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Abstract The transition from conventional arable 
towards silvoarable systems can increase the deliv-
ery of ecosystem services. Nevertheless, the assess-
ment of crop yield under agroforestry condition is 
crucial to evaluate of the reliability of these systems 
and to increase the knowledge base needed to sup-
port their design. Although the feasibility of pop-
lar short rotation coppice (SRC) silvoarable alley-
cropping systems has been widely investigated, few 
studies have addressed the agronomic response of 
crops intercropped with poplar SRC in narrow alleys, 
especially in Mediterranean environments. Thus, 
this paper treats the effects of SRC poplar rows on 

soybean and sorghum productivity in a 2-year rota-
tion implemented in an alley-cropping system. A field 
experiment was carried out in 2018 and 2019 with the 
objective of measuring and evaluating effects of light 
availability variation, as affected by the growing rate 
of 2-year coppice cycle poplar SRC rows, and the soil 
characteristics on soybean-sorghum and sorghum–
soybean rotations. Above-ground biomass, grain 
yield and crops residue showed a significant reduc-
tion in the tree–crop interface up to 74% and sorghum 
proved to be less tolerant to light reduction compared 
to soybean. Our results demonstrated that light is the 
most important factor for sorghum cultivation, despite 
grain yield was also influenced by the soil character-
istics such as pH, while soybean is affected also by 
soil moisture and water retention capacity. The design 
of crop rotation in an SRC-based agroforestry system 
needs to consider the different agronomic perfor-
mance of different crops and the harvest cycle of tree 
rows.

Keywords Agroforestry · Tree · Crop · Light · Soil 
nutrients · Water

Introduction

The development of agroforestry systems has been 
shown to be an appropriate strategy to improve the 
potential ecosystem services delivered by farming 
systems and to tackle the changing climate (Burgess 
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and Rosati 2018; Kay et al. 2019; Paris et al. 2019). 
Silvoarable cropping systems can be more effective in 
generating ecosystem services compared to conven-
tional arable systems (Palma et al. 2007). The sustain-
ability of these systems relies on the following key 
aspects: combining food, feed, and timber produc-
tion on the same land surface, stocking carbon in the 
above- and below-ground biomass of trees, reducing 
soil erosion soil and flooding risks, and improving 
nutrient cycling (Tsonkova et al. 2012; Torralba et al. 
2016). By contrast, some negative concerns of agro-
forestry could arise from management and socio-eco-
nomic issues, due to increased labor, complexity of 
work, management costs and administrative burden. 
However, stakeholders usually agree on the positive 
effect of productions diversification on additional and 
diversified income opportunities (García et al. 2018).

In Europe, poplar tree plantations managed as 
short rotation coppice (SRC) showed a high biomass 
potential for energy use (Nassi et al. 2010) but farmers 
have shown scarce interest in poplar SRC pure stands, 
due to low market opportunities for a biomass feed-
stock characterized by a lower calorific value, higher 
ash content and logistic problems compared to other 
woody sources (Elghali et  al. 2007). However, the 
recent European Commission’s decision to include 
agroforestry as a practice for carbon farming and 
other eco-schemes related with climate change miti-
gation and adaptation, prevention of land degradation 
and protection of biodiversity (European Commission 
2021) makes SRC suited for agroforestry-related sub-
sidies. Thus, the conversion from SRC plantation to 
silvoarable alley cropping-systems could become an 
interesting option for the transition towards sustain-
able agroforestry systems. Investigating the feasibil-
ity of silvoarable alley-cropping systems based on 
poplar short rotation coppice (SRC) has highlighted: 
(i) lower wood biomass production per hectare than 
pure poplar SRC stands, due to the reduced tree den-
sity, despite a higher growth rate per plant; (ii) tree 
rows significantly affect crop performance, compet-
ing for water, nutrients, and light, especially in the 
tree-crop interface zone (Swieter et  al. 2021); (iii) 
tree arrangement and orientation, as well as the land 
ratio between trees and herbaceous crops (Lamerre 
et al. 2015; Seserman et al. 2019), are key factors for 
the sustainability of silvoarable systems (Tsonkova 
et  al. 2012). In alley-cropping system, the choice of 
herbaceous crop is crucial for exploiting facilitations 

and limiting competition of trees. Literature high-
lighted that at middle latitudes winter crops would 
be preferable in association with deciduous trees to 
prevent competition for radiation use from the tree 
canopy (Lovell et al. 2018) and woody elements such 
as branches and trunk and can affect crop yield (Tal-
bot and Dupraz 2011). Besides, warm-season crops 
could benefit from the reduction of potential evapo-
transpiration, exploiting the windbreaking function of 
tree rows, especial in rainfed systems (Kanzler et al. 
2019).

In previous studies, authors have demonstrated the 
suitability of the intercropping of both soybean and 
sorghum with poplar SRC in narrow alleys in rainfed 
Mediterranean conditions (Mantino et al. 2020; Pec-
chioni et al. 2020). In the present study, authors inves-
tigated the feasibility of soybean and sorghum culti-
vation in a poplar SRC agroforestry system exploring 
the relationship between of crop rotation and tree 
biomass cutting cycle. Other studies have highlighted 
that, in both temperate and tropical environments, 
C3 species seem to be more adaptable to the shading 
effect of trees in agroforestry systems than C4 spe-
cies (Reynolds et  al. 2007; Magalhães et  al. 2019; 
Ogwok et al. 2019). However, few studies have been 
conducted in Mediterranean environments aimed at 
assessing the agronomic response of a 2-year rotation 
including soybean and sorghum intercropped with 
poplar SRC in narrow alleys.

