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Abstract In the face of escalating climate instabil-
ity and water scarcity in the Mediterranean region,
the transition from resource-intensive monocultures
to resilient agroforestry systems is becoming impera-
tive for sustainable biomass production. This study
provides a comprehensive evaluation of the biomet-
ric performance, water use efficiency, growth perfor-
mance and productivity indexes of Poplar (Populus
spp.) cultivated in an agroforestry system versus a
conventional high-density monoculture, under both
irrigated and rainfed conditions. Field experiments

L. Cozzolino - L. Pari - S. Bergonzoli (<)

CREA Consiglio per la Ricerca in Agricoltura e
L’Analisi Dell’Economia Agraria, Centro di Ingegneria e
Trasformazioni Agroalimentari, Via della Pascolare, 16,
Monterotondo, 00015 Rome, Italy

e-mail: simone.bergonzoli @crea.gov.it

L. Cozzolino
e-mail: luca.cozzolino@crea.gov.it

L. Pari
e-mail: luigi.pari@crea.gov.it

F. Latterini

Institute of Dendrology, Polish Academy of Sciences,
62-035 Kornik, Poland

e-mail: latterini @man.poznan.pl

C. Zaccaria - R. Picchio

Department of Agriculture, Forests, Nature and Energy,
Tuscia University, 01100 Viterbo, Italy

e-mail: claudia.zaccaria@unitus.it

R. Picchio
e-mail: r.picchio@unitus.it

conducted in Central Italy revealed a critical trade-off
between absolute yield and biometric performance.
While the irrigated monoculture system maximized
total biomass production (16.83 t ha™), it required
substantial water inputs. Conversely, the rainfed agro-
forestry system, despite lower yields (11.59 t ha™'),
demonstrated remarkable yield stability, achieving
a Water Use Efficiency (5.32 kg mm™' m™) com-
parable to the high-input irrigated monoculture
(5.21 kg mm™"). Furthermore, trees in agroforestry
systems exhibited superior individual growth traits,
with significantly greater stem diameters and heights
compared to monoculture stands, indicating a shift
from “quantity-driven” to “quality-driven” biomass
production. These findings challenge the conventional
paradigm of yield maximization, suggesting that
agroforestry offers a superior strategy for sustainable
intensification. By decoupling biomass production
from heavy water dependence, agroforestry emerges
as a key solution for maintaining bioeconomy supply
chains in water-limited future scenarios.

Keywords Agroforestry - Poplar - Biomass
production - Productivity indexes - Sustainable
intensification

Introduction

In the current context of escalating climate insta-
bility, challenges such as desertification and land
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degradation underscore the imperative for innova-
tive land management strategies to enhance agricul-
tural resilience (Tomar et al. 2021). Reintegrating
trees into agricultural landscapes through agrofor-
estry systems offers a promising pathway to achieve
these objectives. These systems are increasingly rec-
ognized for delivering diverse ecosystem services
(Alali et al. 2025; Comolli et al. 2024); they not only
enhance regulatory services such as biodiversity and
soil conservation but also improve provisioning ser-
vices by increasing overall biomass productivity per
unit of land (Arshad et al. 2024; Mantino et al. 2023;
Piotto et al. 2023a, b). Specifically, silvoarable alley
cropping or agroforestry, which co-produces food and
non-food biomass, frequently demonstrates superior
overall land-use efficiency compared to monoculture
systems (Lehmann et al. 2020; Rezgui et al. 2023).
This can be primarily attributed to the complemen-
tary utilization of resources such as light, water, and
nutrients between arboreal and herbaceous compo-
nents, contributing to enhanced nutrient cycling and
soil organic matter dynamics (Clivot et al. 2019),
improved water retention and aquifer recharge
(Pulido-Esquivel et al. 2025), and greater microcli-
mate stability (Brandolini et al. 2025). The devel-
opment of agroforestry therefore improves ecosys-
tem service delivery such as functional biodiversity
enhancement, soil erosion reduction, and improved
nutrient and water cycling—even mitigating nitrogen
surplus in integrated animal-crop systems which ulti-
mately results in effective climate change mitigation
and adaptation strategies (Crous-Duran et al. 2019;
Santos et al. 2023).

The conversion of conventional Short/Medium
Rotation Forestry into silvoarable alley cropping
constitutes a distinct and pertinent application of this
concept. Critically, a distinct scientific knowledge
gap persists regarding the specific biological perfor-
mance of the forestry component within these mixed
systems. While the societal benefits are clear, the
morphometric response of trees specifically in terms
of productivity and water demand when shifted from
a high-density monoculture to an open agroforestry
configuration is not fully characterized. This uncer-
tainty is particularly acute in Mediterranean environ-
ments, where water availability acts as a severe lim-
iting factor during hot, arid summers, significantly
impacting tree biomass productivity (Cocozza et al.
2010; Fuertes et al. 2022; Scordia et al. 2023).
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This study focuses on Poplar (Populus spp.), a spe-
cies of strategic importance for the European bioec-
onomy and a sustainable local resource (ProPopulus
Team 2023). In Italy, Short Rotation Forestry (SRF)
for bioenergy production experienced a rapid expan-
sion in the early 2000s. This boom was largely driven
by the restructuring of the national sugar beet indus-
try, which saw numerous processing facilities con-
verted into biomass power plants (Bacenetti & Fiala
2011). However, initial enthusiasm waned as farmers
faced economic losses due to the low market value
of wood chips and the complex, costly logistics asso-
ciated with transporting high-volume, low-density
materials over long distances (Stefano et al. 2024).

