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response of 10 common wheat varieties cultivated in 
the 6-m narrow inter-row of a specialized 4-year old 
poplar plantation (AF, agroforestry) vs. full sun con-
ditions (C, controls). Here it was demonstrated that 
large genetic variability exists in wheat, as grain yield 
reductions under shading ranged between 31 and 75% 
(average − 57%) depending on variety choice. Better 
tolerance was highlighted in old varieties (− 44% of 
yield in AF vs. C), that was associated to greater plas-
ticity in delaying leaf senescence, and increased both 
leaf area index and SPAD (index of chlorophyll con-
tent), while achieving the highest grain protein con-
tents (> 17.3% DW). However, under shading modern 
wheat varieties still remained the highest yielding, 
particularly in bread-making varieties (469 g  m−2 on 
average), thanks to larger improvement of the leaf-to-
culm biomass ratio and better harvest index. We con-
clude that there is large scope for identifying wheat 
varieties suitable for agroforestry systems, while 
breeding programs can select for specific morpho-
physiological adaptation traits to low irradiance.

Keywords Silvoarable systems · Leaf greenness · 
Morpho-physiological traits · Old and modern wheat 
varieties · Yield components

Introduction

Integrated land-use systems combining a woody veg-
etation of trees and/or shrubs with a lower storey 

Abstract The sustainability of silvoarable agrofor-
estry systems largely depends on the choice of suit-
able crop species and varieties for minimizing com-
petitive interactions in the interaction zone with trees. 
Up to date crop intraspecific variability has been 
poorly investigated, and mainly in pot trials under 
artificial shading. Given this framework, a trial was 
conducted in field conditions in NE Italy to study the 
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agricultural production, commonly referred as agro-
forestry farming systems, can benefit from the 
resulting ecological interactions (Mosquera-Losada 
et  al. 2018; Burgess and Rosati 2018). Mixed farm-
ing systems had been largely applied in the temper-
ate regions until the ‘70s, but later abandoned due 
to agriculture mechanization and intensification. As 
a consequence, agroforestry systems were progres-
sively replaced by specialized monocropping systems 
without trees, especially in the fertile valley areas 
(Nair 2007; Nerlich et  al. 2013; Seidel et  al. 2021). 
However, in recent years, the stability of monocrops’ 
production is being mined by climate change, in rela-
tion to increased temperature, drought, and flooding 
events (Brisson et al. 2010; Ray et al. 2012). In winter 
cereals, such as wheat, heat waves and drought in late 
spring are responsable for anticipated leaf senescence 
and shortening of the grain filling period, thus lead-
ing to considerable yield losses. Particularly within 
the Mediterranean area, the impact of climate change 
is expected to intensify in the short-term accord-
ing with future forecasted climate change scenarios 
(Saadi et  al. 2015; Moore and Lobell 2014; Trnka 
et  al. 2014). Since the mean air temperature is fore-
seen to increase by at least 1.5 ºC as global average 
in the next decades (IPCC 2021), the potential of cur-
rent specialized farming systems to match the grow-
ing food demand is being questioned.

Within this framework, agroforestry systems are 
receiving a renewed attention for their potential to 
reduce vulnerability to climate shifts and improve 
resilience of farming systems (Burgess et  al. 2022; 
Cardinael et  al. 2021; Quandt et  al. 2023). At pre-
sent in Europe, silvoarable systems cover 358,000 ha, 
i.e. only ~ 0.1% of the agricultural area (Nerlich 
et  al. 2013), although they could be extended on a 
much larger land (Mosquera-Losada et  al. 2018). 
Indeed, there is concern among farmers for worsen-
ing of crops’ yield in the neighboring of trees, caused 
by resources competition, and for a more complex 
management of the agricultural system (Mosquera-
Losada et  al. 2018; Lakshmanakumar et  al. 2013; 
Camilli et al. 2018). However, recent literature dem-
onstrates higher overall productivity per land unit of 
well-conceived agroforestry systems, as highlighted 
by better Land Equivalent Ratio (LER) indexes as 
compared to separated tree and crop monocultures 
(Graves et al. 2008; Seserman 2018), and better prof-
itability and sustainability (Luedeling et  al. 2016). 

Trees can also impact positively on crop yield stabil-
ity through microclimate buffering (shelter and wind-
break effects), soil water conservation and fertility 
enhancement (Torralba et  al. 2016; McAdams et  al. 
2009). The agroforestry systems should be correctly 
designed, and tree management adequately managed 
in the short- and long-term. Essential tree characteris-
tics are species choice, tree age, phenology and prun-
ing management. These traits together with the plan-
tation design, such as tree inter-row and intra-row, 
affect the competition for resources with the inter-
crops (Zhang et  al. 2013; Dossa et  al. 2008). With 
deciduous trees, one of the most important candidate 
intercrop is winter wheat, it being a C3 species and 
having limited overlap of the growing season with 
tree foliation of such trees (Jose et  al. 2004; Pardon 
et al. 2018). In temperate climates, yield reduction of 
the understory wheat is commonly observed in the 
narrow interaction zone with trees, and solar radiation 
is recognized to be the main limiting resource (Eich-
horn et al. 2006; Dufour et al. 2013; Artru et al. 2017; 
Burgess et al. 2005; Gill et al. 2009; Yang et al. 2020; 
Jose et al. 2004).

According to reduced solar radiation in tree-crop 
interaction, an essential aspect to be investigated 
is the genetic variability among wheat varieties in 
response to low irradiance (Ehret et al. 2015; Burgess 
et  al. 2015). Modern wheat breeding has been car-
ried out under full-sun conditions and it is unknown 
how modern varieties withstand shading conditions 
in comparison with abandoned old varieties. In this 
regard, there is much interest in screening shading 
tolerant wheats and identifying related morpho-phys-
iological traits (Panozzo et  al. 2020). According to 
Araus et al. (2008), it is necessary to evaluate primary 
traits that directly affect grain yield, such as biomass 
accumulation, plant height, and flowering time, and 
secondary traits such as phenology, senescence tim-
ing, and water status, which are related to crop stress 
tolerance. Up to date, the few wheat varietal screen-
ing trials for agroforestry have been carried out pri-
marily under artificial shading, thus excluding soil 
competition.