The hypothesis of the present study is that the 
effect of tree presence on herbaceous plant in a poplar 
SRC agroforestry system depends on the combination 
of tree cutting cycle and crop species. To fill the gap 
in practical and scientific knowledge, needed for the 
correct design and implementation of diversified and 
complex cropping systems such as agroforestry, the 
aim of present study was to investigate the effects of 
SRC poplar rows on soybean and sorghum agronomic 
performance in a 2-year rotation in an alley-cropping 
system.

Materials and methods

Site description and experimental design

A 2-year field trial was carried out at the Centre for 
Agro-Environmental Research of the University of 
Pisa (CiRAA) "E. Avanzi", San Piero a Grado, Pisa, 
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Italy (43° 40′ 49″ N, 10° 20′ 47″ E; 1 m above sea 
level and 0% slope). The average climate conditions 
of the site are characterized by an annual rainfall of 
920 mm and an annual mean temperature of 15 °C 
(long term average 1987–2017).

The study was conducted in an alley-cropping 
experimental field based on poplar SRC rows 
NW–SE oriented (357° N-NW) and a 2-year rota-
tion including each year soybean (Glycine max (L.) 
Merr. cv. Zora) and sorghum (Sorghum bicolor L. 
Moench cv. Baggio). The experimental field origi-
nated from a 1.2  ha former poplar SRC plantation 
(Populus ×canadensis Moench. clone AF2 and Pop-
ulus × generosa Henry × nigra L. clone Monviso) 
established in 2009. From 2009 to 2017, the pop-
lar trees were coppiced every 2 years (2011, 2013, 
2015, and 2017) with a cut-and-chip harvester at the 
end of winter. During the present study, the poplar 
shoots were harvested in March 2019 between the 
two cropping seasons. The characteristics of poplar 
SRC rows, summarized in Table 1, were measured 
at the end of winter, before sprouting or before cut-
ting, in 2017, 2018 and 2019.

Arable alleys were created after the harvest in 
March 2017, by removing four out of five rows, 
thus leaving a 12 m wide net workable space, cor-
responding to a gross distance between tree rows of 
13.5  m. Land clearing was carried out with a for-
estry shredder followed by disk harrowing at 20 cm 
depth. During summer 2017, chemical weeding was 
carried out to kill poplar shoots resprouted from 
surviving roots. Both soybean and sorghum, were 
sown in 2018 and 2019 in four plots (12 m wide and 
30 m long) for each crop (total number of plots per 
year was equal to eight). Then, two rotations, sor-
ghum-soybean and soybean-sorghum took place for 
2  years, in 2018 and 2019, while 2  years old pop-
lar shoot was harvested in March 2019, between the 
two cropping seasons.

Soil data collection, soil characteristics and plot 
selection

In September 2017, along the length of the experi-
mental field, fifty soil cores sampled randomly at 
two different depths, 0–10  cm and 10–30  cm, were 
analyzed for: soil texture (international pipette 
method), pH  (H2O, 1:2.5), organic matter content 
(Walkley–Black method), total nitrogen (N) content 
(Kjeldhal method), available phosphorus (P) (Olsen 
method) and exchangeable potassium (K)  (BaCl2 
method) (Motsara and Roy 2015). Soil samples were 
collected in all the experimental site, to obtain spa-
tialized soil characteristic maps. Thus, discrete data 
points from soil analyses were interpolated according 
to the ordinary kriging method implemented in the 
R package “gstat” (Pebesma 2004). The “automap” 
(Hiemstra et al. 2009) package was performed to vali-
date the raster layers from the ordinary kriging mod-
els. The “zonal statistic” function of QGIS (v. 3.12) 
was used to calculate the mean and standard deviation 
of the soil parameters of each investigated plot from 
the raster layers of soil characteristics (Table 2).

The soil parameter values of the plots are reported 
in Table  1. The validation results of the ordinary 
kriging models for each analyzed soil characteris-
tic were reported in a previous study (Mantino et al. 
2020). The assessment of soil characteristics high-
lighted a high spatial variability along the experimen-
tal site probably due to the soil genesis of the Pisa 
coastal plain originating from the deposition of par-
ticles from periodic overflows of the river Arno and 
by land reclamation carried out during the Medici 
age (fifteenth century). As a consequence, the pres-
ence of sand, silt, and clay in the soil varied among 
plots with a coefficient of variation of 0.75, 0.31, and 
0.22, respectively (Table  2). Likewise, the presence 
of available phosphorus and exchangeable potassium 
in the soil varied according to the texture, with an 

Table 1  Average 
characteristics of short 
rotation poplar coppice row 
in the alley-cropping system 
(average ± SE)

Unit 2017 2018 2019

Tree height m 3.3 ± 0.0 5.0 ± 0.1 4.2 ± 0.1
Mean crown diameter m 3.0 ± 0.1 3.1 ± 0.1 Na
Number of shoots per plant shoots  stool−1 21.4 ± 0.9 21.3 ± 1.2 17.6 ± 0.9
Mean shoot diameter mm 17.4 ± 0.4 22.4 ± 0.6 17.8 ± 0,3
Theoretical plant density stools  ha−1 1481 1481 1481
Actual plant density stools  ha−1 798 798 798
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increasing trend positively correlated with the sand 
content. Conversely, soil organic matter, pH and total 
N values showed a lower variability among the exper-
imental plots (Table 2).