Recently, unprecedented increases in fossil fuel
prices have catalyzed a renewed interest in poplar
SRF, which can also substantially contribute to dou-
bling farmers’ income when managed in mixed sys-
tems (Chavan & Dhillon 2019). The economic viabil-
ity of these plantations is currently being rehabilitated
through optimized mechanization and advanced
logistical planning, such as the implementation of
GIS-based supply chain management (Stefano et al.
2024). Cultivation practices also play a pivotal role
in profitability. While existing literature demonstrates
that supplementary irrigation can effectively double
SRF biomass yields compared to rainfed conditions
(Stape et al. 2004), escalating water scarcity in the
Mediterranean region creates a direct and severe con-
flict between allocating water for food crops versus
industrial biomass. Poplar is widely recognized for
its exceptionally high water consumption. Ecophysi-
ological literature indicates that a mature poplar tree
can transpire between 50 and 100 L of water per day
during peak summer conditions (Meiresonne et al.
1999). At the stand level, this translates to massive
hydrological demands, with annual crop evapotran-
spiration rates for short-rotation coppice frequently
exceeding 600-800 mm in Mediterranean and semi-
arid climates (Guidi et al. 2008). Consequently, a typ-
ical high-density irrigated poplar monoculture in the
Mediterranean requires an average of 5000 m> ha™ of
irrigation per year (Pari et al. 2023). Given that the
economic and social value of water is inherently pri-
oritized for food security and high-value agricultural
commodities (Colby 2018; D’Odorico et al., 2020),
utilizing such massive volumes solely for bioenergy is
increasingly unsustainable. Therefore, it is no longer
sufficient to merely maximize wood yield; developing
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water-saving cultivation strategies is critical. By inte-
grating poplar into agroforestry systems, biomass pro-
duction can be decoupled from heavy water depend-
ence, allowing the ’saved’ water to be reallocated to
food or herbaceous intercrops (Mantino et al. 2023).
This paradigm shift is essential to sustain the bioec-
onomy without compromising local food security.

The primary objective was to comprehensively
compare the biometric and productive performance of
poplar grown in agroforestry systems versus conven-
tional monoculture stands, considering both irrigated
and non-irrigated approaches. Furthermore, given
the critical necessity of resilient water management
in Southern Europe, this study also sought to deter-
mine the Water Use Efficiency of the tree component
(Rosso et al. 2021; Thevs et al. 2021). This and other
aspects of biometric performance has received sig-
nificantly less research attention compared to general
ecosystem services, particularly regarding interac-
tions and implications for Water Use Efficiency in dif-
ferent agroforestry systems (“Water-Use Efficiency:
Advances and Challenges in a Changing Climate,”
2019).

Based on these premises, this study was designed
as a hypothesis-driven investigation to evaluate the
trade-offs between production and yield stability.

Specifically, we tested the following three hypoth-
eses: (H1) Reduced stand density increases individual
tree biomass; (H2) Management systems that reduce
stand density will enhance individual stem dimen-
sions, leading to greater stem diameter and height
growth; (H3) The interaction between management
and irrigation systems will influence water use effi-
ciency, biometric aspects, and productivity indexes.

Materials and methods
Study area and environmental conditions

The Poplar plantation is located in the experimen-
tal farm of the Research Center for Engineering
and Agro-Food Processing (CREA-IT) in Rome,
Italy. The site is located at coordinates 42°06'09" N,
12°37'43" E (WGS84) at an altitude of 25 m a.s.l. the
sampling was conducted during July 2024 at the end
of the 3rd year of the plantation cycle. The area is
characterized by a typical Thermo-Mediterranean cli-
mate (Koppen-Geiger classification Csa), defined by

hot, arid summers and mild, rainy winters. The his-
torical average annual temperature is approximately
15.6 °C, with January being the coldest month (mean
minimum~3 °C) and July/August the hottest (mean
maximum~31 °C). These conditions significantly
influenced water availability and stress levels expe-
rienced by the poplar stands (Scordia et al. 2023).
The mean annual precipitation is 780 mm, with a
rainfall distribution pattern peaking in autumn (Octo-
ber—November) and spring. Crucially for this study,
the site experiences a marked summer drought period
(typically June to August), where precipitation drops
below 30 mm per month, creating a significant water
deficit that necessitates supplementary irrigation for
biomass crops.

Soil characteristics

Before starting the test, five samples of 500 g of soil
were collected from the field and shipped to the lab in
order to study soil characteristics. Each sample was
collected following the soil sampling methodology
(ISO Soil 2018). Soil characteristics were uniform
across the entire experimental site. Granulometric
analysis classified the soil texture as Clay (USDA
classification). The soil texture was classified as clay-
dominant, with a composition of 58% clay, 22% sand,
and 20% silt. Chemical analysis revealed a pH of 6.1
(slightly acidic), an organic matter content of 2.1%,
and total Nitrogen (N) of 0.13%. Available phos-
phorus (P,05 Olsen) was recorded at 7 mg kg™!, and
exchangeable potassium (K,O) at 317 mg kg™!. The
entire experimental area was managed without the
application of pesticides.

Experimental treatments and system design

This study compared two distinct management sys-
tems of three years cycle: a conventional Short Rota-
tion Forestry (SRF) system and an agroforestry sys-
tem, both subjected to irrigated and non-irrigated
conditions. The experiment was established as a
full factorial design with two factors: Management
System (Monoculture vs. Agroforestry) and Water
Regime (Irrigated vs. Rainfed), resulting in four dis-
tinct experimental treatments.

The total experimental area covered a contiguous
2 ha sector. Given the applied experimental nature
of arboreal crops, which necessitate large-scale
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machinery and extensive infrastructure for controlled
irrigation, establishing multiple, spatially segregated
multi-hectare fields is logistically unfeasible. Fur-
thermore, utilizing distant sites risks introducing
severe pedoclimatic variability that would confound
the treatment effects. To ensure strict environmental
uniformity, all treatments were applied within a sin-
gle, highly controlled site sharing an identical pedo-
logical baseline. The experimental field was divided
into designated treatment plots measuring approxi-
mately 0.5 ha each. This large surface area per treat-
ment is more than sufficient to allow for robust spa-
tial sampling. To ensure valid replication, each 0.5 ha
plot was virtually divided into three distinct, sepa-
rated sub-areas. Trees were randomly sampled from
across these three sub-areas, which effectively acted
as spatial replicate plots within the uniform pedocli-
matic conditions of the broader treatment zone. Both
experimental systems utilized the commercial pop-
lar clone 'AF-48’, an interspecific hybrid of Populus
deltoides W. Bartram ex Marshall X Populus nigra
L. (Populusxcanadensis Moench). This specific
genotype was strategically selected for this trial due
to its widespread adoption in Mediterranean Short
Rotation Coppice (SRC) and agroforestry systems.
Agronomically, these interspecific hybrids are char-
acterized by exceptional phenotypic plasticity, rapid
early-stage cambial activity, and robust radial growth
dynamics even in wide-alley configurations (Piotto
et al. 2023b). Ecophysiologically, this hybrid exhib-
its a vigorous root system architecture that facilitates
rapid below-ground resource acquisition and high
physiological adaptability under varying environ-
mental constraints (Marron et al. 2014), coupled with
a notable field tolerance to major foliar pathogens
(such as Marssonina brunnea and Melampsora rusts).
Maintaining optimal canopy health is critical in these
mixed systems to sustain high leaf area indices (LAI)
and maximize radiation use efficiency throughout
the prolonged Mediterranean vegetative season. The
experimental stands consisted of a 12-year-old plan-
tation currently in its second harvest cycle, with
above-ground shoots aged three years at the time of
biometric sampling..

