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CHAPTER 1

Foundations of Land Management
Management Systems

Integrating Nature and Society for Resilient, Sustainable Futures
Understanding the building blocks — from physical landscapes to the governance
structures that shape them.
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What Are Land Management Systems?

Land management operates through two deeply interwoven systems — one tangible, one conceptual — that together determine how we use,
conserve, and transform the land beneath our feet.

Material Systems Abstract Systems Interaction & Outcomes

The physical land itself: soils, water Governance structures, policies, legal Both systems interact dynamically —
bodies, vegetation cover, built frameworks, social institutions, and physical constraints inform policy, while
infrastructure, and the ecological cultural values that regulate human governance shapes land use practices.
processes that sustain them. These set decisions about land. These shape Their alignment (or misalignment)

the biophysical boundaries for all land incentives, access rights, and stewardship determines sustainability outcomes.
use. norms.
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The Land System Concept

At the heart of modern land science lies the concept of the Coupled Human and
Natural System (CHANS). A land system is not merely a patch of terrain — it is a
dynamic, interwoven entity encompassing land cover, land use, ecological
processes, human decision-making, and governance institutions.

This concept recognizes that environmental change cannot be understood
through ecology alone, nor through social science alone. Instead, the land system
framework captures the feedback loops between human activities (agriculture,
urbanization, forestry) and natural responses (soil degradation, biodiversity shifts,
hydrological change). It is central to understanding global environmental change,
resource management, and pathways toward sustainability.
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(;ESUE Coupled Human-Natural Land System

The feedback loops between ecological and social components create a complex, adaptive system where actions in one domain ripple through the other.

Ecological Processes 6%6 Land Cover & Use

Socioeconomic Drivers Human Decisions

Understanding these feedback dynamics is essential for designing interventions that work with natural systems rather than against them, and for anticipating unintended
consequences of policy and land use decisions.
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Why Integrate Material and Abstract Systems?

Approaching land management through only one lens leads to blind spots and unintended consequences. True sustainability demands

integration.

Material Alone Falls Short

Focusing solely on physical land
conditions ignores the social drivers,
power structures, and institutional
constraints that shape how land is
actually used. Without understanding
governance, solutions remain technically
sound but socially unworkable.

Co-funded by
the European Union

Abstract Alone Misses Limits

Policies and frameworks designed without
regard for ecological limits — soil capacity,
water availability, biodiversity thresholds —
risk degrading the very resources they aim
to manage. Nature imposes non-
negotiable boundaries.

Integration Enables Solutions

When material realities and abstract
governance are considered together,
decision-makers can craft holistic strategies
that are ecologically viable, socially
equitable, and economically sustainable.
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CHAPTER 2

Frameworks Bridging Material and
and Abstract Systems

Connecting ecological science with governance through integrated analytical

frameworks.
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Land System Architecture & Landscape Ecology

Two complementary frameworks provide the scaffolding for understanding how patterns on the land emerge from — and feedback into —

human and ecological processes.

Land System Architecture (LA)

Focuses on land-use patterns,
governance hierarchies, and decision-
making scales. LA examines how
policies at municipal, regional, and
national levels create distinct spatial
signatures on the landscape — from
agricultural zones to protected areas
and urban corridors.
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Landscape Ecology (LE)

Studies the spatial configuration of
ecosystems and the ecological
processes they support — patch
dynamics, edge effects, habitat
connectivity, and nutrient cycling. LE
reveals how landscape structure
influences biodiversity and ecosystem
function.

Combined Power

When LA and LE are integrated,
researchers can map the tradeoffs and
feedbacks that operate across spatial
scales — revealing, for example, how
urban zoning policies fragment wildlife
corridors or how agricultural subsidies
alter watershed hydrology.



)

(;ESUE The Land Resource Circle Framework

This ecosystem-service-based framework provides a structured approach to linking soil functions, land use decisions, and the services that

landscapes deliver to society.