Given this background, we carried out a screening 
trial on 10 common wheat genotypes, including mod-
ern and old local Italian varieties, within a 4-year old 
specialized poplar plantation in order to assess their 
shading tolerance in real agroforestry conditions. The 
study aimed at (i) quantifying the impact of trees on 
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yield and grain protein content of wheat within the 
poplar plantation, as compared to full sun controls; 
(ii) to identify morpho-physiological parameters for 
shading tolerance in wheat to be used in future breed-
ing programs for implementation of agroforestry sys-
tems; (iii) to verify whether differences for shading 
tolerance exist among old and modern wheat varie-
ties, and among bread-making and biscuit-making 
varieties.

Materials and methods

Experimental site and climatic conditions

The field trial was conducted during the 2020–2021 
growing season at the “Sasse Rami” pilot and demon-
strative farm of Veneto Agricoltura agency, located 
in Ceregnano (Rovigo, NE Italy, 45°03’N, 11°52’E, 
12  m a.s.l.). The soil was clay-loamy, with 31% 
clay, 47% silt, 22% sand, 14.2 g  kg−1 organic matter, 
0.86 g   kg−1 total N content, pH 8.0, available phos-
phorus 44  mg  P2O5  kg−1, and exchangeable potas-
sium 88  mg  K2O  kg−1 (arable layer, beginning of 
the experiment). The local climate is subcontinen-
tal, with a mean monthly temperature ranging from 
3.0 ºC in January to 22.2 ºC in June. The historical 
30-year mean annual precipitation is 697  mm. Dur-
ing the trial, as recorded by the local meteorological 
station (ARPAV, Villadose, Rovigo Italy), the aver-
age monthly temperature was higher than the histori-
cal mean in December (6.0 ºC vs. 3.8 ºC), February 
(7.8 ºC vs. 4.8 ºC), and June (24.3 ºC vs. 22.2 ºC) 
(Fig. S1). During the wheat cycle, from October 2020 
to June 2021, the site received 444 mm of precipita-
tion vs. 577  mm of historical mean, with large het-
erogeneity in the monthly rainfall pattern (Fig.  S1). 
Monthly precipitation was higher than the historical 
mean in October, December, January, and May, with 
the largest differences in December (106  mm vs. 
56 mm).

Experimental design

The trial was set up within a specialized poplar (Pop-
ulus × euroamericana) plantation of 1.6  ha at the 
4th vegetative growth, that has been planted in 2018 
using 1-year old rods. The plantation consisted of 13 
different clones of type HES (High Environmental 

Sustainability), i.e., having high tolerance to the 
main fungal pathogens (Venturia populina, Melamp-
sora allii-populinaand, Marssonina brunnea) and 
insects (i.e., Phloeomyzus passerinii), with nine trees 
each, replicated three times (overall n = 27). The tree 
rows are N-S oriented with a squared 6 × 6 m plant-
ing design. The poplar clones surrounding the wheat 
plots were Mombello, I-214, Senna and Aleramo. 
During the wheat trial, trees reached 14 m of height at 
the beginning of April 2021, with 18 cm stem diam-
eter at breast height, and 4.2 m canopy width.

Ten common wheat varieties were cultivated in 
the inter-row of the poplar plantation (AF, agrofor-
estry treatment) and in a neighboring field without 
trees as control area (C, control treatment). The pool 
of wheat varieties studied here was chosen in order to 
consider a relatively large genetic variability, includ-
ing both old local varieties (three varieties) preserved 
at the “Nazareno Strampelli” Institute of Genetic and 
Agricultural Research in Lonigo (Vicenza, Italy), and 
modern commercial wheat varieties (seven varieties), 
considering the most broadly cultivated in NE Italy. 
The main qualitative characteristics of the studied 
varieties are reported in Table S1. Four modern vari-
eties are classified as for bread-making, two biscuit-
making and one hard. Based on the relatively low 
dough strength index W (< 100 J ×  10–4), the old vari-
eties can be used for low leavened oven productions, 
such as biscuits.

In both AF and C treatments, wheat was sown on 
25 October 2020 with a plot seeder at a seed dose of 
240 kg  ha−1, with 15 cm apart rows. Soil was previ-
ously harrowed at 0.15  m depth, and fertilized with 
32, 96 and 96 kg   ha−1 of N,  P2O5 and  K2O, respec-
tively, as ternary fertilizer incorporated into the soil 
through a second harrowing. During the crop cycle, 
two N fertilizations with ammonium nitrate (57  kg 
N  ha−1 each) were applied, i.e. during tillering at 
mid-February and at the beginning of stem elonga-
tion at end-March for a total amount (including the 
dose at sowing) of 146 kg N  ha−1. As recommended 
practice, wheat was protected against fungal patho-
gens by spraying Amistar® Xtra (1 L  ha−1; a.i. azox-
ystrobin + ciproconazolo; Syngenta) at flowering 
stage (beginning of May). Wheat plots were 1.2-m 
wide and 3-m long (3.6  m2 each) with three repli-
cates per variety (n = 3), following a completely ran-
domized block design (Fig. S2). In AF, wheat plots 
were set-up in the middle of the inter-row between 
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two poplar lines, roughly in the center of the plan-
tation. The uncultivated area at both sides of the 
plots was covered with natural grasses and regularly 
mowed during the wheat cycle. In controls, the wheat 
plots were set-up in a close field, at > 30 m distance 
from trees. Manual harvest of wheat took place on 
29 June 2021 in 1-m2 sampling areas for each ‘repli-
cate × variety × treatment’ plot.

Microenvironmental parameters

Photosynthetic active radiation (PAR) reaching wheat 
during the crop cycle in AF and C treatments was 
provided hourly by two SQ-420X sensors (Apogee 
Instruments, Logan, UT, USA), placed one per treat-
ment at 1-m height, from the sowing date of wheat 
until harvest time. The poplar plantation (AF) had 
high population density with even soil shading, and 
PAR was measured in the centre of the wheat plots.

Soil moisture was retrieved from core samples 
(4-cm ø, 25  cm depth) taken from all the repli-
cate × variety plots of both treatments on 28 April 
and 31 May 2021, between two wheat rows of the 
plots centre. Soil was collected in plastic bags, and 
weighted before and after oven-drying at 105 °C for 
48 h for determining the water content (w/w).