Eight plots (four per each crop) were selected in 
both silty-clay-loam and loam to sandy-loam soil 
areas, to take into account the texture as a source of 
variability. From the first year of the experiment, two 
plots per soil type were assigned to sorghum and soy-
bean. N, P, and K fertilization was applied before crop 
sowing in both years of the study in such a way to 
reduce the limiting effect due to nutrient availability.

Crop management and data collection

The seedbed preparation in 2018 and 2019, for both 
soybean and sorghum, consisted in chisel ploughing 
(0.5  m depth) and disk harrowing and in 2019 crop 
residues were incorporated into the soil. In 2018, wet 
conditions in spring delayed sowing date that was 
carried out in June while in 2019 was carried out in 
April.

A ternary compound fertilizer was applied in both 
years at rates of 32 N, 96  P2O5, and 96  K2O kg  ha−1 
before soybean sowing. On 12 June 2018, soybean 
inoculated with Bradyrhizobium japonicum (coated 
seed) was sown with a seeding rate of 50 seeds  m−2. 
The following year was sown on 29 April 2019. In 
both experimental years, 40  days after emergence 
root nodules were absent, thus two consecutive nitro-
gen applications of 92 kg N  ha−1 were carried out on 
13 July 2018 before the inter-row hoeing and on 21 
August 2018 at the first visible pods (69 BBCH phe-
nology scale). In 2019, on soybean a single nitrogen 
application was carried out at a rate of 92 kg N  ha−1 
on 9 July 2019 before the inter-row hoeing. N ferti-
lization was reduced compared to the previous year 
due to a high quantity of residual N. Authors hypoth-
esis about the absence of inoculation is that the use of 
coated seed with Bradyrhizobium japonicum was not 
the optimal strategy in a field with no soybean culti-
vation in the last 10 years. In fact, in 2020 (year out of 
this study) the soybean inoculated with a handmade 
liquid inoculum was rich in root nodules in all the 
agroforestry plots. Moreover, authors did not observe 
any correlation between inoculation rate and distance 
from trees. Soybean was harvested on 8 October and 
24 September, in 2018 and 2019 respectively.Ta
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Regarding sorghum, a ternary compound fertilizer 
was applied in both years at rates of 32 N, 96  P2O5, 
and 96  K2O kg  ha−1 before sowing. On 6 June 2018, 
sorghum was sown with a seeding rate of 40 seeds 
 m−2 and N was applied before the inter-row hoeing 
with a rotary cultivator at a rate of 184 kg N  ha−1 on 
10 July. The following year sorghum was sown on 29 
April and N fertilization was performed at a rate of 
92 kg N  ha−1 on 9 July. As for the soybean, N ferti-
lization in the second year was reduced due to a high 
level of residual N from the previous year. Sorghum 
was harvested on 4 October and 24 September, in 
2018 and 2019 respectively.

On 26 June 2019, one overhead irrigation of 
30 mm was performed in all experimental plots using 
a travelling sprinkler to help crop growth due to the 
lack of rainfall during June (see Fig. 2).

Sorghum and soybean were sampled at harvest to 
measure the above ground biomass production and its 
partitioning between grain and residue. The sampling 
points were positioned along a transect replicated 
three times per plot spaced 10  m. In each transect, 
the sampling was carried out on five points at fixed 
distances from the tree row westward to eastward, in 
positions referred to as West (2.5 m distance from the 

tree row), Mid-west (4.5  m), Centre (6.75  m), Mid-
east (4.5 m) and East (2.5 m), for a total of 15 sam-
ples per plot (overall 60 samples per crop per year). 
Soybean and sorghum above-ground biomass sam-
ples were collected by cutting the plants at ground 
layer harvesting on a 0.5  m2 surface (Fig.  1). Crop 
production in the two experiment years was measured 
as follows: total above-ground biomass dry weight 
(g  m−2), grain dry weight (g  m−2), and residue dry 
weight (total dry weight minus grain dry weight) 
(g  m−2). Samples were fresh weighed and sub-sam-
ples were oven dried at 60 °C for dry matter content 
determination.

