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Abstract: Cropping among trees with perennial legumes is one option for increasing agro-ecosystem
services, such as improving the nitrogen supply and increasing soil protection by herbaceous vegeta-
tion. Moreover, cropping under the canopy of olive trees should diversify the farm production, com-
pared to the traditional fallow management. Among perennial legumes, alfalfa (Medicago sativa L.)
produces abundant biomass under Mediterranean rainfed condition. Based on this, a two-year field
experiment was implemented in southern Tuscany in a rainfed olive orchard to test the competition
for light effects on alfalfa biomass production and nutritive value. Light availability under the tree
canopy was measured by hemispherical photos. In both years, the alfalfa yield of under-canopy
varied according to the tree presence. A significant relationship between biomass production and
light availability was recorded. The nutritive value of under-canopy alfalfa was similar to that of the
open-grown alfalfa. However, same significant differences did however occur, between shaded and
sole crop. When differences were found, under-canopy herbage was characterised by a higher content
of crude protein and a lower content of fibre with respect to open-grown. In a hilly silvoarable olive
orchard, alfalfa biomass accumulation was reduced mainly due to scarce light availability, therefore
tree management such as pruning and plantation layout can enhance the herbage productivity.
Studying shade tolerant forage legumes in order to enhance the yield and nutritive value of herbage
production in rainfed agroforestry systems is essential.
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1. Introduction

In coming years, sustainable agriculture will face the issue of feeding nine billion of
people while limiting the environmental risks of cropping practices [1,2]. Agroforestry, “the
practice of deliberately integrating woody vegetation (trees or shrubs) with crop and/or
animal systems to benefit from the resulting ecological and economic interactions” [3], is
considered as a suitable agroecological practice able to enhance the efficiency of cropping
systems [4-6]. In the Mediterranean basin, traditional agroforestry systems such as Dehesa
in Spain, Montado in Portugal and Meriagos in Sardinia island, where cork oak (Quercus
suber L.) and holm oak (Quercus ilex L.) are present as scattered trees inside grassland or
cropland [7]. Alley-cropping is a silvoarable systems based on the intercropping of crops
and wide-row trees [8].

In Italy, olive tree (Olea europaea L.) is the most widely planted tree crop, covering an
area of 1.16 million ha, and often also cultivated in agroforestry systems [9,10]. Indeed,
differently from the more recent intensive or super-intensive olive orchards (from 300 to
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1600 plants ha~'), traditional olive orchards in Italy are characterized by low-density tree
populations (100-300 ha~') [11], allowing the exploitation of the understory layers for feed
and food production [10]. Eichhorn et al. [12] identified an area of 20.000 ha in central Italy
(Umbria and Lazio Region) of silvoarable olive orchard land use. In the hilly areas of central
Italy, the soil of olive orchards is usually covered by a low-productive natural vegetation,
during winter and spring, while, in summer, farmers perform surface tillage to decrease
water competition between herbaceous plants and trees. However, tillage operations
may reduce the nutrient content of orchard soils [13,14] also the herbicide application
contributes to increase the loss of soil nutrients. Moreover, the tillage of topsoil of the olive
orchard alleys can exacerbate the water based erosion risk in hilly areas [15]. In recent years,
the increasing trend of storms frequency in the Mediterranean basin [16] is also leading
to a redesign of cropping systems towards more soil-friendly approaches [17]. Therefore,
the vegetation cover of the soil in the olive orchard alley can enhance the provision of
agro-ecosystem services, such as (i) reducing soil erosion, (ii) increasing soil carbon stock,
(iif) decreasing nutrient leaching [18], while improving income diversification of farmers.

Intercropping tree crops with legumes, and in particular perennial legume species,
it is one way to improve the sustainability of Mediterranean silvoarable systems. In a no
N-fixing tree-based system such as olive orchard, intercropping with legumes can increase
N content in the soil by biological N fixation [19,20] reducing the requirement of mineral N
fertilizer. Perennial legumes, can also provide a continuos soil cover compared to annual
species [21].

