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Abstract Hydrophysical soil properties are critical
determinants of agricultural sustainability and ecosys-
tem resilience. These properties influence soil-water
dynamics, nutrient cycling, and overall soil health.
Although the potential of agroforestry to mitigate
soil degradation is well-established, a comprehensive
synthesis of its effects on hydrophysical properties
in European contexts has been lacking. This review
systematically analyzes 40 studies examining the
effects of woody vegetation in European Agroforestry
Systems (EAFS). Findings reveal that woody com-
ponents generally enhance hydrophysical soil prop-
erties across diverse EAFS. A consistent decrease in
bulk density and increase in porosity were reported,
leading to improved water infiltration, retention,
and storage capacities. Hedgerows and shelterbelts
were particularly effective in increasing hydraulic
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conductivity and mitigating surface runoff and ero-
sion, with positive effects localized near woody vege-
tation. Silvopastoral systems demonstrated significant
improvements in soil water content and infiltration
rates, particularly in Mediterranean regions. How-
ever, variability was evident, influenced by tree age,
species composition, spatial configurations, and man-
agement practices. Critical research gaps were iden-
tified, including limited data on subsoil dynamics,
geographic biases favouring Mediterranean systems,
and methodological inconsistencies across studies.
Addressing these gaps through standardized protocols
and multidisciplinary approaches is essential to fully
realise the potential of EAFS in enhancing soil func-
tions and adapting agro-ecosystems to climate chal-
lenges. Implementing tailored management practices
that consider local climatic and edaphic conditions is
essential for maximizing the hydrological and ecolog-
ical benefits of EAFS.
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Introduction

Soil hydrophysical properties play a crucial role
in agro-ecosystem functioning and farm revenues,
offering significant ecological and economic ben-
efits (Grover et al. 2024). Properties, such as water
retention and hydraulic conductivity, are essential
for soil-water interactions and transport of dissolved
compounds (Bakker et al. 2019; Zhu et al. 2020).
Unfavourable soil structure, high clay content or poor
aggregation, high bulk density and low porosity are
strongly linked with enhanced erosion processes,
increased runoff and low infiltration rates (Cardoso
et al. 2013; Blanco and Lal 2023), thereby influencing
overall soil health and agricultural productivity (Sas-
senrath et al. 2018; Lehmann et al. 2020). Increased
bulk density, influenced by inherent soil properties
(e.g. texture, mineral composition) or resulting from
agricultural operations but also other land manage-
ment practices, directly affects crop root development
and soil water dynamics (Dexter 2004). Addition-
ally, available water capacity and texture have been
proven to strongly correlate with biomass production
(Hatfield and Dold 2019; Priori et al. 2019). Conse-
quently, enhancing these properties is imperative for
the long-term viability of agriculture and the rehabili-
tation of ecosystems (Delgado and Gomez 2016).
Common land management practices can rap-
idly degrade soil properties, potentially leading to
long-term soil deterioration (FAO and ITPS 2015;
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Rees et al. 2018). Land use change and agricul-
tural intensification in Europe have placed signifi-
cant pressure on soil health, accelerating ecological
degradation. The anthropogenic pressure on agro-
ecosystems has been apparent especially in the last
decades (Bridges and Oldeman 1999; Stoate et al.
2009). This trend underscores the urgent need for
sustainable management practices and ecosystem
restoration strategies (Cardoso et al. 2013). Agro-
forestry can mitigate aspects of soil degradation
by improving hydrophysical soil functions (e.g.,
enhanced infiltration/topsoil hydraulic properties
near hedgerows) (Holden et al. 2019; Ivezi¢ et al.
2021; Majaura et al. 2024). Studies show that agro-
forestry systems can also restore degraded lands,
improve water conservation, and enhance soil fer-
tility (Jose 2009; Fagerholm et al. 2016; Torralba
et al. 2016) in some cases increasing farm revenues
(Staton et al. 2022; Thiesmeier and Zander 2023).
Additionally, agroforestry practices contribute to
biodiversity restoration and mitigate climate change
impacts (Mayer et al. 2022; Staton et al. 2022).
However, agroforestry systems are inherently com-
plex, exhibiting high spatial and temporal variability
(Gordon and Jose 2008). The wide range includes
systems with mixed arrangements, typical for sil-
vopastoral systems (dehesas, montados), or zoned,
with lines typical for alley cropping or hedgerow
systems (bocage) (McAdam et al. 2008). This broad
interface comes with intricate interactions between
components. The presence of woody plants, particu-
larly their root systems, plays a crucial role in shaping
hydraulic soil properties, such as through the hydrau-
lic lift (Fernandez et al. 2008; Inurreta-Aguirre et al.
2022; Thompson et al. 2010). One of the primary
challenges in agroforestry management, especially in
temperate regions, is competition for water between
trees and crops (Jose et al. 2004). On the other hand,
the integration of deep-rooted woody species can
provide benefits, such as the hydraulic lift of water
resources that are inaccessible to annual crops (Lud-
wig et al. 2003; Hirota et al. 2004; Thompson et al.
2010); increase in hydraulic conductivity resulting
in higher infiltration rates (Carroll et al. 2004); and
overall increase in soil water storage capacity (Cubera
and Moreno 2007; Quinkenstein et al. 2009). Never-
theless the extent of these effects varies significantly
depending on vegetation type, spatial arrangement,
and climatic conditions (Moreno Marcos et al. 2007,