Light availability data collection

The light availability (LAV) at the herbaceous layer 
was measured by means of hemispherical photos. 
Photos were taken at dawn or sunset, to prevent the 
disturbance of direct sunlight. Photos were taken 
with a digital camera equipped with a 180° fish-eye 
lens (Nikon, Coolpix 4500 with FC-E8 lens, Minato, 
Tokyo, Japan) at a fixed distance of 1  m from the 
ground (Frazer et al. 1999) and when necessary pho-
tos were taken above the herbaceous layer. The LAV 

Fig. 1  Experimental field and representation of main cultiva-
tion phases of trees and crops in the experimental field starting 
from the conversion from short rotation coppice to alley-crop-
ping systems. The pictures provide a schematic view of a plot 

during the month of July from 2016 to 2019. W means, MW 
means Mid-west, C means Centre, ME means Mid-east, E East 
sampling point position
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measurement scheme was arranged in five points rep-
licated in three transects in each plot, following the 
same layout described above, for soybean and sor-
ghum (Fig.  1). LAV measurements were performed 
on 3  days in 2018 and 2  days in 2019, at different 
crop development stages. The first LAV measure-
ment round was performed at sowing (16 June 2018 
and 24 June 2019, for both crops). The second took 
place during soybean and sorghum vegetative growth 
(26 July 2018 and 25 July 2019). In 2018, the third 
round was carried out at the end of the growing sea-
son, before crop harvesting (2 October). LAV was 
obtained by processing the images with Gap Light 
Analyzer 2.0 GLA (Frazer et al. 1999).

Meteorological conditions

Meteorological data was collected by a public 
weather station (43°38′16.8"N 10°23′27.6"E) of the 
Tuscany Region (http:// www. sir. tosca na. it). Figure  2 
shows the meteorological conditions during the study 
period and the graphs highlight the dry months, when 
precipitation is equal to or less than twice of the 
monthly mean air temperature (P ≤ 2  T) (Bagnouls 
and Gaussen 1957). In the 2 years of the experiment, 
from May to October, the rainfall patterns differed 
greatly between years. In May 2018, a high precipi-
tation was recorded (91 mm, + 36% compared to the 

long term), forcing a delay in sowing to early June 
(Fig.  2). In April 2019, an unusual amount of rain-
fall was recorded (101  mm, + 25% higher than the 
long-term average). In 2018, between late June and 
late July, 4 days with over 6 mm of rain occurred for 
a total of 38 mm of rain, favoring the growth condi-
tions during the vegetative stages of the two crops. 
Conversely, in August and September, only two rainy 
days occurred, with precipitations lower than the 
long-term average (− 53% in August and − 79% in 
September).

The crops, in 2019, received 101  mm of rainfall 
in May in the early development stages, distributed 
over 12 rainy days. In 2019, after the heavy rains in 
May, June and August were characterized by just 4 
and 5 mm of rain respectively, in a single rainy day 
for each month. Due to the lack of rain, on 26 June 
2019 an overhead irrigation was performed. Unusu-
ally, rainfall occurred in July, with 94 mm of precipi-
tation in 4 days, when the monthly long-term average 
is just 25 mm.

The mean temperatures between June and Septem-
ber 2018 were, on average, 1.2  °C higher compared 
to the long term. In 2019, between May and Septem-
ber, the daily mean temperature was 0.8  °C higher 
than the long term, with the maximum temperatures 
very close to the long term (+ 0.1  °C in 2019 com-
pared to the long term). Conversely, the minimum 

Fig. 2  The graphs show the monthly values of average air temperature in the study period (solid line), the monthly rainfall (vertical 
white bars) and monthly evapotranspiration (vertical grey bars)

http://www.sir.toscana.it
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temperatures were 1.9  °C higher than the long 
term. Crop water stress, calculated as the difference 
between evapotranspiration (Hargreaves–Samani 
equation) and precipitation, was similar in the 2 years 
of the study, and 369 and 396 mm in 2018 and 2019, 
respectively (Fig. 2), showing a low water availability 
during the cropping period.

Statistical analysis

Statistical analysis was carried out in R (R Core Team 
2015). LAV at herbaceous layer (%), above-ground 
biomass (g  m−2), grain yield (g  m−2), plant residue 
(g  m−2), plant density at harvest (plant  m−2), above-
ground biomass per plant (g  plant−2), and grain yield 
per plant of soybean and sorghum (g  m−2) were ana-
lyzed to assess the effects of the position in the alley 
and the year of cultivation. Detection and removal of 
outliers were carried out with the Bonferroni outlier 
test using the “car” package (Fox and Weisberg 2019) 
with the outlierTest function. Levene’s test was used 
to check the homogeneity of variance and the Shap-
iro–Wilk test was used to check the normality of the 
residuals. Fischer z-transformations were performed 
on LAV data to respect the normal distribution of 
residuals. Data transformation was not performed on 
crop data.

The effects of the position in the alley and year of 
cultivation were evaluated for each crop by the lmer 
function for linear mixed-effect models, in the “lme4” 
package (Bates et  al. 2015), with the factors “posi-
tion” (n = 5) and “year” (n = 2) as fixed effects and 
“plot” (n = 4) and “transect” (n = 3) as random nested 
effects (plot/transect). Tukey’s honestly significant 
difference (HSD) post-hoc test was carried out by 

pairwise multiple comparisons using the “emmeans” 
package (Lenth et al. 2021) with the emmeans func-
tion. A regression tree analysis was also performed, 
using the “party” package (Hothorn et al. 2006) and 
the ctree function, to assess the multiple effects of 
tree distance, light availability, and soil characteristics 
(clay presence, sand presence, pH and organic matter 
content) on soybean and sorghum agronomic perfor-
mance. A Bonferroni test with p-value equal to 0.05 
was used as tree split criterion (Hothorn et al. 2006).

Results and discussion

Variation of light availability in the alley

Statistical analysis showed that during the soybean 
and sorghum cropping period, the average LAV at 
the herbaceous layer was significantly affected by the 
position in the alley and year of cultivation, and the 
first order interaction (position per year) was also sig-
nificant (Table 3).