In the Mediterranean basin, the most relevant perennial legume is alfalfa (Medicago
sativa L.), a forage species able to produce abundant biomass even under rainfed conditions,
while developing a deep and vigorous root systems. There is interest in alfalfa cultivation in
alley-cropping system with the aim to obtain a more comfortable environment for grazing
animals [22]. Perennial forage species provide a more sustainable fodder than annual
forage crops, balancing the greenhouse gas (GHG) emissions associated with livestock
farming by stocking carbon in roots [23]. Moreover, a deep and vigorous root system of
a perennial legume reduces the risk of nutrients leaching and soil erosion. In addition,
perennial crops require less tillage, herbicides and fertilizers applications than annual
crops [24]. In grassland-based livestock systems, increasing the share of legumes in the
meadow allows to decrease the input level, such as N fertilizers and tillage, while increasing
the nutritional value of herbage [25,26].

Facilitations, positive synergies, or limitations, negative interaction, between tree and
crop in agroforestry systems mainly depend on functional tree group [27], soil fertility
level [28] and climate condition [29]. Tree and herbaceous layers interact for resources: light,
water and nutrients as well. Generally, the under-canopy soil is characterized by a higher
nutrient and organic matter content [30], originated by the humification of leaf litter [31].
Previous researches about the intercropping of legumes and trees reported contrasting
results about the nutritive value of the forage productions, whereas the productivity of
legumes were usually reduced due the competition for resources such water, nutrients and
light, in particular [32-34]. In fact, several authors reported that the yield of other legumes,
such as soybean (Glycine Max L.), in alley-cropping is more affected by the competition for
light than for water [32,33,35].

The aim of this work was to investigate the suitability of alfalfa cropping in an olive-
based alley-cropping system under Mediterranean rainfed conditions by assessing biomass
production and quality (i) according to different position in the alley and (ii) in comparison
with the open-grown alfalfa.

2. Materials and Methods
2.1. Description of Experimental Site
In 2014 and 2015 a plot experiment for the cultivation of alfalfa an olive orchard alley

was conducted in Manciano (42°32.512/, 11°26.684/, and 110 m alt.) in southern Tuscany,
Italy. The trial was established in a 70-year-old rainfed olive orchard and in a control field
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consisting in an open-grown alfalfa meadow arranged in three plots located in a bordering
field. The layout of the olive orchard is 5 m between trees and 10 m between rows and
it is located in a uniform terrain with a slope of 9% and South-East aspect. Tree rows
were planted according to the terrain aspect (following the direction of the slope). The soil
texture of the olive orchards and the bordering field was clay-loam with a pH value of 7.9
while the soil organic matter content was 24 and 13 g kg~ !, the total nitrogen content was
1.4 and 1.1 g kg™, the available phosphorus content was 8 and 4 mg P,O5 ojsen kg ™!, and
the exchangeable potassium was 295 and 203 mg K,O kg, respectively.

During the ten years prior to the trial, no fertilization and tillage occurred in the
olive orchard alleys, and they were used as a natural pasture for the grazing of dairy
ewes. Conversely, the bordering field was managed according to the typical four-year
crop rotation of the area aimed at producing fodder and grain: three-years of oat-clover
annual mixture (Avena byzhantina L. and Trifolium alexandrinum L.) followed by durum
wheat (Triticum durum Desf.). The preparation of soil for the oat-clover mixture consisted
in a minimum tillage with disk harrow, while deep ploughing (35-45 cm) followed by
disk harrowing was usually carried out for durum wheat. Annually, 18 and 46 kg ha~! of
nitrogen (N) and phosphorus (P,O5) were applied at the mixture seeding, with an addiction
of 35 kg ha~! of N at the end of winter period. Similarly, also the same fertilization rate
at the seeding was adopted for wheat, while 92 kg ha~! N were applied at the end of the
tillering stage.

