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respectively. Heavy metal concentrations decreased by 45-78% through
phytoextraction, with hyperaccumulator species Pteris vittata removing 2,340 mg As
kg™ soil and Brassica juncea extracting 890 mg Cd kg™ soil. Constructed treatment
wetlands achieved 89% removal efficiency for nitrogen and 94% for phosphorus while
supporting biodiversity recovery with 2.3-fold increases in plant species richness.
Economic analysis reveals benefit-cost ratios of 2.8-4.7 for phytotechnology
implementations, with combined restoration and production values of $1,240-3,680
ha! over 10-year periods. However, success varies significantly with site conditions,
requiring 3-8 years for full functionality restoration and careful species selection for
local adaptation. Spatial analysis identifies optimal implementation zones based on
climate, soil type, and degradation severity, with potential application to 847 million
hectares globally. These findings demonstrate that strategically implemented
phytotechnologies provide cost-effective, sustainable solutions for landscape-scale
soil functionality restoration while delivering multiple co-benefits including carbon
sequestration, biodiversity enhancement, and ecosystem service provision.
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1. Introduction

Global land degradation affects approximately 2 billion hectares, representing 15% of Earth's land surface and threatening
ecosystem services essential for human well-being 1. Degraded landscapes exhibit impaired soil functionality characterized by
reduced aggregate stability, compromised water infiltration, depleted organic matter, disrupted nutrient cycling, and diminished
biological activity [@. Traditional restoration approaches often prove expensive, energy-intensive, and fail to address the
complex, interconnected nature of soil degradation processes [,
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Phytotechnology, defined as the use of plants and associated
microorganisms to restore environmental quality and
ecosystem functionality, offers sustainable, cost-effective
solutions for landscape-scale restoration . These approaches
leverage natural plant-soil-microbe interactions to address
multiple degradation factors simultaneously while providing
additional benefits including carbon sequestration, biodiversity
enhancement, and economic returns [,

The concept of soil functionality encompasses multiple
interdependent processes including structural stability, water
regulation, nutrient cycling, carbon storage, and biological
activity [, Degraded soils typically exhibit compromised
functionality across these domains, requiring integrated
restoration strategies that address root causes rather than
symptoms U1, Phytotechnologies restore functionality
through multiple mechanisms including root-mediated soil
aggregation, organic matter inputs, microbial community
establishment, and biogeochemical process restoration [,
Recent advances in phytotechnology applications have
expanded beyond traditional phytoremediation to encompass
broader restoration objectives 1. Constructed treatment
wetlands address nutrient pollution while supporting
biodiversity [, Agroforestry systems combine production
and restoration goals 1, Energy crop cultivation provides
economic incentives for degraded land restoration!2. However,
systematic evaluation of phytotechnology effectiveness across
diverse degradation types and environmental conditions
remains limited [,

The success of phytotechnology implementation depends on
careful species selection, site preparation, and long-term
management strategies ', Understanding plant-soil-microbe
interactions, temporal dynamics of restoration processes, and
optimization strategies for different degradation contexts is
essential for scaling successful applications ['s1. Additionally,
economic analysis of costs, benefits, and co-benefits provides
crucial information for policy development and implementation
decisions [s],

Climate change adds urgency to degraded landscape
restoration while presenting both challenges and
opportunities for phytotechnology applications ['7l. Rising
temperatures and altered precipitation patterns may affect
restoration success, requiring climate-adapted species and
management strategies ['8]. However, successful restoration
enhances landscape resilience to climate impacts while
contributing to mitigation through carbon sequestration®.
This study addresses critical knowledge gaps by evaluating
phytotechnology effectiveness across diverse degradation
types, identifying optimal implementation strategies, and
quantifying multiple benefits for evidence-based restoration
planning [0,

2. Materials and Methods

2.1 Study Sites and Degradation Types

We established monitoring networks across 156 degraded
sites in 22 countries representing diverse degradation types
and environmental conditions. Sites included former mining
areas (47 sites), contaminated industrial lands (38 sites),
severely eroded agricultural fields (43 sites), and urban
brownfields (28 sites) [21],

Site selection criteria encompassed documented degradation
history, accessibility for long-term monitoring, representative
regional conditions, and stakeholder cooperation. Sites
spanned temperate (42%), tropical (28%), mediterranean
(18%), and arid (12%) climate zones [22],

www.soilfuturejournal.com

2.2 Phytotechnology Implementation

We implemented five major phytotechnology approaches:
Phytoremediation: Hyperaccumulator plants for heavy
metal extraction including Pteris vittata (arsenic), Brassica
juncea (cadmium), and Helianthus annuus (lead). Treatment
areas ranged from 0.5-5 hectares per site [23],
Phytostabilization: Deep-rooted perennial species to
stabilize contaminated soils including Festuca arundinacea,
Medicago sativa, and Salix species. Implementation covered
2-15 hectares per site 241,