Plant analysis

The normalized difference vegetation index (NDVI) 
was measured once a week from the end of April 
2021 to wheat harvest by means of an active hand-
held Greenseeker spectrometer model RT100 (Ntech 
Industries, Ukiah, CA-USA) on the wheat canopy 
of all the replicate × variety plots of both AF and C 
treatments. While walking beside the plots and keep-
ing the sensor head parallel to the ground at ~ 30 cm 
of distance from the crop canopy, the equipment pro-
vides the reflectance at 660 nm (refRED) and 770 nm 
(refNIR) for the calculation of the vegetational index, 
as follows:

NDVI provides a measurement of combined soil 
coverage and canopy greenness, and varies from 0 to 
1, the higher the index the better the canopy develop-
ment and health. A greener vegetation is expected to 

NVDI =
RefNIR − RefRED

RefNIR + RefRED

provide higher NDVI values, as refNIR is supposed to 
be higher and refRED lower (Ali and Ibrahim 2020).

The leaf chlorophyll content of wheat was meas-
ured periodically, at heading (28 April 2021), flow-
ering (13 May) and during grain filling (31 May). It 
was measured indirectly as SPAD units, through a 
Soil Plant Analysis Development SPAD-502 chloro-
phyll meter (Konica-Minolta, Hong Kong) (Hoel and 
Solhaug 1998) on the last fully expanded leaf of three 
tagged plants randomly chosen in each plot/replicate. 
Two measurements were taken in each plant, one at 
one-third and one at two-thirds of the leaf length, that 
were averaged.

Some morphological traits of wheat were deter-
mined on plants collected from 0.1  m long row for 
each plot at the two times of SPAD measurements, 
i.e., flowering (13 May) and during grain filling (31 
May). Plant height (from coleoptile to spike apex) 
was measured on the main culm of three randomly 
chosen plants in each sample. On the same samples, 
the leaf area index (LAI) and culm area index (CAI) 
were measured by means of a LI‐3100 leaf area meter 
(Li‐Cor Inc., Lincoln, Nebraska), allowing the LAI-
to-CAI ratio to be calculated. After oven-drying 
(105  °C for 48 h), leaf and culm dry weights (DW) 
and their ratio were also calculated.

Grain yield and quality

Grain yield of wheat varieties was assessed in AF and 
C treatments at maturity by collecting and threshing 
1-m2 sampling area from all plots (replicate × variety). 
The harvest index (HI) was calculated as grain-to-
total shoot DW measured after oven-drying at 105 °C 
for 48  h. Further measured parameters (n = 3) were 
the thousand grain weight (TGW) after seed count-
ing and weighting, and the testing weight through 
the GAC 500XT equipment (Dichey-John, IL-USA). 
The quality parameters of wheat grain, i.e. the grain 
protein content and wet gluten content (% DW) were 
estimated by Near-InfraRed Spectroscopy (NIRS) 
using the Infratec-1241 equipment (Foss Analytical, 
Hillerød, Denmark).

Statistical analysis

The data of all the parameters for each ‘variety × treat-
ment’ combination were subjected to ANOVA using 
R Studio software ver. 1.4 [RStudio Public Benefit 
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Corporation (PBC), Boston, MA, USA]. Separation 
of means was made at P ≤ 0.05 by the Tukey’s HSD 
test.

Principal component analysis (PCA) and facto-
rial discriminant analysis (Multigroup Discriminant 
Analysis, MDA) with Wilks’ lambda and Pillai’s 
trace tests (Podani 2007) were carried out with MS 
Excel XLSTAT (Addinsoft, Paris, France) to describe 
the response of wheat to shading in agroforestry (AF) 
and full-sun (C) conditions, in terms of vegetational 
parameters, aboveground biomass, leaf and culm 
area indexes and grain yield. Before analysis, multi-
variate data normality was verified by the Shapiro test 
using R 3.0.1 software (Ihaka and Gentleman 1996), 
and data were standardized by subtracting the mean 
and dividing by the standard deviation within each 
variable.

Results

Microclimatic conditions

In AF, photosynthetic active radiation (PAR) was 
reduced by 42% as compared to the open field control 
(C) as an average of the whole wheat growing cycle, 
from sowing to harvest, with progressively greater 
reductions starting from the beginning of April along 
with leaf sprouting of the poplars while wheat was at 
the stem elongation stage.

A regards the soil moisture in the top 25 cm layer, 
it was assessed in two distinct growth phases of 
wheat. i.e. heading (April 28) and grain filling (May 
31). At heading, the average soil moisture was 15% 
w/w in the C treatment, with some variations within 
the range 13.8%–15.7% depending on the genotype 
considered (Table  S2), while in the AF treatment, 
with trees at about half of complete foliation, the 
average soil moisture was 14.2% w/w (−  0.8% vs. 
C; p < 0.05), with some variations among varieties 
within the range 12.3%–15.4%. In plots of wheat var. 
LG Ayrton, Guà 113 and Piave soil moisture was sig-
nificantly lower in AF than in C. On the opposite, at 
the end of May, when trees had completed the folia-
tion from about 10 days, a slightly higher soil mois-
ture content was revealed in the AF treatment (15.1% 
vs. 14.8%; p > 0.05) (Table S2). At this time, the dif-
ference in soil moisture between AF and C ranged 

between –2.6% up to +2.0% depending on the wheat 
variety considered.

