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A R T I C L E  I N F O   

Keywords: 
common wheat 
dendrometers 
diameter at breast height 
“high environmental sustainability” clones 
silvoarable systems 
soybean 

A B S T R A C T   

Silvoarable agroforestry systems have the potential to combat the negative effects of climate change while also 
enhancing productivity per unit land. Although the growth rate of large-spaced trees remains poorly investigated 
and the yield of annual intercrops uncertain, silvoarable agroforestry systems with poplar are receiving an ever- 
growing interest. This study assessed the growth of the new HES (High Environmental Sustainability) poplar 
clone, Moncalvo, arranged in 40-m spaced parallel alleys with a density of 35 trees ha− 1 (SA, silvoarable). Their 
growth was compared to those cultivated in a specialized poplar plantation (C, control) with 277 trees ha− 1, and 
the agronomic impact on wheat and soybean as intercrops was explored. Measurements took place between 2018 
and 2021 during the first 4 years, which represents the midpoint of the expected poplar rotation. Here it was 
demonstrated that at the end of the investigated period, diameter at breast height was significantly greater (23.8 
vs. 20.5 cm, +16%) and the plant height lower (14.3 vs. 15.5 m, − 8%) in poplar grown in SA as compared to 
those in C, likely due to reduced intraspecific competition for environmental resources. In SA, seasonal tree 
phenology was delayed by approximately two weeks in spring, possibly due to the high sensitivity of poplar to 
low soil water content and cooler night air temperatures in springtime. The grain yield of wheat was not 
impaired by tree shading but instead occasionally improved when neighboring the poplar alley (e.g., year 2021: 
+28% at 12 m from the tree row vs. full sun conditions), while soybean yield was generally reduced (maximum 
− 38% at 6 m from the tree row). This study innovatively studied the growth response of HES poplar clones in 
silvoarable systems by providing valuable insights into the growth dynamics of trees grown in combination with 
field crops. It is concluded that poplars in wide spaced alleys of silvoarable systems in temperate climates grow 
faster than poplars in plantations of high population density due to enhanced access to resources, while future 
investigations will allow for the identification of clone-specific rotation durations. In the arable tree interrow, 
winter crops more readily benefit from such agroforestry system than summer crops due to reduced cycle overlap 
and light competition with the tree canopy.   

1. Introduction 

Silvoarable systems consist of widely spaced trees intercropped with 
annual or polyannual crops and have been applied for centuries as 
traditional land use systems in temperate climates (Eichhorn et al., 
2006; Smith, 2010). Among them, alley-cropping systems consist of 
trees planted along parallel rows regularly alternated with arable fields, 

representing the most common design in high productive agricultural 
areas. The relatively recent shift to intensive agriculture in industrial-
ized countries accelerated in the 1960 s when trees were removed from 
agricultural lands at great rates to facilitate agricultural mechanization. 
This has had a negative impact on both biodiversity and ecosystem 
services delivery, while also reducing the carbon storage potential of 
agro-systems (Paris et al., 2019; Pantera et al., 2021). With the 
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awareness of such problems, global policies are currently trying to 
address the environmental issues associated with intensive agricultural 
systems, highlighting the need for more sustainable agricultural prac-
tices such as agroforestry (FAO, 2013; Santiago-Freijanes et al., 2018; 
Kumar & Singh, 2020). Agroforestry can provide both wood products 
and food from the same land while simultaneously improving the 
use-efficiency and allowing for the conservation of natural resources 
(Nerlich et al., 2013; Smith et al., 2012; FAO, 2013; Lawson et al., 2019; 
Propopulus, 2021). Despite many environmental benefits, farmers are 
currently still reluctant to adopt these farming systems (Sollen-Norlin 
et al., 2020). According to the most recent survey involving a large panel 
of >180 European farmers by Rois-Dìaz et al., (2017), concern among 
farmers arises from intra-species competition and the concurrent po-
tential reduction in intercrop yields, the lack of sufficient knowledge on 
the optimal design and management strategies to adopt for the woody 
component of the system, and the marketability and profitability of the 
derived timber. 

To efficiently introduce trees into agroforestry systems and minimize 
their impact on intercrop yields, investigations on tree growth and their 
interaction with environmental resources, particularly solar radiation, is 
necessary (Reisner et al., 2007; Eichhorn et al., 2006). As such, appro-
priate tree-crop combination, design (i.e., row orientation and spacing), 
and management (pruning) should be carefully planned. North-south 
oriented tree rows are less competitive in terms of solar radiation, 
than east-west rows in temperate regions (Dufur et al., 2013), and 
pruning lower branches from the second year onwards allows for a 
knot-free timber production while contemporaneously increasing light 
availability for the intercrops (Chauhan et al., 2011). Choosing decid-
uous trees with a phenology compatible with the intercrops’ season-
ability is also a key factor in maximizing radiation use. For instance, 
Chauhan et al. (2011) suggest that poplar-based agroforestry systems 
allow the understory winter cereals to complete their vegetative growth 
and enter the reproductive phase before complete tree foliation, thus 
minimizing competition for solar radiation. 

Poplar is a relatively common tree species in Europe, and silvoarable 
systems based on poplar are expected to have the largest potential 
cultivation area (FAO, 2016). Indeed, it has a high capacity to mitigate 
nitrate leaching and eventually reduce soil erosion, both of which are 
issues that are currently relevant in large parts of the European arable 
land (Reisner et al., 2007). Poplar also exhibits a fast growth rate, which 
allows for accumulation of high carbon stocks in the short term, up to 
25 t CO2 ha− 1 y− 1 (Chiarabaglio et al., 2014a; 2014b; Corona et al., 
2018; Propopulus, 2021). In addition, poplar wood is appreciated for 
being light, easy to work, and having excellent mechanical properties, 
and is therefore highly demanded by numerous industries. 

In recent years, innovation in this sector has mainly focused on the 
release of several poplar clones, of the High Environmental Sustain-
ability (HES) type, which possess high resistance to crown diseases and 
parasites. These clones therefore exhibit a great potential to drastically 
reduce chemical treatments, thus minimizing management costs and 
environmental impacts (Coaloa et al., 2016). Their adaptation to low 
water availability, a growing issue in Europe, remains poorly explored, 
however (Paris et al., 2022). 

Poplar is currently a good candidate for agroforestry systems of 
temperate regions, but little information is currently available on the 
impact of the alley design on the growth of this species as compared to 
trees cultivated in conventional high-population plantations. Further-
more, knowledge on the effect on the yield of arable crops cultivated in 
the intercropping areas of poplar also remains limited. In this frame-
work, we assessed these still poorly understood variables in a new HES 
poplar clone grown in an agroforestry system and compared it to the 
findings of polar individuals grown in conventional monoculture plan-
tations with high tree density. The investigations took place in Cereg-
nano (Rovigo, NE Italy) between 2018 and 2021 in the first 4 years of the 
tree’s age. This timespan roughly corresponds to the midway point in the 
trees expected full cycle (commonly 10 years) when the optimal 

commercial stem diameter in a conventional poplar plantation under the 
pedoclimatic conditions of NE Italy is reached. As such, the objectives of 
the study were to: (i) assess and compare the dynamics of tree growth 
(height and diameter at breast height) of large-spaced poplars in agro-
forestry to those of trees in a neighboring poplar plantation grown in a 
high density setting; (ii) study poplar leaf phenology and radial growth, 
which included assessment of water sensitivity at the 4th year through 
maximum daily shrinkage analysis; and (iii) quantify yield and quality 
response of annual intercrops, in particular winter wheat and soybean, 
at different distances from the tree row. 

