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Abstract

Urban-rural fringes within contaminated regions frequently exhibit severe socio-environmental
fragmentation and territorial stigmatization. This study evaluates the implementation
of a Successional Agroforestry System (SAFS) in the “Land of Fires” (Southern Italy),
which is conceptualized as a multifunctional socio-ecological infrastructure. Adopting a
six-year longitudinal case study design (2019-2025), the research utilizes the Gioia method-
ology to triangulate retrospective field records and systematic monitoring with iterative
qualitative narratives. Semi-quantitative and retrospective ecological evaluations indi-
cate that the established multi-layered vertical stratification improved proxy indicators
of structural complexity and soil functionality. Estimated soil surface coverage increased
from 5.0 & 1.2% to 85.0 £ 4.3%, while proxy vegetation density rose from 4.8 £ 1.2 to
36.4 4 4.7 plants/m? (p < 0.001). Beyond these biophysical trends, the intervention cat-
alyzed a “narrative inversion,” transitioning the site from a stigmatized wasteland to a
socio-ecological hub that fostered a significant increase in community engagement (from
6.2 = 1.4 to 34.8 £ 6.5 participants per event). By integrating agroecological practices with
the EcoFoodFertility framework, the project highlights the potential of localized interven-
tions to support primary environmental prevention strategies aligned with a One Health
paradigm. The findings suggest that this SAFS represents a scalable model for territorial
re-signification, offering transferable insights for aligning ecological restoration with social
innovation in degraded peri-urban landscapes in accordance with Nature-Based Solutions
(NBSs) and European Green Deal objectives.

Keywords: contaminated landscapes; nature-based solutions; community engagement;
peri-urban regeneration

1. Introduction

Ecological and socio-economic processes are inextricably linked within urban ecosys-
tems, forming complex multi-scale spatial structures that dictate overall ecosystem func-
tioning. In the field of urban landscape ecology, aligning sustainable land-use patterns with
social equity is considered a primary objective for global development [1]. This balance
is particularly precarious in the urban-rural fringe, where environmental degradation

Sustainability 2026, 18, 6493

https://doi.org/10.3390/su18136493


https://crossmark.crossref.org/dialog?doi=10.3390/su18136493&domain=pdf&date_stamp=2026-06-25
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0009-0000-2569-5441
https://orcid.org/0000-0002-6296-7132
https://orcid.org/0000-0001-5670-9439
https://orcid.org/0009-0008-4267-6101
https://doi.org/10.3390/su18136493

Sustainability 2026, 18, 6493

20f19

frequently intersects with institutional neglect and social vulnerability. In contemporary
Europe, few areas exemplify this socio-environmental fragmentation as starkly as the
“Terra dei Fuochi” (Land of Fires) in Southern Italy. Since the 1990s, this region has been
systematically impacted by illegal waste disposal and toxic fires, sparking a public health
crisis that demands urgent transdisciplinary research and innovative policy frameworks [2].
The environmental pressure in this area has disproportionately affected vulnerable de-
mographics, establishing a direct link between localized pollution and negative health
outcomes [3]. Recent biomonitoring has confirmed the alarming presence of Potentially
Toxic Elements (PTEs)—such as arsenic and mercury—across both industrial and agricul-
tural landscapes [4].

However, the crisis extends beyond biophysical contamination, catalyzing a profound
process of territorial stigmatization. This “toxic scandal” has eroded consumer trust and
devalued local agricultural heritage, creating a socio-economic ripple effect that penalizes
honest producers [5]. To counter these dynamics, regenerative interventions must go
beyond simple soil remediation; they require a “transdisciplinary bridge” that integrates
ecological health with social capital [6].

While traditional environmental engineering approaches like phytoremediation are
often deployed in contaminated sites, they frequently necessitate restrictive fencing and
extended isolation from public use, thereby exacerbating territorial segregation and insti-
tutional mistrust. Similarly, standard park restorations often result in high-maintenance,
passive ornamental green spaces that fail to engage the local community or address food
security. In contrast, multi-layered agroforestry models present a distinct advantage in this
context: they combine ecological extraction and soil structural recovery with continuous,
safe agricultural productivity and localized socio-spatial engagement. By fostering active
public interactions, successional agroforestry simultaneously repairs the biological matrix
of the soil and the fractured social fabric of the territory.

While frameworks such as the European Green Deal and Nature-Based Solutions
(NBS) provide macro-level guidance for ecosystem restoration [7-9], a critical gap remains
in understanding how community-led agroforestry systems operate in highly stigmatized
peri-urban contexts. In particular, limited evidence exists on how such interventions
simultaneously affect ecological restoration, territorial identity, and public health narratives.
To address this gap, this longitudinal case study evaluates the multi-dimensional impacts
of the successional agroforestry intervention through three interrelated research questions:

e RQ1 (Ecological dimension): How does a Successional Agroforestry System (SAFS)
contribute to restoring soil structure, ecological functionality, and vegetation stratifica-
tion in a degraded peri-urban landscape?

e RQ2 (Socio-spatial dimension): How does community-driven agroforestry influence
territorial identity and contribute to the mitigation of environmental stigma in a highly
compromised context?

e RQ3 (One Health dimension): How can agroecological practices be integrated with
clinical biomonitoring frameworks (EcoFoodFertility) to function as a potential spatial
framework for preventive health awareness?