In January 2014, the central portion of two side by side alleys (about 7 m wide) of
the olive orchard and the bordering control field were tilled (chisel ploughing and disk
harrowing). Then, alfalfa (Cultivar Messe) was sown (seed dose 40 kg ha~1). Before sowing,
occurred on 20th March 2014, the soil of both alley-cropping system (ACS) and full-sun
system (FSS) was fertilized with 32, 96 and 96 kg ha~! of N, P,O5 and K,O, respectively.
The experimental layout in ACS consisted in three randomized plots and each of them
was allotted in three sub-plots covering a surface of 2.4 m x 10 m each corresponding
to different positions of the alley (P): central position (CA), north-facing side (NA) and
south-facing side (SA). The FSS was composed by three plots (2.4 m length and 10 m wide).

2.2. Field Data Collection and Chemical Analysis

Meteorological data was collected using a public wheatear station (42°36.0218’,
11°31.1098") of the regional administration (www.cfr.regione.toscana.it). During the estab-
lishment year, the alfalfa plots were managed according to a four-harvest cycle. Harvest
dates were: the 23th June, 30th July, 5th September, and 20th October. In 2015 the alfalfa
was harvested six times: 30th April, 28th May, 23th June, 31th July, 16th September, and
22th October. In both years, the alfalfa was always harvested when 10% of the crop reached
the flowering stage. At each harvest time (H), three areas of 0.25 m? in each ACS plot (n=9)
were sampled, cutting the herbage at 3 cm fixed height from the ground. In the FSS, an area
of 0.25 m? in each plot (1 = 3) was sampled. The herbage fresh weight was determined for
all the samples. Then, the samples were partitioned between alfalfa and weeds, and alfalfa
biomass subsamples were placed in a forced-draft oven at a temperature of 60 °C in order
to determine the dry matter content (DM) and the above-ground dry biomass production
(AGB). Chemical analysis for assessing the nutritive value of the herbage were conducted
on milled samples (1 mm). The crude protein content (CP) was determined by the AOAC
method [34]. The neutral detergent fibre (NDF), the acid detergent fibre (ADF) and the acid
detergent lignin (ADL) content were determined with the Van Soest method [36].

2.3. Light Transmittance Data Collection

In august 2015, the under-canopy available light transmittance (ALT) was estimated
by means of 144 hemispherical photos in order to evaluate the ALT variation as a function
of the distance from the tree rows in each plot. Thus, a regular grid was designed according
to the distance from the tree of 0, 1, 3, and 5 m (Figure 1). Overall, the 144 photos were
obtained by a digital camera (Nikon Coolpix 4500, Minato, Tokyo, Japan) fitted with a 180°
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fish-eye lens (Nikon FC-E8, Minato, Tokyo, Japan). The images were taken with an aperture
setting of £9.6, aperture priority mode, auto-exposure, auto-focus, at maximum resolution
of 4 megapixel. The images were processed by the Gap Light Analyzer 2.0 free software
(GLA; [37]) in order to measure the average ALT in the alfalfa growing period (March-
October). ALT data spatialization was performed using the inverse distance weighting
interpolation with QGIS software version 2.18.14 [38], in order to obtain maps of ALT with
a pixel resolution of 10 cm x 10 cm and to measure the average value of each investigated
plots (Figure 1).

Available Light Transmittance

M 10 %
M 20 %
B 30 %
B 40 %
B 50 %
3 60 %
70%
CJ80%
[J90%

’ Olive tree

© Point data
e . Plot area

Figure 1. Spatial distribution of available light transmittance in the alley-cropping system (ACS)
experiment site. Red dots represent point of hemispherical photo grid, while black dashed lines
represent the sub-plots: (NA) north-facing side of the alley, (SA) south-facing side of the alley and
(CA) central part of the alley. Labels inside alley plots indicate the average value of available light
transmittance of each plot.

In order to assess the effect of light reduction on alfalfa biomass production, the shade
levels under the olive tree canopy were calculated for each plot of ACS as reported in the
following equation:

Sh =1 — fAIT,

where Sh is the shade level at herbaceous layer in the alley-cropping system and fALT is
the fraction of ALT.