LAV at the herbaceous layer significantly varied 
according to the distance from trees and tree canopy 
size, as effect of the shoot age (Tables 1 and 4), show-
ing the same fashion both in the soybean and sorghum 
plots. This result shows that the poplar rows had a 
similar effect on light availability among the crop 
plots due to the homogenous growth of the tree rows 
in the experimental field. On average, the LAV was 
lower in 2018 compared to 2019 due to the higher 
canopy of 2-year old poplar-SRC stems (Table  4). 
This was because the poplar harvest occurred in 
March 2019, allowing a higher light availability at the 
herbaceous layer during the second cropping period. 

Table 3  P-value of the effect of the “position” in the alley and “year” on light availability, above-ground biomass, grain yield, and 
residue of soybean and sorghum cultivated in a poplar short rotation coppice alley-cropping system in 2018 and 2019 in Pisa, Italy

Bold values denote statistical significance at the p < 0.05 level

Factor Soybean Sorghum

Light
Availability

Above-
ground 
biomass

Grain yield Residue Light
availability

Above-
ground 
biomass

Grain yield Residue

Year (Y)  < 0.001 0.943 0.841 0.9582  < 0.001 0.002 0.005 0.200
Position (P)  < 0.001 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001
Y x P  < 0.001 0.099 0.112 0.1026  < 0.001 0.767 0.626 0.644
Shapiro–Wilk
normality test

0.009 0.768 0.305 0.7752 0.132 0.611 0.043 0.015
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A similar effect was recorded by Dufour et al. (2020) 
after the pollarding of poplar trees in an alley-crop-
ping system in France.

The orientation of the poplar rows determined a 
significantly lower light availability especially in the 
tree-crop interface, in both West and East sides, com-
pared with the center of the alley and the intermediate 
positions (Mid-west and Mid-east). However, during 
the 2 years different LAV was observed between East 
and West side, with an interaction among year and 
position. In fact, in 2018, the lowest light availability 
was recorded in the West side of the alley while in 
2019 the lowest data was recorded in the East side. 
Previous studies carried out on single scattered trees 
showed that the hemispherical photo method should 
not lead to different estimations of LAV between East 
and West orientation (Montero et  al. 2008). Thus, 
we suppose that the observed difference between the 
East and West side might be due to the azimuth of 
the tree rows, not perfectly corresponding to 0°. This 
fact, combined with the different crop growing period 
and the different canopy size and shape of the poplars 
in the 2 years, might also have caused the observed 
interaction between year and position. In the first year 
(2018), the canopy of poplar-SRC rows was wider 
and higher compared to the second year, significantly 
reducing the LAV from 94.70 to 74.30% and from 
93.96 to 73.94% from the Center to the West side 
in soybean and sorghum plots, respectively. The fol-
lowing year after the poplar harvest (2019), the tree 
presence slightly reduced the LAV from 98.56 to 
93.54% and from 98.72 to 95.22% passing from the 

Center to the East in the soybean and sorghum plots, 
respectively.

Similar patterns of light reduction in relation 
to tree distance and height were recorded by Swi-
eter et  al. (2021) in a short rotation coppice agro-
forestry experimental site in northern Germany. It 
should be noted that in our experiments the highest 
LAV recorded in 2018 for soybean and sorghum in 
the center part of the alley (an average of 94.33% at 
6.75 m to the tree row) are similar to the lowest data 
recorded in 2019 on the East side of the alley of soy-
bean and sorghum (an average of 94.38% at 2.5 m to 
the tree row). This comparison highlights how the 
management of the SRC is important for light avail-
ability at the herbaceous layer in an alley-cropping 
system based on a narrow inter-row (13.5  m). This 
outcome confirms the results reported by Dupraz 
et  al. (2018) that show how crop light availability 
decreased with tree growth. These authors also con-
cluded that the size and density of the trees had a 
larger impact on light availability at the herbaceous 
layer than the latitude or tree row orientation in an 
alley-cropping system.

Soybean and sorghum production in the 
alley-cropping system

Soybean and sorghum were both cultivated in the 
2 years of the field experiment, and statistical analysis 
showed different behaviors between the two crops in 
the 2 years. The effect of tree growth and presence on 
the agronomic performance of crops was measured 

Table 4  Mean ± standard 
error of the transformed 
values of light availability 
(LAV) at herbaceous layer 
in the five transect positions 
in the alleys cultivated with 
soybean and sorghum in 
2018 and 2019. Different 
lowercase letters indicate 
significant differences 
among crop positions in 
the alley in 2018 or 2019, 
p-value < 0.05, for Tukey’s 
honest significant difference 
test

Values between parentheses 
represent untransformed 
values (%)

Position Sorghum Soya bean
2018 2019 2018 2019

West 0.97  ± 0.05d 1.93  ± 0.04c 0.97  ± 0.05d 1.98  ±  0.04 c
(74.30  ±  2.12) (95.76  ±  0.35) (73.94  ±  2.75) (96.17  ±  0.29)

Mid-west 1.58  ±  0.05 b 2.41  ±  0.03 a 1.52  ±  0.04b 2.51  ± 0.03a
(91.54  ±  0.71) (98.37  ±  0.11) (90.53  ±  .70) (98.66  ± 0.08)

