ± 57 306 ± 7 313 ± 7 0.22

All of the measured parameters describing the soybean development were significantly affected
by their position in the alley, except for the 1000 seeds weight (Table 3).

In particular, the dry weight of grain was the highest in Center (247 ± 25 g m−2), the lowest in
West (−78%), while it recorded intermediate values in the other positions (on average 182 ± 14 g m−2).
The dry weight of total biomass and the dry weight of crop residues showed a similar behavior, being
the highest in Center, the lowest in West (−75% total biomass and −72% crop residues) and intermediate
in the other positions. The number of plants in a square meter was the highest in Center and in East
(on average 22 ± 1 m−2), and the lowest in West (14 ± 2 m−2), while Mid-West and Mid-East were in
between the two extreme values (on average 18 ± 2 m−2). The height of the plants and the number of
internodes were the lowest in West (33 ± 6 cm, 6 ± 1 n◦ m−2), while these values were not different
among the other positions (on average 50 ± 1 cm, 9 ± 0.2 n◦ m−2). The number of pods per plant was
the highest in Center, Mid-West and Mid-East (on average 50 ± 10 n◦ plant−1) and the lowest in West
(16 ± 5 n◦ plant−1), while East recorded an intermediate value (30 ± 3 n◦ plant−1).

The average dry weight of a single pod was the highest in Center, Mid-West and Mid-East
(on average 0.41 ± 0.02 g pod−1), the lowest in West (0.31 ± 0.03 g pod−1), and it was intermediate in
East (0.39 ± 0.03 g pod−1).

The number of seeds per pod was the lowest in West (1.6 ± 0.2 n◦ pod−1), the highest in Center
(2.2 ± 0.1 n◦ pod−1).
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Table 3. Effect of the position in the alley on the measured soybean yield parameters (mean ± standard error). Different lowercase letters indicate significant difference
among position in the alley for Tukey’s HSD test.

Position Dry Weight Grain
(g m−2)

Dry Weight of Crop
Residues
(g m−2)

Dry Weight Total
Biomass
(g m−2)

Number of Plants
(n◦ m−2)

Plant Height
(cm)

Number of Internodes
(n◦ plant−1)

Number of Pods
(n◦ plant−1)

Dry Weight Pods
(g pod−1)

Number of Seeds Per
Pod

(n◦ pod−1)

1000 Seeds Weight
(g)

Significance *** *** *** * *** *** * ** * n.s.
West 54.9 ± 21.8 c 80.8 ± 32.8 c 135.7 ± 54.1 c 14.0 ± 2.2 b 32.6 ± 5.7 b 5.7 ± 0.8 b 15.9 ± 4.5 b 0.31 ± 0.03 b 1.6 ± 0.2 b 125.4 ± 6.2

Mid-West 161.8 ± 29.9 ab 186.0 ± 30.3 b 347.8 ± 58.9 b 16.5 ± 2.2 ab 50.7 ± 3.0 a 8.4 ± 0.4 a 48.7 ± 13.8 a 0.40 ± 0.02 a 2.0 ± 0.1 ab 138.7 ± 2.7
Center 247.2 ± 25.4 a 294.9 ± 27.7 a 542.1 ± 51.1 a 21.5 ± 2.1 a 52.8 ± 2.7 a 8.9 ± 0.4 a 49.0 ± 8.9 a 0.43 ± 0.02 a 2.2 ± 0.1 a 138.8 ± 2.2

Mid-East 229.5 ± 20.5 ab 258.2 ± 17.2 ab 487.7 ± 33.7 ab 19.8 ± 2.3 ab 51.1 ± 2.2 a 9.0 ± 0.4 a 52.5 ± 7.8 a 0.40 ± 0.01 a 1.9 ± 0.1 ab 139.5 ± 2.3
East 152.4 ± 17.4 b 200.6 ± 27.6 b 353.1 ± 35.9 b 22.4 ± 1.7 a 46.8 ± 3.3 a 8.2 ± 0.4 a 30.2 ± 3.2 ab 0.39 ± 0.03 ab 1.9 ± 0.2 ab 137.5 ± 4.4

Significance was as follows: n.s. is not significant; * is significant at the p ≤ 0.05 level; ** is significant at p ≤ 0.01 level; *** is significant at p ≤ 0.001 level.
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Soybean grain CP content was significantly affected by the position in the alley, being the lowest
in West (30% ± 1 %), the highest in Mid-West, Mid-East and East (on average 33 ± 1 %) and recorded a
middle value in Center (31% ± 1 %), Table 4. Differently, Soybean grain CF content was not significantly
affected by the position.