Agroforest Syst (2025) 99:246

Page3 of 18 246

Rigueiro-Rodréguez et al. 2009; Schnabel et al. 2013;
Kumar et al. 2022).

Along these lines, research on the hydrophysical
impacts of woody vegetation has yielded promising
but fragmented findings. Existing studies often com-
pare agroforestry systems to monocropping (Ivezic¢
et al. 2021; Majaura et al. 2024), while comparative
analyses with forested systems, which share similar
natural conditions, are scarce. The extent to which
woody vegetation influences hydrophysical soil prop-
erties in EAFS is still not fully understood. Therefore,
this review aims to synthesize the current knowledge
on the effects of woody vegetation on hydrophysi-
cal soil properties in EAFS, identify key knowledge
gaps, and highlight methodological shortcomings.
Ultimately, the goal is to provide practical insights to
inform experimental designs and guide agroforestry
management strategies.

Methodology

Research question and management of the systematic
review

The first step of this review development was the
definition of our research question: “According to the
literature, how does woody vegetation in European
Agroforestry Systems affect hydrophysical soil prop-
erties? “

The systematic review followed a predefined Pro-
tocol (see Supplementary material) based on the
PICO framework, using Covidence software for ref-
erence management, article screening and PRISMA
diagram creation. To ensure transparency and com-
pleteness in reporting, the PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses) guidelines were used to structure and docu-
ment the review process (Page et al. 2021). All pro-
cesses were planned and recorded in The Systematic
Review Protocol.

Literature search strategy and information sources

To comprehensively identify relevant studies, a
structured search strategy was developed based on
primary concepts central to the research question:

agroforestry, hydrophysical soil properties and geo-
graphic focus on Europe.

Two scientific databases, Scopus (Elsevier) and
Web of Science (Clarivate), were searched using a
predefined query combining keywords, synonyms,
and controlled vocabulary related to the primary
concepts:

o Agroforestry systems: Covered through terms like
"agroforest*", "silvopast*", "hedgerow*", "alley
cropping", etc.

e Hydrophysical soil properties: Addressed with
terms like "porosity", "hydraulic conductivity",
"bulk density", "infiltration", "soil water content",
and more.

e Geographic focus: Filters applied to limit results

to studies from Europe.

The search was conducted on 13th of June 2024
using following string for Web of Science:

((ALL = (agroforest* OR agropast* OR agrosil-
vopast* OR silvoarable OR silvopast®* OR "isolated
tree*" OR "landscape tree feature*" OR '"nature
based solution*" OR "scattered tree*" OR "tree* out-
side forest*" OR "farm tree*" OR "alley cropping"
OR hedgerow* OR "living fence*" OR "meadow
orchard*" OR windbreak* OR "riparian woodland*"
OR 'riparian buffer strip*" OR shelterbelt* OR "liv-
ing fence*" OR "woody vegetation" OR "short rota-
tion coppice*")) AND ALL =("hydraulic conductiv-
ity" OR "preferential flow" OR "soil water content"
OR infiltration OR "soil organic matter" OR "bypass
flow" OR "soil health" OR "soil water retention" OR
"pF curves" OR "soil temperature" OR "bulk den-
sity*" OR "soil microbial communit*" OR "soil water
storage” OR drainage OR porosity OR "soil physical
propert*")).

For Scopus
TITLE-ABS-KEY.

To ensure the inclusion of primary studies from
Europe, search filters were applied based on study
characteristics, as summarized in Table 1.