Resistance to Pressures
Soil Functions

O Erosion tolerance, contamination buffering
Nutrient cycling, water filtration, carbon @
storage
Multifunctionality
Multiple services from the same land parcel
&
Decision Support @%
Mapping functions to ecosystem services for Off-Site Impacts
planning @ Downstream, downwind, and regional

effects

By considering resistance to pressures, multifunctionality, and off-site impacts, the framework supports decision-makers in balancing competing

land use demands while preserving the ecological foundation that all uses depend upon. Co-funded by

the European Union
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TPOR Framework: Ten Pillars of
Resilience

The Ten Pillars of Resilience (TPOR) framework offers a comprehensive, socio-
ecological approach to landscape management. Designed for an era of
accelerating climate change, TPOR structures resilience assessment around ten
fundamental pillars — each representing a key system constituent essential for
landscape persistence and adaptation.

Each pillar is decomposed into measurable elements and quantifiable metrics,
creating a hierarchical assessment tool. This structure enables land managers to
diagnose vulnerabilities, prioritize restoration interventions, and track progress
over time. TPOR bridges the gap between abstract resilience theory and practical
adaptive management on the ground.
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(;ESUE TPOR Framework Hierarchy

The framework operates across three nested levels, translating broad resilience concepts into actionable field measurements.

Metrics

1 Quantifiable measures

Elements

Key system components

Pillars

Ten foundational resilience domains

Pillars define the broad domains of landscape resilience (e.g., biodiversity, water regulation, social capital). Elements break each pillar into its
key system components. Metrics provide the quantifiable indicators used to measure, monitor, and compare resilience across landscapes and
time periods — guiding restoration priorities and adaptive management strategies.
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CHAPTER 3

Decision Support Tools and
Indicators

From data to decisions — the technologies and metrics that empower land

managers to act with confidence.
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» Support System (EMDS)

EMDS represents a powerful convergence of geospatial technology, logic-based reasoning, and decision modeling — purpose-built for the
complexity of landscape-scale environmental planning.

01

GIS Integration

Ingests spatial data from satellites, field sensors, and existing databases to create
comprehensive landscape portraits.

02

Logic Reasoning Engine

Applies knowledge-based logic to evaluate landscape conditions, diagnose problems, and
identify priorities.

03

Decision Modeling

Generates scenario-based recommendations for multi-scale environmental planning and
adaptive management.

04

Cloud Deployment

Latest versions support cloud-based access and diverse data sources, expanding reach and
collaboration.
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(;ESUE Landscape Indicators for Public Land Management

Federal agencies like the Bureau of Land Management (BLM) rely on a suite of landscape indicators to monitor ecological integrity and guide

planning across vast public lands.

—— —0— —0—

Amount Distribution Patch Size

Total quantity of each vegetation type Spatial arrangement and geographic The area of contiguous vegetation
across the management area — the spread of vegetation communities across patches — critical for habitat viability
baseline for all ecological assessments. the landscape. and species persistence.
Connectivity Diversity

Degree to which vegetation patches are linked, enabling wildlife Variety of vegetation types and species composition — a key
movement and genetic exchange. indicator of ecosystem resilience and health.

Together, these five indicators help quantify ecological integrity and inform land use objectives at regional and national scales.
s Co-funded by
the European Union
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Multiscale Monitoring and Assessment

Effective land management demands data at multiple scales — from continent-spanning satellite imagery to plot-level field measurements —

woven into a coherent picture of landscape health.
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Broad-Scale Remote Sensing Local Field Data Integrated Analysis

Satellites and aerial platforms capture land Ground-truth measurements of soil quality, Combining scales reveals spatial and

cover changes, vegetation health indices, and  species composition, and water quality temporal dynamics — supporting balanced
urbanization trends across vast areas, provide the granular detail needed to land use, stakeholder engagement, and
providing temporal baselines for change validate and calibrate remote sensing evidence-based decision-making.
detection. products.
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CHAPTER 4

Real-World Applications and Case
Case Studies

Theory in action — how integrated land management frameworks are solving real

challenges on the ground.
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(;ESUE Hydrochar Production for Boreal Soil Amendment

Innovation at the Material-System Frontier

In boreal forests, wood residues from forestry operations can be converted
into hydrochar — a carbon-rich soil amendment produced through
hydrothermal carbonization. This process transforms low-value biomass
into a product that enhances soil structure and fertility.

Life cycle assessments demonstrate net CO, savings compared to
conventional waste management, alongside economic viability for forestry
operations. By sequestering carbon in soils while improving land
productivity, hydrochar exemplifies how material-system innovation can
directly support sustainable land use and climate mitigation goals.
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Multibenefit Land Repurposing for Water Security

In water-stressed regions, transitioning irrigated agriculture to less water-intensive land uses offers a powerful strategy for enhancing both

landscape resilience and long-term water sustainability.

