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Foreword

What an exciting World Bank report, breaking new ground! Nature’s Frontiers: 
Achieving Sustainability, Efficiency, and Prosperity with Natural Capital is timely, 
given the explosion of interest in bringing nature into decision-making. It is 
also urgently needed. With the focus on natural capital as central for prosperity, 
the report makes abundantly clear that this is about so much more than nature-
based or nature-positive solutions. Accounting for the work of nature is about 
accounting for the very foundation for sustainable futures—that is, the capacity 
of nature and its biodiversity to provide the essential ecosystem services that 
economic progress and societal development, as embedded parts of our living 
planet, ultimately rest upon.

This essential interplay is beautifully captured in the report’s analyses of the 
efficiency gap: the difference between the set of goods and services that could be 
provided in a sustainable way and what is currently provided, without sacrificing 
other benefits. By combining innovative science, new data sources, and cutting-
edge biophysical and economic models, the highly innovative NatCap team and 
colleagues from the World Bank derived, in an impressive manner, sustainable 
resource efficiency frontiers. Through these frontiers they assessed how as many 
as 146 countries can use their natural capital in more efficient and sustainable 
ways. This work is highly innovative, impressive, and significant!

They found that closing efficiency gaps in relation to biodiversity, carbon 
storage, agriculture, grazing, and timber returns can account for many of the 
world’s pressing economic and environmental problems, like health, food and 
water security, climate change, and economic productivity. The report is truly 
encouraging and inspirational.

Science plays a vital role in making sense of the world, now more than ever 
in these turbulent times. Here, leading scientists forming the research front, in 
collaboration with leading policy experts, have generated stunning results of 
great value for guiding the urgently needed transformation toward biosphere 
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stewardship and sustainable futures. Their novel and pathbreaking approach 
clearly shows that this way forward is not only environmentally and econom-
ically feasible but also hugely desirable.

Carl Folke
Professor and director, Beijer Institute,  

Royal Swedish Academy of Sciences
Founding director and chair of the board,  

Stockholm Resilience Centre

Stockholm, December 2022
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Main Messages

The great expansion of economic activity since the end of World War II 
has caused an unprecedented rise in living standards, but it has also caused 
rapid changes in earth systems. Nearly all types of natural capital—the world’s 
stock of resources and services provided by nature—are in decline. Clean air, 
abundant and clean water, fertile soils, productive fisheries, dense forests, and 
healthy oceans are critical for healthy lives and healthy economies. Mounting 
pressures, however, suggest that the trend of declining natural capital may cast 
a long shadow into the future. 

Recognizing the essential services provided by natural capital, Nature’s 
Frontiers: Achieving Sustainability, Efficiency, and Prosperity with Natural 
Capital proposes a novel approach to address these foundational challenges of 
sustainability. A methodology combining innovative science, new data sources, 
and cutting-edge biophysical and economic models builds sustainable resource 
efficiency frontiers to assess how countries can sustainably use their natural capital 
in more efficient ways. The analysis provides recommendations on how countries 
can better utilize their natural capital to achieve their economic and environ-
mental goals. 

The report indicates that significant efficiency gaps exist in nearly every 
country in the world. Closing these gaps can address many of the world’s pressing 
economic and environmental problems—economic productivity, health, food and 
water security, and climate change. The following is a summary of the key results:

 • Key finding 1: Significant efficiency gaps exist in the use of land in coun-
tries at all income levels and in all regions. For most low-income countries, 
significant increases in net economic returns are possible without sacri-
ficing environmental quality. In fact, there are opportunities to improve both 
economic output and environmental outcomes in most countries. On average, 
countries can almost double their performance in terms of either economic 
returns or environmental outcomes by improving on one dimension without 
a sacrifice in the other outcome.

 • Key finding 2: More efficient use of land could sequester an additional 
85.6 billion metric tons of carbon dioxide equivalent with no adverse 
economic impacts. This outcome is equivalent to about two years of global 
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emissions at current rates and would give the world much-needed time to 
decarbonize before atmospheric greenhouse gas (GHG) concentrations reach 
critical levels. Because most tropical low-income countries have a comparative 
advantage in sequestering carbon through forests, they gain significantly more 
than any other group of countries from policies that reward land-based GHG 
sequestration initiatives.

 • Key finding 3: Better allocation and management of land, water, and other 
inputs could lead to increases in agriculture, grazing, and forestry annual 
income by approximately US$329 billion—and enough food production 
increases to feed the world until 2050—without net loss of forests and 
natural habitats. Global populations are expected to reach 10 billion by 
2050, and more food will be needed to meet global demands. Better culti-
vation strategies that close yield gaps, along with smarter spatial planning, 
can reduce the land footprint of agriculture while increasing global calories 
produced by more than 150 percent.

 • Key finding 4: Existing policies for reducing air pollution and the resulting 
mortality could be achieved with a 60 percent cost saving. The 63 coun-
tries examined for air quality spent a total of US$220 billion—0.6 percent 
of their collective gross domestic product—on air pollution controls per 
year. These expenditures prevented 1.9 million premature deaths per year. If 
more economically efficient policies were adopted, the same results could be 
achieved at an even lower cost—only US$75 billion, or less than US$40,000 
per life saved.

 • Key finding 5: More efficient air pollution policies could have saved signifi-
cantly more lives with the same level of spending. Had countries spent the 
same amount of money to abate particulate matter but implemented the most 
efficient policies instead of the abatement policies they actually implemented, 
they would have prevented an additional 366,000 premature deaths each 
year—a 20 percent improvement over the current level of avoided premature 
deaths.

 • Key finding 6: Although richer countries are more efficient at abating air 
pollution, there are examples of good performers and underperformers 
across all income groups. Most high-income countries perform relatively well 
in terms of pollution abatement and, consequently, reducing negative human 
consequences, but being a high-income country does not automatically ensure 
good performance.

No one-size-fits-all solution exists, given the differences in endowments, 
needs, and capacities among countries. Instead, this report identifies what 
changes are needed and where these changes need to occur in a country. It 
also develops a policy filter for choosing the most appropriate policy mix for 
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the country. The result is a detailed roadmap that can assist in the selection of 
approaches that are most feasible and affordable in each country. The report also 
drills down into specific country examples of priority reforms to illustrate how 
to put these tools into action. 

Given countries’ competing needs and stretched budgets, tackling ineffi-
ciencies remains among the more cost-effective and economically attractive 
ways to achieve global sustainability goals. As global populations expand and 
the climate changes, pressures on common property natural resources will inevi-
tably escalate, and economic consequences will worsen. This report demonstrates 
that there are significant opportunities for using the world’s scarce and valuable 
natural capital more efficiently. Although the approach outlined in this report 
will entail demanding policy reforms, the costs of inaction will be far higher.
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Executive Summary

Introduction

The great expansion of economic activity since the end of World War II has lifted 
billions of people out of poverty and raised living standards around the world, 
but it has also produced rapid changes in the earth’s environment. Air pollution 
kills more people than all wars and forms of violence combined. Deforestation, 
degradation of soils, and destruction of wetlands have diminished the fertility 
of land and the functionality of watersheds. And natural habitat conversion is 
accelerating the loss of flora and fauna and having impacts on biodiversity and 
critical ecosystem services such as pollination, water purification, and pest control 
that support healthy economies and healthy populations. 

To some observers, the decline in natural capital, like the canary in the coal 
mine, is a sign of unsustainable economic activity that could undermine the 
foundations of human well-being (Folke et al. 2021). Others note that economic 
growth continues unabated, despite mounting environmental stresses. According 
to this view, environmental degradation may be the price to be paid for economic 
progress, implying that trade-offs are inevitable for greater human prosperity. 
However, because nature provides essential services for life, health, and the 
economy, mounting evidence suggests that the trend of declining natural capital 
may cast a long shadow into the future (Dasgupta 2021). Thus there may be scope 
for achieving both growth and well-being by enhancing the environment instead 
of destroying it. A recent World Bank analysis found that the partial collapse of 
some ecosystem services globally could bring a decline in global gross domestic 
product (GDP) of US$2.7 trillion by 2030 (Johnson et al. 2021).

A decline in natural capital is typically a result of market failures. Most natural 
capital is in the form of common property. Thus, too often no price is paid for 
utilizing ecosystem services, no reward is given for maintaining natural capital, 
and no costs are incurred for actions that destroy natural capital. Because natural 
capital is routinely unpriced or underpriced, it is used wastefully, and unsustain-
ably. Moreover, seldom are renewable natural resources allocated in ways that 
maximize the full benefits they could produce. Inefficient and unsustainable use 
of these resources for private gain impose local, national, and global costs that 
are paid by society at large.
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Recognizing the essential services provided by natural capital, this report 
proposes a novel approach to address these foundational challenges of sustain-
ability. Innovative science, new data sources, and cutting-edge biophysical and 
economic models are combined to devise resource efficiency frontiers to assess how 
countries can sustainably use their natural capital in more efficient ways. These 
new models evaluate ecosystem services and economic production to estimate 
a country’s efficiency gap—that is, the difference between the set of goods and 
services currently provided and those that could be provided in a sustainable 
way without sacrificing other benefits. Recommendations are also offered on 
how countries can better utilize their natural capital to achieve their economic 
and environmental goals. In doing so, this report provides countries with a road 
map for improving on economic and environmental objectives by delivering 
more efficient and more sustainable outcomes. 

This approach is used for two of the most significant natural capital 
assets, land and (clean) air. The report begins by examining three potentially 
competing land-based outputs: economic production (agriculture, grazing, 
and forestry), greenhouse gas (GHG) sequestration, and biodiversity. Metrics 
for the joint efficiency of all three outputs, as well as individual efficiency 
measures, are generated. Box ES.1 shows an example of the landscape resource 
efficiency frontier comparing economic production and GHG sequestration. 
The report then takes a look at the level of efficiency applied to the control 
of air pollution. The air pollution efficiency frontier measures the additional 
health benefits (lives saved) from more effective spending on the abatement 
of fine particulate matter (PM2.5). PM2.5 is the air pollutant that claims the 
majority of lives, while also causing respiratory infections, cognitive disor-
ders, and impairments in worker productivity. It is therefore a key pollutant 
to target for abatement.

The findings of the study reported here indicate that nearly every country has 
significant efficiency gaps. Closing these gaps can address many of the world’s 
pressing economic and environmental problems—economic productivity, health, 
food and water security, and climate change. What follows is a summary of the 
key findings. 

Key findings of this study

Finding 1: Land use is inefficient in countries at all income levels and in all 
regions. For most low-income countries, significant increases in net economic 
returns are possible without sacrificing environmental quality. In fact, the vast 
majority of countries have opportunities to improve both economic output 
and environmental outcomes. On average, countries can almost double their 
performance on at least one outcome without a sacrifice in any other outcome.
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B OX  E S . 1

An example of an efficiency frontier from West Africa

Figure es.1.1 shows an efficiency frontier for Liberia, a West african country. the blue 
curve traces the maximum attainable combinations of greenhouse gas mitigation and 
biodiversity conservation (vertical axis) and income from farming, forestry, and grazing 
(horizontal axis) that is achievable on a sustainable basis. Points on the frontier represent 
efficient land use and land management, where environmental outcomes cannot be 
increased further without economic losses (and vice versa). Point a is the current steady-
state outcome. Were the country to maximize economic returns from land without any 
sacrifice of environmental services, it would reach point d. Were the country to maximize 
environmental returns without economic sacrifice it would reach point C. the colors in 
the map show the changes in land use and land management needed to achieve these 
transitions. 

very few countries are found to be operating near their efficiency frontiers. Most 
countries can make significant gains in at least one dimension. a contribution of this 
report is to provide the first quantification of the magnitudes of efficiency gains and policy 
shifts needed to achieve frontier efficiency.
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Finding 2: With more efficient use of land, an additional 85.6 billion metric 
tons of carbon dioxide equivalent (CO2eq) could be sequestered with no 
adverse economic impacts. This amount is equivalent to about two years’ worth 
of global emissions at current rates and would give the world much-needed time 
to decarbonize before atmospheric GHG concentrations reach critical levels. 
Because most tropical low-income countries have a comparative advantage in 
sequestering carbon through forests, they gain significantly more than any other 
group of countries from policies that reward land-based GHG sequestration 
initiatives.

Finding 3: If maximizing income is the objective, better allocation and 
management of land, water, and other inputs alone could lead to increases 
in the annual income from agriculture, grazing, and forestry by approximately 
US$329 billion (and enough additional food production to feed the world 
until 2050) without loss of biodiversity or GHG storage and sequestration 
provided by forests and natural habitats. Because the global population is 
expected to reach some 10 billion by 2050, more food will be needed to meet 
that demand. Better cultivation strategies that close yield gaps and smarter spatial 
planning can reduce the land footprint of agriculture while increasing global calo-
ries produced by more than 150 percent. These efficiency gains would produce 
more calories than estimates suggest are needed to meet growing per capita 
consumption and rising populations. Evaluated at current prices, this increase in 
production translates into an 82 percent increase in net value from agriculture, 
grazing, and timber production without adverse consequences for GHG storage 
and sequestration or biodiversity. Notably, most low- and middle-income coun-
tries are currently achieving less than half of their potential agricultural output, 
whereas high- income countries are reaching, on average, 70 percent of their 
potential output. 

Because there are large efficiency gaps in the production of food and most 
GHG sequestration occurs on land that is rich in biodiversity, these results 
suggest that development need not come at the cost of a nation’s biodiversity. For 
most countries, strategic planning and improving the efficiency of production can 
be achieved without a fatal strain on biodiversity. And as the world  implements 
the new Post-2020 Global Biodiversity Framework,1 the resource efficiency 
frontiers described in this report can become a useful evidence-based tool to 
optimize the use of land so that income generation and multiple environmental 
goals are achieved simultaneously. The last chapter of this report illustrates for 
three countries how this could be achieved.

Finding 4: Existing policies for reducing air pollution (and the resulting 
mortality) could be achieved with a 60 percent cost saving. The 63 countries 
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examined for air quality spent a total of US$220 billion—0.6 percent of their 
collective GDP—on air pollution controls per year. These expenditures prevented 
1.9 million premature deaths a year. Even before accounting for inefficiencies, 
they are a remarkably cheap way to save lives—approximately US$115,000 per 
life saved. However, if more economically efficient policies were adopted, the 
same results could be achieved at an even lower cost—only US$75 billion, or 
less than US$40,000 per life saved.

Finding 5: More efficient air pollution policies could have saved significantly 
more lives with the same level of spending. Had countries spent the same 
amount of money to abate PM2.5 but implemented the most efficient policies 
instead of the abatement policies they did put in place, they would have prevented 
an additional 366,000 premature deaths each year—a 20 percent improvement 
over the current level of prevented premature deaths. 

Finding 6: Although richer countries are more efficient at abating air pollu-
tion, there are examples of good performers and underperformers across 
all income groups. Most high-income countries perform relatively well at 
reducing pollution and consequently its negative human consequences, but being 
a high-income country does not automatically ensure good performance. Some 
high- income countries do not place a priority on pollution abatement, whereas 
others have invested in abatement but not efficiently so. In general, lower- income 
countries do not spend much on pollution abatement, but a few do spend effi-
ciently what little they devote to pollution abatement even as most do not. 

The way forward

For landscapes

Policy makers seeking to achieve the efficiency gains identified in this report face 
significant headwinds. Indeed, if change were easy it would already be achieved, 
especially in view of the magnitude of the potential gains. Nevertheless, powerful 
examples from around the world are reminders that natural resource reallocation 
and restoration are not only a path out of poverty, but also a necessary step toward 
sustainable prosperity (Box ES.2). Landscape efficiency gaps typically emerge 
because the allocation of renewable natural resources is related neither to the 
full environmental benefits they could confer, nor to the full economic benefits 
they could generate. As a result, most natural capital is allocated inefficiently and 
degraded and depleted beyond what is economically justifiable. 

There is no one-size-fits-all solution for inefficiencies because of countries’ 
different endowments, needs, and capacities. Instead, this report identifies what 
changes are needed and where these changes need to occur in a country. It also 
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presents a policy filter to choose the most appropriate policy mix for a country. 
The result is a detailed road map that can assist in the selection of approaches 
that are the most feasible and affordable for each country. This report also drills 
down into specific country examples of priority reforms to illustrate how to put 
these tools into action. 

The road to greater efficiency calls for three fundamental shifts:

• Reallocating resources among sectors to their most productive uses. Resource 
reallocation is often a complex, difficult process, but it is also among the most 
powerful engines of economic progress and growth. Land and freshwater are 
widely misallocated due to multiple market and policy failures. Thus policies 
such as forest restoration, where the services of forests are most needed, or 
reallocation of water to where it is most valuable will often generate especially 
large benefits.

• Changing the composition of resources within a sector. Inefficiency may arise 
because of less productive land uses within sectors. For example, production 
patterns often do not reflect the suitability and comparative advantage of land 
across different agroecological dimensions.

• Improving the efficiency of resource use. Even when the allocation of resources 
between and within sectors is efficient, resources may still be used inefficiently. 

B OX  E S . 2

The Loess Plateau: A transformational landscape

reaching the efficiency frontier by making better use of environmental resources while 
enhancing economic growth and multiplying livelihood opportunities is possible. Perhaps 
the most salient example of this possibility comes from the Loess Plateau in north-
central China. after thousands of years of agricultural exploitation and limitless grazing, 
this region of China—which extends over 640,000 square kilometers—became a barren 
dust bowl. the degraded vegetation only accelerated the dilapidation process because 
nothing was left to prevent the flow of rainfall from turning into silt-filled floods and further 
eroding the landscape. Few would have believed that restoration of such a barren, infertile 
landscape would have been possible. 

over the last 40 years, however, funding from the Chinese government and the World 
bank has successfully reversed this vicious cycle and restored close to 4 million hectares 
in the Loess Plateau. restoration involved a three-tier strategy: (1) planting trees on the 
tops of hills to filter the rain and increase biodiversity; (2) building terraces for agriculture 
along the center of the plateau, which would then benefit from increased moisture and 
natural irrigation; and (3) building reservoirs to help collect excess water in the valleys. 
the transformation was truly revolutionary. once dry, barren, and depleted, the land is 
now green, fertile, and abundant. 

the economy has benefited as well. agricultural yields have risen markedly and contin-
uously since the restoration began, and the land is producing not only more yields but also 
greater quality and variety. Meanwhile, farmers and vendors have seen higher incomes, 
which have improved the living standards of the entire region (guo et al. 2014).
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On average, 55 percent of gains in the value of agricultural production are from 
sustainable intensification—using resources more efficiently. These gaps are 
especially large in low-income countries, suggesting that there is a significant 
potential to close productivity gaps without compromising environmental 
outcomes. 

A wide array of policies is available to achieve these objectives. The suite of 
policies to induce such shifts has been extensively documented and comprehen-
sively analyzed. They include payments for ecosystem services and conservation 
tenders (bids) that provide the incentives needed to reallocate resources to better 
uses. Other approaches involve zoning, planning, and support for both environ-
mental and economic benefits through regenerative production and sustainable 
and nonconsumptive forest utilization. Often, misallocation is a consequence 
of misaligned incentives caused by policy failures such as poorly designed taxes 
or subsidies that should be repurposed and rendered less harmful. Market-
based instruments such as “cap-and-trade” schemes or pricing can discourage 
profligacy in resource use. In low-income countries where agricultural yields 
are often far below their potential, the mix of required policies might include 
tackling the credit constraints facing smallholders, lack of inputs, lack of access 
to markets, informational constraints, lack of insurance, skill deficits, and lack 
of secure land tenure. Investments in infrastructure such as irrigation, transport, 
and communications—to better connect farmers to markets in both a physical 
sense and an informational sense—may also pay large dividends for intensifying 
agriculture without encroaching on the forest frontier. A nonexhaustive menu of 
policy options and how to choose between these using a policy filter is described 
in the report with country examples.

For air pollution

Because of the vital role that air quality plays in protecting human lives and 
the economy, it is critical that policies and investments prevent its degradation. 
Countries vary in terms of how ambitious they are in protecting air quality, as 
well as how efficient they have been in the policies and investments that they 
have put in place. Thus solutions to improving air pollution abatement will differ 
based on these factors:

• More complex approaches are needed in countries that are already highly effi-
cient at abating pollution and are also highly ambitious. Despite the admirable 
performances of several wealthy economies, important cost-effective gains can 
still be made by further reducing PM2.5. These countries generally have strong 
institutions and large capacities for monitoring and can use more cost-effective 
policy instruments such as pollution taxes. Cost-effective remedies may call 
for addressing pollution abatement in upwind jurisdictions where marginal 
abatement costs may be lower. 
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• Expanding the scope of pollution abatement is necessary in the lower- income 
countries that are highly efficient in reducing pollution but have low ambition. 
The current focus in these countries tends to be on the lower-hanging fruits of 
pollution control (such as particle filters for large point sources burning coal), 
where pollution abatement is relatively less expensive. Expanding ambition 
will require looking outside of these sectors to things such as solid-fuel cook-
stoves, agricultural residue burning, and waste management. Large data and 
knowledge gaps also often exist in these countries, which makes monitoring 
and efficient program implementation difficult.