ALL=() was replaced with

Study characteristics

To outline the current scientific knowledge about the
effects of tree features on hydrophysical soil proper-
ties in EAFS and to identify its main approaches and
shortcomings, inclusion and exclusion criteria were

@ Springer
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Exclusion criteria

Inclusion criteria

Table 1 Inclusion and exclusion criteria applied in the systematic review, structured according to the PICO framework (population, intervention, comparator, outcome)

Component

@ Springer

Review papers, meta-analyses, systematic reviews
Modelling studies without any field experiment

Studies focusing on agroforestry systems in Europe, including field experi-

Population

ments, comparative studies, and simulation studies with field data

Other systems that are not agroforestry. Studies solely focused on other soil

Studies addressing hydrophysical soil properties such as bulk density,

Intervention

properties (i.e. biological, chemical)

porosity, soil water, soil texture, infiltration, hydraulic conductivity, and
preferential flow; in Silvoarable, Silvopastoral, Hedgerows/Shelterbelts or

Other similar systems

Studies without control plot and/or a documented baseline

Studies including both agroforestry plots and control plots (e.g., grassland,

Comparator

forest, or monocrop) or retrospective studies documenting land-use change

Other types of publications (conference abstracts, reports); non-English

Study characteristics Articles (primary research) in English language

language publications; Outside Europe

Publication Years: 0-2024

Location: Europe

Studies reporting Effects of tree features on hydrophysical soil properties in  Relevant studies with data on hydrophysical soil properties in agroforestry

Outcome

systems but without findings on effects of woody vegetation on these soil

properties

European Agroforestry Systems

applied. The criteria followed the PICO framework,
focusing on study type, population, intervention,
comparator, and outcome measures.

Only primary research articles reporting hydro-
physical soil properties in European agroforestry sys-
tems were included in the synthesis. Review papers
were consulted only for context but excluded from
screening and data extraction.

Screening

The Scopus database retrieved 884 studies and The
Web of Science database retrieved 1058 studies. A
total of 1942 references were imported to Covidence
for screening as 1942 studies. 6 duplicates were iden-
tified manually, and 414 duplicates were identified by
Covidence. 1522 studies were screened against title
and abstract. 1440 studies were excluded and 82 stud-
ies assessed for full-text eligibility. Full-text screening
was conducted for studies meeting preliminary eligi-
bility, and reasons for exclusion were documented
(see Table 4 for the list of excluded full-text articles
and reasons). Finally, 40 studies were included for
data extraction (Fig. 1).

Four reviewers were involved in the screening pro-
cess, for both Title and Abstract screening and Full
text stage. To ensure objectivity and reduce the risk
of bias, the screening was undertaken in duplicate and
conflicts were resolved by consensus.

Data extraction

Henceforward, all processes were performed manu-
ally in the MS Excel environment. Relevant informa-
tion from included studies was collected and recorded
by the team into an MS Excel Sheet. Extracted data
were categorized into 4 main themes: General infor-
mation, Location and Natural conditions, System
components and Management, Methodology and
findings (see Tables 2 and 3 in the Supplementary
Material: Table 2 provides general study characteris-
tics and Table 3 presents the detailed extracted infor-
mation forming the basis for synthesis). This structure
enabled effective analysis of the studies without the
need to revisit the original sources. Each study extrac-
tion was then proofread by at least two reviewers.
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Data analysis

A narrative synthesis of the included studies was
conducted to qualitatively describe the reported
effects of woody components on hydrophysical soil
properties. In addition, other soil properties influ-
encing the study area, such as texture, were consid-
ered where relevant, particularly when hydrophysi-
cal properties were only addressed peripherally.
The process involved systematically extracting and
comparing study findings to identify common pat-
terns and divergences. The extracted information
is presented in tabular (Tables 2 and 3) summaries,
organized by agroforestry system type and the cor-
responding woody vegetation component: Silvoara-
ble alley cropping, Silvopastoral, Hedgerows/Shel-
terbelts and Other systems.

The categorization of the studies according to the
type of agroforestry system was conditioned by the
typical spatial arrangement of woody components
in the respective systems. Silvopastoral systems
were characterized by a scattered or alley arrange-
ment, which differed markedly from densely planted
Hedgerows/Shelterbelts, which are typically located
at field boundaries and planted densely. Silvoarable
alley cropping was characterized by linear planting of
woody plants with inter-rows designed for field crop
production with periodic soil disturbance (Fig. 2).

Studies were also categorized according to their
location in Northern or Southern Europe. Systems
from Southern Europe were assessed separately due
to their significant different agroclimatic conditions
(Metzger et al. 2005), particularly water availability
limitations (Moreno Marcos et al. 2007; Schnabel
et al. 2013).