2. Materials and methods 

2.1. Site description 

The trial was carried out between 2018 and 2021 at the “Sasse Rami” 
pilot farm of Veneto Agricoltura Agency, located in Ceregnano (Rovigo, 
NE Italy, 45◦ 05’06” N, 11◦ 87’ 66” W; 1 m a.s.l.). In February 2018, 14 
poplar clones (Populus × canadensis Moench) of the HES (High Envi-
ronmental Sustainability) type, selected by the CREA Forest and Wood 
Research Centre of Casale Monferrato (Alessandria, Italy), were planted 
as rods, both in a specialized poplar plantation (3 blocks of 9 trees per 
clone) and in a nearby alley-cropping system (one clone per row). Poplar 
rods were approximately 5–6 m long and 7–8 cm in diameter in both 
systems. HES clones are highly resistant to several crown diseases, i.e., 
Marssonina leaf spot, spring leaf and shoot blight, woolly poplar aphids, 
leaf rusts, cortical necrosis, brown spots, and leaf mosaic. Among the 
available clones, only Moncalvo, which is early sprouting, was consid-
ered in this study. The tree row of the agroforestry system was very close 
to the poplar plantation (~200 m to the east). 

The soil at the site was very similar between the poplar plantation 
and the silvoarable system and was characterized as alluvial with clay 
loam texture (sand 22%; silt 47%, clay 31%) and with a pH of 8.0. The 
water table varied within a 1.5–2 m depth interval throughout the year. 
The local climate is temperate humid subtropical (Cfa) according to the 
Köppen classification, with high air humidity, an average yearly tem-
perature of 13.7 ◦C, and a mean annual precipitation of 727 mm 
(1994–2022 period). The growing season is around 254 days, from 10 
March to 19 November (arpa.veneto.it, weatherspark.com). 

2.2. Experimental design 

The specialized poplar plantation had a 6×6 m block design, trans-
lating into 277 trees ha− 1, and was assumed as the control (C). The soil 
was never fertilized, neither prior plantation nor annually post planta-
tion. The ground was covered by natural grasses which were mowed 
once a year in the springtime and left on the soil surface as natural 
mulch. The alley-cropping silvoarable system (SA) had north-south 
oriented tree rows 40-m apart which were placed along 140-m long 
agricultural drainage ditches. The poplar trees had an intra-row of 6 m, 
resulting in a population density of 35 trees ha− 1. The arable zones 
between tree rows were cultivated with a wheat-soybean rotation. As 
regards tree management, to obtain a log suitable for rotary cut 
veneering, pruning was carried out once a year during winter in the 
poplar plantation, and twice a year during winter and summer in the SA 
to reduce tree vigor. Chemical treatments with deltamethrin against 
xylophages were applied in the first year to ensure appropriate plant 
protection and establishment. 

The allometric parameters were monitored on 14 individual poplar 
trees per treatment (C and SA) and radial growth on 3 trees per 
treatment. 

In the SA system, poplar trees were intercropped with winter com-
mon wheat (Triticum aestivum L.) and soybean [Glycine max (L.) Merr.] 
according to the selected year (Table 1; Figure SI.1). 

For the initial wheat cultivation, the soil of the SA system was 
ploughed to a depth of 25 cm in October 2018, burying the crop residues 
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of the previous maize crop. It was harrowed twice before sowing the 
biscuit-making variety Arkeos of common wheat in rows 10 cm apart. 
During the wheat cycle, N was supplied as ammonium nitrate (beginning 
of March) and urea (mid-April), for a total amount of 146 kg N ha− 1. 
Wheat was protected against weeds with application of a post- 
emergence herbicide (a.i. Clodinafop-propargyl + Cloquintocet-mexyl 
+ Florasulam + Pinoxaden) at the end of March, and against insects 
(a.i. lambda-Cyhalothrin) and fungal pathogens (a.i. Prothioconazole +
Tebuconazole) in mid-May, following local recommendations. 

After the first cycle of wheat, the soil was grubbed twice (November 
2019, March 2020) to a depth of 30 cm, and harrowed in May 2020 prior 
to soybean sowing. The fertilizers applied to wheat consisted of 28, 84 
and 84 kg ha− 1 of N, P2O5 and K2O, respectively, which were incorpo-
rated into the soil by harrowing. Soybean var. P21T45 was sown at the 
end of May, at a density of 44 plants m− 2 through precision sowing. The 
crop was protected against weeds by pre-emergence (a.i. clomazone +
pendimethalin + metribuzin) and post-emergence herbicides (a.i. 
cycloxydim), the latter at mid-June 2020. 

To sow wheat in 2020 (rows 15-cm apart), the soil was grubbed, 
harrowed, and fertilized with 24, 72 and 72 kg ha− 1 of N, P2O5 and K2O, 
respectively. Nitrogen was also dress applied with ammonium nitrate at 
the beginning of March and with urea in mid-April, for a total amount of 
170 kg N ha− 1. 

Upon reaching maturity, each intercrop was sampled (1 m2 area) 
along transects orthogonal to the poplar rows in both the eastern and 
western direction. Sampling took place at three different distances from 
the trees, referred to as ½H, H and FS, where H was equal to the poplar 
height (12 m in 2021) and FS (“full sun” conditions) referred to the 
middle of the arable zone, namely 20 m away from the rows of poplar 
(Fig. 1). FS sampling points were considered controls as they were 
minimally subjected to tree shading and not subjected to interspecific 
water or nutrient competition. The transects were replicated 3 times for 
each intercrop at both the eastern and western side of the tree rows, with 
a total of 18 sampling points. The conditions of each point are compa-
rable, since they have been accurately identified to avoid confounding 

factors (i.e., tire tracks, and overlapped fertilization zones). 

2.3. Climatic and microclimatic parameters 

Climatic data were available from the weather station in Villadose 
(Rovigo, Italy) located approximately 3 km from the test site. In 2021, 
air temperature (◦C) and relative humidity were also recorded by sen-
sors installed in the SA system at a height of 2 m on the north-facing side 
of a poplar stem among the monitored ones and used to calculate the 
vapor pressure deficit (VPD, kPa). Soil water content (%) in the top 30- 
cm soil layer was also measured in both the C and SA systems every 
15 min between March and November 2021 using a time domain 
reflectometer (TDR Campbell Sci. Ltd.). These sensors were placed at the 
central position between two neighboring trees along the poplar row in 
both C and SA systems. Two data acquisition systems (CR1000, Camp-
bell Scientific, Inc., Logan, UT, USA), one for the C and one for the SA, 
were used for data recording. All sensors were connected to dataloggers 
via buried cables. 