2.4. Statistical Analysis

Statistical analysis was performed using R software [39] aiming to assess the effect
of position (P) in the alley and harvest time (H) on alfalfa ABG, CP, NDF, ADF and ADL
content in ACS, as well as the response of alfalfa grown in the two-cropping system (CS),
ACS and FSS, for the same parameters.
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Firstly, the effect of P and H was determined using the Ime() function for linear
mixed-effect models of the “nlme” R package [40], with factors P (n = 2) and H (n = 10)
as fixed effects and plot (1 = 3) and the interaction between plot and H as random effects.
Tukey’s HSD post hoc test was carried out by pairwise multiple comparisons using the
“emmeans” R package [41] with the emmeans() function. Bartlett’s test was used to check
the homogeneity of variance and the Shapiro-Wilk test to check the normality of residuals.
Data transformation was not performed.

Secondly, the different behaviour of alfalfa between the two cropping systems (CS), in
terms of productivity and nutritive value, was analysed using the ¢-test() function for the
two samples Welch's t-test.

Lastly, in order to evaluate the impact of Sh on annual alfalfa yield, a regression
analysis between annual alfalfa AGB and Sh levels in ACS and FSS plots, was performed.
Shapiro-Wilk test was performed to check the normality of residuals for year 2014 and
2015 separately, and data transformation was not necessary.

3. Results
3.1. Meteorological Data

During 2014, the cumulative rainfall observed from the sowing of alfalfa (20 March)
until the last harvest (10 October) was 478 mm, a value similar to the long-term average
1961-1990 (480 mm). In the same period, the monthly rainfall was slightly lower than
the long-term average (1961-1990) in all months, with the exception of June and July
when the precipitation was higher than the average values (89 vs. 40 mm, and 175 vs.
31 mm for June and July, respectively) (Figure 2). In 2015, the cumulative rainfall in the
growing period (1st March—22th October) was 491 mm. In the two years of study, the
distribution of rainfall was different: (i) in 2014 during spring (March, April, and May)
cumulative rainfall was 168 mm while in 2015 was 246 mm; (ii) during summer (June, July
and August) cumulative rainfall was 315 mm in 2014 and 113 mm in 2015; (iii) during
autumn (September and October) it was 41 and 177 mm in 2014 and 2015, respectively. The
average of the daily mean temperature from March to October was 19.2 and 19.9 °C in 2014
and 2015, respectively. July and August 2015 were warmer than in 2014, with an increase
of monthly mean temperature from 23.3 and 23.9 °C to 27.3 and 25.7 °C, respectively
(Figure 2). The mean temperature recorded in the long-term was lower in both months,
19.1 and 22.05 °C in July and August, respectively.
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Figure 2. March 2014-October 2015 and long-term 1971-2000 monthly rainfall, minimum, mean and
maximum monthly air temperature in Manciano (Grosseto, Italy). The graph is presented according
to Bagnouls and Gaussen [42], in order to identify the occurrence of dry condition, i.e., when rainfall
is equal to or lower than twice the monthly mean air temperature.

3.2. Alfalfa Biomass Production Per Harvest Time in the Alley-Cropping System

In both years of the study, the alfalfa AGB in ACS was affected by P and H, while
the interaction between factors was not significant (Table 1). During the establishment
year (2014), alfalfa plots were harvested four times (from June to October) while during
the second year of study, alfalfa plots were harvested six times (from April to October).
Regarding the effect of P, alfalfa cumulative yield (all harvest dates) was significantly
higher in CA than NA and SA (p < 0.0001), while these latter did not differ. Regarding the
effect of H, the highest alfalfa yields were recorded in June 2015, April 2015 and June 2014,
with an AGB of 1.53 £ 0.16, 1.36 £ 0.18, and 1.35 & 0.13 Mg DM Ha !, respectively. The
lowest yields were observed in October 2014, September 2015, and October 2015, having
an AGB of 0.66 + 0.06, 0.30 4 0.05, and 0.50 & 0.08 Mg DM Ha ™!, respectively.