1.1. Agroecological and Agroforestry Transition in Urban Landscapes

Agroecology is a systemic approach that integrates ecological principles into urban and
peri-urban landscapes, emphasizing biodiversity, resilience, and knowledge co-production
between scientific and local actors. Within this framework, agroforestry systems—defined
as the intentional integration of woody perennials with crops and/or livestock—are rec-
ognized as multifunctional land-use strategies that enhance ecosystem services, improve
soil functionality, and support climate adaptation at the landscape scale [10,11]. Recent
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research indicates that these agroecological management practices significantly enhance
soil health by promoting microbial diversity and increasing organic matter accumula-
tion, which are fundamental for restoring the productive capacity of degraded peri-urban
landscapes [12,13]. Furthermore, beyond ecological restoration, these systems are increas-
ingly acknowledged as pivotal for achieving food security and advancing preventive
public health frameworks. By reducing reliance on synthetic inputs and promoting agro-
biodiversity, these interventions facilitate a localized approach to nutrition and human
well-being [14].

These spatially explicit approaches contribute to biodiversity conservation, carbon
sequestration, and the stabilization of the urban—rural interface while also diversifying
production and strengthening socio-ecological stability [15,16].

1.2. Successional Agroforestry Systems (SAFSs): Spatial and Structural Complexity

Successional Agroforestry Systems (SAFSs), or dynamic agroforestry, represent an ad-
vanced regenerative model based on ecological succession theory. These systems replicate
natural forest dynamics by organizing plant species into complex temporal and spatial
layers. Early-stage species modify the environmental conditions, which facilitate the
establishment of more complex plant communities [17,18].

From an urban landscape ecology perspective, the structured and dynamic design
of SAFSs promotes spatial heterogeneity, making them particularly suitable for restoring
ecosystem functioning in degraded and marginal environments [19-21].

1.3. Socio-Ecological Transition and Landscape Governance

Ecological regeneration is increasingly understood to be a socio-ecological process
rather than a purely biophysical one. Social ecology theory conceptualizes environmental
systems as interconnected ecological and socio-political structures, where degradation
reflects broader governance dynamics and multi-scale spatial interactions [22,23].

From this perspective, regeneration involves strengthening social capital and collab-
orative landscape management, crucially supported by integrated governance models.
The long-term sustainability of peri-urban smallholder systems depends on these models,
which facilitate resource-sharing and promote synergies in waste management, thereby
closing local nutrient loops and enhancing the overall resilience of the agroecological
system [24].

Such transdisciplinary exploration has been shown to foster empowerment and civic
engagement, especially in vulnerable territories [25-27]. Urban agroecology frames these
agricultural spaces as multifunctional nodes that integrate the urban tissue with its sur-
rounding environment [28-30].

1.4. Spatial and Policy Dimension of Territorial Sustainability

From a socio-spatial perspective, regeneration entails the reconfiguration of territorial
meanings and landscape identity. Space is a socially produced construct shaped by every-
day practices [30]. In the context of urban landscape ecology, the ultimate goal of building
sustainable ecosystems is to ensure the global sustainable development of human society.
In this pursuit, the application of nature-based solutions (NBSs) has emerged as a corner-
stone in urban forest planning. These solutions offer a strategic approach to sustainable
management that aligns long-term ecological health with the immediate socio-economic
goals of urban development [31].

In stigmatized territories, ecological regeneration challenges dominant narratives of
degradation through new spatial organizations. Ecological regeneration processes are
supported by European frameworks, including the Green Deal [7] and Horizon Europe [32],
which recognize Nature-Based Solutions as key drivers for ensuring the sustainability of
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human settlements. Additionally, the systematic integration of agroforestry into broader
urban planning strategies is becoming an essential component for resilient city develop-
ment. Recent planning frameworks tailored to the Italian context demonstrate that such
integration, when properly regulated, can effectively reconcile agricultural productivity
with the complex spatial and functional constraints of contemporary urban areas [33].

1.5. Conceptual Framework: Spatially Explicit Socio-Ecological Transitions

This study is grounded in an integrated socio-ecological framework that links agroe-
cological transition, successional agroforestry dynamics, and urban landscape ecology.
The framework conceptualizes agroforestry systems as multifunctional socio-ecological
infrastructure where ecological processes and social dynamics co-evolve across different
scales [34-36]. To visually operationalize this integration and clarify the dense intersec-
tion of these literature bodies, the conceptual framework maps how the three primary
theoretical domains overlap to generate a localized socio-ecological infrastructure (see

Figure 1).

Case-Study Implementation Outcomes

« Successional Agroforestry « Multifunctional Socio-
Protocol (SAFS) Ecological Infrastructure

—— « Community-led Management — « Territorial Re-signification

« Territorial Re-signification « Preventive Health Awareness

= Ecological Trajectory Model
Monitoring

Figure 1. Conceptual framework showing the theoretical intersection of urban landscape ecology,
agroecological transitions, and successional agroforestry theory, forming multifunctional socio-
ecological infrastructure.