2.4. Poplar growth and phenology 

2.4.1. DBH, height and volume 
Diameter at breast height (DBH) and tree height were monitored 

yearly at the end of the growing season on 14 trees from 2018 to 2021. 
DBH was measured with a tree caliper as the average of two orthogonal 
measurements, and tree height with a Suunto clinometer (PM-5/360 
PC). This allowed the competition index Height-to-Diameter ratio to be 
calculated (Opio et al., 2000). The cumulated volume of the wood stem 
biomass at the 4th year was estimated using the following equation 
(Cannell, 1984): 

V =
D2

4
× π × H × f  

where D is the DBH, H the tree height, and f the timber form factor. An f 
value of 0.40 was chosen as an intermediate value between 0.38 
(beginning of the cycle) and 0.42 (end of the cycle). 

2.4.2. Phenology 
Both vegetative and reproductive phases of poplars were monitored 

through field surveys and photos from the end of February to the end of 
July 2021 in both the C and SA systems. Data were collected according 
to the sequential phenological scale GFI provided by Malossini (1993) 
(Table SI.1). The scale describes the course of the vegetative phase from 
0 (buds closed) to 14 (leafless tree) and the reproductive phase ranging 
from 0 (buds or catkins present but underdeveloped) to 12 (few residual 
fruits remained). A phenological stage was assigned when clues of a 
certain stage were visible in over 50% of the crown. 

2.4.3. Radial growth and maximum daily shrinkage 
Radial growth of the poplars was monitored with point dendrometers 

(Linear Motion Potentiometers, Bourns-3048) during the 2021 growing 

Table 1 
Variety, sowing date and density, and harvest time of crops cultivated in the 
silvoarable treatment (SA) from 2018 to 2021.  

Season Crop Variety Sowing 
time 

Sowing 
density 

Harvest 
time 

2018–2019 Winter 
common 
wheat 

Arkeos 
(CGS 
Sementi, 
IT) 

22 
October 
2018 

250 kg ha− 1 28 June 
2019 

2020 Soybean P21T45 
(Corteva, 
IT) 

27 May 
2020 

44 seeds 
m− 2 

3 
October 
2020 

2020–2021 Winter 
common 
wheat 

Arkeos 
(CGS 
Sementi, 
IT) 

30 
October 
2020 

240 kg ha− 1 26 June 
2021  

Fig. 1. Layout of the study area comparing poplar trees in a specialized poplar plantation (C, left) and an alley-cropping system (SA, right), with the sampling 
positions in the intercrops along a transect orthogonal to the poplar row at ½H, H and FS, where H is tree height (12 m) and FS (“full sun”) is the center of the arable 
zone at 20 m of distance, towards both the eastern and western side. The distance between the tree base and the arable zone was 1 m to the east, and around 2 m to 
the west (including the width of the drainage ditch). 
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season, from March 12 to November 11, on 3 trees in both growing 
systems. The dendrometers were installed at a height of about 1.3 m on 
the north-facing side of the stem, and subsequently covered with a 
plastic sheet to protect against precipitation. Each dendrometer con-
sisted of a stainless-steel plate with a linear motion potentiometer 
positioned perpendicularly to the stem. Potentiometers had a 5-kΩ 
resistance, 10.16 mm electrical travel, ±5% independent linearity, 
infinite resolution, 1000 ppm ◦C− 1 temperature coefficient and a long 
mechanical life. Since poplar is a fast-growing species, dendrometers 
were reset on June 9 as the maximum reading capacity was approach-
ing. Stem growth data were collected at 15-minute interval by means of 
two data acquisition systems (CR1000 Datalogger, Campbell Scientific, 
Inc., Logan, UT, USA). 

The data of stem growth were fit into daily radial growth curves for 
each tree. The Gompertz model was used to describe the growth pro-
cesses, allowing for high determination coefficients, as follows: 

y = Aexp
(
− eβ− κt)

where y is the stem diameter increment (mm); t, time expressed as day of 
the year (DOY); A, maximum y value (asymptote); β, placement 
parameter for x-axis; κ, growth rate at the flex point (Rossi et al., 2005). 
The inflection point corresponds to the maximum growth rate at time Tp, 
which is related to the placement parameter β as follows: 

β = Tp κ 

Onset and cessation of growth were estimated based on the Gom-
pertz function when 5% and 95%, of annual growth were reached, 
respectively (Van der Maaten et al., 2016; Cruz-Garcìa et al., 2019). As 
such, growth duration can be calculated as the difference between onset 
and cessation. 

Besides the radial increment, dendrometers can also detect fluctua-
tions in the stem diameter driven by soil hydration and dehydration 
cycles and by evapotranspiration dynamics that lead to stem swelling 
and shrinkage. To detect such swelling and shrinkage, the linear stem 
growth trend was subtracted from the seasonal stem growth curve. Thus, 
the Maximum Daily Shrinkage (MDS) was calculated as the difference 
between the maximum and minimum daily stem diameter (Ortuño et al., 
2006). The greater the MDS, the greater the stem fluctuation. 

To detect the correlation between daily stem fluctuations and soil 
water content, the net mean daily stem growth (after deduction of the 
seasonal growth trend) was calculated. Thereby, the impact of precipi-
tation events on trees, i.e., the water absorption capacity in both the C 
and SA system could be analyzed. 

2.5. Vegetative growth and grain yield of annual intercrops 

2.5.1. Leaf vegetational index NDVI of wheat crop in 2021 
From April 20 to June 16 of 2021, the normalized difference vege-

tation index (NDVI) was measured every ten days on the wheat canopy 
in the SA system at the ½H, H, and FS sampling points by means of an 
active handheld Greenseeker spectrometer (Ntech Industries, Ukiah, CA, 
USA). The sensor measures the canopy reflectance at wavelengths 
590 nm (refRED) and 880 nm (refNIR) and provides a ratio as follows: 

NDVI =
refNIR − refRED
refNIR + refRED 

NDVI provides an accurate indication of leaf chlorophyll abundance, 
which correlates with plant health and soil coverage by green vegeta-
tion. The index ranges from 0 to 1. 

2.5.2. Grain yield and quality 
The grain yield of annual intercrops grown in the SA system was 

measured at each sampling point (1 m− 2 area; n = 3) upon reaching 
maturity. The yield was quantified by manually collecting all the plants 
and then threshing them by means of a stationary thresher. For each 

treatment/replicate, three samples of 1000 grains were weighed for 
determining the thousand kernel weight (TKW). The straw biomass at 
harvest (dry weight) was determined after oven drying (48 h at 105 ◦C). 
Nitrogen concentration in the grains of wheat was determined according 
to the Kjeldahl method. The grain protein content was derived by 
multiplying the % of N by 5.7 and 6.25 for wheat and soybean, 
respectively (FAO, 2003). 

2.6. Statistical analysis 

To compare the growth, diameter, and height of poplars in the two 
treatments, a two-sample t-test (p ≤ 0.05) was used, while for crop 
analysis ANOVA (p ≤ 0.05) together with the Tukey-HSD test were used 
for multiple comparisons of means. 