Leaf greenness

At the beginning of the measurement period at wheat 
heading (end April), the average NDVI value was 
significantly higher in C as compared to AF (0.73 
vs. 0.63; p ≤ 0.05). However, starting from mid-
May, when poplars completed the foliation, NDVI 
increased sharply in AF, thus reaching higher values 
as compared to full sun conditions, and allowing for 
a superior dynamics in the rest of the wheat cycle. In 
particular, during maturation in June, shading in AF 
brought to slower NDVI decline and retarded leaf 
senescence compared to C. On June 10, NDVI was 
0.75 in AF and 0.63 in C (p ≤ 0.05) (Fig. 1). Regard-
ing varietal comparison, different NDVI dynamics 
were registered from heading to maturity, as the stud-
ied genotypes generally showed higher NDVI in AF 
vs. C during the last part of the cycle, although not 
significantly for LG Ayrton, Solehio and Vivendo. 
This indicates a prolonged stay green in agroforestry 
as compared to full sun conditions. This effect was 
statistically significant in half of the varieties (5 out 
of 10), and most evident in the old varieties (Canove, 
Guà 113, Piave) as compared to the modern ones. On 
June 10, NDVI values were averagely 40% higher in 
AF vs. C in old varieties, and 11% in modern ones 
(p ≤ 0.05) (Fig. S3).
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Fig. 1  Dynamics of Normalized Difference Vegetation Index 
(NDVI) (means ± S.E.; n = 30) from heading to maturity of 
common wheat in agroforestry (AF) and control (C) treat-
ments, as average of 10 varieties. Asterisks indicate significant 
differences between treatments for each date according to the 
Tukey’s HSD test (p ≤ 0.05)
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The measurement of the leaf chlorophyll content 
on the flag leaf highlighted larger and significant dif-
ferences between the two farming systems (Table 1). 
At wheat flowering (May 13), SPAD was averagely 
higher by 9% in AF vs. C (50.3 vs. 46.2), with the 
largest differences in the three old varieties and in the 
modern var. Vivendo (bread-making) and Rebelde 
(hard wheat), which SPAD was enhanced by > 12% in 
AF vs. C (p ≤ 0.05). During grain filling on May 31, 
the differences between the two treatments increased 
further as compared with the previous measurement 
date, with SPAD being 11% higher in AF vs. C (50.8 
vs. 45.9; p ≤ 0.05). This effect was more evident in the 
old var. Guà 113 and Canove, and in the modern vari-
eties Nemo, Rebelde and Vivendo, which enhanced 
leaf chlorophyll content by at least 16% in AF vs. C 
(p ≤ 0.05) (Table 1).

Plant morphology

The morphological parameters at wheat flowering 
(May 13) showed significant variations in the two 
treatments (Tables  2, 3 and Fig.  2). In the full sun 
treatment (C), plants were averagely 79  cm heigh, 
with significant smaller plants in modern varieties 
(71 cm) vs. old varieties (100 cm). Plant height was 
averagely increased by 14% in AF as compared to 
C, with large variability depending on variety choice 
(Table 3). The greatest increment under shading (AF) 

occurred in the old var. Canove and Guà 113, which 
increased their height by > 40% (p ≤ 0.05), while 
small not significant variations, both increases and 
decreases, were observed in the modern varieties, 
with the exception of var. Bagou, it having 14% sig-
nificant enhanced height in AF.

At the same time, the aboveground dry biomass 
(DW) showed averagely a slight increment of 5% in 
AF vs. C (~ 1340  g DW  m−2), despite large varia-
tions in some varieties. A reduction of shoot biomass 
in response to shading was revealed in the modern 
var. Arkeos, LG Ayrton and Nemo, i.e. by > 30% as 
compared to full sun conditions. A marked increase 

Table 1  Chlorophyll content of the flag leaf measured as SPAD (Soil Plant Analysis Development) units (means ± S.E.; n = 3) at 
flowering (May 13) and grain filling (May 31) stages in ten common wheat varieties in agroforestry (AF) and control (C) treatments

For each variety and date, the percentage variation of AF treatment vs. C is reported, and asterisks indicate significant differences 
between treatments according to the Tukey’s HSD test (p ≤ 0.05)

Varietal group Variety name 13 May 31 May

C AF % var./C C AF % var./C

Biscuit Arkeos 49.8 (± 0.9) 52.3 (± 1.2)  + 5% 53.9 (± 1.0) 54.9 (± 0.5)  + 2%
Bagou 51.1 (± 1.2) 53.2 (± 1.0)  + 4% 52.5 (± 1.4) 55.4 (± 0.8)  + 5%

Bread LG Ayrton 50.8 (± 1.3) 50.6 (± 0.6)  = 48.8 (± 1.6) 51.4 (± 0.8)  + 5% (*)
Nemo 50.1 (± 2.1) 51.0 (± 0.9)  + 2% 46.0 (± 1.6) 56.0 (± 0.9)  + 22% (*)
Solehio 44.8 (± 0.9) 48.0 (± 1.4)  + 7% 46.9 (± 1.4) 48.7 (± 1.3)  + 4%
Vivendo 45.3 (± 1.4) 51.1 (± 1.1)  + 13% (*) 43.6 (± 1.3) 52.0 (± 0.9)  + 19% (*)

Hard Rebelde 44.0 (± 0.7) 49.6 (± 0.6)  + 13% (*) 40.9 (± 1.3) 47.6 (± 1.1)  + 16% (*)
Old Canove 43.6 (± 1.1) 49.0 (± 1.2)  + 12% (*) 43.8 (± 2.0) 48.0 (± 1.7)  + 9%

Guá 113 41.4 (± 2.0) 48.7 (± 1.3)  + 18% (*) 38.9 (± 0.9) 50.0 (± 1.4)  + 28% (*)
Piave 41.9 (± 1.3) 49.0 (± 1.3)  + 17% (*) 44.1 (± 3.0) 44.5 (± 1.2)  + 1%

Average 46.2 (± 0.6) 50.3 (± 0.4)  + 9% (*) 45.9 (± 0.7) 50.8 (± 0.5)  + 11% (*)

Table 2  Morphological traits (mean ± S.E.; n = 3) of common 
wheat at flowering (May 13) in agroforestry (AF) and control 
(C) treatments as average of 10 varieties. DW: dry weight. 
For each parameter, the percentage variation of AF treatment 
vs. C is reported, and asterisks indicate significant differ-
ences between treatments according to the Tukey’s HSD test 
(p ≤ 0.05)

Parameter C AF % var./C

Plant height (cm) 79.3 (± 1.6) 90.3 (± 3.3)  + 14% (*)
Aboveground bio-

mass (g DW  m−2)
1279 (± 80) 1339 (± 192)  + 5%

Leaf/Culm DW ratio 0.28 (± 0.01) 0.35 (± 0.02)  + 24% (*)
LAI 4.5 (± 0.3) 5.4 (± 0.7)  + 19%
LAI/CAI 2.25 (± 0.12) 2.32 (± 0.11)  + 3%
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was instead observed in the two old varieties Canove 
and Guà 113, by 116% and 160% respectively vs. C 
(Table 3).