Furthermore, a quantitative descriptive analysis
was performed to summarize the number of studies
addressing specific properties, agroforestry system
types, and tree characteristics, and to visualise these
patterns in figures.

For each study, the measurement technique used
for each hydrophysical property (e.g. infiltration tests,
saturated hydraulic conductivity in situ vs. on cores,
soil water content by TDR/gravimetry, water-reten-
tion curves) and the sampling depths were recorded.
Given the between-study heterogeneity in techniques,
depths and monitoring designs, a formal meta-anal-
ysis was not undertaken; findings were synthesised
narratively and via descriptive counts/figures.

Finally, a bibliometric analysis of the 40 included
studies was conducted, and visualizations were gen-
erated with the Bibliometrix software (Aria and
Cuccurullo 2017). Specifically, the following were
produced:

1. Most-cited countries (Fig. 3);

2. A keyword/title co-occurrence network (Fig. 4);

3. Thematic map derived from co-word analysis
(Fig. 5);

4. Most-relevant sources (Fig. 6);

5. Annual scientific production (Fig. 7).

Prior to analysis, bibliographic fields were harmo-
nised (lowercasing, removal of punctuation/diacritics)
and duplicates removed.

Quality assessment and limitations

To evaluate the methodological quality of the
included studies, we considered several aspects rel-
evant for agroforestry research: (i) study design (field
experiments vs. laboratory or modelling approaches,
inclusion of a comparator such as adjacent treeless
plots), (ii) sample size and replication (number of
plots, transects, or measurements), and (iii) study
duration (short-term measurements vs. multi-year
monitoring). No strict minimum thresholds were
applied for sample size, as the diversity of agrofor-
estry contexts and measurement approaches pre-
cluded the use of a uniform cut-off. Instead, these
criteria were taken into account when interpreting the
strength and reliability of the reported findings. The
review was limited to studies published in English
and indexed in the selected databases. Potential biases
may exist due to exclusion of grey literature and non-
English studies.

Results

Throughout the Results, the number of studies sup-
porting each statement is conveyed by the number
of in-text citations accompanying that statement;
category-level totals (studies per system and per
hydrophysical property) are summarised in Fig. 2.
Study-level details are reported in Tables 2 and
3 (Supplementary Material) provides the data-
set extracted from each included study. These data

@ Springer
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Studies from databases/registers (n = 1942)
Web of Science (n = 1058)
Scopus (n = 884)
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References removed (n = 420)
Duplicates identified manually (n = 6)
Duplicates identified by Covidence (n = 414)
Marked as ineligible by automation tools (n = 0)
Other reasons (n = 0)

Studies screened (n = 1522)

—>

Studies excluded (n = 1440)

v

Studies sought for retrieval (n = 82)

>

Studies not retrieved (n=0)

v

Screening

Studies assessed for eligibility (n = 82)

—>

A4

Studies excluded (n = 42)

Not in English (n =2)

Outside Europe (n=3)

Does not deal with HPSP (n = 16)

Study is without control plot or documented
baseline (n = 10)

Does not deal with effects of tree features on
HPSP (n = 11)

Studies included in review (n = 40)
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«Fig.1 PRISMA flow diagram. PRISMA flow diagram show-
ing identification, screening, eligibility assessment and final
inclusion of studies in the review; numbers indicate record
counts at each step and reasons for exclusion

serve as the basis for the narrative and quantitative
synthesis presented in the following sections.

Of the 40 included studies, 35% (n=14) exam-
ined hedgerows/shelterbelts, 32% (n=13) silvoarable
systems, 30% (n=12) silvopastoral systems, and 3%
(n=1) other systems (Fig. 2). A large share of stud-
ies was conducted in Northern Europe (n=23). In
terms of citations, France accounted for 759 citations,
followed by the United Kingdom (320) and Spain
(127) (Fig. 3). The co-occurrence network of authors’
keywords and title terms highlights Mediterranean
systems as a recurrent theme (Fig. 5). Annual scien-
tific production is shown in Fig. 7, and most relevant
sources are provided in Fig. 6.

From the perspective of experimental design, the
included papers mostly compared agroforestry plots
with monocropped treeless controls, typically located
in the adjacent fields or pastures. Comparisons with
forested reference systems were rare and identified
only once in our dataset (Candel-Pérez et al. 2024).
Designs were predominantly plot- or transect-based
with limited randomisation and modest replication,
and landscape-scale hydrological monitoring was
uncommon.