The characteristics of the two management sys-
tems were as follows:

e Monoculture system (MC) This treatment con-
sisted of a traditional high-density plantation with
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an inter-row spacing of 3 m and distance between
the plants of 2 m (3 X2) for a total surface of 2 ha.
The management strategy involved mechanical
shredding of the herbaceous component in the
inter-rows during the autumn-winter months. Dur-
ing the sampling period in July, the inter-row was
characterized by natural vegetation in the flower-
ing stage.

Agroforestry system (AF) This treatment was estab-
lished through the conversion of the existing 12-year-
old poplar plantation by the alternative removal of
trees line, creating a cultivated inter-row space of 6 m
(compared to the 3 m in the monoculture reference),
while the distance among the plants was the same of
the MC 2 m (layout 6x2). The widened inter-rows
were cultivated each year with Safflower (Carthamus
tinctorius L.). This specific herbaceous species was
selected due to its pronounced rusticity, deep tap-
root system, and high adaptability to Mediterranean
water-limited environments, making it an ideal low-
input crop for agroforestry configurations (Pari et al.
2024). The intercrop was managed on an annual rota-
tion. Soil preparation was carried out in autumn using
superficial chisel tillage prior to seeding. Pre-sowing
fertilization was applied using diammonium phos-
phate (18% N, 46% P,05) and urea (46% N). Sowing
was performed in mid-February at a seeding rate of
25-30 kg ha™!, achieving a final spatial layout of 3 cm
along the row and 14 cm between rows. Crucially, the
safflower was cultivated under strictly rainfed condi-
tions with no supplementary irrigation. Detailing this
standardized management strategy for the herbaceous
component ensures complete transparency regarding
below-ground resource interactions, confirming that
the allometric and morphometric responses of the
adjacent poplar trees were not confounded by asym-
metrical irrigation or excessive nutrient leaching from
the crop alleys.

Regarding water management, designated plots
within both systems were subjected to a controlled
irrigation regime totalling 350 mm per growing sea-
son. This protocol was consistently applied over the
three years of the study preceding the field trials. The
irrigation regime comprised 10 applications during
the summer period, with one application delivered
weekly from the first week of July to the second week
of September (2022-2024). Specifically, the irriga-
tion was carried out through a drip irrigation system
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linked to an automated control valve. The system
was equipped with emitters featuring a flow rate of
5L h™! and was programmed to deliver 35 mm per
weekly application, the precise volume required to
restore the soil to field capacity. Considering a mean
coppice area of 1 m?, this corresponded to 35 L of
water per week for each coppice. To minimize evapo-
rative losses and ensure optimal soil infiltration, these
automated applications were strictly scheduled dur-
ing nighttime hours (Mondays from 00:00 to 07:00).
This controlled approach minimized confounding
variables related to heterogeneous soil moisture and
allowed for precise quantification of water inputs for
WUE calculations. Consequently, the study analyzed
the following four treatments (Fig. 1):

Monoculture irrigated (MC-I)
Monoculture rainfed (MC-NO) (Rainfall only)
Agroforestry irrigated (AF-I)
Agroforestry rainfed (AF-NO) (Rainfall only)

Eal

CREA
Experimental Farm
(Monterotondo, RM)

Data acquisition

To evaluate the biometric and productive perfor-
mance of the treatments, eight stumps were compre-
hensively harvested per treatment for a total of 32
stumps. Parameters recorded for each shoot included
total fresh shoot weight, total height, and diameter
at breast height (DBH). It is important to specify
that the fresh weight measurements encompassed
the total above-ground woody biomass, incorporat-
ing both the main stem and all lateral branches. This
comprehensive biometric assessment was deliberately
chosen because it accurately reflects the total car-
bon allocated to woody structures and represents the
true harvestable yield utilized for industrial chipping
in Short Rotation Forestry (SRF) bioenergy supply
chains. Harvesting was performed manually using a
chainsaw. Biomass yield (t ha™!) for the agroforestry
system was calculated based on the total land area,
including both the tree rows and the intercropping

. i
o “u
l“‘ 3
-

Research Site Aerial Layout

Fig. 1 Geographical location and spatial layout of the experimental site. A Location of the CREA-IT experimental farm in Montero-
tondo (Rome, Central Italy). B Aerial view detailing the reference experimental design and the distribution of the four treatments
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alleys, to reflect the actual land occupancy. Follow-
ing harvest, shoot height was measured in the field by
aligning samples against a graduated measuring line.

Agronomic Water Use Efficiency was calculated
to evaluate the biometric aspects of the tree compo-
nent under different management regimes. Agro-
nomic Water Use Efficiency (aWUE) was calculated
as the ratio of aboveground biomass accumulation to
total water input (precipitation plus irrigation) and
is expressed in kg mm™' m™. Higher values of this
index represent higher water use efficiency. This met-
ric isolates the physiological efficiency of the single
plant, allowing for a direct comparison of the tree’s
water-to-biomass conversion capacity across systems
with different planting densities. This methodol-
ogy allowed for a nuanced assessment of how varied
water availability and interspecific competition influ-
ence the intrinsic productivity of individual poplar
stools (Marron et al. 2014).