Center 1.81  ±  0.04 a 2.47  ±  0.03 a 1.75  ±  0.04 a 2.53  ± 0.02a
(94.70  ±  0.34) (98.56  ±  0.07) (93.96  ±  0.44) (98.72  ± 0.05)

Mid-east 1.67 ±  0.03 b 2.23  ±  0.05 b 1.61  ±  0.05b 2.31  ± 0.02b
(93.05  ±  0.32) (97.57  ±  0.21) (92.01  ± 0.74) (98.03  ±  0.09)

East 1.13  ± 0.04c 1.74  ±  0.07 d 1.13  ±  0.06 c 1.87  ± 0.03d
(80.35  ± 1.64) (93.54  ±  0.79) (79.18  ±  2.48) (95.22  ±  0.32)

Mean 1.43  ± 0.05 2.16  ±  0.04 1.40 0.04 2.25  ± 0.04
(86.78  ±  1.18) (96.78  ±  0.30) (86.11  ±  1.16) (97.40 ± 0.21)
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through the evaluation of the variation of crop pro-
duction in the alley according to tree distance and sun 
exposure. The variation of soil water content in the 
agroforestry alley was not measure and this is a limi-
tation of the study.

In 2018, average soybean above-ground biomass 
was equal to 378.53 g DM  m−2 which varied signifi-
cantly according to the tree distance from 543.43 to 
136.85 g DM  m−2 (− 74%) in the Center and the West 
respectively. In 2019, a lower but significant reduction 
was registered in the same positions from 499.83 to 
278.33 g DM  m−2 (Center and West, respectively). In 
the tree-crop interface positions, a significant differ-
ence was recorded in 2018 between soybean above-
ground biomass in the East compared to the West 
(353.08 and 136.85 g DM  m−2), while no significant 

differences have been observed in 2019, being the 
above-ground biomass 378.33 and 287.08 g DM  m−2, 
respectively (Fig.  3). This different behavior in the 
tree-crop interface positions in 2018 may have been 
caused by a reduction of the plant density occurred in 
the West side, probably due to a pest damage before 
the emergence, compared to the East (Table S1).

Regarding the soybean grain yield, the average 
production in the alley did not vary in the 2  years 
of the study, 171.93 g DM  m−2. A significant differ-
ence between the 2  years was recorded in the West 
position, with 126.77  g DM  m−2 in 2019 compared 
to 54.91 g DM  m−2 in 2018, when a lower plant den-
sity influenced the yield and affected the crop produc-
tion. In the 2 years, no significant difference in yield 
was observed between the Center and the Mid-east 

Fig. 3  Above-ground biomass, grain yield, and residues of 
soybean (A, B, and C, respectively) and sorghum (D, E, and 
F, respectively) cultivated in a poplar short rotation coppice 
alley-cropping system in 2018 and 2019 in Pisa, Italy. Differ-
ent uppercase letters indicate significant differences among 
crop positions in the alley in the years of the experiment, while 

different lowercase letters indicate significant difference among 
crop positions in the alley in 2018 (light green for soybean and 
dark green for sorghum) or 2019 (blue for soybean and grey 
for sorghum), p-value < 0.05, for Tukey’s honest significant dif-
ference test. Vertical bars represent standard errors. DM means 
dry matter
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positions, with the two values being close (2-years 
average values were 238.85 and 216.10  g DM  m−2, 
respectively). The two positions in tree-crop interface 
(West and East) showed a significant reduction com-
pared to the other positions, with 94.10 and 141.31 g 
DM m-2, respectively. The same result was reported 
by Carrier et al. (2019) which highlights how the det-
rimental effect on soybean yield occurred in a narrow 
band adjacent to the tree row.

The soybean residues in the five positions showed 
no differences in the 2 years, in accordance with the 
yield. This thus suggested that the reduction observed 
in yield and above-ground biomass in the West was 
more related to a reduced yield than a reduced plant 
biomass. The residues in the 2  years followed find-
ings observed for the above-ground biomass except 
for the West and East, where the West showed the 
lowest value, while for the above-ground biomass, the 
West and East were comparable.

Regarding soybean biomass production and grain 
yield, on average in the 2 years a significant reduction 
was recorded in the tree-crop interface in both West 
and East positions (Fig. 3), which were the positions 
in the alley with the lowest light availability (Table 4) 
and the potential higher water competition level in 
the belowground. This detrimental effect of tree pres-
ence on soybean agronomic performance in the tree-
crop interface has been reported by several authors 
for temperate climates (Reynolds et  al. 2007; Rivest 
et  al. 2009; Carrier et  al. 2019). Recently, Gagné et 
at. (2022) highlighted that the effect of tree presence 
on crop performance varied according to the inter-
annual variation of precipitation showing different 
patterns in dry or wet conditions. Gagné et al. (2022) 
showed that tree root pruning led to a decrease of 
soybean yield, suggesting that competition for water 
should be further investigated in temperate areas. 
Moreover, our result suggests that the most important 
reduction in the tree-crop interface regarded the yield 
and not the total plant biomass and these outcomes 
are not in line with Gao et al. (2013) and Carpinelli 
et al. (2021) who found the same detrimental effect of 
tree presence on soybean above-ground biomass and 
yield in Chinese and Brazilian agroforestry systems, 
respectively.