Across studies, infiltration was most often assessed
by ring infiltrometers or rainfall simulation; saturated
hydraulic conductivity was measured either in situ
(e.g. permeameter) or on undisturbed cores in the
laboratory; soil water content was typically deter-
mined by TDR/portable probes or gravimetrically;
and water-retention characteristics were obtained
from laboratory pF/pressure-plate methods. Sam-
pling focused predominantly on topsoil (0-30 cm),
with far fewer measurements in the subsoil (> 50 cm),
and monitoring was largely short-term (seasonal or
within-year campaigns), while multi-year or continu-
ous high-frequency records were rare. These patterns,
detailed for each study in Tables 2 and 3, limit strict
cross-study comparability and underpin our choice of
a narrative/descriptive synthesis.

Effects of trees in silvopastoral systems on HPSP

Studies from Northern FEurope report consist-
ent improvements in hydrophysical soil properties
(HPSP) in silvopastoral systems (Wairiu et al. 1993;
Lunka and Patil 2016; Manevski et al. 2019; Mur-
phy et al. 2021). The most emphasized improvements
included increased soil water content (ManevsKi et al.
2019; Murphy et al. 2021), enhanced soil infiltra-
tion capacity and/or rates and better soil water rent-
ention (Lunka and Patil 2016; Murphy et al. 2021).
Conversely, one study found lower soil water content
in silvopastoral and woodland sites compared to pas-
tures, with the driest soil below silvopastoral trees
(Upson et al. 2016).

Additional positive effects, such as on soil poros-
ity and hydraulic conductivity, were also attributed to
the integration of a woody component (Wairiu et al.
1993; Manevski et al. 2019). Studies from Mediterra-
nean agroforestry systems were mostly circled around
the issue of water availability limitations and were
variable in the hydrophysical findings. The presence
of trees clearly modified soil moisture, especially in
close proximity to the trees (Joffre and Rambal 1993;
Uribe et al. 2015; Sanna et al. 2021; Candel-Pérez
et al. 2024). Both decreases (Uribe et al. 2015; Rolo
and Moreno 2019; Candel-Pérez et al. 2024) and
increases in soil water content/soil water moisture
(Joffre and Rambal 1993; Sanna et al. 2021) were
observed in different management, spatial distribu-
tion, and tree/shrub species contexts.

Positive effects on water infiltration, water reten-
tion, and compaction were documented or suggested
as a result of improved physical properties: for
instance a decrease in bulk density (Joffre and Ram-
bal 1993; Ferreiro-Dominguez et al. 2016; Upson
et al. 2016; Candel-Pérez et al. 2024).

Effects of trees in silvoarable alley cropping systems
on HPSP

Limited number of papers—only three—dealt with
silvoarable alley cropping agroforestry systems in
Northern Europe, out of which only one directly
measured soil water content (Medinski et al. 2015).
The remaining studies either utilised soil conductivity
measurements or did not provide quantitative results.
Consequently, the effects on HPSP in this region
remain poorly documented.

@ Springer
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A

Fig. 2 Geographic and categorical overview. A Geo-
graphic distribution of included studies by country (darker
green=more studies). B Share of studies in Northern vs South-
ern Europe. C Proportion of studies by agroforestry system

Among the silvoarable systems in Southern
Europe, integration of woody components led to
HPSP improvements. Positive changes in HPSP were
observed especially in the tree rows of the alley crop-
ping systems. Quantitative changes included particu-
larly increased soil water content (Clivot et al. 2020;
Inurreta-Aguirre et al. 2022; Mettauer et al. 2023)
and improved infiltration capacity (Mettauer et al.
2023). The improvement of HPSP can be attributed
to the enhancement of physical soil properties: bulk
density decrease (Cardinael et al. 2015, 2017) or soil
structure improvement (Mahieu et al. 2016; Mettauer

@ Springer

Soil hydraulic
conductivity and
water inflitration;
5; 8%

type. D Frequency of investigated hydrophysical soil proper-
ties. Colours in the pie charts are independent of the map shad-
ing

et al. 2023), that can potentially lead to soil compac-
tion decrease and porosity increase (Cardinael et al.
2015; Mahieu et al. 2016).

Even young alley cropping systems (<5 years
old) can develop deep fine roots, contributing to
soil water use optimization (O’Connor et al. 2023).
However, the increased water uptake by young
trees can intensify soil drying effects (Clivot et al.
2020; Mettauer et al. 2023), also in deep soil lay-
ers (O’Connor et al. 2023). Decreased soil moisture
in tree rows, compared to interrows or monocrop-
ping systems, was observed in the early stages after
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system establishment (Clivot et al. 2020) or dur-
ing summer periods with prevalent dry conditions
(O’Connor et al. 2023). Eventually, over time, the
same systems contributed to higher soil water con-
tent (Clivot et al. 2020).