To provide a functional understanding of tree plas-
ticity and system yield sability, three derivative indi-
ces were calculated based on the primary biometric
data:

e Slenderness coefficient (SC): This index was cal-
culated to assess the mechanical stability and
allometric response of trees to competition. It
is defined as the ratio between tree height (H, in
meters) and stem diameter at breast height (DBH,
converted centimeters):

H

C=pom (1)

Lower values indicate sturdier trees, while higher
values suggest susceptibility to mechanical instability
(tapering).

e Yield gap (YG): To quantify the vulnerability
of each system to water scarcity, the Yield Gap
was calculated as the percentage loss in biomass
under rainfed conditions compared to the irrigated
potential:

(Biomass,,, - Biomasskﬂmfed)

Yield Gap (%) = x100  (2)

Biomassy,,

e Partial land equivalent ratio (LER_tree): To evalu-
ate the specific land-use efficiency of the tree
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component, the Partial LER_tree was computed.
This metric compares the yield of the agroforestry
system (Yield_AF) to the yield of the monocul-
ture reference (Yield_Mono) under identical water
regimes:

~ Yield, . 3)

Values> 1 indicate that the agroforestry configu-
ration is more efficient per unit of land area than the
monoculture.

Statistical analysis

Data were processed to calculate means and standard
deviations (SD) for all biometric and physiological
variables (n=28 replicates per treatment). To verify
the assumptions of normality and homogeneity of
variance, data were inspected prior to analysis. Prior
to statistical analysis, the assumptions required for
analysis of variance (ANOVA) were evaluated. Nor-
mality of residuals was tested using the Shapiro-Wilk
test, and homogeneity of variance among groups was
assessed using Levene’s test. As these assumptions
were satisfied for all response variables, to evaluate
the variance in poplar productivity driven by the man-
agement strategy and water regime, a Two-Way Anal-
ysis of Variance (ANOVA) was applied. The stratified
random sampling of shoots from three distinct spatial
sub-areas within each 0.5 ha treatment plot accounts
for spatial variability. This framework satisfies the
requirements for variance analysis in large-scale
applied forestry trials, where establishing completely
independent, multi-site block replications is practi-
cally impossible and environmentally confounding.
The statistical model included two fixed factors:

e Management system (2 levels: Monoculture vs.
Agroforestry).
e Water regime (2 levels: Irrigated vs. Rainfed).

The interaction term (Management \times Irri-
gation) was included to evaluate whether the two
systems responded differently to water availabil-
ity. Where the ANOVA indicated significant main
effects or interactions (p <0.05), means were sepa-
rated using Tukey’s HSD (Honest Significant Dif-
ference) post-hoc test to identify specific differences
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among the four experimental groups (MC-I, MC-NO,
AF-1I, AF-NO). Because only one field was available
for each cultivation system, the comparison between
agroforestry and monoculture should be regarded as
a site-specific preliminary case study rather than a
fully replicated system-level experiment. Individual
trees were treated as observational units for the pur-
pose of exploring treatment-related patterns, while
acknowledging that plot-level replication for the culti-
vation system was not available. Furthermore, to elu-
cidate the multivariate relationships between growth
traits (Height, Diameter, Biomass) and physiological
efficiency (WUE), a Principal Component Analysis
(PCA) was performed. Prior to PCA, data were stand-
ardized (z-scores) to eliminate scaling effects arising
from different units of measurement. The selection of
principal components was based on eigenvalues> 1
and the cumulative percentage of variance explained.
All statistical analyses were performed using R 4.4.3
version and the PCA with Past 4.13 version (Ham-
mer, @., et al. 2001).

Results

The Table 1 represents a comparative analysis of the
parameters collected during the analysis of the differ-
ent management systems studied: Monoculture Irri-
gated (MC-I) and Not Irrigated (MC-NO), Agrofor-
estry Irrigated (AF-I) and Not Irrigated (AF-NO).
Descriptive statistics for biomass, tree height, and
stem diameter showed clear differences across the

experimental groups. In the Table 1 was presented the
biomass yield, where the irrigated monoculture group
(MC-I) exhibited the highest value, 16.83 t ha™!,
while the group MC-NO showed the lowest value
(9.64 t ha™). The agroforestry systems highlighted
intermediate values, 12.22 t ha™' and 11.59 t ha™! for
AF-I and AF-NO, respectively.

The biometric analysis reveals that Agroforestry
systems, despite lower planting densities, produced
trees with superior individual dimensions (both
height and diameter) compared to their monoculture
counterparts. The Agroforestry showed mean height
values of 10.44 m and 8.90 m for AF-I and AF-NO
respectively, while the conventional system high-
lighted values of 9.79 m and 7.96 m for MC-I and
MC-NO. Similarly, the values of mean diameter were
higher for the agroforestry system (14.04 cm and
11.55 cm for AF-I and AF-NO, respectively) with
respect to the conventional system (10.72 cm and
8.99 cm for MC-I and MC-NO, respectively). Con-
cerning the WUE, results highlighted that treatments
AF-NO and MC-I reached values higher than 5 (i.e.:
5.32 and 5.21, respectively), while MC-NO showed a
value of 4.42 and AF-I 3.78 as the lowest value.

Biomass production: stand yield versus individual
growth

The analysis of biomass yield revealed a distinct
trade-off between stand-level yield and individual tree
growth. In fact, while regarding total productivity per
hectare (Table 1), the Irrigated Monoculture (MC-I)

Table 1 Descriptive statistics for biomass, height, diameter and wue across experimental groups (mean of eight repetitions + SD)

Group Total biomass (t Stem biomass (kg)  Tree height (m) Stem diameter (cm) WUE (kg
ha™!) mm™' m™?)
MC-1 16.83+0.62b 5.04+0.18b 9.79+0.21b 10.72+0.26 b 5.21+£0.19¢
MC-NO 9.64+0.20a 2.89+0.06 a 7.96+0.19 a 8.99+0.29 a 4.42+0.09b
AF-1 12.22+0.37d 7.33+0.22d 10.44+0.17d 14.04+0.29d 3.78+0.11a
AF-NO 11.59+025¢ 6.95+0.15¢ 8.90+0.23 ¢ 11.55+037 ¢ 5.32+0.12¢
Management effect F, 54=360.59, F,3=191.25, F; ,3=54.66, F),5=215.11, F),3=76.45,
p<0.001 p<0.001 p<0.001 p<0.001 p<0.001
Irrigation effect F, 23=169.57, F, 25=37.75, F 5=114.62, F, 5=28.46, F, 5=41.26,
p<0.001 p<0.001 p<0.001 p<0.001 p<0.001
Interaction effect ~ F 53=63.39, F) 25=19.93, p=0.45 F)25=12.32; F)25=32.21;
p<0.001 p<0.001 p=0.0015 p<0.001

Values within the same column followed by a different letter are statistically different at the level of p <0.05 according to Tuckey’s

HSD test

@ Springer



117 Page 8 of 17

Agroforest Syst (2026) 100:117

achieved the highest yield driven by the higher plant-
ing density, the analysis of individual above-ground
woody biomass showed the opposite trend, highlight-
ing the superior growth of individual trees in Agro-
forestry systems.