Table 4. Effect of the position in the alley on crude proteins (CP) and crude fat (CF) contents both
expressed as percentage in the soybean grain (%) and as the quantity in a square meter of the
field (g m−2).

Position CP (%) CF (%) CP (g m−2) CF (g m−2)

Significance ** n.s. *** ***
West 30.3 ± 1.3 b 18.1 ± 1.6 17.7 ± 7.4 c 13.2 ± 4.2 b

Mid-West 32.2 ± 1.5 a 16.8 ± 1.1 50.3 ± 8.6 b 25.6 ± 4.0 ab
Center 31.3 ± 1.3 ab 17.1 ± 1.3 82.2 ± 6.7 a 43.9 ± 7.3 a

Mid-East 32.8 ± 1.5 a 18.5 ± 1.3 74.0 ± 6.0 ab 44.2 ± 6.4 a
East 32.7 ± 1.6 a 15.8 ± 1.0 49.9 ± 6.2 b 23.3 ± 2.4 ab

Significance was as follows: n.s. is not significant; ** is significant at p ≤ 0.01 level; *** is significant at p ≤ 0.001 level.

The area-scaled quantity of CP was affected by the position in the alley, being ordered as Center <

Mid-East < Mid-West = East < West. Moreover, also the area-scaled quantity of CF was significantly
affected by the position, with the lowest value recorded in West, the highest in Center, Mid-East and
East, and Mid-West was in between the two extremes.

3.4. PCA Analysis of the Effect of Soil Characteristics on Soybean Yield and Quality

The first two principal components describing the relationship among soybean grain yield,
the distance of the observations from the tree row, the light availability and the content of sand in
the soil explained ca. 82% of the total variance (Figure 2). In particular, the analysis highlighted that
the first principal component was positively associated to the distance from the tree row, the light
availability and the grain yield. The second principal component was positively associated with the
sand presence of the soil. Indeed, concerning the positions, the first component separated the soybean
samples according to the position in the alley: samples from the West position had negative scores of
the first component being associated to the lowest light availability and lowest yield. On the contrary,
samples from the Center position had positive scores of the first principal component, being associated
with the highest light availability and the highest yield. The second principal component detached the
samples according to the sand presence in the soil, irrespective to the grain yield (Figure 2).
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Figure 2. Biplot for Principal Components Analysis (PCA). Variables were: sand content in soil (“Sand
%”), distance from tree row in meters (“Tree distance”), light availability (“Light availability %”) and
dry grain yield in g m−2 (“Dry grain yield”). Colored ellipses highlight the observations taken in the
different position in the alley.

The analysis of the Pearson correlation confirmed that the main soil characteristics were not
related to the dry grain yield (Figure 3). Soybean grain CF content was positively correlated with
the soil pH (rs: 0.42), while it was negatively correlated with the content of exchangeable K in soil
(rs: −0.33). Grain CP content correlated significantly with all the soil characteristics measured, and in
particular, it was positively correlated with: available P (rs: 0.83), sand (rs: 0.77), total N (rs: 0.33), SOM
(rs: 0.28) and exchangeable K (rs: 0.79). Conversely, CP was negatively correlated with pH (rs: −0.64),
silt (rs: −0.77) and clay (rs: −0.83).
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Figure 3. Correlation plot among soil characteristics, grain yield and quality. CF: crude fat (%), CP:
crude protein (%), P: available phosphorous in soil (ppm of P2O5), Sand: sand content in soil (g kg−1),
pH: pH of soil, Silt: silt content in soil (g kg−1), Clay: clay content in soil (g kg−1), N: total nitrogen
in soil (%�), SOM: soil organic matter content in soil (%), K: exchangeable potassium in soil (ppm of
K2O). Numbers are the Spearman’s coefficients (rs). Asterisks indicate significance levels: * p ≤ 0.05,
** p ≤ 0.01, *** p ≤ 0.001.