Constructed Treatment Wetlands: Multi-stage systems
using Phragmites australis, Typha latifolia, and Iris
pseudacorus for nutrient and contaminant removal. Systems
processed 50-500 m* day 125,

Agroforestry Systems: Tree-crop combinations including
Populus species with Medicago sativa, Juglans species with
Trifolium repens, and Acacia species with native grasses [2¢,
Energy Crop Systems: Fast-growing species for biomass
production including Miscanthus, Switchgrass, and Willow
on marginal lands 271,

2.3 Soil Functionality Assessment

Comprehensive soil functionality monitoring employed
standardized protocols:

Physical Properties: Aggregate stability (wet-sieving), bulk
density (core method), infiltration rates (double-ring
infiltrometer), and water retention characteristics (pressure
plate apparatus) 221,

Chemical Properties: pH, electrical conductivity, organic
carbon (Walkley-Black), total nitrogen (Kjeldahl), available
phosphorus (Olsen), and heavy metal concentrations (ICP-
MS) 91,

Biological Properties:  Microbial biomass carbon
(fumigation-extraction), enzyme activities (fluorometric
assays), and microbial community structure (phospholipid
fatty acid analysis) B,

Functionality Indices: Integrated assessments combining
multiple indicators into comprehensive functionality scores
using established frameworks.

2.4 Ecosystem Service Quantification

We quantified multiple ecosystem services:

e Carbon sequestration: Soil  organic
accumulation rates

e Water regulation: Infiltration, retention, and quality
improvement

e Biodiversity support: Plant and invertebrate species
richness

e Contaminant remediation: Heavy metal and nutrient
removal

e Biomass production: Economic yields from energy
crops

carbon

2.5 Economic Analysis

Comprehensive cost-benefit analysis included:

e Implementation costs: Site preparation, planting,
maintenance

e Opportunity costs:
management

e Direct benefits: Biomass sales, avoided remediation
costs

e [Ecosystem service values: Carbon credits, water
treatment, biodiversity.

Alternative land uses and
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Net present value calculations used 10-year timeframes with
3% discount rates, while sensitivity analysis examined
parameter uncertainty.

2.6 Statistical Analysis

Data analysis employed mixed-effects models accounting for
site clustering and repeated measures. Temporal trends used
polynomial regression, while spatial analysis employed
geostatistical methods. Multivariate analysis identified key
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factors influencing restoration success.

3. Results

3.1 Soil Physical Functionality Restoration
Phytotechnology implementation significantly improved soil
physical properties across all site types (Table 1). Aggregate
stability showed dramatic improvements from baseline levels
of 23.4 + 8.7% to 67.8 + 12.4% after 7 years, with most
improvements occurring within 3-5 years of establishment.

Table 1: Soil Physical Property Improvements Across Degradation Types

Degradation| Aggregate . Infiltration Water Improvement
Type Stability Bulk Density Rate Retention Rate
Baseline — Baseline — Final (g om~) Baseline — | Baseline — | (years to 80%
Final (%) & Final (mmh™)| Final (%) recovery)

Mining Sites|18.2 — 71.4
1962.

1.68 — 1.31. Andrews SS, Karlen DL, Cambardella CA. The
soil management assessment framework: a quantitative soil
quality evaluation method. Soil Sci Soc Am J. 2004; 68:1945-

3.2 Chemical Functionality and Contaminant Remediation

Soil chemical properties showed significant improvements
with organic carbon accumulation rates of 1.8 + 0.6 Mg C
ha year!' across all sites (Figure 1). Heavy metal

concentrations decreased substantially through
phytoextraction, with removal efficiencies varying by metal
type and plant species.

20

Soil Organic Carbon Accumulation (Mg C ha™

W]
0 1 2 3

Mining Sites (2.1 £ 0.7 Mg C ha™" year™)

Soil Organic Carbon Accumulation Over Time (R* = 0.87-0.93)

Years Since Implementation
Contaminated Lands (1.8 + 0.5 Mg C ha™" year™)
Eroded Agricultural (1.6 £ 0.4 Mg C ha™ year™)

4 5 6 7

Fig 1: Soil Organic Carbon Accumulation During Phytotechnology Restoration

Hyperaccumulator species achieved exceptional contaminant
removal with Pteris vittata extracting 2,340 mg As kg™! soil
and Brassica juncea removing 890 mg Cd kg™ soil over
multiple harvest cycles B7,

3.3 Biological Functionality Recovery

Soil biological properties showed remarkable recovery across
all phytotechnology approaches (Table 2). Microbial biomass
carbon increased 5.2-fold from baseline conditions, while
enzyme activities demonstrated 2.8- to 4.2-fold improvements
reflecting enhanced biogeochemical cycling.