The leaf-to-culm DW ratio was averagely increased 
by 24% (p ≤ 0.05; varietal average) in response to 
shading in AF. All the wheat varieties increased 
this ratio in AF, excepted for the old variety Canove 
which exhibited a 10% reduction vs. C, although 
not significant. Significant increases of the leaf-to-
culm ratio regarded var. Bagou, Nemo and Rebelde, 
with + 38%, + 22% and + 32%, respectively.

The leaf area index (LAI) of wheat varieties was on 
average 4.5 in controls, that was increased by 19% in 
response to shading in AF (p ≥ 0.05) (Fig. 2). The old 
wheats showed the largest response for this parame-
ter, particularly Canove (+ 134% vs. C; p ≤ 0.05) and 
Guà 113 (+ 225% vs. C; p ≥ 0.05). On the contrary, 
the modern varieties reduced LAI in AF as compared 
to C, with a significant decrease in Nemo (−  39%), 
and an increase only in Bagou (+ 30% vs. C).

The leaf-to-culm area ratio (LAI/CAI) was on 
average 2.3 in both the treatments (Fig. 2), although 
with variety-dependent variations. The old varieties 
increased this parameter in response to shading, par-
ticularly in Guà 113 (+ 55% vs. C; P ≥ 0.05), while 
different responses to AF were observed in modern 
varieties, i.e. with increments in the biscuit mak-
ing Arkeos and Bagou (p ≥ 0.05), and reductions in 
the bread-making and hard types LG Ayrton, Nemo, 
Rebelde, Solehio and Vivendo, although significantly 
only for the latter.

Grain yield and quality

In the control treatment, the varietal grain yield of 
wheat ranged from ~ 500 g  m−2 to ~ 1200 g  m−2, with 
a marked difference between the higher yielding mod-
ern vs. old varieties (979 vs. 578 g  m−2 respectively). 
In AF, the yield was significantly reduced as com-
pared to full sun by 57% on average (p ≤ 0.05), with a 
productivity ranging from ~ 200 g  m−2 to ~ 500 g  m−2. 
The yield reduction was more marked in the modern 
varieties (−  60% vs. C on average), than in the old 
ones (− 44% vs. C), although the yield reduction of 
Canove was comparable to that of modern varieties 
(−  65% vs. C) (Table  4). Yield losses were signifi-
cant in many varieties, except for Bagou, Solehio and 
Guà 113 (p > 0.05). However, in AF the highest abso-
lute grain yield was still recorded in the modern var. Ta
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Solehio and LG Ayrton with ~ 500  g   m−2, although 
the lowest yield reduction were measured in two old 
wheat varieties, i.e. Piave and Guá 113 (about − 30% 
vs. C) followed by Solehio and LG Ayrton (−  46% 
and − 49% respectively vs. C).

In the full sun treatment (C), the testing weight 
ranged from ~ 73 to ~ 84  kg  hL−1 depending on 
the variety considered. Even though the variations 
between agroforestry and control treatments were 
small for this parameter, ranging from -4% to + 1% vs. 
C (Table 4), some significant differences were high-
lighted; the testing weight was significantly reduced 
in AF vs. C in the var. Bagou, Piave, and Rebelde, 

and significantly enhanced in the var. LG Ayrton, 
Nemo and Solehio.

The thousand grain weight (TGW) was again 
reduced in response to shading in all the studied 
varieties (−  11% vs. C on average), with variations 
ranging from −  2% to −  18% as compared to the 
full sun (Table  4). Significant TGW reductions in 
AF occurred in the var. Arkeos, Bagou, Canove, and 
Vivendo. The minimal TGW reductions in AF were 
registered in the old varieties Guá 113 and Piave 
(< 3%, p ≥ 0.05). Also, the Harvest Index (HI) showed 
a decrease under agroforestry vs. C in all the varie-
ties (− 12% vs. C on average). The greatest worsening 
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Fig. 2  Leaf area index (LAI) (above) and ratio between LAI 
and culm area index (LAI/CAI) (below) at flowering (May 
13) in ten common wheat varieties in agroforestry (AF) and 
control (C) treatments. Numbers indicate the percentage vari-

ations of the AF treatment vs. C, and asterisks significant dif-
ferences between treatments according to the Tukey’s HSD test 
(* = p ≤ 0.05)
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were associated with high leaf expansion (LAI/CAI 
increase) in modern var. Arkeos and Bagou and in the 
three old varieties (Fig.  2). HI was on average 0.49 
in C and 0.42 in AF, close to the expected value of 
0.5 of modern wheats. HI reductions in AF were sig-
nificant in var Arkeos, Bagou, Canove, Solehio, and 
Vivendo, ranging from − 7% to − 20%. The minimal 
reductions in AF occurred in the variety Nemo (− 3% 
vs. C).

The average protein content of wheat grains 
under full sun C was 12% DW, significantly lower 
than 16.5% of the AF treatment as average of all the 
varieties (Table  5), although associated with lower 
yield. In AF the highest grain protein content was 
achieved by the old varieties Canove and Piave (20.6 
and 17.9%, respectively) and the hard var. Rebelde 
(18.8%) (Table  5). The greatest increases in protein 
content between AF and C was found in the old var. 
Guà 113 (+ 5.4% vs. C; absolute percentage vari-
ation) and in the modern var. Rebelde and Vivendo 
(+ 6.8% and + 5.3%, respectively).

AF also led to significantly increases of the grain 
gluten content, 36.7% DW vs. 18.2% of C (+ 17.4% 
as absolute percentage increase) (Table  5). As for 
proteins, the highest gluten values under agrofor-
estry were measured in old var. Canove (43.8%) and 
modern var. Rebelde (43.1%), but in general in the 
old varieties, also including Guà 113 and Piave (38.8 
and 40.3%, respectively). The greatest improvements 
in AF vs. C were observed in the modern var. Nemo, 

Rebelde and Vivendo (+ 14.8, + 19.3 and + 17.4, 
respectively, vs. C).

PCA and MDA

Control (C) treatment

Principal Component Analysis (PCA) applied on data 
from the control treatment (C) identified two syn-
thetic variables, F1 and F2, which explained 85.52% 
and 8.33% variability respectively, and 93.85% 
together (Fig.  3). The most significant variables 
(loadings >|0.5|) in F1 were grain protein content, 
HI, grain yield, and additionally plant height and the 
leaf-to-culm area ratio (LAI/CAI). According with 
the vector directions of each variable in PCA, there 
is strict positive correlation between yield, Leaf/Culm 
DW ratio, LAI/CAI and HI, and negative correlation 
between yield and grain protein content. A positive 
correlation was also revealed between soil moisture in 
April and the vegetational indexes NDVI and SPAD.

