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Ecological Efficiency: Rational Land
Use for a Sustainable Future

How science, optimization, and
policy can align human needs with
the health of our planet —
transforming the way we think

about every acre of land on Earth.
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QLESLIE The Land Use Dilemma

Across the globe, the decisions we make
about land — what to grow, where to build,
which ecosystems to protect — carry
consequences that ripple through climate
systems, food supplies, and biodiversity for
generations. Chapter 1 examines the
fundamental tensions at the heart of

modern land use.
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(;ESUE A World of Competing Demands

The 21st century has placed extraordinary pressure on the world's land resources. As the global population approaches 10 billion and
consumption patterns intensify, land is being asked to serve more masters than ever before — simultaneously feeding people, storing carbon,
sheltering biodiversity, and supplying raw materials for a growing economy.

Rising Demand for Food & Resources Climate Change Urgency

Global food demand is projected to increase Land use change accounts for roughly 23% of

by 50-70% by 2050. Agricultural expansion, total anthropogenic greenhouse gas
intensification, and changing dietary habits — emissions. Simultaneously, land must serve
especially rising meat consumption in as a critical sink for carbon sequestration,
developing economies — are driving making its management central to any viable

unprecedented pressure on agricultural and climate mitigation and adaptation strategy.
natural lands alike.
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(;ESUE The "Triple Challenge"

Land use planning today faces what researchers describe as a triple challenge: meeting food security requirements for a growing population,
maintaining the ecosystem services that sustain life on Earth, and reversing catastrophic biodiversity loss — all while navigating the twin
imperatives of climate mitigation and adaptation. These objectives are deeply interconnected, yet frequently in direct conflict with one
another. Expanding cropland boosts food supply but destroys habitat and releases stored carbon. Restoring forests sequesters carbon and
supports biodiversity but reduces land available for agriculture. Current land use patterns are far from optimal for addressing any one of
these challenges — let alone all three simultaneously.

[| Food Security [ Ecosystem Services

Feeding a global population of nearly 10 Clean water, pollination, soil health, flood
billion requires sustained and significant regulation — these services flow from
increases in agricultural productivity, healthy ecosystems and must be
particularly in regions most vulnerable to preserved even as land use intensifies to
food insecurity. meet human demands.
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(;ESUE Historical Land Use: Driven by Tradition, Not Ecology

For most of human history, land use decisions were shaped not by ecological rationality, but by tradition, cultural inheritance, local economic conditions, and
short-term production incentives. Farmers cultivated what their parents had cultivated. Settlements grew where transportation was convenient. Grazing
patterns followed centuries-old routes rather than scientific assessments of carrying capacity or biodiversity sensitivity.

The gap between where we currently use land and where we should use it
— based on biophysical potential and global need — represents one of the

Inherited cultural and agricultural traditions passed down across greatest untapped opportunities for sustainable development.
generations

Local production costs and market accessibility rather than ecological

suitability

Path dependency: existing infrastructure, ownership structures, and

land tenure systems

Short-term profit maximization without accounting for long-term

ecological degradation

What Drives Historical Patterns

« Massive GHG emissions from deforestation, peatland drainage, and
inappropriate tillage practices

« Accelerating biodiversity loss as natural habitats are converted to
monocultures

« Soil degradation and declining agricultural productivity in over-
exploited regions

« Inefficient resource use, with highly productive biophysical zones
under-utilized while marginal lands are over-exploited
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QLESLIE Nature's Balance vs. Human Demand

Across the world, landscapes tell a story of two
competing realities: the intricate, self-sustaining
complexity of natural ecosystems, and the
simplified, high-output monocultures engineered
for maximum human yield. The challenge of
ecological efficiency lies in reconciling these two
worlds — finding land use configurations that
honor both imperatives without sacrificing one

entirely for the other.

Co-funded by
the European Union




)

(;ESUE The Science of Optimization

Transforming land use from historically-
driven patterns to ecologically rational
allocations requires more than good
intentions — it demands sophisticated
scientific tools, integrated modeling
frameworks, and a rigorous
understanding of the complex trade-
offs involved. Chapter 2 explores the

cutting-edge science driving this

transformation.
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Ecological Rationality in Spatial Planning

)

The emerging field of ecological rationality in spatial planning seeks to bridge the gap between theoretical ecology and practical land use
decision-making. It provides planners, policymakers, and scholars with scientifically grounded frameworks that translate complex ecological

knowledge into actionable guidance. Rather than treating environmental protection as a constraint on development, ecological rationality
repositions it as a prerequisite for long-term productivity and resilience.