3. Results 

3.1. Climatic conditions during the trial 

During the first year of trial (2018), the annual mean air temperature 
was at least 0.9 ◦C higher than the historical mean 1994–2022 (Table 2, 
Fig. SI.2), while rainfall was more abundant in the intervals February- 
March (209 mm vs. 99 mm) and September-October (205 mm vs. 
142 mm) (Table 2, Fig. SI.3). The growing season of the first wheat was 
characterized by an initial dry period from November 2018 to March 
2019 (− 121 mm: 163 mm vs. 284 mm), followed by a cold and rainy 
spring (April-May). 

The effects of climate change have been acutely evident from the 
summer of 2019 to February 2020, with the average monthly temper-
ature being ~1.5 ◦C higher than the historical mean and high hetero-
geneity in the rainfall pattern. 

The first half of 2020 was characterized by low rainfall (110 mm vs. 
278 mm), while large parts of the growing season of soybean, that is 
from June to October 2020, witness precipitation slightly exceeding 
historical values. The temperature in this period was comparable to 
those of the recent past. 

During the second growing season of wheat, from November 2020 to 
June 2021, the average monthly temperature was again ~2 ◦C higher 
than the historical mean in December, February and June, and lower 
from March to May, with the highest observed in April (− 1.9◦C). 

The year 2021 was characterized by extreme dryness, with 427 mm 
precipitation, much below the 727 mm average. Indeed, all of North 
Italy experienced significant water scarcity during the springtime of 
2021. 

3.2. Poplar tree growth 

Poplar diameter at breast height (DBH) in the C system increased by 
13.96 cm, from 6.51 cm (±0.16 S.E.) in end-2018 to20.47 cm (±0.25) 
in end-2021, while in the SA system it increased by 15.52 cm, from 
8.28 cm (±0.16) to 23.80 cm (±0.40). Overall, poplar DBH in SA was 
significantly greater compared with C at the end of all the four seasons (p 
≤ 0.001). The only exception was given by 2019 when a slightly lower 
value was measured in the SA system, although not significant (Fig. 2). 
However, it appears that the relative difference between the growing 
systems reduced with tree age: in 2018 the DBH was 27% greater in SA 
than in C (p ≤ 0.05), while at the end of the 2021 growing season, this 
value had fallen to 16% (p ≤ 0.05). The average annual DBH increment 
was in both cases high; +4.65 cm in C and +5.17 cm in SA, confirming 
that poplar is a fast-growing species. A rapid expansion in DBH occurred 
earlier in C, i.e., between 2018 and 2019 (+5.79 cm), than in SA, which 
witnessed its greatest DBH growth between 2019 and 2020 of +8.26 cm. 

The dynamics of tree height was also different between SA and C. The 
height of trees in the C system increased from 7.64 m in end-2018 to 
15.53 m in end-2021 (+7.89 m). At the beginning, the height of the 
poplars in SA was comparable to that of C, while in 2021 it was 
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significantly (p ≤ 0.05) lower in SA than in C (14.25 m vs. 15.53 m; 
− 8%) (Fig. 3). This led to a significantly greater height-to-diameter ratio 
(HDR) in the poplars grown in C as compared to SA (0.76 vs. 0.60; p ≤
0.05). In both cases, a rapid increase in tree height was observed 

between 2019 and 2020, with +4.07 m in C and +4.30 m in SA. 
In 2021, at the end of the 4th vegetative season, the stem volume of 

poplars was significantly higher in SA as compared with C (0.26 m3 

tree− 1 vs. 0.20 m3 tree− 1, p ≤ 0.05), although per hectare C had much 

Table 2 
Monthly and annual temperature and precipitation in the experimental period 2018–2021 compared with the historical mean 1994–2022.   

Monhtly precipitation (mm) Average monthly temperature (◦C) 

month 2018 2019 2020 2021 1994–2022 2018 2019 2020 2021 1994–2022 

Jan 12  19  25  45  40  5.4  2.3  3.7  2.9  3.0 
Feb 96  28  7  11  49  3.7  5.9  7.4  6.9  4.9 
Mar 113  15  52  8  51  7.3  9.8  9.3  8.4  8.8 
Apr 15  107  8  64  63  15.9  13.2  14.0  11.3  13.2 
May 59  162  17  87  76  19.8  15.0  18.6  16.6  18.3 
Jun 68  4  85  15  63  22.8  25.2  21.9  24.0  22.4 
Jul 48  93  56  35  45  24.9  25.2  24.2  24.6  24.2 
Aug 55  18  77  22  55  24.9  24.6  24.2  23.2  23.6 
Sep 112  61  31  27  69  20.3  19.5  20.1  19.8  19.0 
Oct 93  44  95  7  73  15.8  15.9  13.5  13.3  14.3 
Nov 80  160  14  63  88  11.2  10.7  8.6  9.6  8.9 
Dec 22  96  106  44  57  3.3  5.7  6.0  4.2  4.0  

Annual precipitation (mm) Annual mean temperature (◦C)  
772  807  573  427  727  14.6  14.4  14.3  13.7  13.7  

Fig. 2. Diameter at breast height (DBH; mean ± S.E.; n=14) of poplar trees clone Moncalvo in the specialized plantation (C) and the silvoarable system (SA) at the 
end of each growing season from 2018 to 2021. For each year, different letters above histograms indicate significant difference between treatments according to the 
Welch two sample t-test (p < 0.05), while numbers inside histograms represent the mean ± standard error. 

Fig. 3. Height of poplar trees clone Moncalvo (mean ± S.E.; n=14) in the specialized poplar plantation (C) and the silvoarable system (SA) at the end of each 
growing season from 2018 to 2021. For each year, different letters above histograms indicate significant difference between treatments within the same year ac-
cording to the Welch two sample t-test (p < 0.05). 
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larger values than SA (9.09 m3 ha− 1 vs. 55.15 m3 ha− 1) (Fig. 4) as is to 
be expected with the greater population density. 

3.3. Yield and quality of annual intercrops 

The overall aboveground biomass (straw + grain) and grain yield of 
wheat cultivated in 2018–19 revealed slightly higher values at the H 
sampling point as compared to the FS sampling point. In fact, the 
biomass and grain yield were up to 10% and 4% greater, respectively (p 
> 0.05, n.s.), depending on the side of the tree row considered. Signif-
icant improvements for wheat in position H occurred in 2021, when the 
grain yield was enhanced by 28% on average, and the aboveground 
plant biomass by 21%, though significance occurred on the east side 
only (p ≤ 0.05) (Table 3). 

At ½H, the sampling position closer to the trees, plant biomass and 
grain yield showed similar results to FS in both years of wheat cultiva-
tion, with slight but not significant negative differences at the east side 
of the tree rows (− 13% plant biomass, and − 8% grain yield vs. FS; p >
0.05). 