According to the centroids position and clus-
ter separation in MDA, a different behavior was 
revealed among varietal groups, according to the 
choice of modern vs. old varieties, and the bakery 
use as defined by the Synthetic Index of Grain Qual-
ity (Table S1) within modern varieties. Under full sun 
conditions the old varieties had the highest protein 
content, plant height and aboveground biomass, and 
TGW. For the modern varieties, those biscuit making 

Table 5  Grain qualitative parameters (mean ± S.E.; n = 3) of 
ten common wheat varieties at harvest in agroforestry (AF) 
and control (C) treatments. DW: Dry Weight. For each variety, 

the percentage variation of AF treatment vs. C is reported, and 
asterisks indicate significant differences between treatments 
according to the Tukey’s HSD test (p ≤ 0.05)

Varietal group Variety name Protein content (% DW) Wet gluten (% DW)

C AF var./C C AF var./C

Biscuit Arkeos 11.5 (± 0.1) 16.1 (± 0.1)  + 4.6 (*) 22.4 (± 0.1) 36.9 (± 0.3)  + 14.5 (*)
Bagou 11.6 (± 0.1) 15.4 (± 0.1)  + 3.8 (*) 22.7 (± 0.1) 33.4 (± 0.1)  + 10.8 (*)

Bread LG Ayrton 11.3 (± 0.1) 14.9 (± 0.1)  + 3.6 (*) 21.5 (± 0.3) 32.9 (± 0.2)  + 11.4 (*)
Nemo 10.1 (± 0.1) 14.2 (± 0.1)  + 4.1 (*) 16.7 (± 0.3) 31.5 (± 0.1)  + 14.8 (*)
Solehio 11.0 (± 0.1) 14.3 (± 0.1)  + 3.3 (*) 21.5 (± 0.3) 30.7 (± 0.2)  + 9.2 (*)
Vivendo 10.3 (± 0.1) 15.6 (± 0.1)  + 5.3 (*) 18.2 (± 0.1) 35.6 (± 0.1)  + 17.4 (*)

Hard Rebelde 11.9 (± 0.1) 18.8 (± 0.1)  + 6.8 (*) 23.3 (± 0.2) 43.1 (± 0.1)  + 19.3 (*)
Old Canove 16.3 (± 0.1) 20.6 (± 0.1)  + 4.3 (*) 33.6 (± 0.2) 43.8 (± 0.1)  + 10.2 (*)

Guá 113 11.9 (± 0.1) 17.3 (± 0.1)  + 5.4 (*) 24.0 (± 0.1) 38.8 (± 0.1)  + 14.8 (*)
Piave 13.0 (± 0.1) 17.9 (± 0.1)  + 4.9 (*) 28.9 (± 0.2) 40.3 (± 0.2)  + 11.4 (*)

Average 11.9 (± 0.3) 16.5 (± 0.4)  + 4.6 (*) 23.3 (± 0.9) 36.7 (± 0.8)  + 13.4(*)
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Fig. 3  Multigroup discriminant analysis (MDA; left) and prin-
cipal component analysis (PCA; right) for morpho-physiolog-
ical parameters at flowering, yield and quality parameters at 
harvest, and soil moisture at the beginning of heading (April 
28) and grain filling (May 31), of ten common wheat varie-
ties in control (C) full sun treatment. TKW: thousand kernel 
weight; HI: harvest index. LAI: leaf area index. CAI: culm 

area index. DW: dry weight. Abv: Aboveground. The isoden-
sity confidence circles contain 75% of variability. In the table 
(bottom) the highly informative variables (loadings >|0.5|) are 
highlighted in bold, within synthetic variables F1 and F2. Dif-
ferent groups of varieties, i.e. bread-making, biscuit-making 
and hard within modern varieties, and old varieties, are high-
lighted with different colors in MDA
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were mostly linked to morphological traits, such as 
LAI, LAI/CAI and HI, and productivity, while those 
bread making to physiological traits, i.e. the vegeta-
tional indexes SPAD and NDVI, and the Leaf/Culm 
DW ratio. Soil moisture appears to be little informa-
tive with regard to the measurement of both 28 April 
and 31 May.

Agroforestry (AF) treatment

The two synthetic variables identified with PCA on 
data from the agroforestry treatment explained an 
overall variability of 97.69%, F1 being 64.37% and F2 
33.32% (Fig. 4). The most significant variables (load-
ings >|0.5|) in the relevant F1 were grain protein con-
tent, HI, grain yield, and additionally plant height, the 
aboveground biomass of wheat and the leaf/culm DW 
ratio. The vector directions of each variable in the 
PCA indicate that under shading there is strict posi-
tive correlation between yield, and HI, soil moisture 
at end April (at wheat heading), and NDVI. As regard 
grain quality, positive is the correlation between pro-
tein content, and plant height, biomass and LAI.

Multigroup Discriminant Analysis (MDA) 
revealed a different behavior by wheat varieties 
(Fig. 4). Within modern varieties, the effects of shad-
ing on those biscuit-making were mostly associated 
with variations in LAI/CAI, leaf/culm DW ratio and 
SPAD, while those bread-making with yield, NDVI 
and HI. On the contrary, old varieties were mostly 
linked to protein content, plant height, leaf area and 
aboveground biomass.

Discussion

This study provides results on a varietal screen-
ing regarding 10 wheat genotypes intercropped with 
4-year old poplar trees in the temperate climate of 
NE Italy for assessing their suitability to agroforestry 
farming systems. The main originality of this investi-
gation concerns the choice to carrying out the varietal 
comparison in open field conditions within a special-
ized poplar plantation, which created natural shad-
ing, instead of artificial shading and/or in pot culti-
vation. The inter-row of the poplar plantation was 
extremely narrow as compared to usual silvoarable 
alley cropping designs in temperate climates, where 

the inter-row ranges from 15 to 40 m (Beuschel et al. 
2020; Inurreta-Aguirre et al. 2018; Piotto et al. 2023).