• Most low-income countries are not ambitious in their spending or ambitious 
in their pollution reduction policy goals. They need to invest systematically 
in pollution control, starting with the lowest-cost options. Typically, countries 
in this group have taken only very basic measures to control air pollution, 
despite their serious pollution levels and the resulting significant burden on 
public health and economic performance. As with the previous category, they 
will have to expand pollution control measures to a wider set of sectors, revisit 
energy subsidy systems, and fill critical data and knowledge gaps. Nevertheless, 
these countries often face additional challenges due to lack of funds, enforce-
ment capacity, and even basic information on sources of emissions. In such 
cases, technical assistance, budget support, and identification of co-benefits—
with, for example, climate change mitigation and adaptation objectives—will 
be required to lower the costs of taking action.

Conclusions

With competing needs and stretched budgets, tackling inefficiencies remains 
among the more cost-effective and economically attractive ways to achieve global 
sustainability goals. As global populations expand and the climate changes, 
pressures on common property natural resources will inevitably escalate, with 
worsening economic consequences. Using state-of-the-art techniques and new 
data, the study reported here demonstrates that there are significant opportunities 
for using the world’s scarce and valuable natural capital more efficiently. Doing 
so would stimulate increases in economic productivity and improvements in 
environmental outcomes. Such a transformation is shown to be both feasible and 
environmentally and economically desirable. It will entail policy reforms that will 
be demanding, but the costs of inaction will be far higher.

A guide to this report

Readers wishing to explore land-based applications of the tools can proceed 
directly to the country case studies and illustrations in chapter 6. Those seeking an 
understanding of the land-based resource efficiency frontier and the differences 
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found across countries would find chapters 1, 3, 4, and 6 useful. The air pollution 
results are covered in chapters 1 and 5. Chapters 1 and 2 provide a nontechnical 
overview of the analytical foundations, data, and underlying assumptions and 
serve as an adjunct to the online technical appendix.2

Notes

1. Convention on Biological Diversity, “Preparations for the Post-2020 Biodiversity 
Framework,” https://www.cbd.int/conferences/post2020.

2. The online technical appendix (appendix B) is available with the text of this book in 
the World Bank’s Online Knowledge Repository, https://openknowledge.worldbank.org 
/handle/10986/39453.
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Introduction:  
Down to Earth

Destroying a rainforest for economic gain is like burning a 
Renaissance painting to cook a meal. 

E. O. Wilson, American biologist1

C H A P T E R  1

Key messages

 • Natural capital is declining at an unprecedented rate. Diminishing land 
fertility, lost flood protection benefits, reduced water filtration, and an 
increased risk of zoonotic diseases such as COVID-19 are just some of 
the ways this effect is being felt by people and economies.

 • Misaligned incentives are largely to blame for the decline in natural 
capital. As a result, it is not used as efficiently as it could be and is not 
allocated in ways that maximize its many possible benefits. 

 • Reversing this decline and using natural capital more efficiently are 
opportunities to dramatically increase both economic productivity and 
environmental benefits such as health, carbon sequestration, and biodi-
versity, with limited trade-offs. 

 • This report presents the results of a new study that explores and quanti-
fies the scope for win-wins and the magnitude of trade-offs. It proposes 
policy solutions to help countries achieve them.



2 Nature’s FroNtiers

Introduction

Nature provides essential inputs for human life, health, and prosperity. Indeed, the 
web of life nurtures and supports humanity in innumerable ways. People depend 
on nature for food, medicines, and materials. They depend on functioning ecosys-
tems to filter pollutants, provide clean air and water, regulate flows of water and 
nutrients, modulate climate, and provide protection from storms. Nature also 
provides inspiration and meaning, adding richness to human culture. Efforts to 
sustain nature will give future generations the opportunity to enjoy these benefits. 
Because nature provides essential inputs for human life, health, and prosperity, 
both now and in the future, economists treat it as an asset, or natural capital. 

The unraveling web of life 

The great expansion of economic activity since the end of World War II has lifted 
billions of people out of poverty and raised living standards around the globe, 
but it has also produced rapid changes in earth systems. Emissions of green-
house gases (GHGs) from burning fossil fuels, cement production, agriculture, 
and land uses are driving climate change (IPCC 2014, 2018, 2021). Pollution 
from industrial and household activity degrades local air and water quality, 
with negative consequences for human health (Damania et al. 2019; Landrigan 
et al. 2018). Meanwhile, the loss of natural habitats from the expansion of crops, 
pastures, managed forests, infrastructure, and urbanization are driving a loss of 
habitat for biodiversity, leading to a rapid decline in species populations. Indeed, 
it is estimated that one in eight species may be extinct within the next 100 years 
(IPBES 2019). The loss of habitat has been particularly severe in wetlands, with 
over 85 percent loss in area since 1700 (IPBES 2019), contributing to increased 
flooding, erosion, water quality degradation, reduced groundwater recharge, and 
biodiversity loss (Woodward and Wui 2001; Zedler and Kercher 2005). 

Natural capital provides tangible economic benefits known as ecosystem 
services. These benefits include the provision of material goods (such as food, 
fiber, fuel, and fodder); nonmaterial services (such as recreation, aesthetic 
 enjoyment, and cultural and spiritual values); and regulating services (such as 
carbon storage, pest and pathogen regulation, pollination, water and air purifi-
cation, and storm protection)—see IPBES (2019). The decline in natural capital 
over the last 50 years has led to a decline in a majority of ecosystem services, 
with particularly severe declines in regulating ecosystem services (Brauman et al. 
2020). For example, the loss of pollinators poses a threat to agricultural crop 
production, estimated at US$200–US$600 billion annually (IPBES 2019). Land 
degradation from soil erosion, loss of carbon and soil nutrients, salinization, and 
waterlogging threatens agricultural productivity and negatively affects the well-
being of large numbers of people, primarily in low- and middle-income countries. 
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Estimates range from 1.3–1.5 billion (Bai et al. 2008; Barbier and Hochard 2016) 
to over 3 billion people (IPBES 2019). 

COVID-19, a zoonotic disease that spreads from wildlife to humans, is a 
stark illustration of the interdependence among natural capital, human health, 
and the economy. The pandemic led to the most dramatic decline in the gross 
domestic product since the Great Depression and a collapse in investment. It also 
pushed over 100 million more people into extreme poverty in 2020, and wors-
ened inequality (World Bank 2021a). On average, two new viruses spill each year 
from wildlife into human populations, typically a consequence of deforestation 
driven by expanding agriculture and livestock production, trade in wildlife, and 
consumption of wild meat (Dobson et al. 2020; Woolhouse et al. 2012). 

This trend of declining natural capital, if continued, may cast a long shadow 
into the future. Human actions are causing the complex web of life to unravel 
with declines in natural capital that may have profound consequences for plan-
etary systems and humanity (Díaz et al. 2019; IPBES 2019; UNEP 2021). Some 
effects such as loss of species through extinction are irreversible. Loss of habitat 
and increases in greenhouse gas concentrations can be reversed, but it will take 
a long time. A dramatic reduction of natural capital can also have nonlinear 
effects, including the potential for crossing thresholds leading to a rapid collapse 
of planetary systems (Lenton et al. 2008, 2019; Rockström et al. 2009; Scheffer 
et al. 2001; Steffen et al. 2015). Natural capital and climate change are linked—
that is, reductions in natural capital stocks have feedback loops with the climate 
system (Bastien-Olvera and Moore, forthcoming; Drupp and Hänsel 2021). It is 
difficult, if not impossible, to reverse such changes and restore the flow of benefits 
because ecosystems often display history-dependent (hysteretic) effects (box 1.1). 

For some observers, these trends, like the canary in the coal mine, are signs of 
unsustainable economic activity that could undermine the foundations of human 
well-being. Others note that economic growth continues unabated and that living 
standards have improved significantly since the Industrial Revolution, despite 
mounting environmental stresses (Raudsepp-Hearne et al. 2010). According to 
this view, environmental degradation may be the price of economic progress, 
and trade-offs with natural capital are inevitable along the path to greater human 
prosperity. 

The decline in natural capital would be less problematic if there were close 
substitutes available for it. Where there is sufficient substitutability, the loss of 
natural capital could be offset by investments in other forms of capital. There 
would, then, be little reason for concern because another resource or human-
made capital could replace the loss of natural capital. Indeed, if all forms of 
natural and physical capital were perfect substitutes, then a fishing vessel would 
replace fish stocks and a chain saw could replace a rainforest, whereas in prac-
tice these are complements. Examples of complementarity between natural 
capital and other forms of capital abound. For example, clean air protects health 
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Critical natural capital and tipping points 

Complex dynamic systems such as ecosystems (or economic systems) can undergo rapid 
changes in behavior (regime shifts), which can lead to major changes in the desired 
outcomes. For example, shallow lakes can undergo a regime shift from clear (oligotrophic) 
to algae-dominated (eutrophic) with the addition of nutrient inputs. this shift may happen 
in dramatic fashion once the lake reaches a critical level of nutrient inputs (tipping 
point). such lakes may remain eutrophic even after nutrient inputs are reduced (system 
hysteresis). the shift to a eutrophic lake can cause large declines in water quality, fishing, 
recreation, aesthetics, and other benefits derived from the lake.

Figure b1.1.1 illustrates graphically regime shifts and tipping points. the figure shows 
that, for a midrange of conditions such as nutrient inputs into a lake, an ecosystem can fall 
into three different equilibrium states, ranging from high water quality (top solid line) to 
low water quality (lower solid line), and an unstable intermediate equilibrium (dashed line). 
if the lake starts with high water quality but the nutrient inputs are increased (movement 
to the right), there will initially be small declines in water quality. however, once nutrient 
inputs go to the right of F2, there will be a rapid drop in water quality moving toward the 
equilibrium state of low water quality. it will not be possible to return to the state of high 
water quality unless nutrient inputs fall below F1. 

Crossing tipping points in larger ecological systems could cause dramatic declines 
in ecosystem services, biodiversity, and other valued outcomes. one potential tipping 
point with large regional to global consequences is in the amazon basin (Lovejoy and 
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Illustration of tipping points and hysteresis

Source: scheffer et al. 2001.

Continued
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Nobre 2019; Nobre and borma 2009). Most of the water in a tropical rainforest is recycled 
through the vegetation. Cutting too many trees can interrupt the water cycle and result in 
dramatic shifts in precipitation that no longer support the forest. other potential tipping 
points induced by climate as well as land use change have been identified in earth systems 
(Lenton et al. 2008, 2019). 

Crossing tipping points can cause massive environmental change, with potentially large 
disruptions in the flow of benefits from nature. disregard of the potential for regime shifts 
may result in overlooking one of the major costs of declining natural capital. including tipping 
points and regime shifts in a quantitative analysis presents two problems: (1) determining 
the location of potential tipping points and (2) identifying the consequences of crossing a 
tipping point and triggering a regime shift. Little knowledge is available to address these 
problems. a recent article by Moore (2018) summarized the state of affairs as follows:

seeing the tipping point after the fact and ascribing mechanisms to the change is 
one thing; predicting them using empirical data has been a challenge. the difficulty 
in predicting tipping points stems from the large number of species and interac-
tions (high dimensionality) within ecological systems, the stochastic nature of the 
systems and their drivers, and the uncertainty and importance of initial conditions 
that the nonlinear nature of the systems introduce to outcomes. . . . For certain types 
of ecological systems an analysis of the model and real-world time series reveals 
that there are indeed leading indicators of regime shifts in the form of increases 
in the variance of populations or process variables (for example, decomposition 
and mineralization) or changes in the underlying dynamics of the system. other 
types of models, particularly those that have multiple attractors or the potential for 
chaos, exhibit abrupt changes with no advanced warning in the time series. 

the challenge for researchers is how to include possible tipping points in an empirically 
realistic and defensible way to inform decision-making. recognizing the paucity of 
information and data, this report notes the challenges created by tipping points, but the 
study was unable to reliably model them.

B OX  1 . 1

Continued

and human capital. Protecting soil fertility and avoiding erosion are critical for 
sustaining agricultural yields. And conserving natural areas can boost yields of 
pollination-dependent crops. 

In other cases, limited substitutability may be possible. For example, a levee 
can provide flood protection in lieu of wetlands that were destroyed, and a water 
filtration facility can substitute for the water purification services of ecosystems 
in providing clean drinking water. A common, though not isolated, example of 
the latter is in New York City, which receives much of its water from a forested 
watershed in New York State’s Catskill Mountains. Had the watershed been 
converted to other land uses, the city would have needed to build filtration plants 
at a cost of about US$6 billion in capital expenditures and a further US$250 
million per year for operations and maintenance costs. By contrast, protecting 
the watershed comes at a fraction of that cost of approximately US$167 million 
in expenditures per year (Ashendorff et al. 1997; Chichilnisky and Heal 1998). 
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Even when replacement of natural capital is possible, it comes at a cost, as illus-
trated by the New York City water supply example. Moreover, often the produced 
capital does not provide all the benefits of natural capital, and for some forms 
of natural capital that are essential for life, there are no viable substitutes. For 
example, there are no substitutes for clean air, which is why premature mortality 
and morbidity rates are higher in airsheds with high levels of air pollution. 

Ultimately, it comes down to an empirical question: are natural capital and 
other forms of capital close enough substitutes? The answer will depend on the 
type of capital and the goods and services under investigation, as well as the level 
of aggregation (firm, sector, national, or global) under consideration. At the level 
of a farm, a tractor is clearly no substitute for a depleted aquifer. However, if one 
were to aggregate to the country level, it may be possible to compensate for the 
revenue lost from a decline in crop yields stemming from drought by investments 
in crop production in other regions or in other economic sectors such as manu-
facturing. For other environmental services—such as clean air, climate regulation, 
and planetary systems—there are no substitutes. These are critical issues, with 
far-reaching implications for promoting more sustainable growth. However, 
little empirical evidence on the degrees of substitutability between natural capital 
and other forms of capital is available to help policy makers establish priorities 
and identify assets critical for sustaining development.2 This lack of evidence 
contrasts with the growing literature on the substitutability between other types of 
capital—especially human and physical capital (see, for example, Karabarbounis 
and Neiman 2014, 2018; Oberfield and Raval 2021). 

Investing in natural capital 

In 1817, David Ricardo, who developed the theory of land rent and  comparative 
advantage, among other notable advances in economics, observed that 
nature’s abundance was rarely rewarded because “where she is munificently benef-
icent she always works gratis” (Ricardo [1817] 1821). 

Most natural capital is in the form of common property. Thus too often no 
price is paid for providing ecosystem services, no reward is given for maintaining 
natural capital, and no costs are incurred for actions that destroy natural capital. 
Most often, the costs of destruction and degradation are borne by entities other 
than those creating the losses. Improving air and water quality, maintaining 
habitat for species, and sequestering carbon to reduce climate impacts all generate 
benefits for society. However, a business or household that invests in nature 
typically receives little or no direct monetary return. Although the economy 
benefits from natural capital, no individual business or household has enough 
benefits, or control, to ensure its continued existence. The failure to adequately 
address climate change (IPCC 2014, 2018, 2021) and the failure to adequately 
manage marine fisheries are notable examples of such “tragedy of the commons” 
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problems (Costello et al. 2010; World Bank 2017; World Bank and FAO 2009). 
Although many common property resources are well managed by the local 
communities that rely on them (Ostrom 1990; Ostrom et al. 1999), others are 
not (Brodie Rudolph et al. 2020). Meanwhile, greater challenges are encountered 
in managing large-scale regional or global common property resources, such 
as the global atmosphere that drives climate change (Dietz, Ostrom, and Stern 
2003; Ostrom et al. 1999).

Misaligned incentives are often responsible for excessive levels of natural 
capital degradation, but problems of measurement also impede policies that 
could steer an economy toward a more sustainable development trajectory. 
One definition of sustainable development is nondeclining human well-being 
in which the prospects for future generations are no worse than those of the 
current generation (Arrow et al. 2004). Sustainable development in this sense 
does not necessarily require all natural capital to be maintained because some 
trade-offs between classes of capital assets may be beneficial. However, sustain-
able development does require that the bundle of assets bequeathed to future 
generations be capable of providing equal or greater benefits. The destruction 
and depreciation of natural capital (or any other type of capital) are acceptable, 
so long as the benefits gained from increases in other forms of capital outweigh 
the losses from the reduction in natural capital.

In principle, valuing the gains and losses in natural capital using a common 
(monetary) metric could determine whether such changes yield an overall 
increase in net benefit. However, this task has remained difficult to operation-
alize. Imperfect techniques for estimating shadow prices3 exist, but they are 
computationally complex, typically cannot be verified empirically, and, in prac-
tice, are seldom used. Box 1.2 outlines the challenges in measuring sustainability. 

B OX  1 . 2

Challenges in measuring sustainability

Moving toward a more sustainable society requires first defining sustainability and then 
developing techniques for measuring it. a central tenet of sustainability is maintenance of 
stocks of capital, including natural capital, to sustain future human well-being. the notion 
of strong sustainability is directed at conserving all forms of natural capital. the notion 
of weak sustainability is directed at maintaining a bundle of capital stocks capable of 
maintaining or increasing future well-being. the latter does not insist that all forms of 
capital be maintained. however, if natural capital is essential and irreplaceable in the 
sense that its loss would necessarily entail a decline in human well-being, then it would 
require conserving such essential and irreplaceable natural capital. the unique charac-
teristics of some benefits derived from ecosystems make natural capital only imperfectly 
substitutable. any damage to the stock of natural capital could permanently reduce, with 
long-lived effects, the flow of benefits from nature.

Continued
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because of the prominence of conservation of natural capital stocks in notions of 
sustainability, a straightforward approach to measuring sustainability would seem to be 
directly measuring natural capital to determine whether various stocks are increasing or 
decreasing. however, this approach has several drawbacks: 

 • Measurement of capital. some approaches to measuring natural capital simply 
track the areas of forest, wetlands, and other types of land units. although this is 
an important component of measuring natural capital, it leaves out many factors 
important in determining the flow of ecosystem services provided by natural capital. 
For example, a forest area broken up into small, isolated parcels may provide much less 
effective habitat for biodiversity than the same amount of forest area that consists 
of one large, intact forest parcel. Commonly in nature the whole is greater than the 
sum of its parts. 

 • Valuing capital. Focusing only on biophysical measurement obscures links to value. 
the value of natural capital is determined by the present value of the flow of benefits 
it generates, both now and in the future, as well as its nonuse and intrinsic values. 
however, assessing future values requires understanding how the ecosystem service 
will be valued in the future, which depends on future preferences and technology that 
at present are not knowable with any certainty.

 • Aggregating capital. Without some way of aggregating or comparing different forms 
of natural capital, an analysis will produce only a long list of natural capital assets, 
typically with some types increasing and other types decreasing. determining whether 
there is a net gain or loss requires understanding whether different types of capital 
are reasonable substitutes for each other. it is inappropriate to assume as a default 
that different forms of capital can replace each other at all, or at no or low cost. it is 
equally inappropriate to assume that there is never any substitutability.

to address some of these difficulties, economists have developed the notion of inclusive 
and comprehensive wealth (arrow et al. 2004, 2012; hamilton and Clemens 1999; Polasky 
et al. 2015). the challenge of trying to measure inclusive wealth has been summarized by 
sen, Fitoussi, and stiglitz (2010, 98–99): 

[i]f we want to accomplish this [inclusive wealth], we need to convert all the stocks 
of resources passed on to future generations into a common metric, be it monetary 
or not . . . [but] such a goal seems overly ambitious. the aggregation of heteroge-
neous items seems possible up to a point for physical and human capital or some 
natural resources that are traded on markets. but the task appears much more 
complicated for most natural assets, due to the lack of relevant market prices and 
to the many uncertainties concerning the way these natural assets will interact 
with other dimensions of sustainability in the future.

sen, Fitoussi, and stiglitz (2010) propose a novel approach that uses market prices 
where they exist to aggregate some forms of capital into a summary measure of 
monetary value, while directly measuring other forms of capital in nonmonetary terms. 
this approach steers between the difficulty of trying to come up with a single aggregate 
measure, as in inclusive wealth, and the difficulty of having an uninformative array of 
unaggregated measures, as with pure biophysical measurement. the efficiency frontier 
approach developed in the next section is an example of such a hybrid approach.

B OX  1 . 2

Continued
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A result of these challenges is that the apparent trade-offs between the environ-
ment and development often reflect incomplete measurement, in which the 
unmonetized services of natural capital are ignored. A partial accounting of the 
benefits will send the wrong policy signals when the unmeasured assets (say, 
watershed services from a forest) are in decline, while the measured services 
(say, manufacturing output) are increasing and used as the signal of economic 
progress. The consequence will be more environmental damage than is necessary 
or economically warranted, even in terms of a strict benefit-cost calculation. 