As illustrated in Figure 1, the analysis is structured around three interconnected
theoretical domains:

e Urban landscape ecology and spatial production, which conceptualize land as a
socially produced and continuously reshaped space determined by multi-scale spatial
organizations [34-37].

e  Agroecological and agroforestry transition frameworks, which highlight the role of
diversified land-use systems in enhancing ecosystem services and resilience at the
urban-rural fringe [38].

e  Successional agroforestry theory, which explains ecosystem development through
vertical and horizontal stratification, enhancing system self-organization [39-43].

2. Materials and Methods
2.1. Study Area and Spatial Context

The study was conducted in the municipality of Sant’ Anastasia (Campania Region,
Southern Italy), a strategic node located at the eastern margin of the so-called “Land of
Fires”, Terra dei Fuochi (see Figure 2). This area is historically affected by illegal waste
disposal and socio-environmental degradation [44,45]. The research focused on a private
peri-urban plot of approximately 4000 m?, representing a typical experimental unit at the
urban-rural interface, characterized by fragmented land use and urban expansion pressure.
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Figure 2. Geographical location of the agroforest in Sant’Anastasia (Naples, Italy). Source: Authors’
elaboration based on open-source data from ISPRA (2023) [46].

Before the intervention (2019), the site exhibited clear quantitative indicators of
landscape-scale degradation, including severe soil compaction (average bulk density of
1.65 4 0.08 g/cm?, extracted from the project’s preliminary internal field logs recorded by
the supervising agronomists in 2019) and minimal vegetation cover (5.0 £ 1.2%). From
a landscape ecology perspective, these conditions represented a disruption of ecosystem
functioning and a loss of connectivity between the urban tissue and the surrounding envi-
ronment. The agroforestry intervention was monitored over a six-year period (2019-2025),
enabling the observation of multi-scale spatial dynamics associated with system evolution.

2.2. Research Design: A Transdisciplinary Longitudinal Case Study

This study employs a longitudinal, exploratory single-case research design. Rooted
in transdisciplinary landscape ecology, the methodological framework combines long-
term field observations with qualitative inquiry to examine both ecological dynamics and
socio-narrative transformations over time. The empirical dataset comprises data from
five key informants (n = 5), purposively selected based on their direct involvement in
the ‘Orto Eubiotico’ project. The participant cohort included two agronomists overseeing
technical operations, two local environmental activists, and one community organizer. Over
a six-year period (2019-2025), each participant engaged in five rounds of semi-structured
interviews, yielding a total of 25 transcripts. This longitudinal approach facilitated the
systematic tracking of evolving perspectives throughout the project’s various ecological and
social stages (baseline, implementation, mid-term, maturation, and final evaluation). The
interview protocol comprised eight open-ended questions categorized into three thematic
areas: (1) ecological restoration and soil transformation; (2) community participation, social
dynamics, and barriers to engagement; (3) the perceived nexus between agroecological
production and local public health awareness. All interviews were audio-recorded with the
participants” informed verbal consent.
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2.3. Data Analysis

Qualitative data were analyzed using a hybrid analytical framework combining the
Gioia Methodology [47] and Reflexive Thematic Analysis (TA) [48]. The Gioia Methodol-
ogy enabled a structured inductive-to-theoretical progression through 1st-order concepts
(informant-centric terms), 2nd-order themes (theoretically informed interpretations), aggre-
gate dimensions (overarching analytical constructs). This was complemented by Reflexive
Thematic Analysis, which provided a recursive interpretative layer across six phases: fa-
miliarization, coding, theme generation, theme review, definition, and final synthesis.
The integration of both approaches was intended to balance methodological rigor (Gioia
structure) with interpretative depth and reflexivity (TA), particularly suitable for complex
socio-ecological datasets.

Methodological rigor was strengthened through triangulation of longitudinal quali-
tative data with continuous field observations collected monthly over six years. Several
challenges emerged during the research process. In the initial phase (2019-2020), high
sapling mortality and severe soil compaction limited early ecological performance. On a
social level, institutional mistrust within the study area required prolonged engagement to
establish trust with local actors.

As an exploratory single-case study conducted on a 4000 m? experimental plot,
findings are context-specific and not directly generalizable. Additionally, while semi-
quantitative ecological indicators (e.g., visual earthworm presence, canopy cover esti-
mation) provide meaningful trend-level insights, they do not replace high-resolution
biogeochemical measurements or destructive sampling methods.

The flowchart in Figure 3 illustrates the sequential development of the study across
three distinct phases. Horizontal arrows indicate temporal progression, while vertical and
divergent arrows show methodological causalities and data generation pathways. The
diagram demonstrates how the six-year longitudinal study moved from the initial site setup
and SAFS activation (Phase 1, 2019-2020) through a six-year dual-track ecological and social
monitoring process, producing disparate qualitative data (Phase 2, 2020-2023). Finally, the
framework details the crucial dynamic of Phase 3 (2024-2025): data triangulation and the
systematic analytical cascade of the Gioia methodology, which moves inductively from spe-
cific 1st-order empirical evidence to 2nd-order analytical themes, culminating in aggregate
dimensions that define the final predictive model for socio-ecological regeneration.

Perspective Model

Phase 1 - Phase 2 T Phase 3 —>| for Socio-Ecological
2019-2020 2020-2023 2024-2025 Regeneration
- Emiw_cai Data triangulation
characterization monitoring

| | |

SAFS activation Field notes Gioia methodology

Social engagement 1st Order Concepts

| I

Interviews and

2nd Order Themes
reports

!