The Two-Way ANOVA for total stem bio-
mass indicated significant main effects for Man-
agement (F,,3=360.59, p<0.001) and Irrigation
(F1,=169.57, p<0.001), with a significant Inter-
action effect (F ,3=63.39, p<0.001). As shown in
Table 1, the Irrigated Agroforestry trees (AF-I) accu-
mulated the highest individual biomass (letter ’d’),
significantly surpassing the irrigated monoculture
trees (MC-I, letter 'b’). Notably, even under rainfed
conditions, the Agroforestry trees (AF-NO, letter "c’)
showed higher values respect to Monoculture (letter
‘a’).

Vertical growth (tree height)

System design and water availability also signifi-
cantly determined vertical growth. The ANOVA
results highlighted significant main effects for both
Management (F1,28 =54.66, p <0.001) and Irrigation
(F1,28=114.62, p<0.001). The interaction term was
not statistically significant (p=0.45), suggesting that
water availability enhances height similarly across
both systems.

The pairwise comparisons shown distinct statisti-
cal groupings. Agroforestry trees were consistently
taller than their monoculture counterparts. The irri-
gated agroforestry trees (AF-I) reached the maximum
height (letter ’d’), significantly surpassing the irri-
gated monoculture (MC-I, letter ’c’). Similarly, under
rainfed conditions, agroforestry trees (AF-NO, letter
’b’) maintained superior vertical growth compared to
the rainfed monoculture (MC-NO, letter ’a’).

Stem diameter

The analysis of stem diameter provided the strong-
est evidence for the morphological plasticity of
poplar in agroforestry systems. The ANOVA
revealed an extremely high F-value for Management
(F1,28=215.11, p<0.001), confirming that lower
planting density is the primary driver of second-
ary growth. Irrigation also played a significant role
(F1,28=28.46, p<0.001); also, significant inter-
action was observed (F1,28=12.32; p=0.0015),
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indicating that the positive effect of irrigation on stem
diameter was magnitude-dependent on the cultivation
system.

The Agroforestry trees (AF-I and AF-NO) exhib-
ited significantly larger diameters compared to Mon-
oculture trees. The irrigated AF trees achieved the
highest mean diameter (letter ’d’). Notably, even the
non-irrigated AF trees (letter ’c’) developed signifi-
cantly thicker stems than the irrigated monoculture
trees (MC-I, letter ’b’).

Agronomic water use efficiency (aWUE)

The agronomic Water Use Efficiency analysis
revealed a complex physiological response, evidenced
by a highly significant Management X Irrigation inter-
action identified by a Two-Way ANOVA.

This interaction indicates that the two systems—
Monoculture and Agroforestry—optimize water
use differently. Specifically, in the Monoculture sys-
tem, irrigation significantly improved efficiency
(MC-I>MC-NO). Conversely, in the Agroforestry
system, the highest efficiency was achieved under
rainfed conditions (AF-NO). Pairwise comparisons
confirmed that the rainfed Agroforestry system (AF-
NO) achieved a WUE statistically comparable to the
high-input Irrigated Monoculture (MC-I), with both
treatments sharing the statistical letter "c’. In contrast,
the lowest efficiency was observed in the Irrigated
Agroforestry system (AF-I, letter ’a’).

Allometric plasticity and slenderness coefficient

To evaluate the structural response of poplar trees
to varying competition levels and water availability,
the Slenderness Coefficient (SC), defined as the ratio
between tree height and stem diameter (H/DBH), was
analysed and presented in the Fig. 2.

The analysis of the biometric data reveals two dis-
tinct morphometric strategies driven by the manage-
ment system:

o Competition-driven strategy (Monoculture) Trees
in the high-density monoculture system exhibited
significantly higher slenderness coefficients, indic-
ative of an imbalance between vertical and radial
growth. Specifically, the Irrigated Monoculture

(MC-I) recorded a mean value of 0.91 m cm™,
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Fig. 2 Results for Slender-
ness coefficient
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and the Rainfed Monoculture (MC-NO) a value of
0.89 mcm™.

o Structure-driven strategy (Agroforestry) Con-
versely, the Agroforestry system induced a shift
towards a more robust architecture. The slen-
derness coefficient dropped significantly to
0.74 m cm™! for the Irrigated AF and 0.77 m cm™
for the Rainfed AF.

Production assessment: yield gap analysis

To quantify the vulnerability of the two production
systems to water scarcity, the Yield Gap, defined as
the percentage loss in biomass under rainfed con-
ditions compared to the irrigated potential was
calculated.

The results highlighted a drastic divergence in sys-
tem yield stability in the face of hydrological stress,
as depicted in Fig. 3:

e Monoculture system (High vulnerability) In the
conventional monoculture, the transition from
irrigated to rainfed conditions resulted in a bio-
mass collapse from 16.83 to 9.64 t ha™!. This cor-
responds to a massive Yield Gap of 42.7%. Such
a decline confirms that the peak productivity of
high-density monocultures is strictly dependent on
substantial water inputs, making the system highly
fragile in drought-prone scenarios.

Yield Gap (%)

N
o
s

MC x NO AF X YES MC x YES

Yield G
- ield Gap

42.7%

40 A

w
o

10 1

Monoculture Agroforestry

Fig. 3 Results of yield gap analysis

o Agroforestry system (High yield stability) In

contrast, the agroforestry system demonstrated
remarkable stability. The biomass reduction
from (AF-I) to (AF-NI) resulted in a minimal
Yield Gap of only 5.2%. By maintaining nearly
95% of its productive potential even without irri-
gation, the agroforestry system is statistically
validated as a climate-resilient strategy capable
of buffering environmental stress.

@ Springer



117 Page 10 of 17

Agroforest Syst (2026) 100:117

Land use efficiency: partial LER_tree analysis

The efficiency of the tree component in utilizing
available land resources was evaluated using the Par-
tial Land Equivalent Ratio (LER_tree), calculated as
the ratio of agroforestry yield to monoculture yield
(Yield_AF / Yield_Mono) under identical water
regimes.