Table 1. p values of the fixed effects, position and harvest, and their interaction on the under-canopy alfalfa on the above-
ground biomass production (AGB), the crude protein (CP), the neutral detergent fibre content (NDF), the acid detergent
fibre content (ADF), and the acid detergent lignin (ADL) content.

af AGB cp NDF ADF ADL

Position in the 2 <0.0001 0.526 0.011 0.426 0.951
alley (P)

Harvest (H) 9 <0.0001 <0.0001 <0.0001 <0.0001 0.006

PxH 18 0.458 0.093 0.001 0.085 0277

In 2014, in each harvest time, the AGB was higher in CA than in NA and SA, but only
in June and September 2014 significant differences were recorded (Figure 3A). In particular,
in June AGB of alfalfa was significantly lower for NA and SA compared to CA, while in
September only NA had significantly lower AGB than CA. During the second year of the
study (2015), alfalfa AGB per harvest time showed the same pattern as in 2014. Indeed, in
each harvest time, the AGB was higher in CA than in NA and SA. Significant differences in
AGB were recorder in April, May, and June. In particular: (i) in April NA was significantly
lower than CA, (ii) in May SA was significantly lower than CA while NA was slightly
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significantly lower than CA (p = 0.0574), and (iii) in June SA was significantly lower than
CA (Figure 3A).
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Figure 3. Average value of: (A) alley-cropping alfalfa above-ground biomass (AGB), (B) crude protein (CP), (C) neutral
detergent fibre (NDEF), (D) acid detergent fibre (ADF), and (E) acid detergent lignin (ADL) content per harvest time (from
June 2014 to October 2015) of investigated position in the alley: north-facing side (NA), central part (CA) and south-facing
side (SA). Vertical bars indicate standard error of the mean. Same letters indicate that treatments are not different at the 0.05
probability level according to Tukey’s HSD Test.

3.3. Nutritive Value of Alfalfa Per Harvest Time in the Alley-Cropping System

In ACS, the under-canopy alfalfa CP content was not affected by the position in the
alley while it significantly varied according to harvest time. The interaction between factors
P and H was not significant. The average CP content was 21.94 & 0.57, 21.89 £ 0.67 and
21.60 £ 0.55 (%DM) in NA, SA and CA, respectively. The highest CP content values were
measured in October 2014 and 2015 (26.20 £ 0.81 and 27.40 & 0.49 %DM, respectively).
The lowest CP content values were recorded in July 2014 and June 2015 (19.92 & 0.28 and
17.68 £ 0.25 %DM, respectively). CP varied significantly among positions in the alley just
in September 2015, when SA was higher than CA (Figure 3B).

Regarding NDF content in the under-canopy alfalfa, this parameter was affected by
both factors P, H and their interaction. The NDF content in the two years of the study
averaged 39.23 £+ 0.77, 40.14 + 0.94, 40.81 £ 0.96 (%DM) in NA, SA and CA. The NDF
content varied according to harvest time from 34.34 & 0.64 to 43.89 £ 1.00 in October and
April 2015, respectively. Significant differences were observed among positions in June,
September and October 2014, and April and September 2015 (Figure 3C). Indeed, during
2014, NDF content of CA was significantly higher than NA in June, than both NA and SA
in September, than SA in October. In April and September 2015, the content of NDF was
significantly the highest in SA.

The ADF content of the ACS alfalfa did not vary among Ps but just among Hs and
again the interaction between factors was not significant (Table 1). On average, ADF varied
from 25.93 £ 1.11 to 35.84 £ 0.39 in July and June 2015, respectively. Only in September
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2014 a significant difference among Ps was recorded, with the highest value occurring in
CA (Figure 3D).

Similarly to ADF, the ADL content (Figure 3E) of the ACS alfalfa did not significantly
vary among Ps but just among Hs, while the interaction between factors was not significant
(Table 1). The ADL content varied among Hs from 5.27 4 0.82 to 0.72 £ 0.22 in April 2015
and October 2014, respectively.

3.4. Comparison between Alley-Cropping and Full-Sun Systems

In the study conditions, where cropping system were not replicated, statical analysis
showed significant differences on the AGB accumulation of alfalfa. In eight out of ten
harvests, the AGB from the under-canopy alfalfa cultivated in ACS was lower than from
the FSS (Table 2). No difference in phenology development was observed at harvest times.
On average, the biomass accumulation reduction was about 56% in terms of DM. The
highest reduction between FSS and ACS alfalfa was observed in October 2015 (about 76%)
whereas no significant reduction was measured in June 2014 (about 47%) and May 2015
(about 46%).