Although very challenging for wheat, the 
extreme shading conditions of our trial were func-
tional to: (i) set small wheat plots to be placed at the 
center of poplar alleys, and test a relatively large 
number of varieties, (ii) maintain belowground 
interactions and competition for water between 
wheat and poplar roots, and (iii) highlight the 
impact of intense shading on wheat varieties. The 
average seasonal amount of available PAR for the 
wheat crop was indeed strongly reduced (− 42%) as 
compared to the full sun control, although mainly 
impacting of the last part of the wheat cycle after 
tree foliation. Under these conditions all the wheat 
varieties exhibited a longer maintenance of leaf 
greenness at end growing cycle, as highlighted by 
higher NDVI and chlorophyll content (SPAD) of 
the flag leaf as compared to controls. Increased 
stay green mainly involved the youngest uppermost 
leaves and is demonstrated to be crucial under low-
irradiance environments (Brouwer et al. 2012; Shi-
moda and Sugikawa 2020). An increase of the flag 
leaf chlorophyll content is also an adaptive physi-
ological trait to increased shade level, as previously 
documented by several authors (Li et  al. 2010; 
Arenas-Corraliza et al. 2021; Wang et al. 2014; Xu 
et  al. 2013; Zheng et  al. 2011; Lakshmanakumar 
et  al. 2013), thus allowing wheat to improve both 
radiation harvesting and use efficiency (Shaver 
et  al. 2008; Liu et  al. 2007). Indeed, increasing 
the content of photosynthetic pigments in the flag 
leaf can positively affects wheat grain yield (Luo 
et  al. 2006; Marinaccio et  al. 2015), the kernel 
size and its quality (Entz and Fowler 1990; Chen 
et  al. 2010), and exert a key role in driving shad-
ing acclimation (Xu et al. 2013; Lakshmanakumar 
et  al. 2013; Li et  al. 2010; Arenas-Corraliza et  al. 
2019). However, sparse literature clearly docu-
mented a positive contribution of delayed canopy 
senescence to grain filling and wheat productiv-
ity, specifically when light reduction was moderate 
(− 12% PAR) and applied after anthesis (Xu et al. 
2016). In our trial, these physiological acclima-
tions did not compensate for the impact of intense 
tree shading, which resulted in decreased grain 
yield. The average − 42% PAR recorded here was 
associated with proportionally higher yield impair-
ment (i.e., −  57%), corroborating results from 
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deciduous tree species-wheat alley-cropping sys-
tems in temperate regions on the exponential rela-
tionship between PAR and crop yield reductions. 

Indeed, under conditions similar to ours, PAR 
reductions being between − 40% and − 60%, wheat 
yield losses ranged from − 25% to − 80% vs. full 

Fig. 4  Multigroup discriminant analysis (MDA; left) and prin-
cipal component analysis (PCA; right) for morpho-physiolog-
ical parameters at flowering, yield and quality parameters at 
harvest, and soil moisture at the beginning of heading (April 
28) and grain filling (May 31), of ten common wheat varie-
ties in the agroforestry (AF) treatment. TKW: thousand ker-
nel weight; HI: harvest index. LAI: leaf area index. CAI: culm 

area index. DW: dry weight. Abv: aboveground. The isoden-
sity confidence circles contain 75% of variability. In the table 
(bottom), the highly informative variables (loadings >|0.5|) are 
highlighted in bold, within synthetic variables F1 and F2. Dif-
ferent groups of varieties, i.e. bread-making, biscuit-making 
and hard within modern varieties, and old varieties, are high-
lighted with different colors in MDA
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sun conditions (Artru et  al. 2017; Xu et  al. 2016; 
Lakshmanakumar et al. 2013).

While this suggests avoiding excessive shading 
severity for preserving acceptable crop productivity, 
most importantly our study highlights marked genetic 
variability among wheat varieties in agreement with 
recent investigations (Gill et al. 2009; Panozzo et al. 
2020). Here it was explored the variability among 
different varietal groups, namely between old and 
modern varieties, and among bread-making, biscuit-
making and hard types of modern varieties. Under 
shading, yield reduction was minimal in the old var. 
Piave (− 31%) and maximum in the modern hard var. 
Rebelde (− 75%). The average yield of old varieties 
under full sun conditions was largely lower than mod-
ern ones (−  41%) likely due to poor harvest index, 
which generally worsened further under shading, with 
maximum reductions in some modern genotypes. 
This would explain why yield impairments were 
much larger in modern varieties with respect to  the 
old ones (− 60% vs. − 44%) when moving from full 
sun to shading conditions. In particular, the old var. 
Piave and Guà 113 seemed the best tolerant in AF, by 
recording 32% of yield reduction only. These results 
apparently suggest a less tolerant response to shading 
in ameliorated high-yielding varieties, but it was not 
a rule. Indeed, the highest yield performance (abso-
lute value) under shading were recorded in the bread-
making varieties Solehio, LG Ayrton and Nemo, 
with ~ 500 g/m2 of grains. According with PCA, what 
characterized these best performing varieties when 
moving from full sun to shading conditions was small 
and stable plant height, similar or superior NDVI and 
SPAD dynamics, and particularly a marked increase 
of the leaf-to-shoot biomass ratio, that ensured ele-
vated light interception and favorable biomass parti-
tioning among sink and sources (Trapani et al. 1992; 
Valladares et al. 2003; Li et al. 2010).

Identifying the most suitable wheat varieties able 
to maintain high yield levels under agroforestry is 
recognized to be the key point to implement high-
productive silvoarable systems. Agroforestry-oriented 
screening and breeding programs will depend on the 
identification of the key traits for adaptability to inter-
cropping with trees, and for this purpose the analy-
sis of yield components and morpho-physiological 
changes here resulted extremely useful. In recent lit-
erature, the decrease of wheat yield in the interaction 
zone with trees is reported to be mainly related to 

reductions in both the number of grains per surface 
area, the weight of grains, and harvest index, the lat-
ter also observed in our study, with the majority of 
the authors documenting the highest detrimental 
impact on the numbers of grains (Inurreta-Aguirre 
et  al. 2018; Acreche and Slafer 2009; Artru et  al. 
2017; Dufour et  al. 2013; Li et  al. 2008). Concern-
ing the thousand kernels weight (TKW), contrast-
ing results are reported in the literature, with some 
authors observing a negative effect of pre-anthesis 
(Dufour et al. 2013) and post-anthesis shading (Chen 
et  al. 2013), while others reporting increased TKW 
under shading conditions (Xu et  al. 2016; Li et  al. 
2010). In our study a general decrease of both HI and 
grain weight was revealed under shading, but with 
large variability among varieties. Among yield com-
ponents, the testing weight showed the smallest vari-
ations between treatments, suggesting that soil water 
availability allowed for adequate grain filling in both 
systems.