Aggregate Dimensions

Figure 3. Transdisciplinary research design, longitudinal timeline (2019-2025), and data analysis
framework based on the Gioia methodology.
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The coding process moved from 1st-order concepts (derived from informants’ original
terminology and field observations) to 2nd-order themes (theory-centric labels), finally
clustering into aggregate dimensions that define the socio-ecological transition. This
systematic coding path, mapping the transition from site-specific evidence to broader
dimensions of territorial sustainability, is synthesized in Table 1.

Table 1. Thematic coding path: triangulating field evidence and narratives.

Data Source 1st-Order Concepts 2nd-Order Themes Aggregate
(Representative Evidence) (Analytical Label) Dimensions
High mortality of initial saplings; soil Ecological

Field notes (2019-2020)

Ecosystem stress

crusting prevents water infiltration self-organization

Field notes (2024-2025)

Presence of Lumbricus terrestris and
complex fungal networks
under the mulch layer

Ecological

Trophic complexity self-organization

Interview (agronomist)

“We no longer need external compost;
the system started feeding itself
through succession”

Nutrient cycle
internalization

Ecological
self-organization

Field observations

Evolution from a 2D monoculture-like
plot to multi-layered stratification
(herbaceous to canopy)

Ecological

Vertical stratification ..
self-organization

“People once referred to this area as
the ‘Land of Fires’; today, students and
citizens visit the agroforest to engage

. . . - . Narrative inversion and Territorial
Interview (local activist) in participatory practices (e.g., . e
g stigma reversal resignification
communal pruning, farm-to-table
cooking workshops, and
regenerative cultivation)”
. . Distribution of pesticide-free Preventive food Collaborative
Field observations agroforestry vegetables to .
: systems health literacy
the local community
' Integration of trgd1t1onal fe.u"mmg Knowledge Collaborative
Project reports knowledge with successional ; .
co-production health literacy

agroforestry theories

Note. The data structure illustrates the inductive-deductive process used to ensure qualitative rigor. By mapping
field evidence to aggregate dimensions, we highlight how spatial patterns (e.g., vertical stratification) and social
narratives (e.g., stigma reversal) converge to define the sustainability of the peri-urban ecosystem.

2.4. Agroforesty System Implementation: Modeling Spatial Patterns

The intervention followed a three-phase chronosequential design based on the princi-
ples of Successional Agroforestry Systems (SAFSs). This approach prioritized the creation of
complex, multi-scale spatial organizations to restore ecological connectivity in the degraded
urban-rural fringe [30-33].

Phase 1: Succession activation and vertical stratification (2020-2021). The project
initiated with the introduction of fast-growing pioneer species to establish an initial vertical
canopy. This phase aimed to create a primary spatial pattern capable of generating rapid
biomass, shading the highly compacted soil, and initiating microclimate regulation.

Phase 2: Soil reactivation and horizontal connectivity (2022-2023). The focus shifted to
the promotion of below-ground biodiversity through systematic “pruning and mulching”
cycles. This phase deliberately managed the horizontal spatial distribution of organic
matter to build a protective surface layer, mitigate topsoil degradation, and foster extensive
subterranean fungal networks.

https://doi.org/10.3390/su18136493
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Phase 3: Functional integration and structural maturation (2024-2025). The final phase
marked the transition toward a mature, multifunctional agroecosystem. The structural
complexity was quantitatively characterized based on the establishment of four distinct
vertical layers: a ground-cover herbaceous stratum (<0.5 m), a shrub layer (0.5-2.0 m),
a productive sub-canopy (2.0-4.5 m), and an emergent pioneer canopy layer (>5.0 m).
This stratification resulted in an indicative increase in the Soil Surface Cover (mulch and
herbaceous layer), which reached 85.0 & 4.3% by 2025, compared to the initial 5.0 & 1.2%
recorded in 2019. To ensure conceptual clarity, this ground-level soil surface coverage is
distinct from the vertical canopy architecture, which achieved a complementary canopy
cover of 85.0% (derived from the 15% reduction in canopy gaps).

The DBH (Diameter at Breast Height) distribution of pioneer species (e.g., Populus
spp-) and fruit trees showed an average of 12.4 £ 2.8 cm, indicating a stable biomass
accumulation. This multi-layered architecture optimized light interception, reduced canopy
gaps to 15.0 = 4.2% (corresponding to a complementary 85% canopy cover), and ensured
long-term socio-ecological resilience through high species packing and niche differentiation.

2.5. Quantitative Indicators of Transition

To complement the qualitative findings and provide a measurable metric for the socio-
ecological transition, a retrospective semi-quantitative assessment was integrated into the
monitoring framework. Since the initial research design was primarily exploratory and
narrative-driven, historical ecological recovery was assessed by triangulating longitudinal
field notes, photographic archives, and in situ observations (2019-2025). Consequently, the
resulting data must be interpreted as indicative trends of environmental and structural
change rather than high-resolution biophysical measurements. The following parameters
were estimated to evaluate the biophysical transition:

(i) Vegetation density (plants/ m?): Derived from retrospective visual analysis of perma-
nent sample plots (equivalent to 2 x 2 m quadrats, n = 10 per year) documented in
the project’s photographic archive. This tracking was used to evaluate macroscopic
vegetation density trends, taking into account the potential observer bias inherent to
photographic reconstructions.