Effects of hedgerows/shelterbelts in agroforestry
systems on HPSP

Research on hedgerow systems in Northern Europe
represent the largest set of studies with a total of 10
papers and a distinct clustering in the UK (Fig. 2).
They demonstrated that hedgerow systems affect
hydrophysical soil properties by influencing soil
moisture distribution (Holden et al. 2019; Van
Den Berge et al. 2021; Dlamini et al. 2022) and by
increasing hydraulic conductivity (Kovar et al. 2011;
Holden et al. 2019). Hedgerows reduced bulk density
(Holden et al. 2019; Ford et al. 2019; Wallace et al.
2021; Van Den Berge et al. 2021; Biffi et al. 2022)
and surface compaction (Holden et al. 2019; Wallace
et al. 2021) compared to adjacent pasture or arable
fields. These changes led to improved soil structure
and water movement, mitigating surface runoff and
erosion due to increased porosity and higher infiltra-
tion rates (Kovar et al. 2011; Holden et al. 2019; Wal-
lace et al. 2021; Van Den Berge et al. 2021).

Enhancements in water movement and storage in
hedgerow systems were also evident in the promo-
tion of micropore flow over macropore flow (Holden
et al. 2019). Positive effects on hydrophysical soil
properties were spatially localized around the hedge-
row areas or their immediate vicinity, decreasing
with the distance from the woody component (Ford
et al. 2019; Wallace et al. 2021; Van Den Berge et al.
2021). Hence, the integration of linear or borderline
woody vegetation enhances hydrophysical soil func-
tions and leads to improved soil water management of
the system.

A similar situation was observed in a set of hedge-
row-focused studies from Southern Europe, with
Spain and France leading the research. Improve-
ments of HPSP included higher infiltration rates
(Richet et al. 2017), decreased bulk density (Walter
et al. 2003; Kokkora et al. 2022), an increase of soil
porosity near the hedgerow (Viaud et al. 2005), and
an increase of soil water content (Sanchez et al. 2010;
Sanchez and McCollin 2015). These changes facili-
tate better water retention and suggest improvements
in soil structure (Walter et al. 2003; Viaud et al. 2005;
Sanchez et al. 2010; Richet et al. 2017; Wiesmeier
et al. 2018).
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Discussion

This systematic review highlights the role of woody
vegetation in EAFS in influencing HPSP. The find-
ings underscore the significant contribution of agro-
forestry systems to improving soil functions and
resilience, with notable implications for sustainable
agricultural practices in changing climate. This sec-
tion synthesizes the key outcomes of the review, dis-
cusses the variability of the results across different
agroforestry systems, and identifies research gaps and
future directions.

Enhancements of HPSP and underlying mechanisms

The integration of woody vegetation in agroforestry
systems has been shown to enhance several hydro-
physical soil properties. Findings across multiple
studies consistently included increases in hydraulic
conductivity and porosity and decreases in bulk den-
sity, suggesting improved soil structure and water
retention (Kovar et al. 2011; Holden et al. 2019;
Ford et al. 2019; Wallace et al. 2021; Kokkora et al.
2022). These changes facilitate better infiltration rates
and water retention, crucial for mitigating drought
impacts and enhancing soil water storage (Campi
et al. 2009; Richet et al. 2017; Murphy et al. 2021;
Van Den Berge et al. 2021). For instance, hedgerows
and shelterbelts were particularly effective in increas-
ing soil hydraulic conductivity and reducing surface
runoff, as observed in both Northern and Southern
Europe (Sanchez et al. 2010; Lunka and Patil 2016;
Van Den Berge et al. 2021). Similar findings have
been reported from studies in temperate zone, in both
silvoarable (Seobi et al. 2005; Akdemir et al. 2016)
and silvopastoral systems (Kumar et al. 2008, 2012).

These patterns are consistent with several reinforc-
ing mechanistic pathways. Improvements in HPSP
under agroforestry arise from:

1. Organic matter inputs from litterfall, rhizodepo-
sition and root turnover promote aggregation and
increase meso-/macroporosity, supporting higher
infiltration, (saturated) hydraulic conductivity
and water retention (Yazdanpanah et al. 2016).

2. Soil fauna activity and bioturbation (e.g., earth-
worms) and root-derived biopores enhance
macropore continuity and preferential flow paths
(Blouin et al. 2013).