The analysis reveals a functional inversion of land-
use efficiency driven by water availability:

e [rrigated conditions (Partial LER_tree=0.73)
Under non-limiting water conditions, the Mono-
culture outperforms the Agroforestry system per
unit of land area (LER_tree<1). This indicates
that when resources are abundant, the higher

Principal component analysis

The Principal Component Analysis, graphically
represented in Fig. 4, provides a multivariate per-
spective on the interplay between various growth
traits, agronomic water use efficiency, and different
management systems. This biplot illustrates how
the various groups cluster and how different vari-
ables contribute to these clusters, offering a visual
synthesis of the complex physiological responses
observed.

Values of the eigenvalue and of variance
explained by each PC are reported in Table 2.

Table 2 Eigenvalue table

planting density of the monoculture successfully PC Eigenvalue % variance
maximizes biomass capture per hectare.
. .. . 1 8.94041 57.979
e Rainfed conditions (Partial LER_tree = 1.20) Cru-
. .. .. 2 5.70305 36.984
cially, under water-limited conditions, the Agro-
. 3 0.721885 4.6814
forestry system becomes 20% more efficient than
4 0.0357696 0.23197
the monoculture.
5 0.0190704 0.12367
Fig. 4 Biplot of the results ® MC-
of principal component J MC-NO
analysis. Black: MC-I; A AF-
Green: AF-I; Red: MC-NO; X AF-NO
Blue: AF-NO
1.54 C AN
A N\
1.0 SNG4
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Ind_biomass
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The first two principal components explained
94.96% of the total variance (Table 2), indicating a
robust representation of the dataset.

o PCI (57.98% variance) This component, repre-
sented by the horizontal axis, primarily reflects
overall growth performance. Groups positioned
to the right exhibit higher values for growth
traits. Figure 4 clearly shows the “high-per-
formance” groups Monoculture Irrigated and
Agroforestry Irrigated clustered on the right
side of the biplot. Conversely, the stress-prone
Monoculture Non-Irrigated group is located on
the far left indicative of lower overall growth.

e PC2 (36.98% variance) This vertical axis dif-
ferentiates between growth strategies. The
Agroforestry groups cluster at the top of Fig. 4.
They are strongly associated with vectors such
as Diameter, Individual Biomass, and Height,
suggesting an emphasis on “Individual Growth”
and the development of larger individual tree
dimensions. In contrast, the Monoculture Irri-
gated group is positioned at the bottom, closely
aligned with the Total Biomass vector, indicat-
ing a strategy focused on maximizing “Stand
Yield” or total biomass per unit area.

The length of WUE vector is moderate, suggest-
ing that this index contributes significantly to the
variance explained by the principal components,
but it is not the dominant variable.

Discussion

This study investigated the comparative perfor-
mance of monoculture and agroforestry manage-
ment systems under both irrigated and non-irri-
gated conditions, providing valuable insights into
biomass production, growth dynamics, water use
efficiency, and overall system yield stability. The
findings highlight distinct morphometric strategies
and physiological responses shaped by manage-
ment and water availability, confirming the core
argument for agroforestry through the nuanced
results in biomass and height.

Trade-offs in biomass production and growth
strategies

Our results support totally the research hypothesis
that stand density increases individual tree biomass
due to lower resource competition. In fact, a funda-
mental trade-off was observed between stand-level
biomass yield and individual tree growth. The Irri-
gated Monoculture demonstrated the highest total
biomass yield (16.83 t ha™), primarily attributed to
its higher planting density. This aligns with conven-
tional agricultural principles that prioritize high-
density planting for maximizing output in monocul-
tures. However, this strategy came at the expense of
individual tree development. In fact, agroforestry
systems, despite having lower planting densities, fos-
tered superior individual tree growth. The analysis of
individual above-ground woody biomass showed that
Irrigated Agroforestry trees accumulated the high-
est individual biomass, significantly surpassing irri-
gated monoculture trees. This trend was also evident
in biometric parameters such as height and diameter.
Notably, even non-irrigated agroforestry trees devel-
oped significantly thicker stems than irrigated mono-
culture trees, demonstrating that spatial arrangement
overrides water availability in determining individual
trunk thickness. The significant interaction observed
for stem diameter confirms this mechanism: while
irrigation boosted growth in both systems, its rela-
tive impact was modulated by competition. In the
monoculture, water relief was critical for secondary
growth, whereas in the agroforestry system, the wider
spacing allowed trees to maintain high growth rates
even under rainfed conditions, dampening the differ-
ential between irrigated and non-irrigated plots. This
suggests a “structure-driven” growth strategy in agro-
forestry, promoting robust individual tree architec-
ture, as opposed to the “high-density driven” strategy
in monocultures which leads to more slender trees.
The enhanced individual growth rates observed in AF
systems, manifested in both stem diameter and tree
height, suggest a superior wood quality potential, a
distinct trait that can be differentiated using advanced
analytical techniques (Heim et al. 2023).

The impressive vertical growth observed in the
agroforestry trees (AF), despite the wider spacing,
warrants specific ecophysiological interpretation.
Typically, in high-density monocultures, intense com-
petition for light alters the red to far-red radiation
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ratio perceived by phytochromes, triggering a shade-
avoidance syndrome (etiolation). This mechanism
stimulates rapid vertical stem elongation as trees race
to reach the upper canopy, frequently at the expense
of radial growth (Ballaré & Pierik 2017). However,
this standard forestry paradigm assumes that light is
the primary limiting factor. In our Mediterranean sys-
tem, below-ground competition for water supersedes
light as the primary constraint on growth, fundamen-
tally altering morphological responses (Fuertes et al.
2022), although factors like elevated CO2 concen-
trations could partially interact with drought stress
in juvenile stages (Orsag et al. 2024). From a physi-
ological perspective, primary (vertical) growth is
exquisitely sensitive to water deficits, as stem elon-
gation is physically driven by cell turgor pressure.
In the high-density monoculture, severe root-level
competition leads to rapid soil moisture depletion,
inducing earlier stomatal closure and reducing the
cell turgor necessary for apical expansion (Cocozza
et al. 2010). Conversely, the wider spacing in the AF
system drastically reduces this root-level competi-
tion (Forey et al. 2015). By maintaining access to a
larger per-capita soil water reservoir, the AF trees can
sustain optimal stomatal conductance and cell turgor
for longer periods during the growing season. Con-
currently, the open canopy structure allows for opti-
mal light interception across the entire tree crown,
maximizing whole-tree carbon assimilation (Forrester
2015). This physiological release allows individual
trees to acquire sufficient resources to simultaneously
maximize both robust radial expansion (diameter)
and the superior apical dominance (height) inherent
to the ’AF-48’ genotype.” The analysis of the slen-
derness coefficient further supports these distinct
morphometric strategies: high-density monocultures
exhibited significantly higher slenderness coeffi-
cients (0.89-0.91 m cm™), indicative of an imbalance
between vertical and radial growth. In contrast, the
agroforestry system induced a shift towards a more
robust architecture (0.74-0.77 m cm™!), reflecting a
“Structure-Driven Strategy.”