Unlike wheat, both aboveground plant biomass and seed yield of 
soybean were negatively affected by tree proximity, with significant 
reductions at the closest position ½H: plant biomass was reduced by 28% 
at the eastern side (n.s.), and by 48% at the western side of the tree line 
(p ≤ 0.05), respectively. Similarly, seed yield was significantly reduced 
by 24% (East) (n.s.) and 43% (West) (p ≤ 0.05). At distance H, a 
different response was revealed according to the side of the tree row, 
with slight decrease on the western side, and improved plant biomass 
(+8%) and seed yield (+16%) at the eastern side, but again not signif-
icantly vs. FS. As regards grain protein content of soybean, there were 
small, yet not significant positive variations in both H and ½H positions. 

The thousand grain weight (TGW) in wheat showed lower values at 
position H in 2019 (− 8% on East; p ≤ 0.05), but significantly higher 
values in the interaction zone with trees in soybean (up to +16% vs. FS; 
p > 0.05) especially at ½H, showing an opposite trend compared to seed 
yield. 

As regards the quality of wheat, small variations of grain protein 
content were observed in 2019 across different positions in the field, 
while in 2021, a large positive impact of the trees was evident. Values of 
grain protein in 2020–21 were considerably low, but a significant in-
crease in protein accumulation rate was recorded in wheat growing near 
the tree row, i.e. at position H and ½H, particularly on the eastern side (p 
≤ 0.05). 

3.4. Mid-term (4th growing season) assessment of poplars 

3.4.1. Microclimate parameters 
Precipitation of 328 mm were recorded from March to November 

2021 in the 4th year age of poplars, mainly distributed in spring and 

autumn with daily peaks of 25–30 mm (Table 2, Fig. SI.3), a value 
approximately half of the mean recorded between 1994 and 2022 
(583 mm). 

In 2021, the highest maximum daily temperature occurred on August 
15, while the lowest minimum value was measured March 21 
(Figure SI.4). The daily mean vapor pressure deficit (VPD) ranged be-
tween 0.05 kPa and 2.04 kPa, with the highest values occurring at the 
end of June (2.04 kPa, 25.8 ◦C, 45.5% RH), mid-July (1.74 kPa, 26.9 ◦C, 
57.2% RH), and mid-August (1.63 kPa, 28.6 ◦C, 68.2% RH). The soil 
water content in the top-30 cm layer along the tree row was higher in C 
than in the SA system during the whole season (Fig. 5). Soil water 
content ranged between 30% and 47% v/v in C, and between 20% and 
43% in SA. Because both the C and SA systems are purely rain fed, peaks 
in soil water content corresponded to rainfall events, as follows: April 10 
(26 mm) May 12 (16 mm), May 23 (30 mm), June 8 (12 mm), July 2 
(15 mm) and August 30 (22 mm) (Fig. 5). 

3.4.2. Leaf phenology of poplar 
In 2021, the V02 stage, i.e., buds swollen close to sprouting, was ach-

ieved at the same time in both C and SA, namely on March 26. From the 
beginning of April onwards, a delay in the phenological development, 
ranging from one to two weeks of poplar trees in SA became evident 
(Fig. 6). The largest gap between C and SA was found in April (Fig. 7). 
During this month, the V05 phase (i.e., young leaves with foliar limb 
extended) was reached on April 9 in C, and two weeks later in SA. The 
V07 phase (i.e., adult leaves - complete leaf expansion) was instead 
reached one week later in SA as compared with C. The delay in the 
phenological development became less evident after April 23 and had 
disappeared completely by May 27 at V07. 

3.4.3. Poplar radial stem growth and intercrop NDVI 
The Gompertz function allowed accurate description of the dynamics 

of the stem radial growth during the 4th vegetative season (2021) of the 
poplars, and to derive key phases in both the C and SA system (Fig. 8). 
The time of radial growth onset was synchronized in the two systems, it 
being estimated to occur on April 14 and 15 in SA and C, respectively. 
On the contrary, the end of radial growth occurred 10 days earlier in SA, 
i.e. October 1 vs. October 10 in C. During the whole growing season, 
radial growth reached 20.45 mm in SA and 18.89 mm in C, allowing SA 
to exhibit a diametric annual increment of 40.90 mm, compared to 
37.78 mm in C. In this way, SA had a diametric increment 3.12 mm 
greater than that of C, though not significant (p > 0.05), which mirrors 
the 3.33 mm difference in DBH (Fig. 2) measured by means of a less 
precise tool compared to the dendrometers. Data variability was much 
larger in C vs. SA (Fig. 8). 

In 2020–21, poplars were intercropped with common wheat, whose 
NDVI dynamics were opposite compared to poplar radial growth. 
Indeed, a decline of leaf greenness associated with the initiation of 

Fig. 4. Stem volume per tree (left) and per hectare (right) (mean ± S.E. n=14) in the specialized poplar plantation (C) and the silvoarable system (SA) of poplars 
clone Moncalvo at the end the 4th vegetative growth (2021). For each parameter, different letters indicate significant differences between treatments according to the 
Welch two sample t-test (p < 0.05). 
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wheat leaf senescence was observed from end-May at all distances from 
the tree row, while concurrently, the maximum daily increment of 
poplar radial growth in both the C and SA system occurred (June 5; 
Fig. 8). As regards the effect of the distance from the poplar row on 
wheat, a longer maintenance of NDVI, i.e., leaf greenness, was recorded 
in the interaction zone with trees in positions H and ½H, as compared to 
FS. Indeed, during grain filling between end-May and mid-June, NDVI 
was significantly higher in the two shaded positions, with an average 
NDVI between H and ½H of 0.45 vs. 0.33 in the FS position (p ≤ 0.05). 

3.4.4. Maximum daily shrinkage (MSD) of poplar 
The maximum daily shrinkage (MDS) of poplar stems during 2021 

was comparable between the C and SA system between February to end 
May (p > 0.05; n.s.), suggesting a similar capacity in absorbing available 
soil water. Both C and SA exhibited an increase in MDS between April 
and June (Fig. 9), while later, from end-June to end-August, a greater 
increment of MDS was observed in C as compared to SA (p ≤ 0.05). In 
particular, C revealed a MDS peak of 0.16 mm on July 30, as compared 
to 0.05 mm in SA. 

By subtracting the seasonal growth trend to the stem daily fluctua-
tions, it was possible to highlight the effects of soil water availability 
(Fig. 10). In general, the rehydration of poplar stem was consistently 
observed in correspondence with the main precipitation events on April 
10, May 12, May 23, June 8, July 2, and August 30, which were related 

Table 3 
Aboveground dry biomass (straw + grain), grain yield and quality parameters (mean ± S.E.; n=3) of wheat (var. Arkeos) and soybean (var. P21T45) cultivated in the 
eastern and western arable zones of poplar rows in the silvoarable system (SA) from 2018 to 2021, at different distances from the N-S oriented tree row. DW: dry 
weight; TGW: Thousand Grain Weight. For each parameter and within each crop, different letters indicate significant difference among distances according to Tukey- 
HSD test (p < 0.05; highlighted in bold). For each parameter and intercrop, percentage of variation in comparison to crops growing in full sun (% var./FS) are provided 
for both the western and eastern arable zones.  