The most relevant variations in response to shad-
ing were linked to morpho-physiological traits, and 
the idea to classify wheat varieties into groups was 
intended to identify a possible common behavior. 
Indeed, for optimizing light interception under agro-
forestry, old varieties showed the highest plasticity, as 
revealed by much longer maintenance of leaf green-
ness, higher contents of leaf pigments, and excep-
tional increases of both plant height and leaf area, 
particularly in the var. Guà 113 and Canove, as com-
pared to modern varieties. An increase of plant height 
is commonly observable in shaded environments, 
mainly through the elongation of the last internode (Li 
et al. 2010; Wang et al. 2015; Arenas-Corraliza et al. 
2021). Shading tolerance was also found associated 
to improved leaf area by some authors (Dufour et al. 
2013; Li et  al. 2010; Arenas-Corraliza et  al. 2019, 
2021), although unbalanced biomass partitioning, and 
HI were the major reasons of yield failure of our old 
varieties. This was observed particularly in var. Can-
ove, originally selected in the Italian pre-Alps, which 
extreme morphological plasticity brought to the most 
relevant yield and TGW reductions in AF vs. C, as 
compared to  the other two old varieties. When the 
canopy biomass is maintained above an adequate 
threshold, improvements of the leaf-to-culm biomass 
ratio rather than the leaf-to-culm area ratio seems one 
of the most important adaptive traits for ensuring sus-
tainable wheat grain yield in agroforestry.



Agroforest Syst 

1 3
Vol.: (0123456789)

As regards grain quality, a marked increase of pro-
tein content is expected in wheat under shading, in 
our trial being 16.5% vs. 12% DW of the full sun con-
trol, but an even higher gluten content improvement. 
Further investigations are necessary to elucidate the 
effects of shading on protein gluten patterns of flours, 
as gliadins and glutenins abundance, but it seems that 
shading has a positive impact on quality for high-leav-
ened products. Higher protein concentration in wheat 
grains is reported in the literature under both artifi-
cial shading (Arenas Corraliza et al. 2021; Artru et al. 
2017; Dufour et al. 2013) and silvoarable systems in 
the neighboring of tree rows (Pardon et al. 2018; Pan-
ozzo et al. 2020; Arenas-Corraliza et al. 2018). These 
improvements can be due to better N remobilization 
from green tissues at ripening, and also to the well-
known negative correlation between grain yield and 
protein content. The potential to enhance the grain 
quality and commercial value of wheat grains in agro-
forestry systems deserves attention and should be fur-
ther investigated for implementing market strategies.

This preliminary study on varietal screening high-
lights that the largest morpho-physiological changes 
to maximize light capture occur in old wheat geno-
types, but at the expense of yield. Despite halved 
yields, modern bread-making varieties can instead 
represent a sustainable choice, potentially showing 
even better performances under larger tree inter-rows 
as compared to our poplar plantation, thereby reduc-
ing the yield gap between full sun and shaded con-
ditions. Similarly to the old ones, the biscuit-making 
varieties, namely Bagou and Arkeos, provided poor 
productivity in agroforestry, although showing high 
LAI-to-CAI ratio, SPAD and NDVI; as they are 
appreciated for the low protein content and low leav-
ening commonly achieved under full sun, a reclassifi-
cation of use will be likely necessary when cultivated 
in agroforestry because of their increased protein 
content. Under shading, wheat yield was also corre-
lated with the soil water content in late April, beside 
to HI and NDVI. At that time, both crop and trees 
are highly water-demanding, wheat being at heading-
flowering stage and poplars at half of the complete 
leaf development (Ray and  Savage 2019). Thus, a 
competition for water absorption was likely to occur 
in our AF system, as documented by low soil mois-
ture measurement at that time, especially in the high-
sized old varieties, which likely reduced the yield 
potential of the whole set of wheat varieties.

For a complete validation of the varietal compari-
son, these varieties should be also compared within 
common alley-cropping systems with larger inter-
rows, and at various distances from the trees along 
transects, in order to confirm the key morphologi-
cal and physiological traits associated with shade-
tolerance and the varietal yield ranking. A thorough 
investigation on root growth and its plasticity will be 
also necessary to fully understand belowground crop-
tree interactions, and the effects of shading and water 
scarcity on yield losses according to variety choice.

Conclusions

Screening of wheat varieties within the narrow alleys 
of a specialized poplar plantation at about its half 
lifespan is a novel approach that demonstrates to be 
suitable for highlighting key traits for shade-toler-
ance and contrasting responses within a set of varie-
ties. Although from one year only, this trial provided 
useful preliminary information on shade tolerance 
of wheat varieties, to be confirmed in other years 
and locations. Here, the old high-sized wheat varie-
ties were the most responsive ones to extreme shad-
ing, by increasing their aboveground biomass further 
(already elevated) and stay green, thereby appear-
ing promising under agroforestry for improving 
light capture and use efficiency. The modern wheat 
varieties studied here, despite lower morpho-physi-
ological plasticity and greater relative yield losses, 
still guaranteed the highest productivity under shad-
ing, particularly in the bread-making rather than the 
biscuit-making type. Old varieties collected from 
local germoplasm banks remain, however, important 
genetic resources to be exploited under severe shad-
ing of challenging agroforestry designs, and low-
input or organic farming systems. On the opposite, 
modern varieties would reasonably provide more sus-
tainable output yield, with the expectation to improve 
their efficiency under alley-cropping systems with 
larger tree inter-rows, taking better advantage of more 
abundant resources availability. Here, some key traits 
of adaptability to agroforestry can be proposed, such 
as elevated leaf-to-culm biomass ratio, leaf-to-culm 
area ratio, harvest index, and canopy stay green, the 
latter being essential under heat waves during seed 
filling. A thorough investigation on root morphology 
of wheat and belowground competition with trees 
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would be necessary to fully characterize wheat vari-
eties particularly under low soil water and nutrients 
availability.
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