Because the hidden contributions of natural capital are typically undervalued 
by society and ignored by policy makers, the result may be systematic policy 
biases. A full accounting of contributions, including those of the nonmarket 
ecosystem services, can sometimes reveal that conserving, rather than destroying, 
natural capital is the better strategy (Balmford et al. 2002; Nelson et al. 2009). 
The implication of this widespread undervaluing of natural capital is that there is 
substantial room for efficiency gains. Establishment of property rights and pricing 
of nature’s benefits can be an effective approach to maintaining and restoring 
natural capital (Kinzig et al. 2011). For example, the only categories of nature’s 
benefits that have increased over the past 50 years are the material benefits priced 
and sold in markets, such as agricultural commodities (IPBES 2019). Policies 
extend the categories of nature’s benefits for which there is a monetary incentive 
to preserve natural capital, such as pollution pricing and payment for ecosystem 
services (Engel, Pagiola, and Wunder 2008; Pagiola 2008). Nevertheless, such 
policies can be difficult to enforce, and they are often insufficient in scope to 
capture the full benefits of natural capital. 

Although it is often assumed that economic growth necessarily entails 
environmental degradation, at least in some circumstances this may be a false 
trade-off. A foundational principle in economics is that market failures (such as 
uncorrected externalities) generate deadweight losses and thus create scope for 
allocative efficiency gains through corrective policies. In such cases, there are 
better development paths that maintain natural capital, promote human health 
and net wealth—and may reduce inequality (Copeland and Taylor 2004; Lakner 
et al. 2020; Van Der Ploeg and Withagen 2013).

An efficiency frontier approach

This report describes an alternative approach to assessing whether countries are 
using their natural capital in ways that deliver maximum sustainable benefits. 
The measure of efficiency of sustainable output described here departs from both 
the simple biophysical measures and the “inclusive wealth” approach discussed 
earlier. In recognition of the structural failures that distort the way in which 
natural capital is allocated and used, this approach measures the efficiency gap. 
This gap is defined as the difference between the economic and environmental 
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outputs currently produced in a country and the maximum amounts that could 
be sustainably produced if resources were allocated and used efficiently. 

A sophisticated suite of models, combined with new data collected for this 
analysis, is used to estimate the maximum potential sustainable economic outputs 
and ecosystem services for 147 countries. This estimation is made possible by the 
latest developments in integrated ecological-economic modeling, computational 
techniques, and remote sensing observations.

The outcome of this new approach yields the construct of a resource efficiency 
frontier. The resource efficiency frontier describes the maximum sustainable 
outputs (economic and environmental) that can be produced with given endow-
ments. Thus a country that is inside the resource efficiency frontier will gain 
by moving toward the frontier. This progress can be achieved by allocating 
resources more efficiently across different uses, or by using existing resources 
more efficiently, or by both strategies. An example is providing farmers with 
water for irrigation. Irrigation supplies are typically provided at no cost or at a 
nominal fee. Water is therefore often used wastefully and not allocated to its most 
productive uses. Improving both the efficiency of water use and its allocation 
toward more productive sectors implies that output can be increased without 
further consumption of water. Another example is the use of land, which can be 
reallocated between different uses such as crop production, grazing, or forestry 
(extensive margin), or more efficient methods of growing crops can be used on 
existing cropland to increase yields (intensive margin). However, once a country 
has reached the resource efficiency frontier, it is not possible to produce more of 
one output without producing less of another. 

Figure 1.1 illustrates the approach by showing an efficiency (or production 
possibility) frontier for a country in Africa. The frontier (shown in blue) indicates 
the maximum sustainable amount of income (in US dollars, measured on the 
horizontal axis) and environmental outcome (carbon storage and sequestration,4 
measured on the vertical axis) that can be obtained through the efficient allocation 
of land and other inputs across agricultural crop production, grazing, managed 
forestry, and conservation areas. Along the frontier, more income involves less 
carbon sequestration—a trade-off. Point A, in the middle, shows the current 
sustainable level of income and carbon storage. The sustainable current scenario 
mirrors the real world, but it penalizes countries harvesting resources in an 
unsustainable way by reducing the value on the horizontal axis to only the value 
of production that is sustainably generated. Unsustainable ways include unsus-
tainable forest extraction, as well as water—both surface and groundwater—that 
is extracted beyond renewable levels. In other words, the sustainable current 
scenario represents a sustainable steady-state version of the present day.

At point A, the country is sustainably producing US$174 million in net 
production from crops, grazing, and forestry, and it is storing 3.6 billion metric 
tons of carbon dioxide equivalent (CO2eq). With better policies, this country 



iNtroduCtioN: doWN to earth 11 

F I G U R E  1 . 1

Graphical illustration of a production possibility frontier
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Source: World bank.
Note: Figure shows for a country in africa the maximum feasible combinations of the value of market 
returns (horizontal axis) and environmental outcomes (vertical axis). Land uses include agricultural 
crop production, grazing, managed forests, and conserved natural areas. urban land inside an urban 
growth boundary is excluded from the analysis. Points b through e rest on the efficiency frontier, 
and the associated maps show the land use patterns that achieve points C and d on the efficiency 
frontier. Point a is the outcome of the existing land use pattern, which is inefficient because it lies 
inside the efficiency frontier. Point C is the maximum possible increase in the environmental outcome 
with no decline in the economic income. Point d is the maximum possible increase in the economic 
outcome with no decrease in the environmental outcome. Co2eq = carbon dioxide equivalent; 
ghg = greenhouse gas.

can improve both of these metrics, with moves to anywhere along the efficiency 
frontier, represented by the blue line. By choosing to focus on improving GHG 
storage, the country can shift directly upward on the graph to point C, resulting in 
an additional 1 billion metric tons of CO2eq storage with no change in economic 
production. This figure represents over 83 years of business-as-usual emissions 
from this country’s 2030 nationally declared commitment level. Likewise, by 
choosing to focus on economic production, the country can shift directly to the 
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right to point D. Here, the net value of economic production increases to US$495 
million, a 180 percent increase in net economic production with no environ-
mental trade-offs relative to the current situation. Any point on the blue line 
between points C and D are also possible, where increases in both economic and 
environmental outcomes occur simultaneously. Areas on the blue line outside of 
points B and C are also feasible, but result in trade-offs in which one outcome is 
improved at the expense of the other outcome. However, as one moves toward the 
extremes of the frontier, especially the bottom right where economic production 
is maximized, the risks of crossing tipping points, where ecological breakdown is 
possible, increase significantly. In this case, the frontier may actually curve inward 
as key ecosystem services such as pest control, pollination, soil management, 
and water filtration and storage are lost, making lands less fertile and reducing 
net economic gains. Thus short-sighted policies that support large-scale trans-
formation of landscapes for unsustainable monetary gains risk both ecosystem 
and economic collapse and should be avoided.

All points along the efficiency frontier in figure 1.1 are Pareto efficient. 
Pareto efficiency implies that it is not possible to increase one output without 
decreasing another output—that is, trade-offs are inevitable. Choosing which 
efficient outcome is preferred involves a value judgment about the relative weights 
(values) to put on different benefits. 

However, all inefficient outcomes (points inside the efficiency frontier) are 
inferior to some point on the efficient frontier because at least some benefits 
can be improved without lowering any other benefit. The potential efficiency 
gain can be measured by the distance to the efficiency frontier. The measure of 
efficiency gain summarizes the potential gains (win-win solutions) that can be 
obtained relative to a specific starting point. 

The example in figure 1.1 shows it is possible for the country depicted to 
achieve both higher levels of carbon storage and higher values of marketed 
commodities relative to what is currently achieved (point A). Such win-win 
outcomes, or so-called Pareto improvements, improve at least one outcome 
without simultaneously worsening any others. In general, many outcomes 
will be efficient—Pareto improvements in this sense. In figure 1.1, a shift from 
point A to points C, D, or any point in between these two would be considered 
a Pareto improvement because both economic and carbon benefits increase. 
Points on the frontier to the right of point D, such as point E, would not be 
considered a Pareto improvement because, although economic benefits increase 
significantly, they come at the cost of less carbon storage. Similarly, points to 
the left of point C, such as point B, would not be considered Pareto improve-
ments because they would lead to declines in economic benefits. Thus Pareto 
improvements imply net benefits in one or more attributes without a net loss 
in any other attribute—in most cases, resulting in a win-win scenario or, at 
worst, a win-neutral one.
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Gains in both carbon storage and market commodity values are achieved by 
changing the pattern of land use as indicated by the maps along the efficiency 
frontier. These maps show the land use and land management patterns that 
achieve various efficient outcomes and can be contrasted with the map of the 
current landscape at A. This example illustrates that the current land use patterns 
(point A) do not maximize the full range of potential outputs that could be gener-
ated. Thus there is a gap between the actual and potential outputs. Reasons for 
such gaps vary, but they include factors such as policy choices, market failures, 
frictions, and informational constraints. 

The curve of the efficiency frontier also provides information on the magni-
tude of trade-offs between one objective and another. The curve indicates that, 
across some areas of the frontier, increasing one type of benefit may impose large 
costs on other benefits. For example, moves from point C to point B impose large 
monetary losses for modest carbon storage gains; moves from point D to point E 
impose the opposite—large carbon losses for modest economic gains. 

This exercise provides a set of statistics pivotal to indicating the broad scope 
for sustainable improvements. The indicators measure (1) whether there are gaps 
in the efficiency with which natural capital is currently being used; (2) how these 
gaps may be closed; and (3) the trade-offs across desired outputs that arise once 
all efficiencies are exhausted. Highlighting the existence of such opportunities 
will be useful to policy makers, even when there is resistance to change.

The efficiency approach developed in this study can be used for virtually any 
natural capital asset for which data and reliable models describing ecosystem 
functioning are available. The first part of the report presents results for land-
based efficiency indicators (for crop production, grazing, timber), greenhouse 
gases, and biodiversity. The second part considers the impact of air quality 
measured through PM2.5 (particulate matter that is 2.5 microns or less in diam-
eter) on human health. Of course, many other ecosystem services provided by 
land-based natural resources and a bewildering array of other pollutants are 
harmful to human health. This study focuses on the more critical services for 
which there are data, adequate scientific information, and models to estimate 
sustainable use and their economic consequences. 

The approach used in this exercise is related to a prominent body of liter-
ature in macroeconomics that investigates differences in productivity5 across 
and within countries (Adamopoulos et al. 2022; Hsieh and Klenow 2009; 
Restuccia, Yang, and Zhu 2008). A key insight of that literature is that much of 
the difference in living standards and total factor productivity arises because key 
inputs— especially capital and labor—are not allocated to their most produc-
tive uses. This study extends that approach and finds that the problem is even 
more pronounced when dealing with natural capital. Because natural capital is 
routinely underpriced due to market failures, two significant distortions emerge. 
First, being underpriced or provided free, natural capital is often used wastefully 
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and  inefficiently. Second, the “wrong” price also implies that these resources 
are seldom allocated in ways that maximize the value of the benefits they could 
produce. In other words, inefficiencies are also caused by the misallocation of 
scarce natural resources. The consequence is depletion and degradation far in 
excess of what would be deemed economically prudent. Box 1.3 summarizes in 
more detail some of the implications and causes of resource depletion.

This study is also related to a rapidly expanding literature pointing to the exis-
tence of large agricultural yield gaps between lower- and higher-income countries 

B OX  1 . 3

Will the world run out of resources?

With rising populations and expanding economies, countries face legitimate fears that 
the demand for resources, especially for finite and nonrenewable ones (such as minerals), 
will outstrip supplies. it is therefore paradoxical that there is no known case of the world 
ever having exhausted an economically valuable nonrenewable natural resource (such as 
a mineral). Conversely, extinction, overharvesting, and exhaustion of common property 
renewable resources are a widespread problem. indeed, ecologists assert that the world 
is in the midst of the sixth mass extinction. Meanwhile, carbon stored in terrestrial and 
marine systems is released to the atmosphere, leading to more intense climate change, 
and airsheds and watersheds are being routinely depleted, degraded, and polluted, 
resulting in elevated levels of premature mortality, morbidity, and stillbirths among 
affected populations. 

the reasons for this paradox are well known and widely documented. because they are 
privately owned and marketed, the demand and extraction of minerals and subsoil assets 
are guided by prices. When prices rise to signal scarcity, consumption of the commodity 
declines and investment in exploration and the search for substitutes rises, all of which 
lower depletion rates. 

No such signals limit and guide the use of common property renewable resources, 
even when there may be growth-constraining or life-threatening impacts. a combination 
of factors often associated with open access, lack of property rights, and absence of price 
signals makes renewable resources especially vulnerable to overuse and depletion.

although imperfect property rights can lead to resource depletion, it would be 
misleading to assume that privatization is the policy panacea that will ensure sustainability. 
a significant literature explains why establishing property rights cannot completely and 
solely resolve problems of overextraction. if, for example, a natural resource grows at a 
slow rate (such as old-growth forests or a population of whales), it would pay for a private 
investor to liquidate that resource and invest the proceeds in a higher-yielding asset. 
thus extirpation becomes the more profitable strategy (Clark 1973). incentives to invest 
in natural capital will also be missing when there are spatial externalities such as when 
environmental benefits are shared or accrue to others. For example, that old-growth forest 
may provide benefits to downstream residents in the form of flood protection and clean 
drinking water. but these benefits will not be considered by the owner of the forest, and the 
forest will therefore be undervalued by that owner. thus it is no surprise that biodiversity is 
found in greater abundance on public than on private lands (vucetich 2021).

Finally, although this study focuses on efficiency, the efficient use of a renewable 
resource does not ensure that it is used sustainably. For example, fish stocks can be 
harvested with great efficiency using highly sophisticated technologies until rendered 
extinct. sustainability requires effective management and the appropriate incentives to 
manage for the long run. 
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(Lobell, Cassman, and Field 2009; Mueller et al. 2012). The richest nations have 
increased their agricultural production by increasing yields. By contrast, the poorer 
nations have mainly met the increased food demands of their rapidly growing and 
increasingly wealthy populations by expanding their cropland, not by increasing 
yields, even where actual farm output is far below potential output (Polasky et al. 
2022). The projected effect of the severity of such expansion on habitat area can 
lead to widespread declines in biodiversity (Williams et al. 2021), loss of carbon 
sequestration potential, and increases in greenhouse gas emissions (Folberth et al. 
2020). This report looks at some of the implications of these perverse trends, 
which, if left unchecked, would place the United Nations’ Sustainable Development 
Goals and the Paris Agreement targets out of reach.

This report extends the suite of related research on the economics of sustain-
ability conducted at the World Bank. An earlier example of bringing sustainability 
into the policy dialogue was the Inclusive Green Growth report (World Bank 
2012). More recently the World Bank’s comprehensive wealth estimates under 
the Changing Wealth of Nations initiative demonstrate that natural capital is 
in decline (World Bank 2021b). The Economics of Nature program illuminates 
the implications of the decline in ecosystem services for economic growth using 
a computable general equilibrium model (Johnson et al. 2021). The Repur-
posing Agricultural Policies and Support program focuses on the consequences 
of perverse subsidies in agriculture and provides guidance to countries seeking 
to reform agricultural support in ways that simultaneously enhance produc-
tivity and sustainability (Gautam et al. 2022). Finally, this report identifies the 
scope for improving economic productivity and environmental services through 
improvements in efficiency and allocation that do not call for trade-offs. This 
is especially significant in some of the poorest developing countries that host a 
vast amount of the world’s tropical forests providing vital global benefits through 
biodiversity and GHG sequestration services. It is also of relevance to countries 
at other levels of development that can both increase their contribution to global 
environmental services as well as grow their economies through better use of 
their natural endowments.

The remainder of this report is organized as follows. Chapter 2 presents the 
methodology and data underlying the analysis. It describes the novelty of the 
resource efficiency approach, as well as the new cutting-edge data that make such 
an analysis possible. Chapter 3 describes the results of the land model. In doing 
so, it presents several metrics to measure how efficient each country is in using its 
land in terms of economic productivity, carbon sequestration, and supporting 
biodiversity. It also presents global estimates of what benefits could be achieved 
if countries were to move toward their efficiency frontiers. Chapter 4 presents 
a range of policy solutions that will be needed to help countries achieve their 
efficiency potentials. Instead of a one-size-fits-all approach, these solutions are 
tailored to the specific challenges faced by countries. Chapter 5 then applies the 
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efficiency frontier approach to air pollution and discusses the scope to improve 
health outcomes and save lives through efficiency gains with appropriate policies. 
Chapter 6 is composed of several country spotlights that demonstrate how the 
results of this study can be used by countries in making policy recommendations 
for utilizing natural capital more efficiently. The concluding chapter 7 briefly 
details the headwinds to change, some caveats, and recommendations for future 
work. The online technical appendix6 then provides a more in-depth look at the 
data and modeling.

Notes

1. Quoted in Sheppard, R. Z. “Nature: Splendor in the Grass,” Time, September 3, 1990, https://
content.time.com/time/subscriber/article/0,33009,971049,00.html.

2. In the sparse available literature, there are as many instances of complementarity between 
natural and other forms of capital as there are examples of substitutability (Cohen, Hepburn, 
and Teytelboym 2019; Drupp 2018; Fitter 2013; Markandya and Pedroso- Galinato 2007; 
Rouhi Rad et al. 2021). 

3. A shadow price is a monetary value assigned to currently unknowable or difficult-to- 
calculate costs in the absence of correct market prices. Such prices are used to estimate 
the value of inputs or outputs when markets are limited or nonexistent. 

4. The term carbon storage and sequestration refers to the amount of carbon stored in land, 
mostly in vegetation and soils. The vertical axis will also capture changes in emissions from 
livestock. All greenhouse gases are converted to CO2 equivalents.

5. In this report, productivity refers to producing more or the same amount of any good or 
service under consideration with the same or fewer inputs. It is, therefore, synonymous 
with the standard definitions of efficiency used in economics.

6. The online technical appendix (appendix B) is available with the text of this book in 
the World Bank’s Online Knowledge Repository, https://openknowledge.worldbank.org 
/handle/10986/39453.
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Identifying a Sustainable 
Resource Efficiency Frontier: 
An Overview of the Approach

Essentially all models are wrong, but some are useful. 
George E. P. Box, British statistician1

C H A P T E R  2

Key messages

 • This chapter is a nontechnical overview of the data and techniques used 
to develop sustainable resource efficiency frontiers. 

 • This process requires bridging two disciplines—ecology and economics. 
Understanding how natural resources and earth systems generate life- 
supporting services is a central concern in ecology. The efficient allocation 
of natural resources is a central concern in economics.

 • Insights from both disciplines were used to construct sustainable resource 
efficiency frontiers. New data were applied to state-of-the-art models 
to describe biophysical processes. This information was then fed into 
economic models that quantify impacts on land-based production 
systems.

 • Comparing potential outputs on the efficiency frontier with actual 
outputs produced in a country provides an indication of the magnitude 
of inefficiencies (that is, feasible Pareto improvements), allows identifi-
cation of trade-offs, and can inform the broad contours of policies aimed 
at enhancing sustainability and efficiency.
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Introduction

This chapter describes the approaches applied to derive an efficiency frontier, 
which indicates the range of marketed and environmental outputs that could 
be produced if resources are used and allocated efficiently. The frontier is 
employed to derive various measures of performance that describe how well 
a country is using its land-based endowments, the opportunities available for 
improvements, and the trade-offs that may emerge. The chapter summarizes 
the data and methods used to measure the current economic payoffs from 
crops, grazing, and timber, and it describes the environmental benefits in 
terms of greenhouse gas (GHG) sequestration and biodiversity. The current 
performance across these metrics is compared with the maximum feasible 
sustainable outputs to derive estimates of output gaps for economic activities 
and environmental services. A variety of measures are derived, including 
those that identify the shortest path to the efficiency frontier, the shortest path 
to maximizing economic returns without lowering environmental benefits, 
and the shortest path to maximizing environmental outputs without loss of 
economic benefits. Chapter 3 then applies the approach to 147 countries and 
finds considerable variability of performance across countries. Readers who 
prefer to skip these technical details can move directly to chapter 3, which 
summarizes the key results. 