Table 2. Average values and standard error of the alfalfa above-ground biomass production (AGB), the neutral detergent
fibre content (NDF), the acid detergent fibre content (ADF), and the acid detergent lignin (ADL) content, in the two cropping
systems: alley-cropping (ACS) and full-sun (FSS), and harvest times (from June 2014 to October 2015). Different letters
indicate significant differences, p-value < 0.05, based on the two samples Welch's t-test.

Year Harvest Cropping System AGB cp NDF ADF ADL
014 ] ACS 135 +  0.09 2187+  0.09 4152+ 112 3158+  0.86 720 + 015
une FSS 257 + 018 2167+ 096 3993+ 133 3040 £ 1.04 709 + 003
2014 Jul ACS 097 £+ 017 b 1992+ 028 4095 + 144 3272+  1.09 836 + 027
y FSS 258 + 063 a 1938+ 040 4610+  2.83 3722+ 208 890 + 036
2014 September ACS 123 + 009 b 2323+ 015 4295+ 063 b 3276+ 087 b 771 + 025b
P FSS 256 + 019 a 2061+ 153 5554+ 083 a 4513+ 096 a 1078 + 045a
2014 Octob ACS 066 £ 006 b 2620+ 099 a 3756+ 112 2863+ 141 873 + 028
ctober FSS 211 £ 017 a 1954+ 079 b 4681+ 283 3639+ 255 912 + 053
2015 April ACS 136 + 023 b 1942+ 024 4398+ 127 3094 + 144 528 + 154
P FSS 292 + 020 a 1883+ 054 4556+ 085 3522+ 056 792 + 0.69
2015 Ma ACS 107 + 020 2049 + 033 4560 +  1.10 R75+ 156 743 + 029
y FSS 197 + 031 2032+ 024 4579 £  0.84 3439+  0.80 641 + 012
2015 June ACS 154 + 025 b 1768+ 037 4368+ 034 b 3584+ 025 b 842 + 034
FSS 319 + 002 a 1678+ 021 4853+ 066 a 4008+ 057 a 921 + 0.09
2015 Jul ACS 040 + 007 b 2027+ 147 3496 + 259 2593+ 150 b 708 + 029
y FSS 155 + 018 a 1956+  0.08 4131+ 327 3256+ 157 a 850 + 062
2015  September ACS 049 + 008 b 2166+ 084 3506+  0.66 2715+  0.84 695 + 026
p FSS 121 + 004 a 2344+ 097 3537 £ 149 2828+  1.84 583 4+ 0.63
2015 Octob ACS 030 + 004 b 2739+ 046 3434+ 073 2616+  0.69 600 + 035
ctober FSS 129 + 005 a 2896+ 049 3394+ 034 2571+ 039 663 + 027

Regarding the nutritive value of alfalfa, statistical analysis showed several significant
differences for CP, NDF, ADF, and ADL content between the cultivation in FSS and ACS.
However, the magnitude of variation of CP, NDF, ADF, and ADL content in the investigated
plots was less than that observed for the AGB variable. In particular, the alfalfa CP content
was significantly higher in ACS only in October 2014 (up to 34% increase). The alfalfa NDF
content in the investigated plots of alfalfa was significantly lower in ACS than in FSS in
two harvest times out of ten (September 2014 and June 2015). With the same pattern, the
alfalfa ADF content in the investigated plots of alfalfa was significantly lower in ACS than
in FSS in three harvest times out of ten (September 2014, June 2015 and July 2015). Alfalfa
ADL content was lower in ACS than FSS only in September 2014 (Table 2). The higher
reduction of NDF, ADF, and ADL content in ACS alfalfa was recorded in September 2014
(—23%, —27%, and —29%, respectively).
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3.5. Alfalfa Biomass Production According to Light Avialbility