Sorghum performance was significantly affected 
by the “position” and the “year” only for above-
ground biomass (p = 0.002) and yield (p = 0.005) 
(Table  3). Compared to soybean, in sorghum no 

significant influence of tree presence was found on 
the plant density for the factor “year” (p = 0.111) and 
“position" (p = 0.665), while the two factors affected 
the grain yield per plant in both years of the experi-
ment (Table S1). The soybean density was probably 
affected pest damage. Regarding above-ground bio-
mass and grain yield of sorghum, in 2018 the same 
differences were found according to the position in 
the alley. Conversely, in 2019, a decline of above-
ground biomass production was registered in the 
West, while grain yield showed no significant differ-
ences among the five positions. In 2018, the sorghum 
above-ground biomass varied between 314.34 and 
1020.99 g DM  m−2 in the West and Mid-east, respec-
tively, with a difference from the highest to the low-
est of 69%. On the other hand, in 2019 it varied from 
981.08 to 1358.83 g DM  m−2 in the same positions, 
corresponding to a variation of 28%.

In 2018, the sorghum grain yield ranged between 
63.76 g DM  m−2 in the West and 263.73 g DM  m−2 in 
the Mid-west (73% variation), while in 2019 the range 
of variation was more limited, with 426.56 g DM  m−2 
in the West and 536.68 g DM  m−2 in Mid-east respec-
tively (21%). These results show that close to the tree 
row sorghum had a significant above-ground biomass 
and yield reduction, which did not occur where com-
petition for resources was less limited.

The sorghum residues showed almost the same 
reduction pattern in the West and East for both years, 
suggesting that the plant biomass accumulation is less 
sensitive than grain yield to the tree presence (Fig. 3). 
Moreover, at plant level the above-ground biomass 
per plant is less influenced by the year compared to 
the grain yield per plant (p = 0.048 and p = 0.002, 
respectively) (Table S1).

Other authors have reported the same effect of tree 
presence on sorghum yield, and our results are in line 
with grain yield losses reported by Berenji and Dahl-
berg (2004), showing a reduction of up to 79% with 
unfavorable physicochemical conditions. Deng et  al. 
(2017) showed a grain yield reduction in the sorghum 
cultivar Wad Ahmed, an improved variety, when 
cultivated under the canopy of acacia trees in South 
Sudan. Righi and Foltran (2018) reported a reduction 
in the production of a local variety of broomcorn in 
Tiete (Brazil) in relation to the tree distance, show-
ing, in line with our results, that a small reduction of 
available light radiation is beneficial to agronomic 
performance. Our results are in line with Coulibaly 
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et al. (2014) who found a reduction in above-ground 
biomass and grain yield in sorghum (unknow vari-
ety) according with the tree presence in several areas 
of Burkina Faso. They reported that the crop har-
vest index varied among investigated tree-crop dis-
tances and reached the maximum in shaded plots, as 
occurred in the West and East of our study, compared 
with other positions in 2019 (on average 42 vs 39%). 
An increasing trend in sorghum harvest index accord-
ing to the reduction of light interception and water 
stress was reported by Thapa et al. (2017).

Our results indicate that soybean and sorghum per-
formance was similarly affected with regard to the 
tree row orientation, with the aboveground biomass 
being lower on the West side than on the East side, 
as were the grain yield and the amount of residue 
(Fig. 3). In particular: (i) soybean above-ground bio-
mass production and partitioning were affected by the 
position in the alley, but not by the year of cultiva-
tion, (ii) sorghum above-ground biomass production 
and partitioning were affected by both the position in 
the alley and the year, and (iii) the first order inter-
action (year per position) of the two investigated fac-
tors was not significant either for soybean or sorghum 
(Table 3). These results highlight that the productivity 
of sorghum may be more affected by light availability 
reduction than soybean, and confirm previous out-
comes reported by Reynolds et al. (2007) and Magal-
hães et al. (2019): C3 plants such as soybean are more 
tolerant to light reduction than C4 plants such as sor-
ghum. Conversely, the fact that aboveground biomass 
and grain production of soybean were affected by tree 
distance similarly in the 2 years may suggest a higher 
effect of belowground completion by tree root (Thapa 
et al. 2017).

Effect of tree presence, light availability and soil 
characteristics on crop agronomic performance

Figure 4 shows the regression trees as a result of the 
recursively splitting analysis of the response of soy-
bean and sorghum agronomic performance to the 
following explanatory variables: tree distance, light 
availability, clay and sand content in soil, soil pH, and 
soil organic matter content.

The regression tree obtained for the soybean shows 
that the distance from the tree is the sole significant 
factor affecting above-ground biomass and residue 
production. It could be argued that soybean is affected 

by the presence of trees regardless of the different 
light availability measured in the 2 years, as an effect 
of the tree canopy size. Differently, in addition to 
tree distance, clay content in soil also affected grain 
yield. Significantly higher grain yields were recorded 
where the clay content was higher than 268  g   kg−1 
thus showing that soil characteristics are crucial in 
rainfed systems. The clay content in soil increases the 
water retention capacity with possible positive effects 
on crop growth in rainfed conditions. Because the 
reduced competition for nutrients in the soil by over-
fertilization, this outcome provides evidence about 
belowground competition for water between poplar 
and soybean in the tree-crop interface.