@ Springer

3. Canopy- and barrier-driven microclimate moder-
ation (reduced wind, lower surface temperatures,
shading, litter cover) diminishes evaporation and
surface sealing, while interception/throughfall/
stemflow locally redistribute water and influence
infiltration (Levia and Germer 2015)

4. Root activity, including radial growth, turnover
and hydraulic redistribution, alters pore archi-
tecture and water-potential gradients, improving
access to deeper water and buffering short-term
deficits (Bleby et al. 2010)

Although SOC/OM was not a target variable in
our synthesis, its functional role as a driver of aggre-
gate stability and porosity within these pathways is
acknowledged (Bronick and Lal 2005).

In European alley cropping systems, deeper fine
root development was associated with depth-depend-
ent soil water patterns, indicating altered vertical
distribution and improved access to deeper water
(O’Connor et al. 2023). These observations are con-
sistent with the broader concept of hydraulic lift,
where woody vegetation can draw water up from
deeper layers and ameliorate shallow-rooted crops
(e.g. Joffre and Rambal 1993). Studies outside Europe
further extend the knowledge with seasonal variation.
For example, roots of perennial agroforestry features
mitigate spring waterlogging utilizing water before
the interrow crops (Sahin et al. 2016; Alagele et al.
2020). Increased infiltration and porosity enable the
agroforestry woody features to store more water dur-
ing heavy rains. Subsequently, during hot summers,
this supply can be lifted by trees for shallow rooting
crops, thus, reducing plant stress (Anderson et al.
2009).

EAFS, particularly hedgerows and shelterbelts are
effective in reducing runoff and erosion (Kovar et al.
2011; Holden et al. 2019; Wallace et al. 2021; Van
Den Berge et al. 2021). A Review by Pavlidis and
Tsihrintzis (2018), comprised of more than 2000
papers, shows potential reduction of N and P losses
from 20% up to 100% by agroforestry systems.
Moreover, reduction of pesticide losses amounted to
as much as 90%. Woody component of agroforestry
systems therefore reduces mobility of fertilizers and
pesticides and subsequently improves water quality.

Trees in EAFS also have detrimental impacts on
HPSP. Woody vegetation in young EAFS can ini-
tially decrease soil water content, before fine roots
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gradually explore deeper soil layers (Clivot et al.
2020). Competitive interactions are a subject to a
complex of climatic and edaphic conditions. Compe-
tition for water between the trees and crops is more
pronounced in areas with insufficient precipitation
during cropping season (Kho 2000) and is strongly
dependent upon the agroforestry system spatial
arrangement (Jose and Gordon 2008; Quinkenstein
et al. 2009). Moreover, depth of water table, hardly
ever considered in studies, can have a significant
bearing on the intensity of water competition. To the
extent that when trees have access to the water table,
it can result to reduced groundwater recharge with
minimal competition for water resources (White et al.
2002).

Variability in system/tree feature performance

The magnitude and variability of effects on HPSP
in EAFS varied with tree species, their age, plant-
ing configuration, management and local soil and
climatic conditions (Campi et al. 2009; Holden et al.
2019; Clivot et al. 2020; Siegwart et al. 2023; Can-
del-Pérez et al. 2024). Within individual studies, con-
figurations effects have been observed—for instance,
in a silvopastoral case study, clumped tree arrange-
ments were associated with higher infiltration rates
and lower bulk density compared to evenly spaced
systems (Lunka and Patil 2016). Similarly, Mediter-
ranean dehesas displayed enhanced water retention
under tree canopies compared to open areas, high-
lighting the heterogeneous effects within a single
system (Joffre and Rambal 1993). Mediterranean
systems also reported significant role of tree age
(O’Connor et al. 2023), species composition (Rolo
et al. 2019), pasture management (Candel-Pérez
et al. 2024; Sanna et al. 2021), spatial arrangement of
woody vegetation (Kokkora et al. 2022; Sanna et al.
2021), and pruning/management of roots (O’Connor
et al. 2023). On the contrary, these factors were nei-
ther considered nor covered in Northern European
systems. The focus was on comparing two contrast-
ing types of land use, namely mono-cropping versus
agroforestry, with the inclusion of soil hydrophysi-
cal properties alongside the primary objective of the
study (such as assessment of soil carbon, CO, flux).
Moreover, competition for water between trees
and crops in alley cropping systems occasionally led
to reduced crop yields, despite improvements in soil

water content (Inurreta-Aguirre et al. 2022). This
trade-off underscores the need for strategic manage-
ment practices, such as root pruning or optimized tree
density, to balance competition and facilitation effects
(Sanchez et al. 2010).