Modeling land use efficiency: A summary of the methodology

This study models and maps how land use and land management influence 
economic outputs, natural capital, and the resulting ecosystem processes that 
provide people with flows of ecosystem benefits (“ecosystem services”). State-
of-the-art models are employed to use changes in landscape to estimate changes 
in biophysical processes (Chaplin-Kramer et al. 2019; Favero, Daigneault, and 
Sohngen 2020; Mueller et al. 2012). These changes are then linked with social 
and economic information to quantify the effects on revenue of land production 
systems (agricultural crops, grazing, and forestry), and nonmarket environmental 
metrics, including GHG emissions and biodiversity. Innovative science taking 
advantage of new technologies and data sources contributed information about 
biodiversity, ecosystems, and their economic and health impacts, offering a stan-
dard method for evaluating the consequences of changes in landscape. This study 
uses standardized methods and data to evaluate economic and environmental 
outputs for countries worldwide and to show the maximum sustainable feasible 
combinations of multiple outputs. To the authors’ knowledge, such an exercise has 
not been attempted at such a fine scale of geographic spatial resolution or at this 
scope, covering the critical natural resources—land, water, air, and biodiversity.
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The analysis relies on spatially explicit data at a fine-scale resolution 
(300 × 300 meter pixels) with global coverage, which can be displayed in maps 
(map 2.1). These maps show the world as it stands today in terms of land use, 
agricultural productivity, carbon sequestration, and biodiversity capacity. As for 
a sense of the size of these pixels, nearly 8.4 billion pixels span the world, or 1.85 
billion pixels once water and the permanent ice cover are excluded. For a sense 
of the number of pixels at a national level, Vietnam contains 14.1 million pixels. 
Each nonwater pixel assumes one of five types of land use: natural habitat, 
cultivated, grazing, forestry, or urban. Land designated as natural habitat is 

M A P  2 . 1

Current land use and potential land use, globally

Grassland

Grazing

Lichens and mosses

Forestry

Shrubland

Natural forest

Ice and snow

No data

Sparse vegetation

Barren lands

Legend: Map a

Cropland

Urban areas

Water

a. Land cover

1.86
1.66
1.45
1.24
1.04
0.83
0.62
0.41
0.21
0.00

1.86
1.66
1.45
1.24
1.04
0.83
0.62
0.41
0.21
0.00

c. Current/Potential grazing: US$ per hectare (log10 scale)

2.39
2.12
1.86
1.59
1.33
1.06
0.80
0.53
0.27
0.00

2.39
2.12
1.86
1.59
1.33
1.06
0.80
0.53
0.27
0.00

d. Current/Potential timber: US$ per hectare (log10 scale)

7.74
6.88
6.02
5.16
4.30
3.44
2.58
1.72

0.00
0.86

b. Current/Potential agriculture: US$ per hectare (log10 scale)

7.74
6.88
6.02
5.16
4.30
3.44
2.58
1.72

0.00
0.86

Continued



24 Nature’s FroNtiers

Source: World bank.
Note: the sets of maps show the input data (left) and maximized data (right) for agriculture (crops), 
grazing, timber, carbon, species richness, and threatened and endangered species.
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Continued

designated as forest, grassland, shrubland, wetland, or barren, and within 
these classes are further distinctions for types of forest or other systems for 
which there are important differences in biodiversity, carbon storage, or other 
ecosystem functions. The designations are based on the ecological potential for 
that pixel. Cultivated land is further subdivided into one of the 10 alternative 
management practices. These practices consist of (1) five management alterna-
tives under expanded or altered cropland area (current management and four 
intensified management alternatives with combinations of sustainable irrigated 
versus rainfed and adoption versus nonadoption of best management practices 
such as buffer strips along streams) and (2) the same five management prac-
tices with current cropland area. These 10 agricultural management options, 
together with grazing, forestry, natural habitat, and urban areas, generate a total 
of 14 possible land use and land management alternatives. Additional detailed 
descriptions appear in the online technical appendix.2

The analysis combines a map that specifies the land use and land management 
for each pixel with biophysical and economic models (as described in section A 
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of the online technical appendix) to quantify three key economic and environ-
mental dimensions: 

1. Net production value of marketed outputs for crops, grazing, and forestry, 
measured in monetary terms

2. Net greenhouse gas sequestered, including changes in carbon storage due to 
land use changes, as well as methane emissions from livestock production

3. Biodiversity, including measures of potential species richness, threatened and 
endangered species, endemic species, rare ecoregions, key biodiversity areas, 
and forest intactness.

The outcomes of these key dimensions of land cover and land use are then 
aggregated across all pixels within a country to provide country-level figures for 
each of these three key outputs. 

The first map evaluated for each country is based on its current land use and 
land management, with one exception: unsustainable use is not allowed. For 
example, crop irrigation is not allowed in areas where such irrigation involves 
mining groundwater or consuming surface water beyond sustainable levels. Thus, 
although water use is not an explicit output of the model, it is used as a constraint 
to ensure that water is used sustainably. Similarly, harvesting of timber in excess 
of regrowth is also not allowed. This exercise establishes the current level of 
sustainable performance on each of the three key dimensions. 

After determining the current sustainable outcomes across the three dimen-
sions, an optimization analysis is employed to identify the land use and land 
management patterns that maximize a weighted sum of the outcomes. Varying 
the weights on the different objectives generates an efficiency frontier that shows 
all Pareto-efficient land use and land management patterns. Pareto efficiency 
describes a situation in which resources are allocated and used in ways that 
generate the maximum level of efficiency. Once on the Pareto efficiency fron-
tier, no change is feasible without a trade-off that reduces some output in order 
to increase another output. The exercise applies weights to income generation, 
greenhouse gas mitigation, and biodiversity, and the optimization algorithm 
searches all feasible land use and land management alternatives for each pixel 
and chooses the option that maximizes the weighted objective measure. Although 
this exercise is restricted to these three objectives, there is no theoretical limit on 
the number of objectives that can be examined.

Transitions between land uses typically involve an upfront investment cost. 
For example, converting land from natural vegetation to cropland entails costs for 
clearing the land and planting crops. Restoring agricultural cropland to natural 
habitat typically requires replanting and other restoration costs. In areas without 
established irrigation, transitioning to irrigated agriculture requires an invest-
ment in the installation of irrigation infrastructure. These costs are included in 
the analysis outlined in section B.4 of the online technical appendix. The capital 
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costs of irrigation are taken from the International Water Management Institute, 
but no data are available on irrigation operating costs. Similarly, no account is 
taken of the costs of managing natural habitats because of lack of suitable data 
and the wide variation within and across countries.

The analysis imposes several constraints on what are considered feasible 
alternative land use and land management alternatives in a pixel. One such 
constraint—that urban pixels remain unchanged—is employed because of the 
unrealistic and costly nature of moving entire cities and resettling populations. 
In another constraint, protected areas remain natural habitats and are not 
converted to human-dominated uses, recognizing the need for conserving the 
remaining natural habitats for both environmental and economic reasons and 
the political intention to do so within protected areas. Constraints are imposed 
as well on where agriculture is viable, such as not allowing crop production on 
steep slopes. Finally, sustainability constraints, as described earlier, are applied to 
the current landscape. For example, rainfed and irrigated cropland is allowed only 
where the water balance supports such production. Furthermore,  irrigation—
both from groundwater and surface water—is not allowed when such irrigation is 
unsustainable and requires the extraction of nonrenewable water (see section B.2 
of the online technical appendix for details on constraints).

The sustainability constraints on both the current landscape and the Pareto 
solutions along the efficiency frontier are imposed to offer fair comparisons of 
current country performance and to rule out artificially inflating productivity 
in the short term by following unsustainable strategies that will harm future 
productive capacity. In summary, the focus is on steady-state outcomes, which is 
appropriate in view of the objective of assessing sustainable efficiency.

Measuring productivity through efficiency frontiers

A problem that economists face when trying to account for benefits or costs 
when goods and services are not marketed is measuring the benefits or costs 
using a common metric. Several imperfect methods have been developed for 
assigning monetary values to nonmarketed goods to enable comparison using 
a uniform metric. However, as highlighted in box 1.2 and box 2.1, none of 
the methods is fully accurate or entirely satisfactory. For example, the term 
biodiversity encompasses an entire spectrum of flora and fauna, some of which 
provide easily identifiable ecosystem services for human consumption (such 
as the pollination provided by bees). Implicit prices can be inferred for these 
services and many more that are not readily monetized. If monetization, or any 
other common denominator, cannot be found, one is often left with an apples to 
oranges  comparison. For example, how many fewer cases of cholera or malaria 
or increases in crop production are needed to offset the destruction of a natural 
habitat and the potential extinction of a species? Any answer to such a question 
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would be highly sensitive to the techniques used to assign values and would be 
controversial for several reasons, including ethical considerations that could be 
pivotal to many. 

For these reasons, instead of trying to monetize all benefits from nature, 
this exercise is based on an efficiency frontier approach. This approach involves 
measuring the maximum combinations of various benefits that result from use of 
a given allocation of resources. The efficiency frontier provides an estimate of how 
the range and magnitude of outputs vary as the allocation of inputs is changed. 
For example, converting more forested land to crop production typically increases 
agricultural income, but it reduces other outputs such as biodiversity, carbon 

B OX  2 . 1

Monetizing the unmonetized benefits

is it possible to estimate prices for public goods and services that are not traded in markets? 
a common example may be a village deciding between an investment in a piped-water 
system for households and an irrigation system for agricultural production. on the one 
hand, the piped-water system would save residents time because they would no longer 
need to fetch water from a well, and it would improve the quality of water that households 
drink, reducing morbidity. on the other hand, the irrigation system can increase crop yields 
and thus household incomes. if investment in only one of these two areas is possible, on 
what basis should a decision be made? in other words, how can one compare the time 
savings and reduced morbidity from the water supply project with the higher agricultural 
yields from the irrigation project? 

the existing methods for assigning monetary values are imprecise (see box 1.2). one 
might try to convert the expected benefits to a single measure for an apples to apples 
comparison. in this case, that single measure might be income. the reduced time spent 
fetching water can be “monetized” by estimating the value of time, perhaps through a 
wage rate. if the village’s residents were not spending their time fetching water, they could 
be doing other productive activities that would earn them a wage, and thus one can put 
a monetary value on that time. similarly, reduced morbidity means fewer missed days 
at work due to illness, which can also be monetized through a wage rate. if one were to 
add up the monetized time savings and the monetized morbidity impacts, then a direct 
comparison could be made with the financial benefits of irrigation. 

More generally, if the unmarketed good or service is linked in any way (either as a 
substitute or as a complement) to a good or service traded in markets, then it may be 
possible to use the price of the traded good to infer values for the untraded good—the 
hedonic price technique. alternatively, a large literature has developed that seeks to elicit 
values by asking people their willingness to pay for a new service or their willingness to 
accept money for the loss of a hypothetical service—the contingent valuation method. 
Prices can also be derived using a variety of simulation techniques.

it is widely acknowledged that these methods are imperfect for several reasons. in 
the village example, residents of the village may value not getting sick at more than just 
their wage rate. illness involves not just missing a day of work, but also possibly consid-
erable suffering, possibly infecting loved ones, and possibly death. how does one put a fair 
price on these outcomes? another problem is that because the benefits are not traded in 
markets, there is no way to empirically verify the accuracy of the estimated prices against 
the true shadow values that are unobserved. the experimental literature suggests the 
need for caution in using these approaches.
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sequestration, and water quality. Each of the benefits is measured using a metric 
that makes the most sense for decision-making, such as lives saved for health 
benefits, tons of carbon sequestered for climate benefits, and monetary values 
for benefits with market values. 

A stylized version of an efficiency frontier is shown in figure 2.1. The country 
depicted is currently producing at the large green dot, which sits inside the 
frontier, represented by the dark blue curve. Through more efficient allocation 
or use of resources, it is possible to produce at either the dark blue dot—where 
the level of environmental services is held constant, but the marketable good 
increases—or at the yellow dot—where the environmental services indicator 
increases, but the marketable good is held constant—or at any other point along 
the dark blue curve. As long as the country does not reach the frontier, it is 
possible to improve production in either or both outputs without any trade-offs. 
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Source: World bank. 
Note: the country in this stylized depiction is producing at the large green dot, which sits inside the 
frontier, represented by the dark blue curve. through more efficient allocation or use of resources, it 
is possible to produce at either the dark blue dot—where the level of environmental services is held 
constant, but the marketable good increases—or at the yellow dot—where the environmental services 
indicator increases, but the marketable good is held constant—or at any other point along the curve.
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However, once the country improves efficiency enough to reach the frontier, any 
increase in either output will require a reduction in the other.3

In summary, a move toward the frontier can be achieved by improving effi-
ciency and thus can produce more of one or all outputs. Such a move entails 
weak normative judgments. Conversely, moves along the frontier require giving 
up one good for more of another. Such trade-offs among objectives involve 
stronger value judgments. 

A distinct advantage of the efficiency frontier approach is that it does not 
require measuring outputs using the same metric (such as monetary), and it 
does not impose value judgments on the relative desirability of various objec-
tives (for example, biodiversity versus human health versus monetary returns). 
This feature is useful because there is not, in general, unanimity of views on 
the relative importance of different objectives. The only value judgment in the 
efficiency frontier analysis is whether achieving more of a desirable objective is 
better than achieving less with the same resources. In general, most would agree 
that if a country can do better on at least some dimensions without a net loss in 
others, it has improved its performance. 

This approach can be extended beyond just two outputs by adding dimen-
sions to the graph. A z-axis perpendicular to the page or screen could measure 
biodiversity conservation. Although anything more than two dimensions is 
difficult to illustrate graphically, any number of dimensions can be added and 
used to mathematically calculate a country’s efficiency frontier. The analysis in 
this chapter highlights the efficiency gains that improve on three distinct outputs: 
biodiversity, climate (greenhouse gas storage and emissions), and conventional 
economic objectives (that is, solutions that are win-win-win), as well as the 
trade-off options. Although these three outputs are among the most important 
services provided by natural capital, they represent only a subset of those benefits. 
Future work may make it possible to explore additional dimensions of sustain-
ability that are currently limited by data and science. Indeed, annex 2A explores 
the impact of including water quality in the factors considered in the analysis.

For each country, efficiency scores are computed for three outputs related 
to natural capital: economic output, greenhouse gas storage and emissions, and 
biodiversity supported. The values of crop agriculture, forestry, and grazing are 
aggregated into a single monetary metric of economic output because these are 
conventional marketed commodities, whereas separate measures are included 
for two important nonmarket environmental outputs: biodiversity and green-
house gas storage and emissions. For each country, current performance is 
assessed relative to the maximum feasible levels of each of these outputs. Current 
performance for each country is also assessed in terms of how efficient it is in 
achieving multiple outcomes and to what extent the country could improve 
outcomes in multiple dimensions simultaneously using the landscape efficiency 
score, an overall summary metric that maps the shortest distance to the frontier. 
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Calculating the landscape efficiency score, nonmarket environmental score, 
and production value score

the landscape efficiency score, the nonmarket environmental score, and the production 
value score are illustrated in figure b2.2.1 for two dimensions: a single nonmarket environ-
mental outcome on the vertical axis and the sum of production values (agricultural crop 
production, grazing, and forestry) on the horizontal axis. the current landscape score 
for these two outcome dimensions is shown as point Z. the efficiency frontier shows the 
maximum possible combinations of the nonmarket environmental outcome and production 
value that accrue from allocation and management decisions. the efficiency frontier is 
found using optimization methods (see section b.5 of the online technical appendix).a the 
current performance of the country depicted in figure b2.2.1 lies well inside the efficiency 
frontier at Z, indicating that improvements in both nonmarket environmental and 
production value dimensions are possible. the euclidean distance between the coordinates 
of the current outcome (what has been achieved) and the coordinates of the closest 
point on the efficiency frontier (what could be achieved) is shown as α in figure b2.2.1. 
a country can move closer to the frontier either by changes in the intensive margin, such 
as increasing crop yields through adoption of better agricultural practices, or by changes 
in the extensive margin, such as moving land to uses that generate higher combinations of 
nonmarket environmental outcomes and monetary value. the yellow area in figure b2.2.1 
represents the possible Pareto improvements (the win-wins) in which the outcome in both 
dimensions—nonmarket environmental outcomes and monetary values—could be improved. 

one can also measure how much gain in both nonmarket environmental and production 
values has been achieved by measuring the euclidian distance from the minimum possible 
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Performance metrics used in calculating an efficiency frontier score
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Note: the upper curve shows the efficiency frontier, in which the maximum possible 
performance for the environmental measure is obtained for a given level of the monetary 
measure and vice versa. the shaded area is the Pareto space in which it is possible to improve 
both the environmental measure and the monetary measure relative to the current level of 
performance without sacrifice in the other measure.
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scores to the scores for the current landscape, shown as β in figure b2.2.1. the minimum 
scores may be 0, as for the production values, or positive as shown for the nonmarket 
environmental scores. a minimum score that is not 0 occurs when some value is remaining 
even for the worst possible land use pattern. For example, some remnants of biodiversity 
remain even when the landscape is totally transformed to human-dominated uses. these 
are species that do not become extinct regardless of the land use pattern, but their conser-
vation receives no credit in the analysis. instead, it nets them out by setting the minimum 
value for biodiversity above 0.

the landscape efficiency score is defined as the ratio of the gains achieved by the 
current landscape, compared with the potential gains achieved by moving to the efficiency 
frontier. in the simple two-dimensional graph in figure b2.2.1, the landscape efficiency 
score is defined as β/(α + β).b

if current performance is close to the efficiency frontier, the landscape efficiency score 
will be close to 1 (because α will be close to 0). as the distance to the efficiency frontier 
increases (that is, α grows and β shrinks), the landscape efficiency score will fall. the 
size of β is equally as important as the size of α in determining the landscape efficiency 
score. the fact that the length of β is partially determined by the minimum environmental 
outcome has important implications for the landscape efficiency score. it implies that 
countries having high minimum environmental productivity relative to their maximum 
environmental productivity will tend to perform better on this metric. the implications of 
this factor are discussed in chapter 3. 

the landscape efficiency score can be generalized to more than two goods. With n 
dimensions, it is defined as

where x
i

C  is the score for the current landscape for output i; x
i

Min  is the minimum possible 
score for output i; and x

i

EF  is the score on the nearest point on the efficiency frontier for 
output i, i = 1, 2, …, N. 

the landscape efficiency score is not a strict average of the dimension-specific scores. 
indeed, a country can perform very poorly on two dimensions, but if it scores very well on 
the third, that can partly compensate for the poor performance in the other categories 
and place the country in a higher position than would otherwise occur. in figure b2.2.1, a 
point near the top of the graph can be near the frontier in the vertical axis direction, but far 
from the frontier in the horizontal axis direction. accordingly, the overall frontier efficiency 
score will be high because there will be a short distance to the frontier.

another relevant statistic measures how well a country is doing in achieving the best 
possible outcome in a single dimension, irrespective of whether any trade-offs are involved. 
For a single dimension such as biodiversity, the nonmarket environmental score is defined 
as the distance from the current position to the maximum feasible output, or c/(a + b + c). 
the maximum feasible level of one output may require large sacrifices in other outputs. 

an alternative performance measure compares current performance in one 
dimension relative to that achieved without sacrifice in any another dimension. in this 
Pareto improvement, one output can be increased without sacrificing another outcome. 

B OX  2 . 2
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the Pareto nonmarket environmental score is defined as c/(b + c). this ratio measures the 
amount that is achieved (c), relative to the amount that could be achieved (b + c) without 
sacrifice.

Note: the geometric mean of all the environmental scores is also reported in appendix a, in 
case there is a need to aggregate disparate environmental statistics. the geometric mean is the 
more suitable measure when components are measured in different units.
a. the online technical appendix is available with the text of this book in the World bank’s online 
Knowledge repository, https://openknowledge.worldbank.org/handle/10986/39453.
b. For the full model, the overall frontier is a surface in three-dimensional euclidean space. 
Formally, the distance between any two points P1 = (x1; y1; z1) and P2 = (x2; y2; z2) in r3 is 
given by d(x, y, z) = √( (x2 - x1) ^2 + (y2 - y1) ^2 + (z2 - z1) ^2 ). as such, it may be misleading 
to directly compare a distance computed in two dimensions (r2) with one computed in three 
dimensions (r3) because they result from different formulas.

B OX  2 . 2
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Individual subindexes across the three components (one economic and two envi-
ronmental) are also reported. Box 2.2 describes how these scores are calculated 
in a two-dimensional and n (>2) dimensional space.

Impacts not considered: Shifts in the efficiency frontier

All models are simplifications of a more complex reality, but they are useful for 
generating insight by focusing on system elements that matter while holding other 
factors constant. The efficiency frontiers developed in this study are directed at 
critical economic and ecosystem service benefits for which there are globally 
available data and a sufficient scientific understanding for quantitative simu-
lations. This exercise looks at the potential gains from alternative policy and 
management choices analyzed under current conditions and does not include 
analysis that involves changes in other variables that may occur through time and 
are not readily knowable. Because the simultaneous consideration of all other 
relevant factors is beyond computational bounds, it is important to assess how 
key results may shift when there are changes in factors not explicitly included 
or varied in the models.4 This section investigates some of the more important 
changes that may warrant consideration and describes how these would modify 
the results and qualify the conclusions.

Transboundary considerations. Biodiversity, ecosystems, and environmental 
impacts rarely map neatly into jurisdictional boundaries. Species migrate, some 
60 percent of the world’s rivers flow across international boundaries (UNEP 
2016), and about 400,000 premature deaths each year are due to cross-boundary 
PM2.5 (particulate matter that is 2.5 microns or less in diameter) pollution 
(Zhang et al. 2017). Thus decisions in one country can have spillover effects in 

https://openknowledge.worldbank.org/handle/10986/39453�
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other countries. When upstream or upwind countries take actions that worsen 
environmental conditions downstream or downwind, the efficiency frontier will 
tend to shift downward because it will no longer be feasible to attain the same 
high environmental outcomes (a shift from curve 1 to curve 2 in figure 2.2). 
Shared natural resources are best governed as an integrated whole. Planning 
across entire ecoregions, river basins, or airsheds yields greater flexibility in 
determining how total benefits can best be realized and risks reduced. But such 
cooperation has often proven to be challenging.