These findings support the research hypothesis that
the management systems while reducing stand den-
sity leads to an increase in biomass quality.

These allometric responses strongly align with
observations from extensive poplar agroforestry opti-
mization of planting geometries (Chavan et al. 2024),
yield indices assessments (Ahmadloo & Eskandari
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2024; Yasin et al. 2018), and variable-density planta-
tion trials in China, where optimized, wider tree spac-
ing has been demonstrated to significantly enhance
individual stem volume and mitigate severe interspe-
cific resource bottlenecks (e.g., Fang et al. 2007). By
alleviating root-level competition, such wide-alley
configurations maximize per-tree cambial activity and
biomass partitioning to the main stem. Furthermore,
while this study focuses exclusively on ’AF-48’, it is
essential to contextualize its morphometric perfor-
mance against ’1-214°  (Populus X euramericana),
the most historically prevalent and widely studied
clone in Italian poplar cultivation. While ’I-214’ is
renowned for exceptional peak productivity under
optimal irrigation, it frequently exhibits high vulner-
ability to hydraulic failure and severe drought stress
under rainfed Mediterranean conditions (Jha 2018).
The robust physiological plasticity and yield stabil-
ity of ’AF-48’ observed in our rainfed agroforestry
setup suggest that it may offer a highly resilient and
structurally superior alternative for maintaining bio-
mass supply chains in future water-limited climatic
scenarios.

Water use optimization and system yield stability

Agronomic Water Use Efficiency analysis revealed
a complex physiological response, evidenced by a
highly significant Management X Irrigation interac-
tion identified by the Two-Way ANOVA. This inter-
action indicates that the two systems—Monoculture
and Agroforestry—optimize water use differently.
Specifically, in the monoculture system, irrigation
notably improved WUE, with a significant increase
in efficiency as also stated by Stape et al. 2004. This
improvement was accompanied by an 18% rise in
agronomic water use efficiency, highlighting the
positive interaction between water availability and
productivity under monoculture management as pre-
viously fund in Stape et al. 2004. Conversely, in the
agroforestry system, the highest agronomic water
use efficiency was achieved under rainfed condi-
tions. These results confirmed that agroforestry sys-
tems possess an inherent ability to optimize water
use and reduce water losses under conditions of scar-
city, potentially due to reduced inter-tree competition
and improved microclimatic conditions (Blanchet,
2021, Hatfield & Dold 2019; “Water-Use Efficiency:
Advances and Challenges in a Changing Climate,”
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2019). The lowest efficiency was observed in the
Irrigated Agroforestry system (3.78 kg mm™' m™),
indicating that continuous irrigation might not always
translate to proportional gains in agronomic water
efficiency within this system. In fact, irrigation in AF
systems produced only a modest biomass increase of
5.4%, while agronomic water use efficiency declined
by 29% confirming the results of Forrester 2015 and
Thomas et al. 2022. These contrasting outcomes
underscore that identical irrigation inputs can gener-
ate divergent effects depending on the management
system, confirming that resource additions in low-
density systems may yield diminishing returns in
terms of efficiency compared to intensive monocul-
tures (Forrester 2015; Thomas et al. 2022).

The yield stability assessment, quantified by the
Yield Gap analysis, further underscored the contrast-
ing adaptive capacities of the two systems to water
scarcity. Monoculture systems exhibited a substantial
biomass collapse under rainfed conditions, result-
ing in a massive Yield Gap of 42.7%. This profound
vulnerability confirms the strict dependence of high-
density monocultures on consistent water inputs, ren-
dering them fragile in drought-prone environments.
In stark contrast, the agroforestry system demon-
strated remarkable stability, with a minimal Yield
Gap of only 5.2% under rainfed conditions. Agrofor-
estry maintained nearly 95% of its productive poten-
tial without irrigation. While specific microclimatic
variables were not directly measured in this trial, we
hypothesize that this yield stability is strongly associ-
ated with the system’s capacity to buffer environmen-
tal stress (Thevs et al. 2021). Literature extensively
suggests that agroforestry architectures can generate
favourable microclimates that reduce canopy-level
evaporative water losses, thereby mitigating drought
impacts.

Land use efficiency and multivariate perspectives

The Partial Land Equivalent Ratio (LER_tree) anal-
ysis revealed a functional inversion of land-use effi-
ciency driven by water availability. Under irrigated,
non-limiting water conditions, the Monoculture out-
performs the Agroforestry system per unit of land
area. This indicates that when resources are abun-
dant, the higher planting density of the monocul-
ture successfully maximizes biomass production per
hectare. Remarkably, under water-limited (rainfed)

conditions, the Partial LER_tree exceeded 1 (1.20),
indicating that the agroforestry system produced
higher absolute woody biomass per hectare than the
monoculture, effectively overturning the density gap
through superior individual tree biometric aspects.
This finding stands in contrast to the results of Coz-
zolino et al. 2025, where the herbaceous species
(Carthamus tinctorius L.) cultivated in intercropping,
was found to be lower in each studied parameter. This
overturning suggests a strong facilitation effect: in the
absence of irrigation, the reduced inter-tree competi-
tion and improved microclimatic conditions of the
agroforestry system allow individual trees to thrive.
Conversely, the monoculture suffers from intense
competition for limited soil moisture, leading to a
system-level failure in resource conversion efficiency.

The Principal Component Analysis, provides a
multivariate synthesis of the findings, effectively dif-
ferentiating the management systems based on their
growth traits and resource utilization strategies. The
biplot suggested that the PCA was able to clearly dis-
tinguish between cropping systems and water condi-
tions, highlighting the trade-off between absolute pro-
ductivity and physiological efficiency. The first two
principal components explained 94.96% of the total
variance, indicating a robust representation of the
dataset.