9 & v/
Identify Stress Transition Land Use Realize Multiple Benefits
Map areas where irrigation demand Shift from high-water crops to native Water savings, habitat restoration,
exceeds sustainable supply habitat, solar, or dryland farming economic diversification, reduced
emissions

This approach integrates social, ecological, and economic benefits — reducing aquifer depletion, restoring wildlife corridors, and creating
new revenue streams for rural communities. It embodies the principle that sustainable land management must address material and abstract

systems simultaneously.
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Landscape Vegetation Pattern Indicators in the Western US

A landmark assessment of public lands across the western United States quantified vegetation patterns using landscape ecology indicators —
revealing critical insights for conservation strategy.

Connectivity Gaps Riparian Deficits Diversity Shortfalls
Fragmented patches limit wildlife Wetland and riparian vegetation far Native species diversity declining in key
movement across vast federal lands below historical baselines management areas

These findings directly inform policy-relevant land use planning and conservation strategies, helping agencies like the BLM prioritize
restoration investments and set measurable ecological objectives for landscape health.
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(;ESUE Land Repurposing Transformation

The visual contrast between conventional irrigated agriculture and multibenefit landscape repurposing illustrates the scale of opportunity in
water-stressed regions.

Before: Irrigated Agriculture After: Multibenefit Landscape

High water consumption, monoculture crops, declining aquifers, Reduced water demand, restored native habitat, renewable energy
limited ecological value, and increasing vulnerability to drought and generation, improved biodiversity, and enhanced community
climate variability. resilience through diversified land uses.
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Challenges and Future Directions

Navigating complexity, embracing innovation, and charting a path toward truly
sustainable land stewardship.
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Complexity and Tradeoffs in Land Systems

Land management decisions rarely involve simple choices. Every action triggers cascading effects across ecological, economic, and social
domains — demanding careful navigation of inherent tensions.

Managing uncertainty under accelerating climate change — combined with evolving land use pressures — requires interdisciplinary
approaches and deep stakeholder engagement to find solutions that balance competing demands without exceeding ecological thresholds.
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(;ESUE Advances in Data and Modeling

Rapid technological progress is transforming how we understand, monitor, and manage land systems — putting powerful tools in the hands of
decision-makers.

Remote Sensing Revolution Resilience Frameworks
High-resolution satellite constellations now Frameworks like TPOR and the Land Resource
provide near real-time monitoring of land cover Circle translate abstract resilience concepts into
change, vegetation health, and urbanization at measurable indicators, supporting adaptive
unprecedented spatial and temporal detail. management and evidence-based restoration
priorities.
1 2 3 4
Integrated Decision Support Adaptive Management
Platforms like EMDS combine GIS, logic engines, Growing emphasis on iterative learning — where
and scenario modeling — enabling planners to monitoring data continuously informs and refines
evaluate complex tradeoffs and simulate future management strategies through scenario planning
landscape trajectories. and stakeholder feedback loops.
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Toward Sustainable Land Management

9, Embrace Coupled Perspectives

Adopt frameworks that treat material and abstract systems as inseparable —
recognizing that effective land management requires simultaneous attention to
ecological conditions and governance structures.

@} Leverage Technology and Policy Integration

Deploy advanced monitoring tools, decision support systems, and data-driven
policies that translate scientific understanding into actionable management
strategies with measurable outcomes.

0o Foster Cross-Sector Collaboration

Build partnerships across government agencies, research institutions, local
communities, and the private sector — ensuring that knowledge, resources,
and authority align at every scale of action.
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Systems Is Key to Resilient Land
Management

Land management is not merely an ecological challenge or a governance problem — it is
a deeply intertwined socio-ecological endeavor that demands integrated thinking.

Complex Challenge Powerful Tools
= =N Land management sits at the Frameworks like TPOR, EMDS, and the
== — — intersection of ecology, economics, Land Resource Circle — combined with
-— = culture, and governance — requiring advanced monitoring — enable
approaches that honor this complexity. informed, adaptive decision-making.

Shared Stewardship

Together, we can steward the land for both ecological health and human well-being —
building landscapes that are resilient, productive, and just.
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