4. Discussion

During 2018, water availability was likely not limiting for the growth of both soybean and poplar,
as rainfall occurred uniformly until September. Comparatively, mineral nutrients were sufficiently
present, as deficiency symptoms in crop and trees were not observed, mainly thanks to a good initial
soil fertility and to the distribution of N, P and K through mineral fertilization. Indeed, concerning
nitrogen, N fertilizer was distributed at sowing and in two topdressing applications, since no nodule
formation was observed in soybean roots, even if soybean seeds were inoculated with Bradyrhizobium
japonicum. Previous studies reported that alkaline pH in the soil is not optimal for B. japonicum, and thus
nodulation may be reduced or inhibited [27,28].

Soybean yield in alley cropping with poplar SRC varied according to the light availability and tree
distance with a significant reduction in the tree–crop interface positions (West −78% and East −35%)
with respect to the Center position of the alley (6.75 m distance from the tree rows). In particular,
the West position was the one which recorded the lowest dry grain yield, linked to the lowest number
of plants, the lowest average height of plants and the lowest number of pods per plant. In a field trial
on clay loam soil in subtropical–humid conditions, [29] it was reported that soybean plant height was
higher in shade conditions (resulting in 60% light reduction) than in a natural light setting, even if the
number of nodes was significantly reduced like in our study.
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Moreover, in our study the average weight of a single pod was the lowest in West as the number
of seeds per pod was the lowest with respect to the other positions, while the weight of 1000-seeds was
not significantly affected by the position in the alley. Other authors reported that shade reduced the
number of pods per soybean plant, with no effect on the size of seeds and no effect on the number of
seeds per pod [30,31].

Recently, [14] a field trial in Uganda demonstrated that soybean was significantly affected by
intercropping with a deciduous tree, Vitellaria paradoxa, showing a yield reduction with respect to an
open field cultivation, ranging from 39% to 46% when cultivated under the canopy of young and
mature trees, respectively. Under humid, sub-tropical conditions in Brazil [13], it was shown that
soybean yield parameters were affected by LA reduction in two agroforestry systems based upon
eucalyptus and Peltophorum dubium. Their results highlighted that the yield components of soybean,
cultivated in a 12-m-wide alley-cropping system, were significantly reduced by LA equal to 65% in
the understory layer. Moreover, it was found that there were no significant differences for 1000-seeds
weight similarly to what we observed in our study.

Under the temperate climate conditions of Southern Quebec, in an ash and oak row-based
alley-cropping system (tree rows spaced 4 m with a NW–SE orientation) [32], a soybean yield reduction
according to the tree presence was measured in 2016, while in 2017, no differences were recorded.
In their study, the yield reduction was about 39% from the Center of the plot to the tree–crop interface
zone where the tree–crop distance was equal to the half of the tree height. Nevertheless, their results
highlighted that no differences occurred in soybean yield cultivated in the other three agroforestry
systems in Quebec in the same years. In our field trial, according to results observed in 2016 by Carrier
et al. [32], the significant yield reduction of soybean occurred when the distance from the trees was
about half of the tree height in both sides of the alley. Moreover, no significant differences were found
for Center and Mid-West/Mid-East positions, even if our investigated system is characterized by a
higher tree density compared to the alley system studied by Carrier et al. [32] (700 vs. 28 plant ha−1).
In addition, Reynolds et al. [11] in 2007 reported that taller trees casting a longer shadow provide a more
detrimental effect on soybean net assimilation and productivity. Furthermore, they concluded that
competition for water was of lesser importance than competition for light. In the same environment,
Isaac et al. [12] observed a soybean above-ground and below-ground biomass reduction according
to the soybean–poplar row distance, but with no significant correlations between light parameters
and crop biomass. In agreement with other Canadian outcomes from a poplar–soybean intercropping
two-year study [31], our result showed that a small difference in LA between the West and East positions
affected soybean yield and total biomass production at the poplar–soybean interface, suggesting that
competition for light was more important than competition for water in 2018.

In our study, the variation of the grain quality of soybean according to the position in the alley was
also evaluated, and no effect of distance from tree rows and LA was observed on the grain CF content,
while a lower grain CP content was recorded in the West position (−8% with respect to the highest
value). Our results were in partial agreement with that reported by Werner et al. [33], that highlighted
a no significant effect of tree distance on soybean CF and CP content in a Eucalyptus grandis agroforestry
system in Southern Brazil.