Side Distance Aboveground plant biomass Grain yield TGW Grain proteins   

Mg ha− 1 % var./FS Mg ha− 1 % var./FS g % var./FS % DW % var./FS 

Common wheat (2018–19) 
East ½H 22.1 (±0.47) a -8% 9.66 (±0.28) a = 36.3 (±0.82) a +4% 13.1 (±0.33) ab -9% 

H 24.8 (±1.97) a +3% 10.1 (±0.61) a +4% 32.3 (±0.54) b -8% 14.2 (±0.34) a -1% 
FS 24.1 (±2.61) a Ref. 9.66 (±1.38) a Ref. 35.0 (±2.23) ab Ref. 14.4 (±0.44) a Ref. 

West ½H 21.4 (±0.73) a -4% 10.1 (±1.18) a -1% 36.1 (±0.50) a -1% 12.4 (±0.90) b -2% 
H 24.6 (±1.94) a +10% 10.4 (±1.13) a +2% 34.7 (±1.02) ab -4% 13.5 (±0.11) ab +6% 
FS 22.3 (±2.35) a Ref. 10.2 (±0.91) a Ref. 36.3 (±0.81) a Ref. 12.7 (±0.90) ab Ref. 

Soybean (2020) 
East ½H 8.25 (±2.30) ab -28% 3.52 (±0.83) ab -24% 165 (±4.30) a +16% 43.6 (±0.33) a +6.3% 

H 12.3 (±2.13) a +8% 5.40 (±0.75) a +16% 163 (±7.23) a +15% 41.2 (±0.53) a +0.5% 
FS 11.4 (±1.61) a Ref. 4.65 (±1.29) ab Ref. 142 (±11.82) a Ref. 41.0 (±1.11) a Ref. 

West ½H 6.02 (±1.44) b -48% 2.65 (±0.80) b -43% 162 (±15.81) a +14% 41.9 (±0.30) a +1% 
H 10.8 (±0.68) ab -6% 4.49 (±0.63) ab -4% 145 (±8.10) a +2% 42.1 (±0.50) a +1.4% 
FS 11.6 (±0.72) a Ref. 4.68 (±0.70) ab Ref. 142 (±8.71) a Ref. 41.6 (±1.74) a Ref. 

Common wheat (2020–21) 
East ½H 15.8 (±0.95) bc -13% 7.46 (±0.46) bc -8% 36.4 (±0.71) a = 10.2 (±0.43) ab +11% 

H 22.6 (±1.28) a +23% 10.6 (±0.65) a +27% 36.3 (±1.03) a -0.3% 11.1 (±0.63) a +21% 
FS 18.3 (±1.88) b Ref. 8.12 (±0.82) b Ref. 36.4 (±0.83) a Ref. 9.20 (±1.34) abc Ref. 

West ½H 13.0 (±0.59) c -2% 6.13 (±0.31) bc +8% 37.0 (±0.40) a = 9.53 (±0.11) abc +26% 
H 15.8 (±1.96) bc +19% 7.36 (±0.99) bc +29% 35.2 (±0.70) a -4.9% 8.50 (±0.63) bc +13% 
FS 13.3 (±0.89) c Ref. 5.69 (±0.48) c Ref. 37.0 (±0.82) a Ref. 7.51 (±0.60) c Ref.  

Fig. 5. Soil water content (SWC % v/v, top 0–30 cm layer) measured in the specialized poplar plantation (C) and in the silvoarable system (SA) along poplar rows 
during the 4th vegetative growth season of poplar from March 11 to November 10, 2021 (right y axis). Variations of vapor pressure deficit (VPD; kPa) within the SA 
system are shown as grey background (left y axis). Rainfall events are highlighted with grey bars. The black vertical bar indicates wheat harvest. 
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to the soil moisture dynamics (Fig. 5). The dynamics of radial stem 
fluctuations are in agreement with results on MDS: in C stems showed a 
greater capacity of rehydration/water retention than in SA, especially 
after the precipitation events of May 12 and July 2. The greatest dif-
ferences between C and SA systems occurred after the precipitation of 
July 2 (15 mm), when in SA wheat was already harvested, and rehy-
dration of poplars in SA was significantly lower than that observed in C 
(p ≤ 0.05); for instance, on July 9, stem fluctuation was 0.002 mm in SA 
and 0.5 mm in C. 

4. Discussion 

4.1. Poplar growth 

This study investigated the effect of an alley-cropping design on the 
growth of the new early-sprouting HES poplar clone Moncalvo by 
comparing it to the growth of a conventional poplar plantation. The 
effects of such alley-cropping design on the yield of two annual inter- 
crops (both winter and summer) during the first half of the trees’ rota-
tion (4 years) was also investigated. Therefore, results from this trial 
provide useful information on the beginning of the poplar cycle, when 
poplars exert mild competition with the intercrop, but also give insights 
on future agronomic effects as the 4th year is considered the midway 
point of the expected rotation of this species in our environment for 
industrial uses. Indeed, from the 4–5th year of poplars, the tree crown 
volume is expected to stabilize, while the stem gradually approaches the 
final DBH. As such, we demonstrate that, within the first half of the 
poplars’ rotation, the following effects are detectable: i) the annual 
growth rate of trees is higher in the SA system than in the C system; ii) 
annual poplar leaf expansion reaches completion later in SA, and the 
stems ceased to grow earlier in autumn; and iii) the effect of the poplars 
on intercrops yield is negative in soybean, while negligible (with young 
trees) or positive (with older trees) in winter wheat. 

The annual growth rate of poplars was clearly characterized by the 
dynamics of DBH; poplars grew significantly wider stems in the sparse 
plantation scheme of SA compared to the high population density of the 
C system. As expected, the increasing intraspecific competition over 
time in the specialized poplar plantation C also promoted greater stem 
height as compared to the alley design of SA. In agreement with previous 
studies (Cabanettes et al., 1999, Toillon et al., 2013), a greater stem 
volume per tree, but not per hectare, is expected in SA as consequence of 
the lower intraspecific competition and the greater availability of soil 
resources and solar radiation. In accordance with our results, Thomas 

Fig. 6. Vegetative phenological stages according to the GFI scale (Giardini 
Fenologici Italiani) (Malossini, 1993; Table SI.1) of poplar trees clone Moncalvo 
(n=3) in the specialized poplar plantation (C) and the silvoarable system (SA) 
during 2021. 