Table 2: Soil Biological Property Recovery by Phytotechnology Type

Phytotechnology  |Microbial Biomass C B-glucosidase Urease Phosphatase '\DA:\S;S:EI
Baseline — Final (m, Baseline — Final | Baseline — Final Baseline — Final
ke ") e (nmol g h") NH." g h") e PO g ' ) W8 | shannon Index

Phytoremediation 76 — 387° 18.4 — 56.20 8.7 — 36.4* 12.3 — 34.1¢ 2.1 —>3.8
Phytostabilization 94 — 445° 22.1 — 68.7° 11.2 — 47.3b 15.6 — 43.7° 2.4 — 4.1
Treatment Wetlands 102 — 523¢ 26.8 — 83.4° 13.9 — 58.2¢ 18.7 — 52.3¢ 2.8 — 4.6
Agroforestry 89 — 478 24.3 — 75.6% 12.6 — 52.8 16.9 — 47.1% 2.6 — 4.3
Energy Crops 67 — 356° 16.7 — 51.8 7.9 — 33.12 114 —31.6° 1.9 —3.5°

Different letters indicate significant differences (P < 0.05) among phytotechnology types
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Treatment wetlands achieved highest biological activity
levels due to optimal moisture conditions and diverse plant
communities supporting complex food webs.

3.4 Ecosystem Service Provision

Quantification of ecosystem services demonstrated
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substantial multiple  benefits from phytotechnology
implementations (Table 3). Carbon sequestration provided
consistent benefits across all approaches, while water
regulation and biodiversity support varied with system design
and management.

Table 3: Ecosystem Service Provision by Phytotechnology Systems

Ecosystem Service Phytoremediation | Phytostabilization | Treatment Wetlands | Agroforestry |Energy Crops
Carbon Sequestration (Mg CO; ha! year™') 6.2+1.8 74+£21° 8.9+24 9.7 +£2.6° 58+1.6*
Water Regulation (mm year™) 145 + 43¢ 189 + 52 267 £ 71° 234 £ 63b 156 + 442
Biodiversity Support (species richness) 23+ 7 31+9° 47 + 12¢ 42 + 11¢ 19 £ 62
Contaminant Removal (% efficiency) 78 + 15 45+ 12> 91 + 8¢ 34 +9d 28 + 8d
Biomass Production (Mg ha™ year™) 2.1+0.7 43+£1.2° 3.7+£1.0° 6.8 +1.8¢ 124 +3.24

Different letters indicate significant differences (P < 0.05) among system types

Agroforestry systems provided optimal balance of multiple
services, while energy crops maximized biomass production
but showed limited environmental benefits.

3.5 Economic Performance Analysis

Economic analysis revealed favorable benefit-cost ratios for
all phytotechnology approaches when ecosystem services
were included (Table 4). Implementation costs varied
significantly with system complexity, but long-term benefits
justified investments across all site types.

Table 4: Economic Performance of Phytotechnology Implementations

System Type Implementation Cost | Annual Maintenance | Total Benefits | Net Present Value | Benefit-Cost Ratio
($ha®) ($ ha! year™) ($ ha! year™) ($ ha)
Phytoremediation 2,340 = 5602 180 + 45¢ 456 £ 123 1,240 + 380° 28x0.7
Phytostabilization 1,890 + 4200 145 + 38 523 + 142° 1,780 £ 4500 3.4+0.8°
Treatment Wetlands 4,560 + 890¢ 290 + 67¢ 687 + 178¢ 1,920 + 520° 3.1+0.6°
Agroforestry 3,780 £ 7204 234 + 564 834 + 2014 3,680 £ 890¢° 4.7 +£0.9°
Energy Crops 1,560 + 340¢ 167 £ 41» 612 + 156% 2,340 + 5804 4.2 £0.8¢

Different letters indicate significant differences (P < 0.05) among system types

Agroforestry systems achieved highest net present values
through combined production and environmental benefits,
while energy crops provided attractive returns through
biomass sales.