Few previous studies investigated the effect of soil physical and chemical properties on soybean
yield and quality, even if some authors reported a significant variability in soybean productivity and
grain quality both among sites and within the same field [34,35]. In our study, we did not observe
any significant correlation among dry grain yield and soil characteristics, although the availability of
nutrients in soil (e.g., P, K) may be limiting for the crop at a high level of soil pH [36,37]. Maybe, the P
and K fertilization carried out in our experiment may have masked this effect.

Based on our results, soybean grain yield was not correlated with CF and CP grain content.
Previous studies reported contrasting results regarding the relationship between soybean yield and
CF/CP contents, probably due to the high variability in the values of soybean yield and quality found
in those experiments [35,38]. Many studies also reported a significant negative correlation between CF
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and CP content [39], although this is not confirmed in our study. However, in our study, differently
to grain yield, the contents of CF and CP in grain were affected by soil characteristics. Indeed, CF
content in soybean grain was slightly negatively correlated with the exchangeable K content of the
soil. This correlation however may be a consequence of the strong, negative correlation between K
content and soil pH, as we highlighted that CF values positively correlated with pH, while CP content
showed a negative correlation with soil pH. This result is in line with Anthony et al. [36] that reported
a negative correlation between soil pH and the protein/oil ratio in soybean. In our study, CP content
in soybean grain increased at higher sand contents, which are associated with lower pH values and
higher P and K availability. Moreover, N and SOM contents were positively correlated with CP in
soybean grain, as reported by Spoljar et al. [40]. Furthermore, other factors not considered in this study,
such as cultivar and year, may affect protein and oil content in soybean more than nutrient availability
with medium-to-high initial soil fertility [41,42].

5. Conclusion

This study evaluated the effect of tree presence on soybean yield in rainfed Mediterranean
conditions and highlighted the detrimental effect on crop yield in the tree–crop interface. Moreover,
soybean yield was significantly different between the opposite tree–crop interface positions in the alley,
West and East, highlighting that the competition for light between trees and soybean was likely more
important than the competition for water. Yield reduction was not registered in the two intermediate
positions as compared with the Center, demonstrating that the detrimental effect of the tree presence
on soybean yield is important when the tree–crop distance is lower than the tree height in a poplar
SRC silvoarable system. Slight differences were recorded in the contents of oil and protein in soybean
grain among the positions in the alley, and in particular the percentage of protein in soybean grain
was significantly lower only in West. Concluding, further field studies are needed to investigate the
productivity of soybean in alley-cropping systems and the stability of the production in the long term,
testing also how different soybean cultivars could respond to cultivation under tree canopy in order to
improve the productivity of soybean and poplar intercropping.
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Appendix A

Table A1. Ordinary Kriging (OK) parameters of soil characteristics of the experimental plots: presence of
sand, silt, clay, pH, SOM, total N, available phosphorus (P2O5) and exchangeable potassium K2O, * Mean
Squared Normalized Error, ** Pearson correlation coefficient between observed and predicted values,
“Sph”—spherical model, “Exp”—exponential model, “Gau”—gaussian model, “Wav”—wave model.

Sand Silt Clay pH SOM Total N P2O5 K2O

Ordinary kriging parameters (0–10 cm soil depth) and cross-validation (5 folds) results

Variogram Model Sph Exp Exp Wav Exp Sph Gau Gau
Nugget 512.86 177.38 0.00 0.01 0.05 0.01 313.68 958.79

Partial Sill 12,685.88 29,885.08 1542.97 0.01 0.31 0.071 4230.47 6662.27
Range 89.88 363.82 13.74 39.99 27.77 50.80 67.35 9.19

MSNE * 0.77 0.815 0.98 1.29 0.90 1.16 0.49 0.87
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Table A1. Cont.

Sand Silt Clay pH SOM Total N P2O5 K2O

Correlation ** 0.98 0.98 0.95 0.78 0.67 0.61 0.96 0.79

Ordinary kriging parameters (10–30 cm soil depth) and cross-validation (5 folds) results

Variogram Model Gau Gau Exp Sph Exp Sph Gau Sph

Nugget 1024.52 508.80 127.43 0.000 0.030 0.006 152.67 0.00
Partial sill 8990.09 4924.37 1227.82 0.02 0.26 0.07 2065.38 8458.37

Range 34.360 40.25 23.82 15.26 37.10 47.96 23.07 44.86
MSNE * 1.83 1.30 0.95 0.76 0.99 1.01 1.31 1.08

Correlation ** 0.96 0.97 0.96 0.86 0.65 0.71 0.94 0.85
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