Previous studies have reported that soybean culti-
vated in agroforestry systems can be affected by soil 
moisture reduction and nutrient competition (Rivest 
et al. 2009; Gao et al. 2013; Gagné et al. 2022). In our 
experiment, nutrients were over-distributed to prevent 
competition between trees and crops, however dur-
ing the 2 years of the study, the water deficit due to 
scarce rainfall seemed to affect soybean grain yield. 
It has been reported that the effect of competition 
for water between soybean and trees may be more 
evident during periods of prolonged drought (Rivest 
et  al. 2009). Gagné et  al. (2022) reported that com-
petition in the aboveground was more evident than in 
the belowground between poplar and soybean, even 
under water-limited conditions. Negative response of 
legumes due to tree presence was also confirmed by 
a study conducted by our research group in the same 
area of the present experiment, which showed the det-
rimental effect of light reduction on the productivity 
of a perennial species, alfalfa (Medicago sativa L.), in 
a rainfed olive-based alley-cropping system (Mantino 
et al. 2021).

Future irrigation field experiments and soil water 
content measurements in agroforestry systems could 
clarify this aspect by assessing the relationship 
between the competition for light and for water in 
soybean cultivation in Mediterranean agroforestry 
systems.

Conversely, in sorghum, light availability was the 
only significant factor affecting above-ground and 
residue production, while grain yield also seemed to 
be affected by soil pH (Fig. 3). This result is in line 
with previous studies (Deng et al. 2017; Sidibé et al. 
2017), and confirms the typical behavior of a shade-
intolerant crop. In fact, we observed a large growth 
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Fig. 4  Regression tree showing the emerging drivers of the 
soybean (light blue) and sorghum (light green) above-ground 
biomass (a, b), grain yield (c, d) and residues (e, f) in the 
alley-cropping system: Distance = distance to the tree rows 

(m), Clay = presence of Clay in soil (g  kg−1), LAV = light 
availability (%) and pH = soil pH; n = number of observations 
and y = mean yield (g DM  m−2) in each terminal node
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reduction when the tree canopy was larger, during 
the first year of the experiment (2  years old poplar 
stems). The regression tree shows that higher grain 
yields were recorded when the light availability was 
up to 97%, while when the light availability decreased 
below this level, the soil pH becomes crucial in terms 
of crop yield. Other authors have reported the sig-
nificant effects of soil pH on sorghum yield (Steiner 
et  al. 2007; Sun et  al. 2019). The lowest sorghum 
agronomic performance was recorded where the light 
availability values were lower than 88, 90 and 84% 
for above-ground biomass, grain yield and residues, 
respectively (Fig. 4).

Several factors affect soybean and sorghum per-
formance in alley-cropping systems. However, our 
results confirm previous studies highlighting that C3 
plants, such as soybean, are more tolerant, although 
sensitive, to light reduction than C4 plants, such as 
sorghum (Reynolds et  al. 2007; Magalhães et  al. 
2019; Ogwok et  al. 2019). In contrast with Carrier 
et  al. (2019) who found no effects of soil moisture, 
our results seem to indicate that soybean may be 
affected by the competition for water in an agrofor-
estry system as reported by other authors (Reynolds 
et  al. 2007; Gao et  al. 2013) and this may be exac-
erbated in rainfed systems and drought conditions 
(Rivest et al. 2009; Gagné et al. 2022).

Conclusions

We have focused on the relationship between tree 
presence and warm-season crops, soybean and sor-
ghum, inter-cropped with poplar SRC rows in a 
rainfed alley-cropping system. Under the considered 
experimental conditions, our results highlight that 
light is a crucial factor for sorghum cultivation, even 
if grain yield was also affected by soil characteristics 
such as pH. Other resource competitions, such as for 
water, can occur in the belowground tree-crop inter-
face but we did not measure soil water content in the 
agroforestry alley, and this is a limitation of the study.

Soybean yield and aboveground biomass produc-
tion showed similar pattern in the 2 years, despite the 
light availability was drastically different, as a conse-
quence of the cutting cycle of the poplar SRC. This 
fact suggests that in the tree-crop interface the com-
petition of trees against the soybean might has also 
regarded the available soil water (effect on biomass 

accumulation) and a higher seed predation by pests 
during germination stage (effect on plant density). 
Further studies are necessary to investigate the 
effect of belowground competition and pest manage-
ment and to increase the knowledge about the crop 
response in terms of harvest index to water and light 
competitions in agroforestry systems.

In conclusion, the increased competition for 
resources in both above- and below-ground layers is 
a limiting factor in crop agronomic performance in 
an alley-cropping system with high tree density such 
as short rotation coppice rows. The reduction in crop 
growth is more evident at the tree-crop interface and 
less evident far from the tree rows. Short rotation 
coppice alley-cropping systems need to be laid out 
to minimize the trade-off due to tree-crop competi-
tion for resources: (i) at middle latitudes, the layout 
needs to respect a north–south orientation to exploit 
maximum light availability, (ii) the distance between 
trees and tree rows needs to be defined to maximize 
the environmental and economic benefits and (iii) 
crop rotation management needs to consider the dif-
ferent agronomic performance of different crops and 
the harvest cycle of tree rows.
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