(if) Species richness: Calculated as the total taxonomic count of distinct plant species
identified during the spring peak season.

(iii) Soil surface and canopy coverage (%): Evaluated through visual estimation of ground
mulch cover and canopy gaps, cross-referenced with field diaries and standardized
via the Munsell Soil Color Chart for soil quality assessments.

(iv) Soil biological activity: Tracked via the frequency of bioindicator species (e.g., pres-
ence/absence of Lumbricus terrestris in manually inspected soil patches).

To standardize the sampling effort and limit false negatives, observations were con-
ducted using a consistent hand-sorting protocol within three 30 x 30 cm quadrats per plot,
dedicating a fixed inspection time of 15 min per sample.

Concurrently, the social impact was strictly quantified using the project’s attendance
logs. Metrics included the annual frequency of community events (e.g., workshops and
pruning sessions) and the average participant turnout per event. To satisfy quantita-
tive rigor, where applicable, descriptive statistics are presented as the mean + standard
deviation (SD), and non-parametric tests (Wilcoxon signed-rank test for paired categori-
cal/ordinal estimates) were used to assess the magnitude of change between the baseline
(2019) and the mature phase (2025), with the significance threshold set at p = 0.05. While
the calculation of p-values provides an inferential framework to capture macro-trends, these
statistics are applied to semi-quantitative estimations and should be treated as mathematical
validation of directed observational trajectories rather than highly precise laboratory analytics.
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The magnitude of the ecological and social transitions was quantified using the fol-
lowing metrics. The relative change (A%) for each indicator was calculated as follows:

V2025 — V2019

vaotg <100 @)

where V2025 and V2019 represent the mean values recorded during the mature phase and
at baseline, respectively.

The test statistic W was calculated based on the ranks of the differences between the
two periods:

W= 2511[58’"(952,1' —x1,) - Ri], 2)

where x;; and x;; are the paired observations from 2019 and 2025, and R; represents
the rank of the absolute differences. For statistical analyses, p < 0.05 was considered
statistically significant.

3. Results
3.1. Ecological Regeneration

Between 2019 and 2025, the study site underwent a significant biophysical transfor-
mation. The initial degraded state evolved into a structurally complex, multi-layered
agroforestry system, as documented in the chronosequence shown in Figure 4.

3.1.1. Soil Quality and Functional Reactivation

Field observations and longitudinal monitoring revealed a significant shift in soil
functionality. The transition from “ecosystem stress” (visible in the bare and compacted
soil shown in Figure 4a) to “nutrient cycle internalization” (as conceptualized in Table 1)
was characterized by the following indicators:

1. Organic matter accumulation: The continuous deposition of pruning residues and
plant litter created a stable protective mulch layer, which was visible in the mature stages of
the project (Figure 4e,f). This layer significantly reduced soil exposure and surface thermal
stress, achieving a soil surface coverage of 85.0 = 4.3% by 2025.

2. Structural improvement: Before the establishment of pioneer plant species in 2019,
the soil surface was characterized by severe degradation. The landowner described the soil
as dry, dusty, weakly aggregated, and highly susceptible to wind erosion. Fine particles
were easily mobilized by wind action, indicating poor soil structure and low aggregate
stability. In several areas, vegetation cover was absent, leaving bare soil exposed. By 2025,
field observations indicated a substantial improvement in soil physical conditions. The soil
exhibited a more compact and granular structure, with the formation of stable aggregates.
Soil color shifted from a light brown hue (10YR 6/3, Munsell Soil Color Chart) at baseline to
a dark brown color (10YR 3/2), consistent with increased organic matter accumulation and
humification processes. The soil was no longer powdery and showed improved moisture
retention, while wind erosion was markedly reduced due to enhanced aggregation and
increased vegetation cover. These changes were accompanied by increased soil porosity,
development of humic fractions, and the formation of a 6.5 &= 1.4 cm mulch layer, further
contributing to surface protection and structural stabilization.

3. Functional recovery: Increased moisture retention and biological activity (e.g.,
presence of earthworms and fungal networks) were observed, suggesting a trend consistent
with regenerative agroecosystem dynamics [49]. This biological reactivation is supported
by indicative trends, such as the presence of complex fungal networks and a marked
increase in earthworm frequency, which reached an estimated 85% of the monitored plots
in the final stage (Figure 4f) compared to an estimated baseline of 10%. These figures
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should be interpreted as representative of the observed trajectory of change rather than
high-resolution census data.

L EUSE

W Y ¢ A )

Figure 4. Chronosequence of the experimental site’s spatial evolution (2019-2025). (a,b) Baseline
stage (2019-2020): Initial conditions characterized by high soil compaction and ecosystem stress.
(c,d) Implementation phase (2021-2023): Introduction of Successional Agroforestry System (SAFS)
layers and nursery management. (e,f) Mature establishment (2024-2025): Evolution into a complex,
multi-layered vertical structure. The system shows high biomass accumulation, with vegetation cover
reaching 85% and the differentiation of four distinct stratified layers (herbaceous, shrub, sub-canopy,
and canopy).