Integrating Ecology and Land Use Practical Theoretical Frameworks

Sciences , ,
Beyond academic theory, the field

Ecological rationality draws on
disciplines including landscape ecology,
biogeography, soil science, hydrology,
and agronomy to build comprehensive
models of how different land uses

interact with and affect natural systems.

This integration enables planners to
anticipate second- and third-order
effects of land conversion decisions.

develops practical tools that
practitioners can apply in real planning
contexts — from municipal zoning
decisions to national agricultural
strategies. These frameworks make
sophisticated ecological analysis
accessible to non-specialists while
maintaining scientific rigor.
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(;ESUE The Power of Optimization Algorithms

One of the most significant advances in land use science has been the application of mathematical optimization algorithms to land allocation
problems. Rather than evaluating a handful of predefined scenarios, these algorithms can explore the vast "option space" of possible land
conversions — identifying configurations that achieve the best possible outcomes across multiple, often competing, objectives.

How Optimization Works

Modern land use optimization combines dynamic vegetation
models — which simulate how ecosystems respond to land cover
changes over time — with multi-objective optimization algorithms.
The result is a set of Pareto-optimal solutions: allocations from
which it is impossible to improve one objective without worsening
another. This defines the true frontier of what is achievable.

Algorithms such as genetic algorithms, simulated annealing, and
integer programming can evaluate millions of potential land
configurations to identify those that sit on or near this optimal
frontier, providing decision-makers with a scientifically grounded
menu of realistic options.
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(;ESU E Quantifying the Potential: A Global Perspective

The theoretical promise of land use optimization translates into striking quantitative gains when applied at global scale. Research combining biophysical
potential mapping with global supply and demand modeling reveals that simply reallocating existing land use — without expanding the total
agricultural footprint — could yield transformative improvements across multiple dimensions of sustainability.

+83% +8%

Crop Production Water Availability
Potential increase in global crop output through  Increase in global available runoff achievable by
optimized allocation based on biophysical aligning crops and land covers with watershed
suitability and comparative advantage across hydrology and regional water yield potential.
regions.

+3%

Carbon Storage

Net increase in global carbon sequestration
achievable through strategic reforestation and
conversion of marginal croplands to natural
vegetation.
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QLESLIE Mapping the Path to Optimal Land Use

Global optimization models produce spatially
explicit maps that identify where each land use
type delivers the greatest aggregate benefit.
Forests concentrated in high-biodiversity, high-
carbon zones. Crops allocated to the most
biophysically productive agricultural lands.
Grasslands and pastures positioned where they
minimize ecological costs. These maps form the
blueprint for a rationally organized global land

system — one that feeds the world while

preserving its natural capital.
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QLESLIE Real-World Applications and Innovations

Scientific optimization frameworks only deliver
value when they translate into real decisions on
real landscapes. Chapter 3 examines how these
tools are being applied in specific regional
contexts — from sub-Saharan Africa to Great
Britain — and explores the frontier of integrating

renewable energy into land use planning.
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» Case Study: Tanzania — Balancing Savanna and
qLESLIE

) Agriculture

Tanzania presents one of the most compelling test cases for ecological land use optimization. The country faces intense pressure to expand
agricultural production to meet the food security needs of a rapidly growing population, while simultaneously hosting globally significant
savanna ecosystems, wildlife corridors, and biodiversity hotspots. The tension between these imperatives is not merely academic — it plays
out in the daily decisions of millions of smallholder farmers and national land use planners.

The Optimization Approach

Researchers developed a spatially explicit optimization model for
Tanzanian cropland allocation that integrated four key dimensions:

« Crop yield potential — maximizing agricultural output per unit
of land based on soil quality, rainfall, and temperature

« Market access — minimizing travel time to markets to ensure
economic viability for farmers

« Biodiversity impact — quantifying habitat loss and species
disruption from land conversion

« Carbon and connectivity costs — measuring carbon emissions
and landscape fragmentation resulting from each allocation
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Case Study: Great Britain — Strategic Land Reallocation

)

Great Britain offers a strikingly different context from Tanzania but an equally instructive case for land use optimization. As a densely
populated, highly developed nation with an intensive agricultural sector and ambitious biodiversity and net-zero commitments, Great Britain
faces the challenge of doing more with existing land rather than expanding its agricultural footprint.

Trade-Off Evaluation

The study evaluated the full spectrum of
trade-offs between agricultural and
forestry production, carbon
sequestration in soils and biomass, and
biodiversity outcomes — creating a
comprehensive multi-objective
framework for national land use
planning that went beyond conventional
scenario-based analyses.