The annual AGB accumulation of alfalfa was computed as the sum of all harvests for
each position, and for the open-grown alfalfa plots. Annual AGB was correlated with the
average values of the fraction of shade (Sh) at the herbaceous level, and for the open-grown
alfalfa a value of 100% of ALT (Sh equal to 0) was used. Annual AGB was significantly
correlated with Sh in both years, 2014 and 2015, as reported in Figure 4. Pooling data from
both years, a 62% reduction of the annual AGB was registered in NA and SA positions
compared to the open-grown alfalfa whit a Sh of 0.51 and 0.38 in NA and SA, respectively.
Moreover, in the central position of the alley the annual AGB was reduced by 47% respect
to the full-sun alfalfa with average Sh of 0.27. In the study conditions, where cropping
systems were not replicated, the linear negative correlation between Sh and annual AGB
was significant for both years of the study (p < 0.001) with a p-value of the Shapiro-Wilk
normality test of the residuals equal to 0.91 and 0.09 in 2014 and 2015, respectively. The
parameters of the linear models are reported in Figure 4.

15

10

Annual alfalfa AGB accumulation (Mg DM ha™)

0.0 0.2 0.4 0.6
Fraction of shade

Year 2014 = 2015 Position 4 NA e CA + SA = FSS

Figure 4. Linear regression of annual alfalfa above-ground biomass (AGB) accumulation in 2014 and
2015 with fraction of shade at the herbaceous layer. Colored lines indicate linear models and green
and grey shades indicate standard error bounds for 2014 and 2015 data: NA means north-facing side,
CA means central part, and SA means south-facing side of the alley, while FSS means alfalfa of the
full-sun system.

4. Discussion

The aim of this study was to evaluate the response of alfalfa in an olive-based alley sys-
tem under typical Mediterranean conditions. In both years of the study, wet meteorological
conditions allowed the growth and the re-growth of alfalfa in rainfed conditions.

Our results showed that alfalfa biomass production was negatively affected by the
tree presence mainly due to the reduction of light availability at herbaceous layer. Several
authors have shown that the alfalfa yield potential was negatively affected when cultivated
beneath the tree canopy in other agro-ecosystem. McGraw et al. [43] observed an alfalfa
yield reduction in a 20 years-old black walnut (Juglans nigra L.) alley-cropping system
in North America. Similar results were reported by Varella et al. [44] in a radiata pine
agroforestry field trial, with a 7 m X 7 m layout in New Zealand. In our experiment, under-
canopy alfalfa yielded less in the crop-tree interface zone than in the central part of the
alley, showing that competition for resources is higher close to the trees. McGraw et al. [43]
observed that alfalfa, in an alley-cropping practice, delayed the maturity and reduced
the biomass production linearly as the distance from the trees decreased. Our two-year
results highlighted that alfalfa biomass accumulation reduction was negatively correlated
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with available light transmittance above the herbaceous layer with a linear relationship.
Varella et al. [44] in a two-year field trial, measured a yield reduction of alfalfa of about 70%,
caused by a 49% decrease in mean daily photosynthetic photon flux density transmittance
compared to full-sun light. In our experiment, a reduction of 30%-40% of available light
transmittance corresponded to a reduction of about 50% of under-canopy alfalfa yield
compared to the open-grown alfalfa.

The negative effect of a reduction in light availability was observed also on other
legume species. Perry et al. [45], assessing the feasibility of the roughage production under
the tree canopies in Nebraska, showed that the yield of birdsfoot trefoil (Lotus corniculatus L.)
increased as light transmittance increased. Kyriazopoulos et al. [46] showed that yield
reduction of Trifolium subterraneum L. cultivated in pots was caused by shade.

Several authors obtained similar results also in grass-legume mixtures. Devkota
et al. [47] reported decreased understory herbage biomass, from light to heavy shade
treatments, of about 20-60%, in an alder-based (Alnus cordata L.) agroforestry system in
New Zealand. The mixture meadow Trifolium repens L. and Lolium perenne L. was negatively
affected by light reduction under shade cloths and slats [48]. In particular, shade level of
about 80% lowered the biomass productivity of the meadow by nearly 50%.