3.1.2. Vegetation Structure and Vertical Stratification

The system progressively transitioned from an open, managed plot to a complex,
multi-layered vertical structure. By Phase 3 (2025), the integration of four distinct layers—
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herbaceous (<0.5 m), shrub (0.5-2.0 m), sub-canopy (2.0-4.5 m), and canopy (>5.0 m)
layers—was complete, significantly optimizing vertical spatial resource use (Figure 4e,f).

This stratification resulted in a drastic reduction in canopy gaps, which decreased
from 95.0 £ 1.5% at baseline to 15.0 &= 4.2% in the mature stage (p < 0.001). The emergence
of spontaneous understory vegetation and a high density of diverse botanical species
(taxonomic richness increased from 10 to 42 species) suggest the activation of self-organizing
ecological processes typical of mature Successional Agroforestry Systems (SAFSs) [45]. This
structural maturation demonstrated increased internal resource efficiency and biomass
accumulation compared to the initial managed nursery phase, moving the system toward a
self-regulating forest-like ecosystem. At the species level, marked compositional shifts were
also observed. Prior to the establishment of pioneer species, most of the site was dominated
by Tribulus terrestris, a drought-tolerant pioneer weed typical of disturbed and degraded
soils. Large patches of completely bare ground were also present where no herbaceous
vegetation could establish. In 2025, Tribulus terrestris is still observed in the most exposed
areas subjected to intense solar radiation. However, it is largely absent beneath the tree
canopy, where shading and improved soil conditions have facilitated the development of a
more diverse plant community.

Visual documentation of this structural complexity, comprising the four vertical strata
and canopy closure, is provided in Figure 5.

« Herbaceous slratum (<0.5m)

(a) (b)

Figure 5. Visual documentation of the structural complexity of the SAFS (2025). Note. (a) Side-profile
view illustrating the four vertical strata: herbaceous (<0.5 m), shrub layer (0.5-2.0 m), productive
sub-canopy (2.0-4.5 m), and emergent pioneer canopy (>5.0 m). (b) Internal view demonstrating high
canopy closure and vegetation density, consistent with the reported 85% Vegetation Cover Index.

3.1.3. Biomass Cycling and Input Reduction

Between 2019 and 2025, the study site underwent a progressive ecological transfor-
mation, evolving from degraded peri-urban soil conditions into a diversified structurally
complex agroforestry system. This transition is visually documented in Figure 4. Biomass
production and recycling became progressively internalized within the system. While the in-
termediate phase (Figure 4c,d) required external nursery stock, the later stages (2024-2025)
exhibited closed-loop nutrient cycling (e.g., pruning residues and plant litter were systemat-
ically retained on-site as mulch, contributing to autonomous soil fertilization) and reduced
dependency. For example, there was a visible shift from intensive management to a more
autonomous, self-regulating structure, indicating increased ecological resilience [50-52].
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3.2. Integration with Health-Oriented Frameworks

Beyond its biophysical functions, the agroforestry system was conceptualized to
align with health-oriented research frameworks, exploring its potential role as a spatial
infrastructure for preventive health. This integration is framed through its consistency with
the EcoFoodFertility approach—a biomonitoring model investigating the interplay between
environmental exposures, dietary patterns, and human health outcomes [53-56]. Within
this conceptual framework, the regenerated urban-rural fringe supports the production of
plant-based foods aligned with Mediterranean dietary patterns, which are associated in the
literature with high intakes of protective bioactive compounds. The successional design,
by eliminating synthetic inputs, positions the garden as an agroecological model; research
suggests such systems are often associated with higher concentrations of antioxidants and
lower pesticide residues compared to conventional agriculture [57-59]. While this study
does not provide direct clinical or chemical validation—such as longitudinal biomonitoring
of participants—this functional alignment illustrates how localized spatial interventions can
operate at the nexus of landscape regeneration and public health. Consequently, the project
serves as a conceptual model for transforming stigmatized territories into landscapes that
may foster preventive health awareness, bridging ecosystem functionality with broader
community well-being, rather than empirically validating clinical health outcomes.

3.3. Community Engagement and Socio-Territorial Impact

The agroforestry initiative developed a strong community-oriented dimension, func-
tioning simultaneously as a productive system and a transdisciplinary educational platform.
Project activities, ranging from agroforestry training sessions and participatory planting
initiatives to nutritional education programs and food preparation workshops, promoted
environmental awareness and knowledge exchange. These collaborative practices signif-
icantly contributed to the strengthening of the local social capital, as evidenced by the
increasing involvement of the local population. Specifically, between 2023 and 2025, the site
evolved into a central socio-ecological hub, hosting an average of 2.1 & 0.3 participatory
workshops and open debates per month.

Attendance logs confirm that participation scaled significantly over time: while early-
stage meetings (2019-2020) involved a small core of 6.2 & 1.4 participants, the mature phase
of the project (2024-2025) saw a substantial scale-up, with events regularly attracting an
average of 34.8 & 6.5 citizens, students, and activists per session (p < 0.001), for a total of
over 24 structured community events annually.