2

Identifying Win-Win Locations

A central finding was that strategic
placement of land conversions —
moving specific marginal agricultural
parcels into woodland, peatland
restoration, or species-rich grassland —
could deliver substantial
improvements in carbon and
biodiversity metrics without
compromising overall national
agricultural production volumes.
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QLESLIE Finding the Sweet Spot: The Triple Win

The ultimate goal of multi-objective land use
optimization is to identify configurations where
agriculture, biodiversity, and carbon sequestration are
not in zero-sum competition — but where clever spatial
allocation allows each to flourish together. Research
from both Tanzania and Great Britain confirms that this
"sweet spot" exists and is reachable. It requires
abandoning the assumption that food production and
ecological health are inherently in conflict, and replacing
it with a science-driven search for the allocations where

all three objectives simultaneously benefit.
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(;ESUE Beyond Agriculture: Integrating Renewable Energy

As the global energy transition accelerates, a new dimension has been added to the land use optimization challenge: the large-scale deployment of solar,
wind, and bioenergy infrastructure. Renewable energy installations require significant land, and their placement can either complement or conflict with
conservation, agriculture, and carbon objectives — making integrated planning more important than ever.

Emerging Multi-Sector Models The Energy-Land Nexus

Researchers are now developing land use models that incorporate Solar farms, wind turbines, and energy crops each have distinct spatial
renewable energy as a fourth objective alongside food production, carbon, footprints and ecological impacts. A solar installation on degraded

and biodiversity. Key emerging insights include: agricultural land may represent a net ecological gain. The same installation

in a biodiversity hotspot could be deeply counterproductive. Without
spatially explicit optimization, energy deployment risks undermining the
conservation and food security gains achievable through better land
allocation.

« Co-location opportunities: Agrivoltaic systems allow solar energy
generation and food production on the same land, potentially reducing
trade-offs between energy and agriculture

+ Degraded land priority: Placing energy infrastructure on degraded or
low-productivity lands minimizes conflicts with both food production
and conservation

*  Grid proximity optimization: Integrating transmission infrastructure
costs into spatial models ensures energy sites are both ecologically
sound and economically viable

+ Biomass with caution: Energy crops must be carefully sited to avoid
displacing high-carbon ecosystems or food production capacity
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QLESLIE The Future of Land Use

The science of land use optimization has
matured sufficiently to offer not just

| r academic insights, but actionable blueprints

for a fundamentally different relationship
between human societies and the land they

inhabit. Chapter 4 explores what this future

looks like — and what it will take to get there.
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(;ESUE Reimagining Land Use for Global Supply

The most profound shift required in land use thinking is a move from historically inherited patterns to a globally rational, supply-
responsive system. This means breaking free from the inertia of path-dependent land use and embracing a framework where allocation
decisions are guided by where each land use type delivers the highest aggregate value to humanity and the planet.
This transition also demands a regional lens calibrated to global pressures. Different regions face different combinations of food security
urgency, ecosystem service value, and climate vulnerability. Effective global optimization must account for these regional specificities rather
than applying uniform prescriptions — recognizing that a solution optimal for sub-Saharan Africa may look very different from one tailored for
Western Europe or Southeast Asia.

Historical Patterns Scenario Analysis

Land use determined by tradition, local Comparing a limited number of predefined
economics, and path dependency — scenarios — an improvement but still
ecologically arbitrary and globally constrained by the imagination of planners
inefficient

Global Optimization

Systematically exploring the full option
space to identify allocations that maximize
value across food, water, carbon, and
biodiversity objectives simultaneously
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(;ESUE Benefits of Optimal Land Use

When land use is guided by ecological rationality and multi-objective optimization, the benefits extend across every dimension of sustainable
development. These are not marginal improvements — they represent step-change gains achievable within the existing global land base, without

requiring net expansion of the agricultural or urban footprint. Enhanced Water Availability

Increased Food Production Optimizing land cover for watershed function — replacing water-intensive
crops with drought-adapted varieties in water-scarce regions and restoring

Aligning crop types and agricultural intensities with biophysical suitability
natural vegetation in key recharge zones — can increase available

could increase global food output by up to 83%, substantially narrowing
the projected gap between supply and demand by mid-century — without ~ [reshwater runoff by up to 8% globally.
clearing additional natural land.