In the Mediterranean agro-environment, several authors reported a negative effect of
reduced light availability on legumes growth beneath the canopy of several trees: Several
authors [29,49-51] reported a decreasing trend of the production of legume species under
the canopy of oaks in the Iberian dehiesa. Mahieu et al. [20], based on the results of a field trial
conducted in southern France, showed that chickpea (Cicer arietinum L.) produced a higher
biomass per plant (as sum of above and below ground) in the middle part of a walnut alley,
if compared to sole crop. More recently, Mantino et al. [33] showed that the light reduction
in a poplar (Populus spp. L.) short rotation coppice alley-cropping system with a 13.5 m
wide alley, had a detrimental effect on soybean grain production. Moreover, in this study,
the correlation between annual biomass accumulation and available light transmittance
was observed in both years, despite a difference of 200 mm of rain fallen during the summer
season. These results suggest that ALT affects alfalfa biomass production more than other
factors, such as soil water content, as reported by other authors for other herbaceous crops
cultivated in agroforestry systems [32,33,35,45].

In our study, the nutritive value of alfalfa was slightly affected by the tree presence.
As previously reported [43], a low variability was observed for CP, NDF, ADF, and ADL
contents between under-canopy and open-grown alfalfa.

Previous studies showed a positive effect of tree presence and under-canopy light
reduction on the CP content of several forage crops: Cubera et al. [49] showed increased
CP content in a grass-legume mixture cultivated under the canopy of oaks in a Portuguese
agrosilvopastoral system; Kyriazopoulos et al. [46] showed that the CP content of grass,
legume, and their mixture increased with shade intensity in a pot trial. Conversely, Perry
et al. [45] highlighted that the CP content of birdsfoot trefoil (Lotus corniculatus L.) did not
respond to ALT in the under-canopy layer of two tree plantations in Nebraska. According
to previous studies, our results highlighted that when a significant difference occurred
(in 2 out of 10 harvests) the CP content was higher in under-canopy alfalfa, compared to
open-grown alfalfa. Additionally, the significant differences found among under-canopy
alfalfa plots highlighted a different response of alfalfa cultivated in the tree-crop interface
than in the center of the alley.

Concerning fibre content, during the two years of study, differences were observed for
NDF and ADF content between under-canopy and open-grown alfalfa. A similar behaviour
was observed also for lignin content. Generally, the NDE, ADF, and ADL were lower in
the under-canopy than in open-grown alfalfa, and it corresponded to a higher CP content
and then a higher nutritive value of the herbage. Our results are in contrast with results
reported by Ehret et al. [48] who found no influence of shade on fibre content in a binary
grass-legume mixture in an artificial shade plot experiment. Kyriazopoulos et al. [46]
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reported that shade did not affect NDF and ADF content of a binary grass-legume mixture
while the authors reported an increasing trend of ADL content in shaded pots.

5. Conclusions

Biomass reduction of alfalfa cultivated in the alley of an olive orchard mainly de-
pended on light availability and thus on tree spacing and size. The nutritive value of the
under-canopy alfalfa showed a general improvement compared to the sole crop cultivated
in full sun. However, our results showed that: (i) the alfalfa biomass accumulation was neg-
atively affected at all harvest times by the tree presence and (ii) the improving of nutritive
value in terms of crude protein, fibre and lignin content was less important than the yield
reduction and it did not occur always. In accordance with past studies, competition for
light seems to be more important than competition for water between legumes and trees.

All this considered, the development of shade tolerant legumes should be fostered
in order to enhance the yield and the nutritive value of the under-canopy herbage mass,
allowing a more efficient use of land. Tree management, such as pruning, tree training
system, and orchard layout, can enhance the herbage productivity increasing the light
availability at the herbaceous layer. However, this might reduce the productivity of the
tree crop. Further studies are needed in order to: (i) investigate the complex interactions
between trees and crops, addressing the possible competition for water and nutrient, (ii)
assess the effect of alfalfa in a wide olive tree plantation on the olive productivity, and
(iii) investigate the effects of tree shade on the anti-nutritional factors (i.e., saponins and
tannins) in alfalfa grown in agroforestry systems.
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