Beyond its biophysical functions, this visible landscape transformation triggered a
profound shift in local perception, which we define as a “narrative inversion.” This process
effectively counteracted the negative narratives and socio-economic stigma historically
associated with the “Land of Fires.” By fostering active community participation, the
regeneration process operated at both ecological and socio-symbolic levels. This shift
provides empirical evidence for a successful territorial re-signification, where the spatial
configuration of the agroforestry system enhanced the perceived value, collective identity,
and resilience of the place [59-63].

3.4. Quantitative Validation of the Socio-Ecological Transition

The quantitative trends synthesized in Table 2 confirm the significant biophysical and
social shift observed throughout the longitudinal study. The triangulation of field-based
metrics demonstrates that the agroforestry intervention triggered a structural regime shift.

1. Ecological scale-up: Vegetation density increased significantly from 4.8 & 1.2 plants/m?
in 2019 to 36.4 + 4.7 plants/m? in 2025 (p < 0.001), while taxonomic richness expanded
from 10 to 42 species. The recovery of soil functionality is further evidenced by the
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improvement in soil coverage (from 5.0 £ 1.2% to 85.0 £ 4.3%) and the systematic
recording of earthworms in 85% of sampled plots by 2025.

2. Social scale-up: Engagement dynamics followed a parallel trajectory, scaling from
three annual activities with a small core of participants to 24 annual events with an
average turnout of 34.8 £ 6.5 individuals (p < 0.001).

Table 2. Quantitative indicators of the socio-ecological and structural transition (2019 vs. 2025).

Indicator Baseline (2019) Mature Phase (2025)  p-Value
Soil surface cover (%) 50+1.2 85.0+4.3 <0.001
Canopy gaps (%) 95.0+1.5 150 £4.2 <0.001
Species richness (n) 10+2 42 +5 <0.01
Vegetation density (plants/m?) 48+12 36.4+4.7 <0.001

DBH (cm) n.a. 124 + 2.8 -

Soil mulch thickness (cm) 02+0.1 65+14 <0.001
Event attendance (n) 62+14 348 +£65 <0.001
Annual community events (n) 3 24 <0.05

Note. p-values calculated using the Wilcoxon signed-rank test for non-parametric longitudinal comparisons. DBH:
Diameter at Breast Height (measured for trees > 2 m height). n.a.: not applicable (absence of measurable woody
structures at baseline). Data represent indicative trends from retrospective semi-quantitative estimations derived
from field diaries and photographic archive triangulation.

4. Discussion

The findings of this longitudinal study suggest that peri-urban Successional Agro-
forestry Systems (SAFSs) can function as multifunctional socio-ecological infrastructure.
In Sant’Anastasia, the integration of ecological restoration, community engagement, and
local initiatives demonstrates how biophysical recovery and social dynamics can co-evolve
within constrained peri-urban environments. From an ecological perspective, the observed
shift toward more closed nutrient cycles suggests that the SAFS model could mitigate
some of the operational limitations encountered by conventional reforestation initiatives in
degraded urban fringes. The documented increase in soil surface coverage (from 5.0 £ 1.2%
to 85.0 £ 4.3%) and the development of a multi-layered vertical stratification indicate a pos-
itive trajectory of managed ecological succession within the monitored timeframe. Unlike
simplified monocultural replanting, this stratified arrangement appears to optimize re-
source use by utilizing different canopy heights, presenting a potentially low-maintenance
strategy for soil recovery in areas often characterized by fragmented public management.
This ecological trajectory shares foundational principles with broader literature on Mediter-
ranean agroforestry. In line with the European meta-analysis by Torralba et al. [15], our
findings support the premise that incorporating woody perennials into managed plots can
accelerate soil organic matter accumulation and contribute to microclimate buffering.

However, a key distinction lies in the spatial and structural configuration: while tradi-
tional European studies primarily investigate low-density, extensive rural frameworks—
such as the Spanish dehesas or silvoarable systems [64,65]—this study explores the applica-
tion of a high-density, successional layout within a constrained, highly stressed peri-urban
fringe. In this specific setting, the successional design demonstrated a capacity to estab-
lish functional vegetative cover with minimal external chemical inputs, indicating that
ecological recovery principles can be adapted to smaller, marginalized urban plots.

Beyond the biophysical metrics, the intervention highlights the potential of the agro-
forest to serve as a space for community participation. In a sub-region historically affected
by environmental stigma and diminished institutional trust, such as the “Land of Fires,”
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the visible physical modification of the site was associated with a localized shift in commu-
nity perception. The growth in community participation, reflected in a +461% increase in
average attendance at site activities, suggests that the agroforest provided an active space
for territorial re-signification, offering an alternative local narrative to the widespread per-
ception of environmental degradation. These dynamics are consistent with findings from
marginalized and post-industrial contexts, where communities have reclaimed neglected
spaces to address environmental concerns through urban agriculture initiatives [66,67].

These parallel cases reinforce the notion that physical greening initiatives are more
likely to achieve long-term field viability when integrated with active community steward-
ship. Nevertheless, a distinguishing feature of the SAFS model in this study is its structural
scale and its conceptual integration with a broader preventive health framework—namely,
the EcoFoodFertility project. While international literature on Nature-Based Solutions (NBS)
broadly documents the general health and well-being benefits of urban green spaces [68],
this intervention proposes a more structured pathway linking agroecological plot manage-
ment to community health literacy. By combining site restoration with educational outreach
on nutrition and environmental exposure, the project illustrates how local agroforestry sites
might support regional preventive health strategies. From a planning perspective, these
preliminary outcomes suggest that high-density agroforestry could be further explored
as a multifunctional NBS within European frameworks like the Green Deal, contributing
simultaneously to the transition toward localized food systems, biodiversity support, and
community cohesion.