Climate Mitigation

Strategic reforestation of marginal and degraded lands — guided by
spatial models that identify highest-carbon-potential sites — can deliver
significant increases in terrestrial carbon storage, contributing

meaningfully to net-zero pathways.
Biodiversity Protection

Optimization models that incorporate species habitat requirements and
connectivity metrics can identify land use configurations that protect and
restore biodiversity far more effectively than conventional conservation
approaches focused on protected area boundaries alone.
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QLESLIE A Vision for the Future

The cities and landscapes of tomorrow need not be

defined by the trade-off between human prosperity and
ecological health. A future guided by ecological efficiency
envisions urban environments seamlessly integrated with
productive green infrastructure — where vertical farms
reduce the agricultural land footprint, restored urban
ecosystems filter air and water, and regional land systems
are organized around the full stack of human and
planetary needs. This is not utopia — it is the logical
destination of applying science and rationality to our most

fundamental resource.
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= The Role of Policy and Economics

Scientific optimization models identify what is possible — but translating possibility into reality requires robust policy frameworks, economic incentives, and
institutional coordination. The science-policy interface is where land use transformation will ultimately succeed or fail.

Bridging Science and Policy

Effective land use policy must be grounded in the best available science,
but it must also account for political feasibility, equity considerations, and

the legitimate interests of farmers, communities, and nations. This
requires:

« Translating complex optimization outputs into clear, actionable policy
recommendations

Developing monitoring and verification systems to track outcomes
against targets

Building institutional capacity in planning agencies to use advanced
spatial modeling tools

Ensuring that optimization frameworks are transparent, participatory,
and democratically accountable

Connecting climate, biodiversity, and food objectives within a unified policy
architecture — rather than addressing each in separate silos — is essential
to achieving system-wide coherence.
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Tools for Planners

)

The translation of ecological optimization science into planning practice depends critically on the availability of accessible, credible, and technically
robust tools. A new generation of planning instruments is emerging that empowers decision-makers at every scale — from local zoning boards to
national ministries — to incorporate ecological rationality into their work.

Ecosystem Service Mapping &
Assessment

Tools such as INVEST (Integrated Valuation of
Ecosystem Services and Trade-offs) and the
EU's MAES framework enable spatially
explicit quantification of ecosystem services
— translating complex ecological functions
into maps and metrics that planners can
directly incorporate into decision processes.
High-resolution remote sensing and
machine learning are dramatically
expanding the accuracy and coverage of
these assessments.

Green Infrastructure Planning

Frameworks like the EU Biodiversity
Strategy's Green Infrastructure Initiative
provide structured approaches to
incorporating ecological networks into
spatial plans. Green infrastructure —
interconnected systems of natural and semi-
natural areas — delivers multiple ecosystem
services simultaneously while enhancing
landscape connectivity and climate
resilience. Planning tools now allow these
networks to be designed and evaluated
quantitatively.
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A Vision for Ecological Efficiency

)

At its fullest expression, ecological efficiency is not merely a technical concept — it is a governing principle for the relationship between human

civilization and the natural world. It holds that every unit of land should be used in ways that maximize aggregate value across the full
spectrum of human and ecological needs, guided by the best available science and organized around long-term planetary flourishing rather
than short-term extraction.

Land That Actively Supports
Ecological Health

Ecologically efficient land use is not
just about minimizing harm — it is
about actively restoring and
enhancing the natural systems that
underpin all human prosperity. This
means managing agricultural
landscapes for biodiversity, designing
urban areas as ecological assets, and
treating ecosystem services as non-
negotiable returns on land
investment.
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Continuous Innovation in
Modeling and Planning

The science of land use optimization is
still maturing. Advances in remote
sensing, computational power,
machine learning, and integrated
Earth system modeling will continue
to expand what is knowable and
achievable. Sustained investment in
research, data infrastructure, and
modeling capacity is essential to
keeping planning tools aligned with
evolving ecological and climatic
realities.
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(;ESUE The Path Forward: Rational Land Use for a Thriving Planet

The science is clear. The tools are available. The potential gains — in food, water, carbon, and biodiversity — are substantial. What remains is the collective will to act. The
path to ecological efficiency runs through three interconnected imperatives:

o1 02

Embrace Optimization and Ecological Invest in Research and Integrated Planning
Rationality Tools

Governments, planning agencies, and agricultural Sustained public and private investment in land use
institutions must embed multi-objective optimization science, ecosystem service mapping, dynamic

and ecological rationality into their core decision- vegetation modeling, and optimization platforms is
making frameworks. This means moving beyond essential. Open-access data, interoperable modeling
incremental improvements to historically-driven frameworks, and capacity-building programs for
patterns and committing to science-guided spatial planners in developing countries are particularly high-
allocation as the default mode of land use governance. priority investments. The marginal cost of better
Investing in the analytical capacity to use these tools — spatial decision-making is trivial compared to the
and the political will to act on their outputs — is the ecological and economic value it unlocks.

foundational requirement.
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