The MC-I group, situated in the bottom-right
quadrant, is strongly aligned with the Total Biomass
vector and is also positioned favourably in the direc-
tion of the WUE vector. This graphically supports
the finding that irrigation significantly improves
efficiency in monoculture systems, where the strat-
egy is to maximize stand yield through high input.
The AF-I group is in the top-right quadrant, show-
ing high individual growth traits and overall good
performance (positive PC1). While still performing
well in terms of overall growth, its position relative
to the WUE vector suggests it’s less directly aligned
with high WUE compared to MC-I, which aligns with
the previous observation of diminished returns from
irrigation in agroforestry systems. The AF-NO group
is located in the top-left quadrant, associated with
individual growth traits, but not strongly aligned with
the WUE vector. This visual representation, when
considered alongside the previous finding that rainfed
Agroforestry achieved a WUE statistically compara-
ble to high-input Irrigated Monoculture, highlights
the unique physiological yield stability and efficient
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resource use of these systems under non-irrigated
conditions. The MC-NO group, located on the far
left, is the furthest from the WUE vector, consistent
with its characterization as a “stress-prone” group
with lower efficiency.

The last research hypothesis (H3) was confirmed
by the analysis of the results of agronomic water
use efficiency and ecophysiological and productiv-
ity indexes, highlighting the effect of the interaction
between management and irrigation systems.

Implications for sustainable land management and
water scenarios

The findings underscore a crucial trade-off between
land productivity and resource sustainability. While
the MC-I system yielded the highest absolute bio-
mass, this maximum yield is achieved at the expense
of high-water consumption and is highly sensitive
to water availability. The results clearly indicate that
irrigation exerted a substantial influence on plant
growth in monoculture systems, leading to significant
increases in both height and diameter and ultimately
enhancing total biomass production. In contrast, the
AF-NO system, despite producing lower total bio-
mass per hectare, exhibits superior water use effi-
ciency and benefits from a stable microclimate that
reduces evaporative water losses like other studies
(Karlen & Rice 2017; Blanchet 2021). This makes it
a more environmentally sound and resilient choice for
long-term sustainable biomass production, particu-
larly in regions with limited water resources (Thevs
et al. 2021).

Although the reduced biomass yield per hectare
observed in the AF-NO system may result in lower
immediate economic returns, this limitation is miti-
gated through the intercropping of an herbaceous spe-
cies in the alleys. This intercrop can be irrigated using
the water ’saved’ by the trees—defined here as the
volume of water typically required by a high-density
monoculture that is deliberately withheld from the
resilient agroforestry trees, thereby keeping the total
system-level water footprint neutral while diversifying
output. In fact, a typical irrigated monoculture, such
as MC-I, in this region requires an average of 5000
m® ha™lof water irrigation per year (Pari et al. 2023).
Applying AF-NO management system would allow to
save this quantity of water to be valorised through fur-
ther irrigation purposes of herbaceous species grown in
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the alley. Additional farmer income could be generated
considering that the economic value of water varies sig-
nificantly by crop and region (Colby 2018; D’Odorico
et al., 2020). For example, several studies have demon-
strated that the marginal value of water can range from
less than and $21 per acre-foot for grain sorghum to
$536 for tomatoes in California, with other crops like
wheat, barley, maize, and sugar beet also having quan-
tifiable water footprints per unit monetary value (Colby
2018; Giiney et al., 2024). This strategy is particularly
relevant for agroforestry systems. While the tree canopy
provides a shade effect that can beneficially reduce
crop evapotranspiration during peak summer heat, it is
critical to carefully manage the system to mitigate the
inevitable reduction in radiation availability for the her-
baceous layer (Mantino et al. 2023). Furthermore, the
broader adoption of these agroforestry systems aligns
with evolving European Commission policies advocat-
ing for carbon farming initiatives. However, significant
technical, policy, and economic barriers remain for
their full implementation in Europe (Mosquera-Losada
et al., 2023; Mantino et al. 2023).

In addition, the production of woody material of
higher quality within the AF-NO framework offers
compensatory value, thereby enhancing the overall
multifunctionality and sustainability of the system.
Furthermore, the increasing uncertainty of water
supply and the escalating frequency of prolonged
summer droughts driven by climate change in the
Mediterranean region necessitate a transition toward
agricultural paradigms that do not rely on fixed, high-
volume irrigation quotas (Santos et al. 2023). The
pronounced yield stability (i.e., the minimal Yield
Gap) demonstrated by the agroforestry system under
rainfed conditions highlights a crucial ecological
buffer (Blanchet 2021). This positions the integration
of trees in lower-density, mixed spatial configurations
not just as an immediate water-saving measure, but
as a critical, long-term adaptation strategy against
highly unpredictable hydrological futures (Hatfield
& Dold 2019; Raihan 2023), ensuring the viability of
biobased supply chains even under severe structural
water deficits.

Conclusions

This study shows that agroforestry provides a more
resilient and efficient strategy for poplar biomass
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production under Mediterranean water limited con-
ditions. While irrigated monoculture maximizes
stand level yield, it suffers severe productivity
losses when irrigation is removed. In contrast, agro-
forestry enhances individual tree growth, maintains
high Water Use Efficiency under rainfed condi-
tions, and exhibits minimal yield reduction during
drought. These results demonstrate that reducing
stand density and increasing spatial heterogeneity
strengthen tree performance and system stability.
Agroforestry therefore represents a robust alterna-
tive to conventional monoculture, offering a viable
pathway for sustainable biomass production in
increasingly water scarce environments.

Although this study explored several relevant
parameters, it should be regarded as a case study,
and conclusions must therefore be drawn with
caution due to the lack of comparative data from
other tree species. Future research should prior-
itize Life Cycle Assessment (LCA) (as highlighted
by Quevedo-Cascante et al. 2022) and Life Cycle
Costing (LCC) to more comprehensively assess the
environmental and economic implications of the
management practices investigated, and should rely
on replicated trials to strengthen statistical robust-
ness. Particular attention should be directed towards
quantifying long-term carbon sequestration poten-
tial and the broader ecosystem services provided
by agroforestry systems compared to conventional
monocultures.
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