Technological advances. Throughout much of human history, technological 
change has transformed economies, enabling significant increases in productivity 
and economic growth. In this analysis, however, efficiency frontiers were derived 
assuming the current level of technology. Advances in technology would shift the 
efficiency frontiers outward by enabling greater production of both economic 
and environmental services with the same level of resources. Irrespective of 
whether the new technology is geared toward increasing economic outputs (such 
as improvements in digital technology) or environmental outputs (such as an 
improved pollution abatement technology), it would enable increases in outputs 
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across all goods in most circumstances. Thus technology changes entail a shift, 
such as from curve 1 to curve 3 in figure 2.2. 

Climate change and shocks. Ongoing climate change will also affect the provi-
sion of economic and ecosystem service benefits. Climate change often has 
a negative impact on outputs, such as depressing agricultural yields in many 
parts of the world (Zhao et al. 2017). Climate change may also negatively affect 
biodiversity and ecosystem services. For negative impacts, the efficiency frontier 
would shift inward such as from curve 1 to curve 4 in figure 2.2. However, climate 
could increase productivity in some areas, such as agricultural productivity in 
far northern or southern latitudes. Likewise, climate shocks such as drought, 
floods, and other natural disasters could redefine the economic and ecological 
equilibrium and change what is feasible from an efficiency standpoint. In these 
cases, a recalculation of the frontier may be necessary because the underlying 
ecological relationships may change. 

Water quality. Many of the movements toward the efficiency frontier, espe-
cially movements to the right that increase the value of production, involve 
agricultural intensification, which reduces water quality—even when it can be 
done in ways that do not worsen biodiversity and carbon scores. Requiring these 
shifts to not worsen water quality in the Pareto calculation will generally rule out 
many points on the current Pareto frontier and will shift the Pareto curve inward 
from the right. This shift (curve 5 in figure 2.2) is most pronounced for moves 
toward increasing production value, which tend to involve more intensification 
without the ameliorating effects of returning land to natural habitat (see annex 
2A for a more detailed discussion of how water quality affects the main results 
of this exercise).

Tipping points. Crossing tipping points can cause dramatic (nonlinear) and 
potentially irreversible environmental changes with a potentially large disruption 
in the flow of benefits from environmental assets (Scheffer et al. 2001). Tipping 
points may be breached on a global scale, such as when global temperatures cross 
critical thresholds, or on a local scale, such as when local environmental degra-
dation causes a freshwater lake to fill with algae (Scheffer and Carpenter 2003). 
The risks of crossing tipping points may increase as countries move beyond the 
Pareto (no trade-off) space and increase economic outputs by depleting their 
natural assets. Economies reliant on environmentally sensitive sectors such as 
agriculture, fisheries, or forestry are at particular risk when the growth of these 
sectors depletes the very natural resource base on which they depend. Although 
the models used here are unable to capture where tipping points may be crossed, 
the potentially significant risks posed suggest the need for considerable caution in 
moving beyond the Pareto space. In terms of the efficiency frontiers, the existence 
of tipping points implies that there are fewer possibilities for expanding economic 
production beyond the Pareto space—the greater the depletion of natural assets 
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the greater the risks. In terms of the resource efficiency frontier, once a tipping 
point is crossed, no further production is possible, implying a truncation.

Other forms of capital. The models in this analysis include services from 
natural capital as well as complementary forms of physical capital such as irriga-
tion systems and farm and forestry machinery. In addition, they implicitly assume 
that sufficient human capital is available to manage crop, livestock, and forestry 
production, as well as to transition land use and management to frontier systems. 
If these assumptions do not hold, then the frontier is likely to bend in on the hori-
zontal side, reducing the maximum attainable production value on the extreme 
end of the horizontal axis. Nevertheless, because of the large rural populations 
in most lower-income countries and the declining farm sizes in regions such as 
Sub-Saharan Africa and South Asia (Jayne, Chamberlin, and Headey 2014), it 
is unlikely that labor or human capital will be a binding constraint throughout 
the developing world. 

Other damages. Many other ecosystem changes, ecosystem services, and 
pollutants are not included in the model largely because of the paucity of data 
or insufficient information on impacts. If there are adverse impacts on either 
economic potential or environmental services from whatever source (whether 
natural disasters, a different pollutant or environmental pressure, or unaccounted 
economic changes and shocks), opportunities for growth shrink and result in 
a contraction of the efficiency frontier. Likewise, if the costs of transitioning 
between land uses or maintaining a particular land use are not in the model, 
these will pivot the efficiency frontier inward, and the opposite would hold if 
these costs were inflated in the derivation of efficiency frontiers.

Building on the description here of the methodology used to estimate the effi-
ciency frontier and the caveats that apply, chapter 3 investigates efficiency gaps, 
the scope for improvement, and where trade-offs emerge. A taxonomy based on 
the location of countries on or within their frontiers provides broad guidance 
on the policy directions needed to reach the frontier. Some countries, based on 
their performance and endowments, have large scope to improve land-based 
economic productivity; others have opportunities to improve the provision of 
environmental services; and still others on or near their frontier may face steep 
trade-offs. 
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Annex 2A: Water quality and the resource efficiency frontiers

The efficiency frontiers reported here are the maximal combinations of GHG 
reductions, biodiversity, and net monetary returns for agricultural crop produc-
tion, grazing, and forestry. The land use and land cover solutions on the efficiency 
frontiers have also been run through the water model to determine how drinking 
water quality changes for various points on the efficiency frontier when compared 
with the current landscape. These results do not optimize for water quality but 
rather evaluate the change in water quality for the results that optimize for GHG 
reductions, biodiversity, and net monetary returns. 

Some points on the efficiency frontiers show an improvement in water quality 
relative to the current landscape. These solutions are win-win-win-win in that 
they result in better outcomes for biodiversity, greenhouse gases, net returns 
from production, and water quality improvements. For a small subset of coun-
tries, all European except Bangladesh, movements to the Pareto frontier also 
show improvements in water quality. These countries have much land in agri-
cultural crop production, and movements to the frontier involve increasing 
natural habitat. Reducing the amount of land in crop production and increasing 
the amount of land in natural vegetation will tend to reduce nutrient loads and 
improve water quality.

However, for the vast majority of countries at least some points on the 
efficiency frontier show a decline in water quality relative to the current land-
scape. Increasing cropland area (extensification) or inputs to achieve higher 
yields (intensification) will tend to increase nutrient loads and decrease water 
quality. Many of the solutions on the efficiency frontier involve some degree of 
extensification and intensification, with the result that water quality is reduced, 
compared with the current sustainable landscape. Therefore, requiring that 
water quality does not worsen in the Pareto calculations will generally rule out 
some solutions on the current Pareto frontier, thereby shifting the Pareto curve 
inward to some degree for most countries. This inward shift is most pronounced 
on moves that increase the net production value, which tend to involve more 
extensification and intensification without the ameliorating effects for water 
quality of putting land back into natural habitat. The reductions in Pareto space 
arising from requiring water quality improvements tend to be more pronounced 
in lower-income countries that currently score well on biodiversity and carbon 
but low on production value. 

For about two-thirds of all countries, the entire Pareto frontier optimized 
for biodiversity, GHG reductions, and net production value shows a decrease 
in water quality relative to the current landscape. This occurs in many coun-
tries that currently have very low levels of nutrient pollution from agriculture 
or grazing, and where moves to intensify agriculture result in a net increase in 
nutrient pollution. This worsening of water quality occurs even when keeping 
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net production value constant and increasing biodiversity and GHG sequestra-
tion scores, which typically involves increases in natural habitat. The increased 
intensification required to maintain a constant net production value is what 
results in lower water quality scores. 

Because water quality is not being optimized, it is not altogether surprising 
that many of the solutions do not result in water quality improvements. Explicitly 
maximizing for water quality improvements would expand the set of win-win-
win-win solutions. Such solutions would tend to emphasize restoration of native 
habitats along streams and rivers and other measures targeted to water quality 
improvements. Such solutions would not increase biodiversity, GHG reductions, 
and net production values as much as is possible while ignoring water quality, 
but would show that there remains considerable scope for improved outcomes 
even with the additional constraints of improving water quality.
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Annex 2B: Aggregation and the “headline” landscape 
efficiency score 

As shown in box 2.2, information in an efficiency index can be aggregated 
in several ways to produce a single summary headline metric, such as gross 
domestic product for the economic accounts, or gross ecosystem production 
to summarize the value of ecosystem services, or the World Bank’s Human 
Capital Index. Ideally, the single summary metric would capture the wealth 
of information about natural capital. Currently, however, no single metric 
is able to capture the full range of information, but what follows describes 
several options. 

Landscape efficiency score

The landscape efficiency score is defined as the Euclidean distance between the 
vector of scores for the current landscape and the vector of minimum scores, 
divided by the Euclidean distance between the vector of scores for the current 
landscape and the vector of minimum scores plus the Euclidian distance between 
the vector of scores for the current landscape and the vector of scores for the 
nearest point on the efficiency frontier to the current landscape. It then follows that

 (2B.1)

where xi
C  is the score for the current landscape for output i; xi

Min  is the minimum 
possible score for output i; and xi

EF  is the score on the nearest point on the effi-
ciency frontier for output i, i = 1, 2, …, N. 

In simple terms, the landscape efficiency score measures the proportion of 
potential gains realized by current land use and land management. This measure 
equals 1 for a point on the efficiency frontier and drops to 0 as scores fall to the 
minimum possible. The mean score is 0.86 (range, 0.996–0.61).

Strengths. The landscape efficiency score is a good summary measure of the 
efficiency of the sustainable use of natural capital by a country. It captures how 
close to or far from the efficiency frontier a country is as a percentage of the 
total possible gains. It considers all dimensions and is not tied to a score in any 
particular dimension. Adding more dimensions will lead to higher scores because, 
if all else remains equal, each new dimension adds a positive real number (<1) 
to the old score. In addition, if a greater number of dimensions leads to a greater 
probability of a very high score in some dimension, then the landscape efficiency 
scores will tend to increase with the number of dimensions. 

Weaknesses. The landscape efficiency score tends to focus on the best dimen-
sional score and give little weight to poor performance in other dimensions. 
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Because an objective of this exercise is to determine where opportunities lie, this 
focus may inadvertently lead to neglecting cases where improvements can occur. 

Pareto geometric mean

The Pareto geometric mean is defined as the geometric mean of the Pareto scores 
across all the dimensions, where the Pareto score in each dimension is measured 
as the proportion of the maximum possible gains in the Pareto space obtained 
by the current landscape. It then follows that

  (2B.2)

where xi
C  is the score for the current landscape for output i; xi

Min  is the minimum 
possible score for output i; and xi

PMax  is the maximum score for output  i 
constrained to the Pareto space relative to the current landscape, i = 1, 2, …, N. 

The average score for the Pareto geometric mean in 0.69 (range, 0.99–0.41).
Strengths. The Pareto geometric mean restricts attention to the Pareto space, 

thereby capturing some of the notions of efficiency. This geometric mean uses 
each dimensional score and penalizes countries doing poorly in any single dimen-
sion. A high score is given only to those countries doing well in all dimensions 
relative to what is jointly possible. A geometric mean also has the advantage of 
ensuring that if a country obtains 0 in any one dimension, then the overall score 
becomes 0. This approach embodies the notion that both environmental and 
economic services are necessary. 

Weaknesses. The Pareto geometric mean emphasizes the weakest dimension. 
A country can be relatively efficient in the sense of being close to the efficiency 
frontier but still score low on the Pareto geometric mean. This outcome occurs 
for countries that are largely pristine but with untapped economic potential or 
those that are highly productive but with an ability to improve their environ-
mental outcomes. 

Geometric mean

This option is defined as the geometric mean scores relative to the maximum 
possible scores across all the dimensions. The difference between this measure 
and the Pareto geometric mean is that this measure compares the current land-
scape with the maximum possible score instead of restricting the comparison to 
be within the Pareto space relative to the current landscape—that is,

  (2B.3)
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where xi
C  is the score for the current landscape for output i; xi

Min  is the minimum 
possible score for output i; and xi

Max  is the maximum score for output i, i = 1, 
2, …, N. 

The average score for the Pareto geometric mean is 0.53 (range, 0.75–0.23).
Strengths. The geometric mean shares many of the same strengths as the 

Pareto geometric mean. 
Weaknesses. The geometric mean shares many of the same weaknesses as the 

Pareto geometric mean. In addition, a country can score poorly on the geometric 
mean if there are large unavoidable trade-offs among different scores. 

Pareto arithmetic mean

The Pareto arithmetic mean is defined as the arithmetic mean of the Pareto scores 
across all the dimensions, where the Pareto score in each dimension is measured 
as the proportion of the maximum possible gains in the Pareto space obtained 
by the current landscape, or

  (2B.4)

The average score for the Pareto arithmetic mean is 0.72 (range, 0.99–0.47).
Strengths. This mean restricts attention to the Pareto space, and so it still 

captures some of the notions of efficiency in the landscape efficiency score. 
Unlike the Pareto geometric mean, the arithmetic mean weights all dimensions 
equally, and thus it does not penalize a country excessively for doing poorly in 
one dimension. 

Weaknesses. There is no clear reason for thinking that percentage changes 
in one dimension should be treated the same as percentage changes in another 
dimension. A country can be relatively efficient and still score low on the arith-
metic mean, which will occur for countries that are largely pristine but with 
untapped economic potential, or are highly productive but with an ability to 
improve their environmental outcomes. 

Arithmetic mean 

The arithmetic mean is defined as the arithmetic mean of the scores across all the 
dimensions, relative to the maximum possible scores across all the dimensions:

  (2B.5)

The average score for the Pareto geometric mean is 0.58 (range, 0.76–0.35).
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Strengths. The arithmetic mean shares many of the same strengths as the 
Pareto arithmetic mean. 

Weaknesses. The arithmetic mean shares many of the same weaknesses as the 
Pareto arithmetic mean. In addition, a country can score poorly on the arith-
metic mean if there are large unavoidable trade-offs among different scores (for 
example, a country can do well in terms of either market value or nonmarket 
environmental scores, but not both).

Other indicators

The individual dimension scores tell important stories in their own right. It is 
useful to report the share of potential gains, either relative to the Pareto space 
or the maximum possible scores, for the monetary returns (sum of agricultural 
crop production, grazing, and forestry), greenhouse gases (carbon dioxide and 
methane), and biodiversity (potential species richness, threatened and endan-
gered species, endemic species, rare ecoregions, key biodiversity areas, and forest 
intactness). These scores are often as informative (or more informative) than the 
aggregate metrics. It can also be useful to sum up the environmental measures 
to look at an environmental geometric (arithmetic) mean. 

Each index tell a rich but different story by emphasizing different elements. 
No measure captures all elements, and the choice of metric should be guided by 
the issue under consideration. 

Notes

1. Cited in Box, G. E., and N. R. Draper. 1987. Empirical Model-Building and Response 
Surfaces. New York: John Wiley & Sons.

2. The online technical appendix (appendix B) is available with the text of this book in 
the World Bank’s Online Knowledge Repository, https://openknowledge.worldbank.org 
/handle/10986/39453.

3. For countries on the frontier, the slope of the frontier curve defines the trade-offs between 
the two outputs. When a country is in the upper-left part of the frontier curve, the shallow 
slope implies that a small reduction in the environmental output can lead to a large increase 
in the economic output. As one moves to the right, the slope increases, implying that one 
gets a smaller increase in economic output for the same decrease in the environmental 
output. This is an example of the law of diminishing returns.

4. That is, moving from ceteris paribus (all else being equal) to mutatis mutanda (allowing 
for change and interactions).
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Envisioning a More Sustainable 
Future through a More 

Efficient Present
What we are doing to the forests of the world is but a mirror reflection 

of what we are doing to ourselves and to one another. 
Chris Maser, U.S. social-environmental sustainability expert1

C H A P T E R  3

Key messages

 • This chapter presents the results of the landscape efficiency analysis 
following the methodology presented in chapter 2.

 • Overall, income status and region are found to be poor predictors of 
landscape efficiency. Instead, this study develops a typology of coun-
tries to categorize and explain why some countries perform better than 
others in terms of marketed production efficiency (agriculture, grazing, 
and forestry), and nonmarketed production efficiency (greenhouse gas 
storage and biodiversity).

 • Through more efficient use of landscapes, an increase in greenhouse gas 
(GHG) storage of 85.6 billion metric tons of carbon dioxide equivalent 
(CO2eq) can be achieved without reducing the economic production of 
the land or biodiversity. This quantity is equivalent to 1.7 years of global 
emissions.

 • Alternatively, scenarios that increase the efficiency of landscapes can also 
result in an increase in production value of US$329 billion per year, while 
maintaining current biodiversity and GHG storage levels. 
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Introduction

This chapter explores how land use and land management patterns contribute to 
income generation from crops, grazing, and timber, and two important nonmar-
keted environmental benefits: greenhouse gas (GHG) sequestration and the 
conservation of biodiversity. Specifically, it looks at whether and to what extent 
inefficiencies in the use and allocation of land-related resources reduce income, 
increase carbon emissions and pollution, and contribute to declining biodi-
versity, compared with what is feasible given a country’s resources. The results 
demonstrate how the allocation of land-related resources across sectors and the 
productive capacity of land can be improved to meet economic and environ-
mental goals in sustainable ways. Indeed, they reveal the degree to which land 
resources are being utilized to simultaneously attain these multiple goals, along 
with the trade-offs and synergies among the goals. 

How efficiently does the world use its land-based natural 
endowments? 

Several complementary statistics can help countries assess opportunities for 
gaining efficiency and identify where trade-offs emerge. This chapter begins by 
presenting a landscape efficiency score, which is a summary statistic identifying 
where a country currently stands in relation to the overall efficiency frontier. 
This statistic combines performance across three dimensions: (1) economic 
returns from agriculture, grazing, and forestry; (2) greenhouse gas storage; and 
(3) biodiversity. This composite indicator serves as the big picture—that is, the 
magnitude of potential gains jointly possible across the three components of net 
economic returns, GHG storage, and biodiversity. Although aggregate measures 
may serve as a useful summary, they are usually of limited policy relevance 
because performance is unlikely to be uniform across all of their components. 
Thus disaggregated measures of efficiency gaps are provided for each of the 
score’s dimensions (net economic returns, GHG storage, and biodiversity) to 
examine performance at the dimension level. These measures help identify where 

 • These benefits derive partly from more efficient use of resources (inten-
sification explains 55 percent of the gains), as well as through improved 
allocation of resources to their most productive uses.

 • These results imply that there are significant opportunities to increase 
economic growth and meet growing food security challenges without 
further encroaching on the environment and ecosystem services. 
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there is scope for improvement to guide country-specific policies. Gaps between 
actual outputs and potential outputs emerge for familiar reasons such as under-
investment; the inefficient use of natural endowments (such as water, forests, or 
land); and the use of land for other than its most productive potential. Once a 
country reaches its efficiency frontier, trade-offs necessarily emerge. 

The results reveal a typology of countries: 

 • Countries experiencing significant efficiency gaps in economic performance, 
suggesting it is possible to produce more (marketed) output with the given set 
of inputs without using resources in unsustainable ways. 

 • Countries with a large scope to improve the provision of nonmarketed environ-
mental services, often through the spatial reallocation of economic activities. 

 • Countries with large opportunities to improve efficiency in both the marketed 
and nonmarketed domains. 

 • Countries that are on or close to their efficiency frontiers where trade-offs are 
unavoidable and increasing one kind of output will entail sacrificing another. 

Landscape efficiency scores

As described in chapter 2, landscape efficiency scores summarize how a country 
is performing relative to what is possible across two key environmental services 
(greenhouse gas mitigation and biodiversity) and marketed benefits (agricul-
tural crop production, grazing, and forestry )—see box 2.2 in chapter 2 for the 
method of calculation and appendix A for the scores by country. The scores are 
to be used to compare each country’s actual performance with its own potential 
performance and not with that of other countries. Cross-country comparisons 
may not be appropriate because of differences in endowments and circumstances. 
Some countries may be close to their efficiency frontier simply because they have 
few alternatives for land use, such as countries that are too dry or too cold for 
crop cultivation or forestry. Others may be close to their frontiers because they 
implement good policies. This chapter thus avoids such cross-country compar-
isons beyond generalization about country clusters, focusing instead on how 
countries perform relative to their maximum potential.

The distribution of landscape efficiency scores across countries reveals in 
general very significant variation, with scores ranging from just over 60  percent 
to over 99  percent.2 Figure 3.1 shows the distribution of scores by World Bank 
country income classification. Variation within country income groups dominates 
the variation across groups, implying that the aggregate levels of efficiency are 
not determined merely by development level. It may be, then, that alternative 
classification types are more useful for understanding the determinants of these 
scores than income classification. 
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F I G U R E  3 . 1

Distribution of landscape efficiency scores, by country income group
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Note: Circles represent individual country scores. the mean value across countries in each income 
group is indicated by the horizontal line that extends across the box. inside the box, the upper, light 
blue portion is the second quartile (25th–50th percentile), and the lower, dark blue portion is the third 
quartile (50th–75th percentile). outer lines are useful for identifying outliers.