3.6 Temporal Dynamics and Success Factors

Analysis of temporal restoration patterns revealed distinct
phases in functionality recovery (Figure 2). Most systems
achieved 80% of target functionality within 5-7 years, with
initial rapid improvements followed by gradual stabilization.
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Soil Functionality Index
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Fig 2: Temporal Patterns of Soil Functionality Recovery

Phase 1 (0-2 years): Establishment (40-60% functionality)
Phase 2 (2-5 wyears): Rapid improvement (60-85%
functionality).

Phase 3 (5+ years): Stabilization (85-100% functionality)
Success factors included appropriate species selection
(correlationr = 0.78), adequate site preparation (r = 0.71), and
sustained management (r = 0.69), while climate conditions
and soil texture significantly influenced recovery rates.

3.7 Spatial Scaling and Implementation Potential

Global spatial analysis identified 847 million hectares
suitable for phytotechnology implementation, with highest
potential in temperate and subtropical regions experiencing
moderate degradation severity. Regional priorities included
Central Asia (23%), Sub-Saharan Africa (19%), and Eastern
Europe (16%).

Climate change projections suggest 12-18% shifts in suitable
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areas by 2050, requiring adaptive species selection and
management strategies for long-term success.

4. Discussion

This comprehensive  evaluation demonstrates  that
phytotechnology approaches provide effective, sustainable
solutions for restoring soil functionality in degraded
landscapes while delivering multiple ecosystem services. The
observed improvements in aggregate stability (3.9-fold),
infiltration rates (3.4-fold), and biological activity (5.2-fold
microbial biomass increase) represent substantial restoration
of critical soil functions.

The rapid initial recovery followed by gradual stabilization
aligns with ecological succession theory and has important
implications for restoration planning and expectations. The
3-5 year timeframe for achieving 80% functionality recovery
provides realistic targets for restoration projects while
highlighting the need for sustained management during
establishment phases.

The superior performance of treatment wetlands and
agroforestry systems reflects their ability to optimize multiple
environmental factors simultaneously. Treatment wetlands
provide optimal moisture and nutrient conditions supporting
diverse communities, while agroforestry systems combine
deep rooting, diverse organic inputs, and favorable
microclimates.

Economic analysis revealing benefit-cost ratios of 2.8-4.7
provides compelling evidence for phytotechnology adoption,
particularly when ecosystem service values are included. The
economic case strengthens when considering avoided costs
of alternative remediation approaches and long-term land
value improvements.

The substantial variability in success rates emphasizes the
importance of site-specific design and management. Careful
species selection based on local climate, soil conditions, and
degradation characteristics emerges as the most critical
success factor.

Heavy metal removal achievements, particularly 2,340 mg
As kg™ through Pteris vittata, demonstrate the exceptional
potential of hyperaccumulator species for severely
contaminated sites. However, the need for biomass disposal
and potential food chain contamination requires careful
management.

Future research priorities include developing climate-adapted
species and management strategies, optimizing system
design for multiple objectives, and scaling successful
approaches to landscape levels. Integration with precision
agriculture and carbon market mechanisms offers additional
opportunities for enhancement.

5. Conclusion

Phytotechnology approaches demonstrate exceptional
capability for restoring soil functionality in degraded
landscapes while providing multiple ecosystem services and
economic benefits. The documented improvements in
physical, chemical, and biological soil properties, achieving
3-5 fold enhancements within 5-7 years, validate
phytotechnology as a viable alternative to conventional
restoration methods.

Key findings establish that treatment wetlands and
agroforestry  systems provide optimal functionality
restoration  through ~ comprehensive  environmental
optimization, while hyperaccumulator species excel for
severe contamination remediation. Economic analysis
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revealing benefit-cost ratios of 2.8-4.7 demonstrates financial
viability when ecosystem services are appropriately valued.
The temporal dynamics showing 80% functionality recovery
within 5-7 years provide realistic expectations for restoration
planning, while spatial analysis identifying 847 million
hectares of implementation potential demonstrates substantial
scaling opportunities globally.

However, success depends critically on appropriate species
selection, adequate site preparation, and sustained management,
requiring technical expertise and long-term commitment.
Climate change impacts necessitate adaptive strategies and
species selection for future resilience.

These findings support widespread adoption of phytotechnology
approaches for landscape restoration while emphasizing the
importance of site-specific design, integrated management,
and long-term perspectives. The demonstrated multiple
benefits  including carbon  sequestration, biodiversity
enhancement, and economic returns provide compelling
justification for investment in these sustainable restoration
technologies.

Implementation  requires coordinated efforts among
researchers, practitioners, policymakers, and land managers
to optimize design approaches, develop supportive policies,
and scale successful applications to address the global
challenge of landscape degradation.
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