Despite the longitudinal nature of the data, this research is characterized by inherent
limitations tied to its exploratory, single-case study design. The findings presented here
are highly context-specific and should be interpreted as a transferable action protocol
and conceptual framework rather than a universally applicable solution or outcome. Fur-
thermore, the lack of a control site or a comparable reference area limits our ability to
isolate the specific impact of the Successional Agroforestry System (SAFS) from general
community-led gardening dynamics.

From a biophysical perspective, while the monitored field proxies strongly indicate
functional and structural recovery, they represent indirect measures and cannot substi-
tute for high-resolution laboratory and direct biogeochemical testing. This constraint is
particularly evident when evaluating the One Health dimension and the EcoFoodFertility
approach. Although the study documents structural and social outcomes, the absence of
direct clinical and biogeochemical analyses remains a major limitation. Notably, no analyses
were conducted on edible products harvested from the agroforestry system. Therefore, the
present study cannot draw definitive conclusions regarding food safety—including heavy
metal accumulation (e.g., lead, cadmium, arsenic, and mercury), microbial contamination
(e.g., Escherichia coli, Salmonella spp.), or the nutritional quality of the produced vegetables.
Any inference on these critical health aspects remains indirect, predicated on agroecologi-
cal management practices and improved soil conditions rather than empirical laboratory
validation, constituting a clear boundary within a One Health framework.

Theoretically, this research advances the landscape ecology and agroforestry literature
by documenting an empirical case in which biophysical parameters and social dynamics
co-evolved within a unified spatial framework. The findings substantiate the conceptual
premise that ecosystem recovery and territorial re-signification operate as mutually re-
inforcing processes rather than isolated phenomena, while concurrently expanding the
operational scope of the “Circular Health” model to community-led agroecosystems. From
a practical and policy perspective, these results offer highly transferable insights for ur-
ban planners and regional stakeholders designing Nature-Based Solutions (NBSs) under
European green frameworks:
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e  Methodological replicability: the integration of low-cost field indicators and the
Wilcoxon signed-rank test provides municipalities and grassroots groups with an
accessible, budget-friendly framework to rigorously monitor early-stage progress in
community reforestation.

e  Socio-Ecological viability: in marginalized or post-industrial environments, multi-
layered, community-managed agroforests yield significantly greater social returns
and long-term viability than passive ornamental parks, underscoring active local
stewardship as a critical variable for project sustainability.

5. Conclusions

This longitudinal case study (2019-2025) examined the multi-dimensional impacts of
a peri-urban Successional Agroforestry System (SAFS), integrating ecological restoration,
socio-spatial transformation, and a One Health-oriented perspective. By tracking the six-
year evolution of a degraded peri-urban site, the study provides preliminary evidence
addressing the three research questions guiding the analysis.

From an ecological perspective (RQ1), the results show that SAFS can effectively sup-
port soil restoration and ecosystem recovery in highly degraded Mediterranean peri-urban
environments. Over time, the system promoted a transition toward improved ecological
functionality, reflected in enhanced nutrient cycling, high levels of soil surface protection
(85.0 & 4.3% mulch coverage in 2025), reduced canopy gaps (from 95.0% to 15.0%), and
increased species richness (from 10 to 42 species). These findings suggest that high-density
polycultural agroforestry systems can contribute to ecological self-organization while re-
ducing reliance on external inputs, offering a potentially scalable model for peri-urban
land restoration.

Regarding the socio-spatial dimension (RQ2), the study highlights the role of
community-based agroforestry in strengthening local engagement and supporting ter-
ritorial regeneration in contexts affected by environmental degradation and social stigma,
such as the “Land of Fires.” The progressive increase in participation indicates that the
intervention contributed to the development of a socio-ecological hub, fostering active
stewardship, strengthening community ties, and supporting processes of place-based
re-signification.

Concerning the One Health dimension (RQ3), the study proposes an exploratory
framework linking agroecological restoration with preventive health objectives through
the EcoFoodFertility approach. While further clinical and environmental validation is
required, the results suggest that peri-urban agroforestry systems may serve as operational
interfaces connecting ecosystem restoration, sustainable food production, and public health
awareness at the local scale.

Overall, the findings support the potential of successional agroforestry as an integrated
Nature-Based Solution (NBS) for addressing ecological degradation, social fragmentation,
and health-related awareness in peri-urban landscapes. From a sustainability perspective,
the SAFS model appears particularly relevant for policy strategies aimed at promoting
resilient land use transitions, enhancing community participation, and supporting the
multifunctional regeneration of degraded urban fringes. However, future research should
include long-term biogeochemical monitoring and contaminant assessments to ensure the
safety, scalability, and broader applicability of the model within One Health and European
sustainability frameworks. If confirmed through further validation, SAFS could represent
a valuable Nature-Based Solution for the ecological and social regeneration of degraded
peri-urban areas.
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