The aggregate landscape efficiency score conceals much of the variation 
driving these scores. This factor is demonstrated in table 3.1, which breaks down 
the efficiency scores into their three components.3 Specifically, these scores show 
how much better a country can perform in a single dimension, while holding 
performance in the other two dimensions constant—a Pareto improvement. For 
example, a 50  percent economic efficiency score (the green bars in figures in 
annex 3A) implies that through better policies and investments a country could 
conceivably double the net value of its output in terms of crops, grazing, and 
timber while holding greenhouse gas mitigation and biodiversity constant and 
not using resources such as water or land unsustainably. These results include the 



eNvisioNiNg a More sustaiNabLe Future through a More eFFiCieNt PreseNt 47 

key transition costs (see section B.4 of the online technical appendix for details). 
Typically, high-income countries perform significantly better on the economic 
components (crops, livestock, and timber) than middle-income and low-income 
countries (column 1 of table 3.1). The performance of low-income countries is 
weaker across all three efficiency measures, with the largest gap in the economic 
efficiency score. This result suggests that low-income countries, where agricul-
tural yields systematically lag those of other income groups, can increase rural 
incomes without sacrificing natural capital, where natural endowments permit. 

The geographic distribution of scores across the World Bank classification 
of regions is shown in figure 3.2. Once more, the mean landscape efficiency 
score exhibits limited variation across regions and much more variation within 
regions. Table 3.2 decomposes these aggregate scores into their subcomponents. 
Although there is much variation across regions, countries in the Middle East 
and North Africa and Europe and Central Asia tend to score better in economic 
efficiency than those in most other regions—with the caveat that these averages 
conceal large differences. South Asia performs, on average, relatively low in all 
three dimensions (reflected as well in the low average landscape efficiency score 
of 75.4  percent in figure 3.2), indicating a trend in countries that have a high 
population density, relatively low proportions of land as natural habitat, and 
relatively high yield gaps (the difference between actual and potential yields). 
With a large proportion of often marginal land converted to agriculture, these 
countries are far from the efficiency frontier in the production of environmental 
services, and with low yields they are also at a considerable distance from their 
maximum economic potential. Such observations give insights into the typology 
of countries discussed in the next section.

Maps 3.1 and 3.2 summarize some of the findings by displaying the distri-
bution of country scores across the three key dimensions. Map 3.1 shows 
how well each country performs in terms of economic efficiency and carbon 

TA B L E  3 . 1

Landscape efficiency scores, by country income group

Country income group

(1) Mean economic 
efficiency within the 
Pareto spacea (%)

(2) Mean carbon 
efficiency within the 

Pareto space (%)

(3) Mean biodiversity 
efficiency within the 

Pareto space (%)

Low income 47.5 74.2 77.6

Lower-middle income 51.7 78.9 81.0

upper-middle income 55.1 83.0 84.9

high income 72.6 77.9 86.6

Source: World bank.
Note: Numbers closer to 100 indicate higher levels of efficiency.
a. the Pareto space refers to outcomes where improvements in one of the key dimensions can be 
made without sacrifice in the other two dimensions.



48 Nature’s FroNtiers

F I G U R E  3 . 2

Distribution of landscape efficiency scores, by region
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 sequestration efficiency. The scores on each dimension indicate the gains that 
could be made through improvements in efficiency without sacrificing any other 
output (the Pareto space). Map 3.2 shows economic efficiency and biodiversity 
efficiency scores, which summarize the extent of gains feasible in one dimension 
without lowering scores in any other dimension considered (the Pareto space). 
The maps again highlight that performance is not systematically related to either 
development level or region. Thus the next section identifies clusters of countries 
based on their performance rather than region or income level.
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In addition, the maps demonstrate that most countries have the scope to 
make significant improvements in one or several of the three dimensions inves-
tigated, while maintaining scores on the other dimensions. Although there 
is variation, the average of the minimum Pareto scores across countries is 
54  percent, indicating that, on average, countries can almost double at least 
one dimension without reducing any other dimension. For most low-income 
countries, significant increases in net economic returns are possible without 
sacrificing environmental quality. In many high-income countries, substantial 
increases in greenhouse gas mitigation or biodiversity can be made without 
sacrificing net economic returns. 

M A P  3 . 1

Country performance across economic efficiency and carbon sequestration 
efficiency in Pareto spaces
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Source: World bank.
Note: No data is available for the countries shaded in the palest gray.

TA B L E  3 . 2

Landscape efficiency scores, by region

Region

Mean economic 
efficiency within the 

Pareto space (%)

Mean carbon 
efficiency within the 

Pareto space (%)

Mean biodiversity 
efficiency within the 

Pareto space (%)

east asia and Pacific 62.8 83.7 86.1

europe and Central asia 72.3 75.2 87.5

Latin america and the Caribbean 37.4 82.0 83.3

Middle east and North africa 76.9 83.5 79.4

south asia 53.0 60.2 79.2

sub-saharan africa 46.7 79.8 78.2

Source: World bank.
Note: Numbers closer to 100 indicate higher levels of efficiency.
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A typology 

If development level and region do little to explain the variation in landscape 
efficiency scores, what else might explain the differences across countries? The 
relationship is more complex. It implies that countries rich and poor alike have 
opportunities to improve the efficiency of landscapes with limited opportunity 
costs. This section describes a five-part typology of countries that determines 
how much scope countries have to improve their natural capital efficiency and 
economic and environmental outcomes. The five clusters are summarized in 
figure 3.3, which shows where efficiency improvements may emerge relative to 
each country’s own efficiency frontier.

A. High-income, highly efficient countries

Group A in figure 3.3 is composed of high-income countries with highly effi-
cient economies. These countries include most of the advanced economies in 
the European Union (EU) and the Organisation for Economic Co-operation 
and Development. They tend to be close to their maximum potential in terms 
of the economic indicators, despite not necessarily performing uniformly well 
on one or more of the environmental dimensions. For these countries, signif-
icant shifts to a more environmentally friendly landscape that mitigates more 
GHGs and preserves more biodiversity might require economic trade-offs. 
Nevertheless, some Pareto shifts (efficiency improvements) are still possible 
in many cases. 

M A P  3 . 2

Country performance across economic efficiency and biodiversity efficiency in 
Pareto spaces
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Figure 3.4 demonstrates this result for one such high-income EU country, 
Sweden. It compares this country’s economic efficiency (horizontal axis) with a 
composite environmental efficiency score that combines biodiversity and GHG 
sequestration (vertical axis). The graph clearly shows that the high efficiency 
score results from the country’s economic production value being very close 
to its maximum possible score. By holding economic production constant, it is 
possible for the country to shift upward and increase environmental services. 
Nevertheless, shifts above this—such as shifts above a score of 0.6 in the normal-
ized environmental score, which would put Sweden in the range of sequestering 
3 billion metric tons of carbon dioxide equivalent (CO2eq) or more—would 
require trade-offs (that is, moving left and upward toward the frontier) because 
the economic production value would have to decline. 

B. Untransformed landscape, traditional agriculture

Perhaps the single best predictor of the landscape efficiency score of this 
group of countries is the  percentage of land within a country that is natural 
habitat (that is, land that is not in cropland, grazing, forestry, or urban). 
Countries with more than two-thirds of their land in natural habitat almost 
uniformly have high landscape efficiency scores higher than 90  percent. 
These countries—which include many West African countries and some in 

F I G U R E  3 . 3

Typology of countries, by environmental indicator and production value
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the Amazon—tend to perform close to their maximum potential on the envi-
ronmental indicators because they have large land areas devoted to natural 
forests and so they sequester large amounts of carbon per unit of land and 
support critical biodiversity. However, many of these countries do not score 
as well on the economic indicator and thus have room to improve economic 
productivity, mainly by increasing the intensity of agriculture to close yield 
gaps (see box 3.1 for a closer look at Liberia). Going beyond this would require 
extensification that may lead to significant environmental trade-offs unless 
there is misallocation of land use. 

A particularly extreme example in this category is Suriname. Some 
93  percent of Suriname’s land is in its natural state (that is, not converted to 
agriculture, cities, commercial forestry, or grazing). Figure 3.5 shows Suri-
name’s efficiency frontier. The country is currently close to achieving its 
maximum producible GHG sequestration and biodiversity-related services 
(over 90  percent of the maximum). However, the value of production could 

F I G U R E  3 . 4

Efficiency frontier of a high-income country realizing most of its potential economic 
gains: Sweden
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B OX  3 . 1

Maximizing efficient landscapes in Liberia 

the challenge and importance of moving toward efficient landscapes is exemplified in 
Liberia. this West african nation has among the lowest per capita gross domestic product 
in the world, us$632 in 2019 or less than us$2 per day on average. this figure stands in 
stark contrast to the country’s original rich natural capital. its landscape was populated 
with lush rainforests, rich biodiversity, and fertile soils. but because of vicious cycles of 
poverty, natural resource degradation, and conflict, much of that natural capital has been 
degraded or destroyed (see figure b3.1.1, where a map shows the country’s current land 
cover and land use). Much of the forests in the central part of the country were removed 
for charcoal or shifting agriculture and so are now unproductive shrubland or grassland or 
devoted to low-intensity agriculture. 

the maps that surround the efficiency frontier (blue curve) show alternative 
landscapes and intensities of use for Liberia that result in a more efficient use of its natural 
endowments. in the map at the extreme top left, Liberia maximizes its biodiversity through 
the planting and conservation of natural forests at the expense of most of its economic 
production. the map at the bottom right shows the opposite; most forests and natural 
lands are removed and replaced with intensified, rainfed agriculture.

More interesting are the three maps showing the Pareto results. of these, the leftmost 
map shows a scenario in which economic production and biodiversity are held constant, but 
greenhouse gas (ghg) sequestration is maximized. in such a scenario, ghg  sequestration 

F I G U R E  B 3 . 1 . 1

Efficiency frontier: Liberia

Source: World bank.
Note: the blue line represents the efficiency frontier. the interior (brown) dot shows the country’s 
current position, and the various other dots represent achievable places on the frontier that 
maximize different objectives in the Pareto space. the maps that surround the efficiency frontier 
show alternative landscapes and intensities of use for Liberia that result in a more efficient use of 
its natural endowments. ghgs = greenhouse gases.
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F I G U R E  3 . 5

Efficiency frontier of a country with largely intact ecosystems: Suriname
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in Liberia increases by 1 billion metric tons of carbon dioxide equivalent (Co2eq), from 
3.6 billion to 4.6 billion. this figure represents over 83 years of business-as-usual annual 
emissions at the 2030 level.a 

the center map shows a scenario in which ghg sequestration and economic production 
are held constant but biodiversity is maximized. this scenario, which is very close to the 
ghg sequestration Pareto max scenario, assumes an expansion of sustainable forestry 
and restoration of natural forests, allowing for production gains while safeguarding and 
restoring biodiversity.

the third Pareto map depicts a scenario in which ghg sequestration and biodi-
versity are held constant, and economic production from agriculture, grazing, and 
forestry is maximized. under this scenario, net economic production could increase from 
us$174 million (the sustainable current scenario) to us$495 million for an increase of 
us$321 million without compromising existing biodiversity or increasing greenhouse gas 
emissions.

a. From Liberia’s revised nationally determined contribution (NdC) of august 2021.

Box 3.1
Continued
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increase significantly (more than tenfold) without environmental trade-offs 
by shifting from the current configuration to that of maximizing the value of 
production in the Pareto space. Any increase beyond that point would result 
in a loss of carbon storage and biodiversity.

Other countries with a large endowment of forests could also find ways to 
generate growth through nonconsumptive forest uses such as tourism and to 
improve the economic productivity of land. Many countries in the Congo Basin 
are in this category. In recent years most of these countries, with the notable 
exception of Gabon, have turned from net sinks to net sources of GHG emis-
sions.4 Finding ways to reconcile growth without degrading forest cover in these 
regions will be pivotal to meeting global climate goals because there is no feasible 
pathway to these ambitions without addressing deforestation. This report iden-
tifies where such opportunities for growth without deforestation lie in these and 
other countries.

C. Countries where geography is destiny 

This group of countries, located close to or on the efficiency frontier in 
figure 3.3, include a mix of countries that have large deserts, are close to the 
Arctic, or otherwise have inhospitable terrain. A common characteristic of 
these countries is extreme climatic conditions that make agriculture difficult 
and limit the number of plant and animal species that can survive. Thus such 
countries may perform close to their maximum potential across both envi-
ronmental and economic metrics. Because of their low population densities, 
mountainous terrain, extreme cold, or extreme heat with low precipitation such 
as in deserts, it is unlikely that much of the land in these countries could be 
sustainably developed for agriculture. Even if their land were converted to agri-
cultural uses, it would likely become unproductive because of a fragile resource 
base and would involve steep trade-offs. Thus countries in this category will 
often appear close to their frontier in most of the dimensions because of their 
geographic constraints. In short, when very little production is possible, these 
countries will be efficient.

For example, Iceland, the country with the world’s highest landscape effi-
ciency score, has a very low population density with rugged terrain and a 
climate not always conducive to agriculture. Such countries usually improve 
their environmental scores by retiring land from, for example, grazing, 
which improves biodiversity conservation and carbon storage but reduces 
its production value. Conversely, the only way to significantly increase its 
production value is to increase, say, grazing, which reduces its already limited 
biodiversity score and carbon storage performance. Thus movements in any 
single dimension would require significant trade-offs in the other dimensions. 
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This is illustrated in figure 3.6, which shows Iceland’s efficiency frontier and 
the changes in patterns of production. The sharp kink in Iceland’s efficiency 
frontier indicates that at every point there are sharp trade-offs between the 
economic and environmental dimensions.

D. Dense, transformed, and traditional agriculture

These mostly low- and lower-middle-income countries have high population 
densities, have converted large shares of their natural lands to other uses, and 
are lacking in intensified agriculture. Often, too, the location of agricultural 
activity may not correlate with agronomic potential. For example, many highly 
populated arid developing country regions have a high dependence on water-
thirsty crops such as rice, sugarcane, and cotton. This group is composed of 
middle-income countries in Asia and Africa. These countries tend to be quite far 
from their frontier in both the economic and environmental indicators. By inten-
sifying agriculture and adopting more modern technologies such as improved 
seeds, fertilizers, and mechanization, they could increase the yield efficiency of 
converted lands. In many countries, spatial reallocation of production could also 
improve productivity across multiple dimensions. This reallocation would give 

F I G U R E  3 . 6

Efficiency frontier: Iceland 
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these countries more freedom either to return current lands to their natural state 
where they could provide ecosystem services such as carbon sequestration, polli-
nation, flood management, and biodiversity support, or to maintain cultivation 
and significantly increase their land’s economic productivity.

Figure 3.7 illustrates the potential for improvement in landscape efficiency 
using shifts in the intensive and extensive margin for Haiti. It has a relatively low 
landscape efficiency score, indicating a large potential for improvement. Haiti has 
gone through decades of land clearing and land degradation, resulting in a nearly 
complete loss of its natural forests and a significant loss of the ability of the land 
to support agriculture. In figure 3.7, this situation is reflected in the sustainable 
current map, which shows that much of the land is currently grassland, which 
generates little to no economic production, nor does it support significant levels 
of biodiversity or carbon sequestration. Therefore, it is not surprising that Haiti is 
far from its frontier in both the economic and environmental dimensions. Anal-
ysis of the efficiency frontier reveals that Haiti could increase its production value 
by orders of magnitude with no impact on environmental outcomes through 
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Efficiency frontier: Haiti
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both significant extensification and intensification of agricultural production. 
Conversely, by replanting forests and adopting better land management, Haiti 
could more than double its GHG sequestration without reducing the land’s 
economic production. Moreover, Haiti has many intermediate pathways in which 
both its economic production and environmental dimensions could increase 
significantly.

E. Low population density and moderate agricultural intensity

This mix of high-income and low- and middle-income countries tends to have 
low population densities and large extents of uncultivated terrain, some of which 
may be devoted to cattle production. Wealthier countries in this group, but 
also some lower-income countries, tend to have large grasslands, which are 
not particularly efficient at sequestering carbon or supporting biodiversity, nor 
do they maximize economic gains. Other countries, such as the Lao People’s 
Democratic Republic, are inefficiently allocating land between economic and 
environmental sectors. 

In Lao PDR, the current landscape score (the brown dot in figure 3.8) lies 
well inside the efficiency frontier. This country could significantly improve its 
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Efficiency frontier: Lao People’s Democratic Republic 
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biodiversity and carbon storage without reducing its monetary returns (vertical 
movements in figure 3.8). Increases in biodiversity conservation also tend to 
yield increases in carbon storage and vice versa. These gains can be achieved by 
(1) relocating agricultural production to areas with higher fertility and away from 
areas with high carbon storage and biodiversity potential, and (2) intensifying 
agricultural production to increase yields so that a smaller area will produce the 
same amount of crops. The landscape that maximizes either carbon storage or 
biodiversity while maintaining the current value of market returns will require 
intensifying agriculture to increase yields in two areas near the Thai border, 
while returning some agricultural land to forest in other parts of the country 
(figure 3.8).

It is also possible to accommodate significant economic development and 
still improve biodiversity and carbon storage (movement up and to the right in 
figure 3.8). In Lao PDR, even larger improvements can be made in production 
value without losing any biodiversity conservation or carbon storage outputs 
(horizontal movements in figure 3.8). Indeed, a twofold potential increase in 
production value could largely come from intensification to close yield gaps. 
Combining yield increases and movement of agricultural production to areas of 
high fertility and away from areas of high carbon storage or biodiversity conser-
vation potential could lead to improvements in all dimensions: production value, 
biodiversity conservation, and carbon storage. 

Efficiency gains for achieving global carbon goals

Substantial gains in biodiversity, carbon storage, and production value could be 
achieved jointly through efficiency improvements in some countries (see maps 
3.1 and 3.2). Agriculture, forestry, and other land uses contributed an estimated 
23  percent of total GHG emissions over the period 2007–16 (IPCC 2019). Partic-
ularly important in the context of climate change is the potential for nature-based 
solutions (Griscom et al. 2017) to offer carbon storage opportunities without 
detrimentally affecting other important services offered by the landscape (such as 
monetary returns and biodiversity). Restoration of natural habitats can increase 
the amount of carbon sequestered, making land use a sink rather than a source 
of greenhouse gases. The efficiency frontier can identify the scope for improving 
carbon sequestration potential by improving land use and land management 
without diminishing other services. 

Within the framework of this study, countries can increase their sequestra-
tion and reduce their emissions of CO2eq in three ways. First, return land to 
natural habitat from agriculture, grazing, or forestry. In doing so, land formerly 
used to produce crops, livestock, or timber can increase carbon storage and see 
lower emissions of methane. To maintain production value, however, offsetting 
increases would have to occur in the value of production elsewhere by increasing 
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the intensity of production on the remaining economic lands. Second, shift land 
to more efficient uses. Land that has a high ratio of carbon storage potential to 
crop production could be shifted to natural habitat, and land with a low ratio 
could be put into crop production. Similarly, land could be shifted among produc-
tive uses (cultivation, grazing, and forestry) to achieve higher combinations of 
production value and carbon storage. And, third, alter grazing to reduce the 
amount of methane produced by livestock. 

The models used in this analysis indicate that across the 147 countries exam-
ined, the current GHG storage capacity is 429 billion metric tons of CO2eq, 
which is comparable to the Intergovernmental Panel on Climate Change 
(IPCC) estimate for 2000 of 466 billion metric tons of CO2eq (IPCC 2000) for 
carbon stored in terrestrial vegetation for all lands. By choosing land use and 
land management to maximize GHG storage, this amount can be increased to 
605 billion metric tons of CO2eq, an increase of 176 billion metric tons (see 
figure 3.9). Some of this gain in GHG storage would come at the cost of other 
objectives, such as less production value. Restricting attention to potential 
gains within the Pareto space brings the feasible maximum potential gain for 
the 147 countries to 78.1 billion metric tons of CO2eq, or about 45  percent of 
the total maximum potential gains (see figure 3.9). If the same average ratio is 
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applied to countries not included in this study, the GHG sequestration poten-
tial would rise to 85.6 billion metric tons of CO2eq. To provide context, total 
annual global emissions of GHG from all sources (fossil fuel burning and land 
use) are estimated at approximately 50 billion metric tons (Our World in Data 
2021). Thus, realizing the increase in GHG mitigation from land use and land 
management within the Pareto space would be equivalent to 1.7 years of global 
carbon emissions. 