Fig. 7. Field photos of the same branches of poplar trees (clone Moncalvo) in the specialized plantation (C) and silvoarable system (SA) during spring 2021, with the 
corresponding vegetative phenological stages according to the GFI scale (Giardini Fenologici Italiani) (Malossini, 1993; Table SI.1). 
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et al. (2021) showed greater HDR (Height to Diameter stem Ratio), an 
index of tree competition and stability, in six-year-old poplars grown in 
monoculture with respect to silvoarable systems. However, further 
monitoring of our systems is required to confirm this growth trend 
described by Thomas et al. (2021) since the radial growth is expected to 
decelerate in the second part of the poplars’ rotation as a consequence of 
the increased intraspecific competition in plantations at canopy level 
(Zhang et al., 2022), but probably not in sparse plantations. Given that 
the HDR tends to be lower in silvoarable conditions, resulting in greater 
stability and reduced susceptibility to wind and snow damage, the 

adoption of these systems could help farmers in managing agricultural 
areas affected by strong winds in order to ensure tree stability and 
protection/windbreak of the arable fields. However, improvements of 
the wood production per hectare in silvoarable systems require a higher 
population density than that used here, but with some cautions. While 
the intra-row tree distance of 6 m should be maintained for guarantee-
ing optimal growth of trees and avoiding stem ovalization, the arable 
zone could be reduced to 30–15 m, as more commonly applied at more 
northern latitudes, although at the expense of the intercrop yield due to 
greater competition (Inurreta-Aguirre et al., 2018; Beuschel et al., 

Fig. 8. Dynamics of stem radial growth of poplar trees clone Moncalvo (mean ± S.E. as shaded area around the curve; n=3) in the specialized poplar plantation (C) 
and the silvoarable system (SA) in 2021 growing season, and NDVI dynamics of wheat intercrop var. Arkeos (mean ± S.E.; n=3) at ½H, H and FS positions. For NDVI 
values of wheat, letters indicate significant difference among different positions at each time according to Tukey-HSD test (p < 0.05). 

Fig. 9. Maximum daily shrinkage (MDS) of poplar trees clone Moncalvo (mean ± S.E.; n=3) in the specialized plantation (C) and the silvoarable system (SA) 
during 2021. 
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2020). In this view, twin tree rows could be an interesting sol-
ution/compromise for doubling wood production per hectare by 
restricting the field size from 40 m to 34 m. Possible twin row designs 
have only recently come under consideration, with one tree row at either 
side of the field ditches or both rows on one side only. Planting both 
rows on one side is considered the most suitable candidate solution for 
facilitating tree management and maintenance of ditches. The overall 
production of such a system, costs and benefits, together with practical 
and logistic implications, however, should be adequately investigated in 
the near future. 

The growth conditions for poplars are more favorable in agroforestry 
than in specialized plantations due to the greater light availability, the 
application of fertilizers to the intercrops, and symbiotic N-fixation by 
legume crops. The potential of Populus spp. and their hybrids to rapidly 
take advantage of crop fertilization, particularly nitrogen, within the SA 
system has been reported in previous studies (Rivest et al., 2009). Some 
authors also reported positive effects on tree diameter when the poplars 
are associated with N2-fixing intercrops (Dupraz et al., 1999; Sisi et al., 
2011; Thomas et al., 2021), and indeed, when soybean was intercropped 
in 2020 in our study, the annual increment of poplar DBH was much 
greater than in 2018 and 2021, when common wheat was cultivated. On 
the other hand, in 2019 the average DBH of poplars in SA was not 
significantly different from that of the control, possibly due to the stress 
caused by the first pruning in the two systems. It is hypothesized that 
specific pruning methods might be set-up in silvoarable systems as 
compared to a conventional plantation, particularly for the formation 
pruning, by adopting more timely interventions on lateral branches that 
tend to thicken faster than in a specialized plantation. Anyhow, in-
vestigations are still on-going at the Sasse Rami pilot farm and will 
provide further information in the upcoming future concerning the 
second part of the poplar cycle, from the 5th to ideally the 10th year of 
cultivation. However, the annual growth rate of poplar DBH reported 
here allow us to hypothesize that commercial diameters suitable for logs 
harvesting can be reached already at the end of 8th growing season in 
agroforestry systems, which is 2 years earlier compared to conventional 
plantations. This can potentially lead to a shorter rotation period and 
increased economic affordability. 

The combined analysis of radial stem growth, soil water availability, 
and precipitation permits for the investigation into the correlations be-
tween the diametric growth of poplars and water availability in the two 
cultivation systems. Both higher soil water content and MDS, an index of 
water absorption capacity, were unexpectedly associated with lower 
radial growth in the specialized plantation C, probably due to the 
preferential vertical growth of the trees. Concurrently, as evidenced by 
the lower stem swelling, the trees in the SA system were less prone to 
absorb water after precipitations, especially after wheat harvest at end- 
June. This could be explained by elevated levels of evapotranspiration 

from the bare soil of the agricultural fields in SA and consequently the 
lower water availability for trees following wheat harvest. This hy-
pothesis agrees with the study by Klocke et al. (2009), who observed a 
reduction in soil evaporation by up to 50% when the soil was shaded by 
a maize canopy or by maize residue post-harvest. Our observations only 
refer to a single growing season in 2021, but it nonetheless highlights the 
importance of ensuring permanent soil coverage of agricultural fields to 
limit water loss through evaporation and to maximize water conserva-
tion, especially during summer. Our results show that the maximum 
stem radial growth of poplars occurred around mid-June, in parallel 
with the harvest of wheat and straw removal. In the C system, although 
permanent shading by poplar canopies during summer allowed for 
greater soil water availability, this was not translated into higher stem 
radial growth. Our soil moisture measurements referred just to the top 
30-cm layer however, and a good soil root colonization by poplar has 
been demonstrated in literature (Mulia and Dupraz, 2006), suggesting 
that water may not necessarily be the main limiting factor for poplar 
growth. Indeed, Toillon et al. (2013) reported a greater HDR, and lower 
water use efficiency of poplars cultivated in high-density plantations 
when water was not a limiting factor. Nevertheless, to fully elucidate the 
importance of soil water content on poplar growth, further in-
vestigations on leaf conductance, stomata sensitivity, and photosyn-
thesis of this new poplar clone Moncalvo are required in both systems. 

Tree density, which was significantly lower in SA vs. C, also has a 
potentially significant effect on wood quality, as observed in walnut 
grown in SA systems whose trees produce wood of low quality due to 
uneven competition between neighboring trees (Heim et al., 2022). 
However, evidence has shown that the wood quality of poplar grown in 
agroforestry systems is comparable to that obtained in standard poplar 
plantations (Kouakou et al., 2016). Considering that plywood is the 
main use of poplar wood, even annual diameter increments are not ex-
pected to be decisive for the quality of this wood. Quality and me-
chanical properties of poplars wood obtained in agroforestry remain to 
be evaluated at end cycle in comparison to specialized plantation, a 
topic still unexplored in the literature, but suitable felling and logging 
methods, as well as the logistic of harvesting should be defined to avoid 
intercrops damage and ensure timely interventions. 