Research gaps and future directions

Despite these promising findings, several gaps persist
in the current body of literature:

1. Most studies predominantly focus on topsoil
(0-30 cm depth), with limited data on subsoil
properties (below 50 cm) (Wallace et al. 2021). In
addition, the set of articles is heavily dominated
by short-term studies, with seasonal monitoring
or frequency of a few times per year, instead of
comprehensive continuous monitoring. Consid-
ering the importance of deep rooting woody per-
ennials in agroforestry, and addressing the sea-
sonal variability, future research should extend to
deeper soil profiles and continuous monitoring.

2. There is a notable geographic and climatic bias
in existing studies. Most agroforestry research is
accomplished in Western Europe, whereas agro-
forestry systems in Central and Eastern Europe
remain underrepresented (Fig. 2). The tree effects
depend on resource availability and differ in spe-
cific climate-edaphic environments. Local spe-
cificities also govern crop’s response (Kho 2000).
There are also very limited resources available
for a comprehensive understanding of silvoarable
agroforestry systems under Northern European
conditions. This gap limits the generalizability of
our findings in European climatic context.

3. Interms of local resource availability, apart from
two studies (Cardinael et al. 2015; Lunka & Patil
2016), the set completely lacked information on
groundwater levels, as arguably the main limiting
factor for water resource use.

4. Methodological heterogeneity and inconsisten-
cies, such as variations in sampling depths and
measurement techniques, complicate cross-study
comparisons. Standardized protocols for assess-
ing hydrophysical soil properties in agroforestry
systems would enhance the robustness and com-
parability of future studies (Holden et al. 2019).
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5. The role of tree species diversity and plant-
ing density in moderating soil-water dynamics
remains poorly understood. Incorporating these
variables into experimental designs could provide
insights into optimizing agroforestry systems for
both productivity and soil health.

6. The hydraulic lift phenomenon in the specific cli-
mate-soil-contexts of Northern Europe remains
largely untested; none of the studies included in
our review directly measured hydraulic redis-
tribution. The mechanism and its importance in
dryland environments is well covered in tropical
environments (Scholz et al. 2002; Neumann and
Cardon 2012) and moderately explained in Medi-
terranean systems (Kurz-Besson et al. 2006).

7. Presented studies almost exclusively included
agricultural monocropping control, while there
was only one comparative study with forested
system (Candel-Pérez et al. 2024). In terms of
assessing the overall water dynamics of agrofor-
estry systems and their performance in compari-
son to ecosystems that are closer to nature than
agro-ecosystems, it is imperative to consider
pointing future research into the direction of for-
ested controls.

Implications for practice

The findings of this review emphasize the potential of
agroforestry systems to address soil functions losses
and water scarcity in the Mediterranean regions
(Sanchez et al. 2010; Wallace et al. 2021). Practices
incorporating perennial woody features into agricul-
tural landscapes can significantly enhance ecosystem
services whilst mitigating negative impacts of agri-
culture (Udawatta and Gantzer 2022). Sound manage-
ment of the woody component modifies water move-
ment and use, also in consideration of below-ground
competition between trees and crops (Quinkenstein
et al. 2009; Nerlich et al. 2013). Tailored management
practices that consider local climatic, edaphic, and
socio-economic conditions ensure successful steering
of the both beneficial and detrimental hydro-physical
effects. The validated practices in EAFS include root
pruning and optimized tree densities which mitigate
competition for water while maximizing the hydraulic
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benefits of deep-rooted trees (Inurreta-Aguirre et al.
2022).

Conclusion

This review demonstrates that agroforestry systems
in Europe can significantly improve hydrophysical
soil properties, with diverse effects depending on
system type, age, tree species, and management prac-
tices. One of the linkages with direct implications
for practice are strategic interventions that promote
desirable effects, such as root pruning and optimising
tree density. Despite the enhancement in comprehen-
sion of the impacts on HPSP resulting from the pre-
sented studies, they do not encompass the complete
spatial and temporal variability of EAFS. The pau-
city of comparative studies incorporating silvicultural
controls and monitoring reflecting these spatial and
temporal aspects is a key knowledge gap that should
be addressed in future research. Such in-depth stud-
ies would be highly valuable, yielding fundamental
understanding of the existing patterns and interde-
pendencies between agroforestry and soil properties
across different environmental zones. Addressing the
identified research gaps through long-term and multi-
disciplinary studies will be crucial for advancing the
understanding and implementation of agroforestry
systems. Such efforts will serve to strengthen the role
of sustainable solutions in soil and water management
in agricultural landscapes.
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