The estimates of GHG mitigation potential are an indication of the total 
amount mitigated over time (with a 20-year time horizon) by means of changes 
in land use and land management. In a comparable exercise, Griscom et al. (2017) 
estimate the potential for sequestration from “nature-based solutions.” The 20 
land management strategies include changes in agricultural practices, natural 
habitat conservation, and forest restoration. They estimate that the 20 strategies 
could sequester 23.8 billion metric tons of CO2 per year. When constrained 
to implementing more cost-effective strategies at a carbon price of US$100 
per metric ton of CO2, Griscom et al. (2017) estimate carbon sequestration of 
11.3 billion metric tons per year. The ratio of the amount of cost-effective to total 
potential GHG sequestered is 47  percent, which is similar to the 45  percent ratio 
of Pareto maximum gains to maximum gains in this study. Aggregating their 
annual sequestration over a 20-year horizon, the Griscom et al. (2017) estimates 
generate a savings of 476 billion metric tons (unconstrained by the carbon price) 
and 226 billion metric tons (constrained by the carbon price). This estimate is 
about 30  percent higher than prior estimates (IPCC 2014; Smith et al. 2013), 
mostly because Griscom et al. expand the set of strategies considered. Similarly, 
the GHG savings reported by Griscom et al. (2017) is higher than the estimates 
derived in this study because Griscom et al. include a wider set of strategies and 
do not constrain possibilities to the Pareto space. This possibility is not consid-
ered in most simulation exercises, which explains the differences (Peña-Lévano, 
Taheripour, and Tyner 2019).5

In scenarios whose goal is to maximize GHG storage, irrespective of the cost 
and losses, the additional 176 billion metric tons of CO2eq stored is achieved 
by increasing the amount of natural land by almost 50 million hectares, which 
represents almost a doubling of natural area (a 97  percent increase). Most of the 
increase in carbon storage occurs in a handful of countries, which include those 
with the potential to increase agricultural yields while enabling forest restoration. 
By contrast, in the Pareto space the gain in GHG storage is 78 billion metric tons 
of CO2eq. This gain is achieved by increasing the amount of natural land by just 
over 30 million hectares. Box 3.2 indicates that if land-based GHG sequestration 
is recognized and rewarded, then low-income countries, because of their relative 
comparative advantages, would be the greatest beneficiaries. The policy implica-
tion is parallel poverty reduction and global environmental goals.
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B OX  3 . 2

The relative gains to low-income countries from improved allocation decisions

an established literature in macroeconomics uses conventional general equilibrium 
models to estimate the economic losses from factor market misallocation (adamopoulos 
and restuccia 2014; hsieh and Klenow 2009). a common finding of that literature is that 
the welfare losses from misallocation are extremely large. this box extends this approach 
to consider welfare changes from land misallocation in the presence of environmental 
externalities.

the parsimonious general equilibrium model detailed in section b.6 of the online 
technical appendixa features an economy embedded in nature that recognizes the 
environmental benefits provided by natural land cover. the model is used to explore a 
counterfactual in which the greenhouse gas (ghg) sequestration services of forests and 
landscapes are recognized in factor market allocation decisions and compared with a 
benchmark where they are not recognized.

the results summarized in table b3.1.1 show that when carbon sequestration from 
land has economic value, all countries benefit, but low-income countries benefit the most. 
this result mainly stems from the very different comparative advantages of high- and 
low-income countries. high-income countries have a comparative advantage in agricul-
tural production and low-income countries in land-based carbon sequestration. by 
extension, a policy that recognizes and rewards ghg sequestration disproportionately 
benefits low-income countries. the implication is that such environmental policies would 
simultaneously contribute to development needs and poverty reduction goals, as well as 
local environmental objectives through protection of watersheds, pollination services, and 
other provisioning services, as well as help to achieve global environmental goals through 
ghg sequestration services.

TA B L E  B 3 . 1 . 1

Average welfare gains from policies that recognize GHG sequestration 
services in factor market allocation decisions

Country income group Normalized welfare

high income 1.0

upper-middle income 1.1

Lower-middle income 1.2

Low income 1.4

Lungs of the planet

amazon rainforest 1.1

Congo basin 1.3

Source: World bank.
Note: Welfare is the relative change in welfare, normalizing high-income countries as 1.0 
after a policy change that internalizes the sequestration benefits of land cover through 
a shadow price on ghgs. the aggregate welfare gains from this policy change in all 
groups are shown in the online technical appendix, section b.6. by definition, correcting 
externalities involves a move closer to the optimal outcome. 

this finding is of critical development importance because it shows that the current 
and prospective sequestration potential of land can confer very substantial benefits on 
low-income countries and would constitute a win-win for both development and global 
climate change goals. Notable are the welfare gains for countries in the amazon rainforest 
and Congo basin regions, known as the lungs of the planet. these regions experience 
significant benefits in welfare by recognizing the role of land cover.

a. the online technical appendix (appendix b) is available with the text of this book in the World 
bank’s online Knowledge repository, https://openknowledge.worldbank.org/handle/10986/39453.

https://openknowledge.worldbank.org/handle/10986/39453�
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Efficiency gains for achieving economic development and food 
security goals

The efficiency frontier can be used to find the maximum possible increase in 
production value without loss of biodiversity or GHG storage potential (that is, 
the Pareto space options). These amounts are then summed across all countries 
to obtain a global estimate of the potential increase in economic production 
across sustainable forestry, agriculture, and animal products from improved 
land use and land management (figure 3.10). The value of economic production 
could be increased across these sectors by US$535 billion per year if economic 
production were maximized without regard for the costs of reduced biodiversity 
and carbon sequestration. In the more restricted Pareto space where there are no 
environmental losses, the increase is still US$329 billion per year, or 78 percent 
of the maximum achievable. These results imply that enormous opportuni-
ties are available to increase economic outputs, and especially meet growing 
food security challenges, without further encroaching on the environment and 
ecosystem services. 
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Illustration of maximum potential and Pareto increase in economic production
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Perhaps more important than the value of net production is the impact that 
increasing efficiency can have on total calories produced. Several studies have 
attempted to estimate how much population and economic growth will increase 
the demand for food (Searchinger et al. 2019; Tallis et al. 2018; Tilman et al. 
2011; van Vuuren et al. 2015). Although time periods, modeling techniques, 
and assumptions vary, most studies find that an increase in food production 
of between 50 and 100  percent will be needed to meet food demand by 2050. 
Under the scenario in which economic production is maximized in a Pareto 
way, the results indicate that calorie production would increase by 152  percent, 
well above even the most pessimistic estimates of what will be needed to feed the 
world by 2050. This scenario also assumes continuation of the current technology 
frontier. Advances in agronomy over the next 30 years will almost certainly 
make achieving these goals easier. On the other hand, climate change will likely 
shift the efficiency frontier inward in many areas where a changing climate will 
make agriculture more difficult. Nevertheless, this prediction also demonstrates 
why, for most countries, achieving food security goals need not require a shift 
fully to the right—that is, one in which economic production is maximized and 
environmental services are held constant. Instead, economic and environmental 
gains can be targeted in tandem, promoting more balanced growth and achieving 
a fuller suite of global priorities.

Similar to the carbon results, increases in economic production value can be 
achieved in three ways. First, more land can be devoted to economic produc-
tion. Second, land can be shifted from less economically productive land use 
to more economically productive land use. And, third, land can be used more 
intensively by, for example, increasing the amount of inputs used in cultivation 
or using grazing patterns that are closer to optimal levels of land use. In the 
Pareto space, 55.3  percent of the gain is from intensification of economic lands, 
whereas the residual 44.7  percent is from better spatial planning and extensifica-
tion, including reallocation of production. Like the carbon results, the increases 
in economic output are governed by natural potential, land availability, inputs, 
and management techniques. The gains are from countries across all income 
groups and regions.

Figure 3.11 shows the distribution by country income group of economic 
efficiency scores in the Pareto space. Most low- and middle-income coun-
tries achieve less than half of their Pareto potential, whereas high-income 
countries achieve, on average, 70  percent. There is thus considerable scope 
for lower-income countries to “catch up” in economic production without 
degrading their environments. Catching up to richer countries would mean 
enormous benefits in terms of economic growth, rural development, and food 
security, without the downsides of environmental damages. This finding is 
consistent with other exercises that investigate differences between actual 
and potential production and find larger yield and total factor productivity 
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gaps in lower-income countries. Although potential gains are large, they will 
require difficult reforms, and, in some contexts, there is insufficient evidence 
on policy effectiveness.

Currently, the value of the yield gap between high- and low-income countries 
is US$88.92 per hectare, with high-income countries, on average, producing 
US$142.37 per hectare and low-income countries producing US$53.47 per 
hectare. If all countries were to achieve their Pareto maximum for economic 
efficiency, those yields change to US$129.04 per hectare for low-income countries 
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Distribution of economic efficiency scores within the Pareto space, by country 
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and US$212.00 per hectare for high-income countries. The result is a propor-
tionately greater increase in benefits accruing to low-income countries relative 
to the status quo.

Efficiency gains, biodiversity, and ecosystem services

This section examines the dynamics of biodiversity scores. As noted earlier, 
one of the most reliable indicators for how a country performs on the overall 
landscape efficiency score is the  percentage of land left in its natural state. Use 
of this indicator is not surprising because undisturbed land will function close 
to its natural potential in terms of greenhouse gas sequestered and biodiversity 
supported, putting the landscape closer to the frontier. The results offer some 
new insights into opportunities for halting the rapid losses of biodiversity. 

Figure 3.12 plots countries’ biodiversity scores as a share of the maximum 
attainable when not restricted to the Pareto scenarios against the  percentage 
of land in a seminatural state. “Seminatural state” refers here to land that is not 
cropland or urban land but could include grazing land or forests. Although the 
results reveal that countries with higher shares of seminatural land typically 
perform better on their biodiversity scores, there is significant heterogeneity. 
Some countries (in the bottom right of the graph) have very high  percentages of 
seminatural land, and yet they perform poorly on the biodiversity score for two 
possible reasons. First, the lands that have been converted for use in economic 
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activity (crop production, livestock grazing, or forestry) are very valuable in terms 
of how much biodiversity they can support. For example, in the Middle East’s 
extremely arid biomes, only a small share of the land can support significant 
biodiversity. If that small share of land is converted to economic uses and loses 
its biodiversity, the biodiversity score falls significantly, despite most of the land 
remaining in its natural state. A second possible reason a country may fall in this 
category is if much of its land has not recovered from previous degradation or 
deforestation. The land may currently be in an unused state classified as “natural.” 
However, its ability to support biodiversity has been lost, or it has not yet had 
sufficient time to recover. After sufficient time and perhaps some efforts toward 
land restoration and the reintroduction of critical species, the land’s ability to 
support biodiversity could be restored. 

Countries toward the left side of the graph have converted a large majority of 
their land to agriculture or urban lands, and yet still support more than 60  percent 
of their maximum potential biodiversity. There are two possible explanations for 
such a result. First, the country has preserved its more high-valued biodiversity 
lands, perhaps by strategically enforcing protected areas (PAs) or perhaps by 
sheer luck (chapter 4 reviews some of the evidence on PAs). The second possible 
explanation is that these are countries with low richness of native species and low 
phylogenetic diversity, so that the number and diversity of species lost on culti-
vated lands are limited. Nevertheless, the relationships show that development 
need not always come at the cost of a nation’s biodiversity. Through strategic 
planning, the conversion of land into economic production can be achieved 
without placing a fatal strain on biodiversity. 

Caveats and limitations of the data and methods 

Compiling estimates of current performance and efficiency frontiers for all coun-
tries requires pushing methods and data to the frontiers of science in many areas. 
Although the notion of compiling an efficiency frontier is relatively straightfor-
ward, actually assembling the data and undertaking the analysis are challenging. 
It appears that this study is the first such attempt and that global data sets for 
biodiversity and for the market value of agricultural crops, grazing, and forestry 
have not yet been assembled. As with any new global analysis, improvements 
will eventually be needed in both data and methods. Further data collection and 
advances in methods will no doubt refine the results and improve their accuracy. 

This study relies on globally available data so that the analysis is consistent 
across all countries. However, such an approach does not allow incorporation of 
specific factors important in some countries that could be analyzed using more 
detailed local data. For example, land use and land management options were 
constrained to a relatively small set of 14 options.6 Because of the limited number 
of options, it is not possible to model all the land uses or land  management 
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practices that might be important in a particular country. The result is conser-
vative estimates of efficiency scores (that is, allowing for more options would 
result in still larger gaps). Even with this limited number of options, the models 
used, together with the available data, were often at the limit of what could be 
reasonably predicted for all outcomes of interest (biodiversity, GHG mitigation, 
agricultural crop production, grazing, and forestry) under each management 
option. Annex 3C compares yield gap estimates derived in this report to those 
of the Global Agro-Ecological Zones product of the Food and Agriculture 
 Organization and finds consistencies as well as differences predictably arising 
from the sustainability and economic value maximization used in this work. 
Outliers in that data set are also explained in greater detail. 

Several possible improvements deserve special attention going forward in this 
area of study. Most improvements would arise from investments in better data. 
For agricultural crop production, grazing, and forestry, data on gross returns 
are available (revenue), but information on production costs is incomplete. 
Production cost data was sourced from the Global Trade Analysis Project (GTAP) 
database,7 which is perhaps the most widely used and most complete data set on 
cost shares available on a global scale. (See section B.1.3 of the online technical 
appendix for full methodological details on how gross returns are converted into 
net returns by using the factor shares for land in GTAP.)

Grazing and forestry did not include multiple management options, whereas 
crop production did. For grazing, then, the stocking density is not varied, nor 
are rotational grazing or other alternative management options considered. For 
forestry, returns are modeled assuming even-age rotational harvest based on the 
estimated profit-maximizing rotation age. Thinning or other alternative manage-
ment options are not considered. Future versions of this approach could allow 
multiple options for both grazing and forestry. However, doing so will require 
data and understanding of functional relationships that would allow estimating 
the impact of alternative management on biodiversity, GHG mitigation, and 
grazing or forestry returns. 

One important way in which countries might be operating well inside their 
landscape efficiency frontier is when they have a significant portion of degraded 
land. Part of the effect of degraded lands is captured in areas where (1) the natural 
vegetation had been forest but is currently grassland or shrubland that is not being 
used for crop production or grazing (as in Haiti), or (2) the natural vegetation 
had been grassland or shrubland but is currently desert. However, in the available 
data the quality of natural forests and grassland is not adequately captured, nor 
are global data on soil quality systematically available. A very important element 
of natural capital is quality rather than just quantity, and so future work must try 
to better represent the aspects of quality that help determine its contribution to 
biodiversity, GHG mitigation, and production values. 
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The modeling efforts in this study employed current empirical relationships, 
which are adequate for understanding small perturbations of current condi-
tions. However, large-scale changes in land use could cause major shifts in these 
 empirical relationships, leading to large changes in the outcomes of interest 
(see box 1.1 on tipping points). In addition, climate change is likely to cause 
fundamental changes in ecosystems that will affect all outcomes of interest. 
 Incorporating climate change is another frontier topic that deserves careful 
attention but is beyond the scope of this report.

The results presented here are based on models that examine the “steady 
state”—that is, when all variables and land uses are in equilibrium and are 
unchanging. Nevertheless, reaching that steady state will require a transitional 
period whether one is building a road, constructing a school, or transitioning 
landscapes to different land uses. The timing of the transition will vary based 
on physical and natural properties. Conversion to agriculture may generally be 
quicker than the conversion to forests. However, young forests tend to absorb 
more carbon overall because trees are packed more densely when they are small. 
In addition, where structural works are involved (such as irrigation), there is 
large variation in the speed of construction across countries. The timing of such 
transitions is therefore complicated, which is one reason why this study focuses 
on steady states. 
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Annex 3A: Additional results 

This annex reports additional results based on the work presented in chapter 3. 
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Annex 3B: Nonmarket environmental scores: A further 
analysis of outcomes

This annex examines another aspect of the two nonmarket environmental 
components of the landscape efficiency score: carbon storage and biodiversity 
conservation. The aim is to determine the maximum possible outcomes for 
carbon storage and biodiversity conservation for each country when all land 
is conserved in its natural condition, which precludes land use for agriculture, 
grazing, and forestry. Such a scenario is unrealistic, but solving for it shows how 
much carbon storage and biodiversity conservation are possible, and how close 
or far to this maximum a country’s performance is given its current land use 
and land management. 

The average maximum possible scores across countries by country income 
group are shown in table 3B.1. The carbon storage and biodiversity scores increase 
from low-income to lower-middle-income to upper-middle-income countries, 
but they decrease from upper-middle-income to high-income countries. The 
lowest average scores for both carbon storage and biodiversity occur in the 
high-income countries. 

For carbon storage and biodiversity conservation, the pattern across income 
groups is the exact opposite of what has been found in the environmental Kuznets 
curve literature on air and water pollution (Grossman and Krueger 1991; World 
Bank 1992). For air and water pollution, expanding industrialization in countries 
undergoing economic development tends to increase pollution as the countries 
move from low-income to middle-income. Eventually, when countries become 
wealthy enough, they begin to devote resources to pollution control so that pollu-
tion levels tend to fall as a country moves from middle-income to high-income 
status. For carbon storage and biodiversity, high-income countries tend to have 
more land devoted to productive activities and less land remaining in natural 
vegetation. On average, the  percentage of natural land rises from low-income 
to lower-middle-income to upper-middle-income countries before falling for 

TA B L E  3 B . 1

Average carbon storage and biodiversity conservation scores, by 
country income group

Country income group Carbon storage (%) Biodiversity conservation (%)

Low income 60.0 68.0

Lower-middle income 64.8 72.1

upper-middle income 68.4 73.7

high income 52.4 67.3

Source: World bank.
Note: these scores represent the share of the maximum possible score achieved by each country in 
an income group. those results are then averaged across all countries in an income group to yield the 
scores shown. 
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TA B L E  3 B . 2

Share of natural habitat remaining, by country income group

Country income group Share of natural habitat remaining (%)

Low income 4 1 .1

Lower-middle income 45.3

upper-middle income 48.1

high income 32.5

Source: World bank.
Note: Natural habitat is defined as total land area minus land in agriculture, grazing, managed forest, 
and urban development.

F I G U R E  3 B . 1

Share of carbon storage plotted against the share of maximum possible carbon 
storage, by country
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Source: World bank.
Note: Proportion of a country’s natural area is the land area not in crop production, grazing, forestry, 
or developed, divided by total land area. 

high-income countries (table 3B.2). The  percentage of natural land is defined 
as the total land area minus land area used in agricultural crop production, 
grazing, managed forests, and urban development divided by total land area. 
Both greenhouse gas mitigation and biodiversity scores are tightly correlated 
with the proportion of natural area (figures 3B.1 and 3B.2). 
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Share of natural area plotted against the share of maximum possible biodiversity, 
by country
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Annex 3C: Comparison of yield gaps calculated from GAEZ and 
data layers of this study

This annex compares yield gaps calculated from the Global Agro-Ecological 
Zones (GAEZ) product of the Food and Agriculture Organization and the data 
layers used for his study. The aim is to identify similarities and explain differences. 
The comparison also provides a way of assessing whether there are outliers in 
either set of estimates. However, a direct comparison of yields and yield ceilings 
across these products is difficult because the data sets and approaches differ 
widely. The key differences are as follows.8

For yield data,
 • The study data are subnational; GAEZ data are national.

 • The study data mix rainfed and irrigated; GAEZ data separate them.

 • The study data report in harvested weight; GAEZ data report in dried weight. 

For yield ceiling data,
 • The study data are a calculation of economic yield; GAEZ data are a calculation 

of potential agricultural yield. The two will differ because no account is taken 
of costs in the yield estimates, suggesting that frequently GAEZ estimates can 
be expected to exceed those of this study.

 • This study focuses heavily on sustainability concerns, which is a binding 
constraint in the optimization. There is no such constraint in GAEZ, again 
suggesting that GAEZ estimates will likely exceed those of this study. 

 • Both make implicit assumptions about the intensive management techniques 
required to achieve yield ceilings, but these assumptions are different.

 • The study data are year-specific; GAEZ data are calculated for 30-year epochs.

 • This study’s yield ceiling model includes fractional irrigation availability as a 
parameter; GAEZ provides separate layers for rainfed and irrigated systems. 

The data sets are compared using the following calculations: 
 • The data set from this study is disaggregated to 5-minute resolution to match 

GAEZ. 

 • All calculations are limited to those locations where both data sets are defined 
for both yield and yield ceiling. 

 • Comparisons are limited to rainfed regions. For the GAEZ data, this simply 
means using data layers provided by GAEZ that are rainfed specific. For the 
data sets used in this study, they are limited to those regions where less than 
10  percent of cropped area is equipped for irrigation. The map of irrigated 
area is derived from the MIRCA2000 data sets of monthly irrigated area 
(Portmann, Siebert, and Döll 2010) using a technique derived by Mueller 
et al. (2012). 
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 • For both data sets, area-weighted average yield, area-weighted yield ceiling, and 
production are calculated for each country. The resulting ratio of average yield 
to average yield ceiling is constrained to between 0 and 1. (Values of exactly 
1 or exactly 0 suggest some issues with data quality.)

Figure 3C.1 summarizes the results of this exercise. In the graphs, each data 
point represents a country. Countries with the smallest production quantities are 
omitted, and the represented countries represent 95  percent of global produc-
tion. Overall, the comparisons show considerable agreement for six major crops: 
wheat, maize, rice, soybean, barley, and rapeseed. The disparities can be explained 
by the differences in approaches just described. In general, the yield follows a 
linear cloud just below the 45-degree dotted line in the graph. This outcome, as 
just noted, is to be expected because agronomic yield potential would typically 
exceed economic yield potential because the former takes no account of costs. 
However, some crops (cassava, sugarcane, and oil palm) show very poor agree-
ment. The fact that all of these crops have a large number of points with yield 
attainment calculated by GAEZ as equal to 1 suggests issues with data quality or 
the estimate. Likewise, it is unclear why for sorghum the distribution of GAEZ 
yield attainment remains so low. No explanation is offered. 