4.2. Poplar phenology and intercrop response 

In agroforestry, the phenological development of trees and the 
growing season of intercrops are key factors in determining the pattern 
of interactions, particularly for shading (Broadhead, 2000). The choice 
of deciduous tree species, such as poplar, in combination with winter 
crops, such as winter wheat, shows reduced growth overlap, as evi-
denced here in Fig. 8, thereby allowing wheat to complete at least stem 
elongation and flag leaf formation before complete poplar leaf 

Fig. 10. Dynamics (15-minute interval) of the net mean daily stem growth (after deduction of the seasonal growth trend) of poplar trees clone Moncalvo (mean ± S. 
E.; n=3) in the specialized poplar plantation (C) and the silvoarable system (SA) during 2021. 
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expansion. Wheat commonly shows minimal yield losses when neigh-
boring trees, contrary to light-demanding summer crops like soybean 
(Reynolds et al., 2007; Gill et al., 2009; Jose et al., 2004; Pardon et al., 
2018). The dynamics of wheat canopy greenness at the 4th year of 
poplar age in SA (year 2021) corroborated the complementary 
phenology of poplar and winter wheat, both leaf senescence of wheat 
and radial stem growth of poplar being appreciable at the end of May. 
Indeed, the one- to two-week delay in poplar phenology (leaf unfolding) 
observed in trees grown in the agroforestry system allowed for an 
attenuation of the competition with wheat. In fact, tree shading later 
became beneficial, retarding wheat senescence and resulting in positive 
effects on yield and protein content, as previously observed in various 
studies (Li et al., 2010; Xu et al., 2016; Arenas-Corraliza et al., 2019). In 
this view, tree leaf phenology should be considered as a relevant trait in 
screening poplar clones for suitability to agroforestry. Some authors 
suggested that the delayed poplar phenology in agroforestry could be 
due to lower soil water content (Myers et al., 1998), which indeed was 
also measured in the topsoil of our study. Preliminary measurements of 
the air temperature in 2023 (6th poplar growing season) (data not 
shown) also highlight lower night temperatures in spring in the sil-
voarable system as compared to high-density plantations, which may 
also contribute to the delay in leaf phenology in the SA system. 

As regards the productivity of intercrops, it is expected that poplar 
growth in terms of height and crown volume will have a growing effect 
through the years in SA systems. Indeed, wheat productivity in prox-
imity of the poplar rows (½H) was not affected neither at the 2nd nor the 
4th year, while improvements in yield were documented at distances 
equal to the tree height (H). On the contrary, yield impairments were 
generally observed in soybean, with the exception at distance H on the 
east side of the tree row, highlighting a greater sensitivity of this crop to 
reduced solar radiation in the afternoon. Better yield response in winter 
wheat at distance H could be due to both lower root competition with 
poplar and shading as compared to ½H. These combined interactions 
would have created more favorable conditions for wheat at distance H as 
compared to FS, likely due to better soil water conservation associated to 
moderate shading at this position. Root competition between poplar 
trees and intercrops was not investigated in this trial, but limited 
interspecific interactions are generally expected in shallow soil layers, 
due to annual tillage/ploughing that disturbs tree root growth, and in 
further positions from the tree row (Hugenschmidt and Kay, 2023). As 
regards the side of the tree row, the higher aboveground biomass and 
grain yield were achieved at the eastern side in soybean in 2020 and in 
wheat in 2021. This could be associated to the beneficial effects of trees 
during the hottest time of the day, namely in the afternoon, leading to 
cooler temperatures during the late phases of the wheat cycle (grain 
filling) and in the summertime for soybean in the shaded eastern side. 
However, to corroborate these conclusions, microclimatic parameters 
through dedicated sensors should be investigated in more detail. 

Our results on wheat partly conflict with literature studying agro-
forestry systems in temperate climates. These report wheat yield losses 
adjacent to tree rows (Dufur et al., 2013; Artru et al., 2017; Qiao et al., 
2020; Yang et al., 2021), although these studies refer to SA systems with 
narrower arable zones and different climatic conditions than ours. Grain 
yield improvements comparable to ours were previously documented in 
field trails subjected to both artificial shading and drought (Thevathasan 
et al.2004; Li et al., 2010; Xu et al., 2016; Arenas-Corraliza et al., 2020). 
Nevertheless, it should be stressed that our SA system has both large tree 
inter-row and intra-row distances, allowing for mild inter-species 
competition. According to some studies (Graves et al., 2007; Sereke 
et al., 2014), in low-density SA systems, i.e., ~50 trees ha− 1, crop yield 
was similar to conventional agricultural fields until the midpoint of 
tree’s rotation, which mirrors the results of our study with 35 trees ha− 1. 
Our poplar silvoarable system greatly differs from those present in India, 
the country with the largest surface area dedicated to such systems. Here 
the plantation design has narrower inter-row and intra-row distances, 
both approximately 4.5–6 m, with a shorter rotation period of 5–7 years. 

In such a context, the yield of the intercropped winter wheat is signifi-
cantly impacted by tree competition, with reductions ranging from 15% 
to 65% as compared to controls, depending on the trees’ age (Chauhan 
et al., 2011). 

As regards soybean response, our results are in agreement with 
several studies in temperate SA systems, which explained yield losses by 
reduced light availability in the proximity to the tree rows, while 
excluding water competition (Reynolds et al., 2007; Carrier et al., 2019; 
Mantino et al., 2019). However, given that soybean has been studied for 
one year only with young two-year old poplars, a thorough assessment 
of its response in agroforestry has to be further validated. 

For future perspectives, the introduction of trees in SA farming sys-
tems could be beneficial for mitigating the negative effects of climate 
change on field crops. In our studies, both 2020 and 2021 were char-
acterized by unusual dryness, with few events of precipitation (573 mm 
in 2020 and 427 mm in 2021, vs. 727 mm as 1994–2022 average); the 
negative impact of shading by trees could therefore be attenuated by 
improving water balance of intercrops and reducing the air temperature 
(Thevathasan and Gordon, 2004). This can also explain why crop yield 
was greater on the eastern side of the poplar rows, where the crop was 
shaded by tree canopies during the hottest time of day (afternoon). 

5. Conclusions 

This study demonstrates that poplar grown in low population density 
can be successfully integrated into alley-cropping systems with negli-
gible negative impact on yield of intercrops, at least within the first half 
of the trees’ rotation. Some changes in the dynamics of poplar growth 
are expected in widely spaced tree rows compared to specialized plan-
tation, such as faster radial stem growth and volume increment, which 
may attract farmers to introduce this fast-growing species along the 
drainage ditches of the agricultural fields. The retarded seasonal 
phenology of poplars grown in SA in respect to specialized plantation 
can also be positively exploited in agriculture for attenuating the 
competition with intercrops, although summer species such as soybean 
are more readily affected than winter-spring crops such as winter wheat. 
Our results demonstrate the importance of correctly designing the SA 
system and identifying the most suitable crops to be cultivated in the 
arable alleys as function of tree age. Although crop performance should 
be further investigated in the following second half of the poplar rota-
tion, we can currently conclude with confidence that winter wheat, and 
probably other winter cereals such as barley and rye, can be efficiently 
cultivated in our agroforestry model, and these data can be useful to 
implement in currently available predictive models. In fact, improved 
yield and protein quality is more achievable than when wheat is culti-
vated under full sun conditions. Widely spaced silvoarable systems with 
poplars can also improve the use efficiency of natural resources, such as 
water, supporting a widespread application of this system across Europe, 
particularly in environmentally sensitive areas. Agroforestry systems 
thus represent an opportunity for agriculture to combat the imminent 
negative effects climate change will have on the agricultural sector in 
temperate regions in the next future. 
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