F I G U R E  3 C . 1

Comparison of yield attainment from GAEZ and landscape efficiency analysis 
methods, rainfed crops
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Source: World bank.
Note: graphs compare yield attainment for rainfed crops using the gaeZ and this study’s methods. 
each dot represents a country, and the countries shown are limited to those who together account for 
95 percent of global production. Minn. refers to the university of Minnesota, the source of the data 
used in this study. gaeZ = global agro-ecological Zones (Food and agriculture organization).
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Notes

1. Maser, C. 2001. Forest Primeval: The Natural History of an Ancient Forest. Corvallis, Oregon: 
Oregon State University Press.

2. Nevertheless, there is significant bunching in the scores. Around 87  percent of  countries 
perform better than a 75  percent landscape efficiency score; 50  percent of countries 
perform better than an 88  percent score; and 20  percent of countries perform better than 
a 95 percent score. Only two countries attain a score above 98  percent. This outcome 
implies that most countries have scope to make significant improvements in one or several 
of the four dimensions investigated.

3. Annex 3A shows country’s scores across these three components as well.
4. Food and Agriculture Organization, https://www.fao.org/redd/news/deforestation 

-et-degradation-en-afrique-centrale.
5. Another estimate suggests that terrestrial carbon actually saw a net increase between 2000 

and 2019, but it puts the total global carbon stock in terrestrial vegetation at quite a bit lower 
than IPCC, at 380 billion metric tons (Xu et al. 2021). The estimate in this analysis for the 
maximum increase in carbon that could accrue from reforestation or other restoration, 
combined with a reduction in methane emissions from grazing, is 175 billion metric tons 
(from 429 billion metric tons maximum carbon to 604 billion metric tons current carbon), 
whereas the Pareto efficient increase is 78 billion metric tons (from 429 billion metric tons 
to 507 billion metric tons). Land-based mitigation measures could sequester 10–15 billion 
metric tons of CO2 per year, but cost-effective measures could only provide 8–14 billion 
metric tons of CO2 per year, or 2.2–3.8 billion metric tons of carbon per year (Roe et al. 
2021). At that rate, it would take 20–35 years to reach the Pareto increase in carbon, which 
is on the timescale (30 years) considered for these transitions in the optimization.

6. They consist of five land use options (urban, water, crops, grazing, and natural). If the land 
use is crops, there are 10 land management options, resulting in a total of 14 options.

7. Center for Global Trade Analysis, Purdue University, Global Trade Analysis Project (GTAP) 
database (dashboard), https://www.gtap.agecon.purdue.edu/databases/default.asp. See also 
Aguiar et al. (2019).

8. The GAEZ rainfed potential and rainfed yield layers were downloaded March 29, 2022. 
Potential yield layer URLs were of this form: https://s3.eu-west-1.amazonaws.com 
/data.gaezdev.aws.fao.org/res02/CRUTS32/Hist/8110H/maiz200b_yld.tif. Rainfed yield 
layers were of this form: https://s3.eu-west-1.amazonaws.com/data.gaezdev.aws.fao.org 
/res06/R/2010/mze_2010_yld.tif.
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Policy Implications for More 
Efficient Landscapes

Plans to protect air and water, wilderness and wildlife  
are in fact, plans to protect Man.  

Stewart Udall, U.S. Secretary of the Interior, 1961–691 

C H A P T E R  4

Key messages

 • The efficiency scores derived in chapter 3 reveal the large gains that 
could be harnessed across multiple objectives that vary systematically 
across countries. But gains will not happen without changes in policies 
and investments. 

 • Fortunately, a wide range of policies are available to address the market, 
policy, and institutional failures that have generated outcomes that have 
left countries falling behind their full potential. As with all major reforms, 
there will be winners and losers, and the losers are likely to resist change. 
Addressing this reality calls for policies that are feasible rather than those 
that are economically optimal. Where enforcement is weak and the risks 
of rent-seeking are high, the available policy choices are more constrained.

 • Irrespective of country typology, a move toward the efficiency frontier 
must entail one or more of the following: reallocating resources toward 
more productive sectors; changing the composition of what is produced; 
or improving the efficiency of resource use. 

 • Countries with weak economic productivity but stronger environmental 
performance should give priority to combining policies that enhance 
economic productivity without degrading the environment. The mix may 
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Introduction 

Efficiency gaps in the use of natural resources (land, water, and air) typically 
emerge because the allocation of these resources is not related to the full envi-
ronmental benefits they could confer or to the full economic benefits they could 
generate. As a result, most renewable natural resources are allocated ineffi-
ciently, as well as degraded and depleted beyond what is economically justifiable. 
As noted in chapter 3, the average minimum Pareto scores across countries is 
54 percent. Thus most countries can double output in at least one dimension 
without reducing performance in any other dimensions. 

The efficiency scores derived in chapter 3 show that large gains in aggregate 
productivity and performance across multiple dimensions are possible in many 
countries. For most low-income countries, significant increases in net economic 
returns are possible without sacrificing environmental quality. In most high- 
income countries, substantial increases in greenhouse gas (GHG) mitigation or 
biodiversity can be made without sacrificing net economic returns. The landscape 
efficiency scores can be grouped into a typology of countries where similar syner-
gies and trade-offs may prevail between economic benefits and nonmarket gains. 
If these synergies and trade-offs between these benefits and gains from certain 
landscape configurations are not transparent and known, policy improvements 
or shifts in investment are less likely to emerge. 

Inefficiencies in resource allocation and use arise not just from market 
failures. Informational constraints, market frictions, and policies also play a 
significant role in distorting choices that lead to suboptimal outcomes. For 
example, one of the unresolved puzzles of agriculture is that smallholder farmers 
do not adopt profitable new technologies even if they are available and afford-
able. Thus agricultural performance is often below the technological frontier. A 
significant literature has identified a litany of barriers to adoption that include 
credit constraints, risk aversion, and information deficits, as well as more 

include policies that incentivize sustainable intensification, improve land 
tenure, and reallocate land from lower- to higher-value uses. 

 • Where economic performance is close to the frontier, there are often 
opportunities to enhance environmental services by reforming harmful 
fiscal policies, implementing pay-for-ecosystem service schemes, and 
adopting conservation tenders. 

 • In many instances, both economic and environmental performance are 
far below potential and require policy mixes for sustainable intensification 
as well as the reallocation of activities. 
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conventional concerns related to constraints in factor markets or output markets 
(Jack 2013). These constraints may operate on the supply side by limiting the 
availability of information or financing, or on the demand side by dampening 
expected profits. For example, with risk aversion, a subsistence farmer may prefer 
an expected payoff that is lower but more certain than the less certain but, on 
average, higher payoff from employing unfamiliar technologies. “Ambiguity 
aversion” leads to status quo bias if known risks are preferred to unknown risks 
(Kahneman 2003). Credit and liquidity constraints are another common barrier 
because revenue arrives after harvests, whereas expenditures arise throughout 
the growing season. Limited access to affordable credit is therefore associated 
with less use of productive inputs (Njagi et al. 2017). Clearly, then, promoting 
the intensification of agriculture among smallholders calls for first identifying 
the barriers to technology adoption and then developing solutions targeting the 
constraints that apply in that context.

Another crucial factor is land tenure, which shapes many farm decisions, 
including those related to production, conservation, and investment (Place 
and Swallow 2000). Secure land tenure enables farmers to invest in long-term 
improvements to their farms and soils in the expectation that they will reap the 
benefits of those investments. Formal and informal land rights are therefore key 
to improving the conditions of the poor in lower-income countries in terms of 
economic growth, agricultural production, natural resource management, and 
local governance processes. The existing evidence on the effects of land property 
rights interventions is mixed and to a considerable degree dependent on initial 
conditions (Lawry et al. 2014). It suggests that tenure security alone may not be 
enough to lead directly to higher farmer incomes because its effects vary across 
regions and depend on other conditions such as the availability of credit, the 
supply of inputs, and product markets. Numerous qualitative studies have also 
noted unexpected social impacts from interventions in tenure, with some negative 
consequences such as displacement or diminished property rights for women 
(Teklu 2005). None of this is to suggest that tenure is unimportant, but it does 
highlight the need for careful policy design.

Countries seeking to move toward the efficiency frontier can undergo a variety 
of transitions that may include adopting new technologies, improving crop yields 
through intensification, implementing best management practices to boost output, 
and reallocating resources to their most productive uses considering the multiple 
dimensions of productivity. But implementing these transitions will not be easy. 
Not only are political economy barriers to change erected by vested interests, 
but, as this chapter will argue, there is no single policy panacea. Complementary 
policies are required because there are always numerous market failures and 
policy misalignments that interact and cannot be addressed with a single policy 
instrument. For example, a tax or regulation on the use of a harmful pesticide will 
be more effective when a less harmful substitute is available. The tax or regulation 
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would then incentivize farmers to switch technologies to the less harmful substi-
tute, whereas if no substitute existed, the tax or regulation could only incentivize 
farmers to reduce production or pay the tax and continue to pollute.

Apart from the immediate causes of misallocation and inefficiency (such as 
“wrong” prices and distorted incentives), some indirect drivers of change may 
have more powerful effects. Often, macroeconomic policies, trade regimes, fiscal 
policies, and intrusive infrastructure can have large impacts on natural resources 
that may negate the effects of conservation and sectoral policies (see, for example, 
Angelsen and Kaimowitz 2001; Rudel 2017). Especially for open-access renewable 
resources, small perturbations in the macroeconomic and trade environment can 
have dramatic impacts on resource stocks.2 The effectiveness of environmental 
and sectoral policies will then hinge on broader economic forces that are harder 
to control, calling for a multi-instrument approach that will vary in context, 
policy design, and implementation capacity. For example, 95 percent of global 
forest loss occurs in the tropics and is driven by agricultural expansion aimed 
at clearing forests to grow crops, raise livestock, and produce commercial goods 
(Ritchie 2021). Forest clearing in the tropics is often a response to demand for 
commodities consumed in higher-income countries. About 30 percent of these 
commodities are traded in international markets and are concentrated in partic-
ular sectors: beef, soy, and other animal feed. 

The following sections highlight the kinds of policy shifts and mixes required 
across the typology of countries to nudge them closer to their efficiency frontiers. 

Policy objectives: Targeting the causes of the problem 

How can countries reach their efficiency frontier? For most, multiple pathways 
to a more efficient state are possible without losing biodiversity, increasing GHG 
emissions, or reducing economic production. As shown in chapter 3, countries 
can, on average, almost double at least one beneficial dimension of landscapes 
without reducing any other dimension. Annex 4A provides a decomposition 
analysis that shows that a move to the efficiency frontier must entail at least one 
of the following shifts:

 • A reallocation of resources toward more productive sectors that generate 
higher market or nonmarket returns (for example, from farms to forests or 
vice versa) 

 • A change in the composition of what is produced on a landscape with the same 
configuration of inputs (for example, from cattle ranching to wheat or vice versa)

 • Improving the efficiency of resource use for the same outputs produced (for 
example, more crop per drop of water or more crop per unit of land used). 

The specific shift required will vary within the typology identified in chapter 
3 and the location of countries within the efficiency frontier. 
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The wide range of policy instruments available to induce shifts to the effi-
ciency frontier can be divided into three broad categories: direct incentives, 
disincentives, and economywide enablers. 

Table 4.1 summarizes these policies and categorizes them by type and impact. 
Of the wide range of policies available, the most suitable policy will depend on 
effectiveness, feasibility of implementation, affordability, and societal accept-
ability. Because these policy traits will vary by country and even regions within 
countries, the following section outlines a practical road map to guide policy 
makers to those options that are realistic and implementable among the many 
available.

Exploring policy options by country typology

This section offers tailored solutions based on the challenges and characteristics 
of individual countries according to their placement in the typology of countries 
in figure 3.3 in chapter 3 (and reproduced here in figure 4.1). The appropriate 
policies will vary across countries when the core objective is to reach the effi-
ciency frontier. 

Type A. This group of countries has high scores on economic efficiency 
and a relatively low nonmarket environmental score, both in the Pareto 
space. These  typically high-income countries have often already converted 
a large amount of land to economic uses and invested heavily in agricultural 
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A categorization of policies for improving resource use efficiency

Reallocation 
Shift to more productive 

sectors

Composition 
Shift mix of activity 

within sector

Efficiency 
Produce more with same 

or fewer inputs

direct 
incentives

 • Payment for ecosystem 
services

 • subsidies

 • agricultural extension 
facilities

 • Certification (labeling) 
schemes

 • subsidies for desired 
shifts

 • agricultural extension 
facilities

 • technology transfer
 • increasing access to 

credit and insurance
 • ecotourism and other 

nonconsumptive 
product development

disincentives  • Protected areas and 
other zoning

 • Land use taxes
 • Carbon/pollution taxes
 • Fines

 • removal of 
environmentally 
harmful subsidies

 • reform of product 
taxes (such as value 
added tax system)

 • regulations and fees

 • removal of inefficiency-
enhancing subsidies 
and reform of taxes 
(on externalities) and 
prices (on underpriced 
resources)

economywide 
policies

 • trade policy
 • tax policy
 • Land tenure

 • trade policy
 • strengthening land 

tenure
 • investments in research 

and development

 • strengthening land 
tenure

 • investments in research 
and development
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 technology  advancements. Here, larger efficiency gains can be achieved along 
the environmental benefits dimension, and smaller gains may be found in 
economic (marketed) values, both in the Pareto space and even with trade-offs. 
Trade-offs are generally steeper in this group, and opportunities for enhancing 
landscape productivity through efficiency moves are more limited. 

Policy options may include investing in market-based approaches—such 
as conservation tenders, payment for ecosystem services (PES) schemes, 
agrotourism and ecotourism, or biodiversity-friendly products—to improve 
environmental benefits. The use of beneficial subsidies or direct investments in 
building capacity and technology to support regenerative agriculture and other 
nature-based solutions can add further to environmental gains. Finally, in all 
groups new technology could play a critical role by allowing further increases in 
productivity that would enable ongoing growth in both the environmental and 
economic dimensions.

Type B. The comparatively few countries in this group have a relatively 
low economic score and a high environmental score. In contrast to the type 
A countries, these countries are characterized by significant amounts of 
remaining natural land, either undeveloped or protected, but they have low 
production value scores due to high yield gaps and inefficient land use or land 
allocation. Large improvements in production value are possible in the Pareto 

F I G U R E  4 . 1

Typology of countries, by environmental indicator and production value
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A High income, highly efficient

B Untransformed landscape, traditional agriculture

C Geography is destiny

D Dense, transformed, and traditional agriculture

E Low population density and moderate agricultural intensity

Source: World bank.
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space through intensification and reallocation, and often there are opportu-
nities for small improvements in nonmarket environmental benefits as well. 
This profile suggests the need for improvements in efficiency by means of 
policies that boost yields through sustainable intensification. Several countries 
in this group are in the Congo Basin—the second lung of the planet—which 
sequesters about eight years of GHGs emitted globally and hosts significant 
biodiversity.

Finding policies that can harness the available economic gains without 
adverse environmental impacts remains an important global priority. The mix 
of required policies might include tackling credit constraints that smallholders 
in lower-income countries endure, lack of inputs, informational constraints, 
access to credit and insurance, skill deficits, and secure land tenure. Investments 
in infrastructure such as irrigation and roads and communications—to better 
connect farmers to markets in both a physical sense and an informational 
sense—may also pay large dividends in intensifying agriculture. There is also 
scope for improving the credibility of certification schemes to enable sustain-
able harvests from these regions to reach markets that may pay a premium. 
Because private sector research largely focuses on the commercial farming 
sector, there is a greater need for public investments in applied research rele-
vant to the poor smallholders in countries in this group that host much of the 
world’s intact forest stocks. However, these policies and investments must be 
designed and implemented with caution. These countries are at particular risk 
of the so-called Jevons paradox, whereby intensification increases yields and 
the profitability of land use, which, in turn, induces expansion of the agricul-
tural frontier into forests and natural habitats. Countries reliant on agricultural 
commodity exports with large amounts of undeveloped land are at higher 
risk of such counterproductive trends (Villoria 2019). If the Jevons paradox 
can be avoided through appropriate policies and regulations, very substantial 
economic gains can be made through intensification, as well as nonconsumptive 
and sustainable uses of forest resources with minimal if any environmental 
spillovers. In several countries in this group, productivity could be increased 
by as much as 80 percent without environmental losses. 

Type C. Very few of the countries analyzed achieved high scores in both the 
production and environmental dimensions except where geography (natural 
endowments) constrains production and leaves limited options. These countries 
have extreme climates such as dry deserts, frozen tundra, or steep terrain where 
food production is limited by climate and geography. In these countries, any 
gain in one dimension necessarily requires trade-offs in the other. Appropriate 
policies could include establishing networks to monitor trends in ecosystem 
function, removing perverse subsidies that encourage degradation, and investing 
in regenerative production systems to simultaneously enhance production and 
environmental benefits. These are universally desirable policy objectives.
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Type D. These countries have a high population density and landscapes heavily 
transformed to economic uses. Many of these countries have relatively low scores 
in both economic efficiency and the nonmarket environmental benefits generated 
by the current patterns of land use. Such countries are characterized by large 
yield gaps and high rates of land degradation, and they may produce goods that 
generate less value per unit of input than is feasible. In these countries, there 
are significant opportunities to improve yields and land productivity as well as 
to restore lands less suited to agriculture to their natural states where they can 
contribute to the production of public goods such as GHG emission reduction, 
hydrology, and biodiversity. 

The mix of policies needed to enable these shifts will vary, depending on a 
country’s circumstances. Policies may be needed to promote sustainable inten-
sification of agriculture (such as those addressing credit, inputs, insurance, 
research and development, and extension services); reform distorting subsidies; 
address market failures in land markets; strengthen land tenure; and address the 
legacy lock-in effects of historical land use. Once again, investments in applied 
research are important and could be complemented with support systems at 
the macro level such as early warning systems; expansion of agriculture value 
chains; and adoption of digital technologies to help farmers and traders reach 
new markets. Because of the relative scarcity of land in these countries, govern-
ment policies should pivot toward encouraging market- oriented value added.

Type E. The significant number of countries in this group have moderate 
environmental scores and low economic scores. Some of these countries use 
their land for extensive cattle rearing. Changing the composition of production 
and switching from ranching to arable agriculture (where this is feasible) will 
typically generate higher economic payoffs. Some countries can also generate 
considerable environmental benefits in the Pareto space by reallocating land 
from producing beef, which carries a high environmental footprint, to arable 
agriculture, or producing environmental services such as carbon sequestration, 
water quality and watershed protection, and biodiversity services. Several recent 
research papers confirm that beef production emits 31 times more carbon dioxide 
equivalent (CO2eq) per kilocalorie than equivalent nonanimal alternatives.3 
Conservation tenders, PES schemes, and high-value sustainable agriculture seem 
especially suitable for these countries. Although the estimates provided take into 
account transition costs, reallocating land to different uses can be challenging 
in some situations and may need to be achieved gradually through the patient 
accumulation of partial successes. 

The precise mix of policies needed will vary depending on each country’s 
circumstances and the feasibility of change. Table 4.2 summarizes the types 
of instruments by the country typology developed in chapter 3, and box 4.1 
describes a road map for making policy decisions. Box 4.2 describes a transfor-
mative landscape restoration program in Ethiopia.
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Summary of policies based on typology of countries

High 
transformation: 
high land 
productivity 
(type A)

Low 
transformation:

low land 
productivity

(type B)

On the frontier: 
geography is 

destiny
(type C)

High 
transformation: low 

land productivity
(type D)

Moderate 
transformation:
moderate land 
productivity

(type E)

 • Pes
 • Conservation 

tenders
 • tax incentives

 • Certification
 • sustainable 

intensification 
 • input provision
 • skills and 

education
 • Land tenure
 • reallocation 

from low- to 
higher- 
productivity uses

 • sustainable, 
nonconsumptive 
forest utilization

 • Monitoring 
ecosystem 
function

 • regenerative 
investments

 • subsidy reform

 • Pes
 • expansion of 

protected areas
 • restore 

degraded lands 
(see box 4.2)

 • sustainable 
intensification 

 • subsidy reform
 • insurance
 • sustainable, 

nonconsumptive 
forest utilization

 • reallocation 
from low 
productivity 
uses (cattle) 
to higher 
productivity 
uses (crops)

 • tax incentives
 • Pes

Source: World bank.
Note: Pes = payment for ecosystem services.
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A policy road map

a policy road map does not prescribe particular policy combinations or how they may be 
implemented. instead, it provides guidance for identifying opportunities for improvement 
and the options available to address them, thereby facilitating the selection of relevant and 
effective policy choices. adherence to such a road map also enhances transparency and 
helps to engage the interest groups, communities, regulators, and other key stakeholders 
affected by such policies. What follows are the key questions that governments should 
answer to determine which policies are most suitable among the many available:

1. Where are the efficiency gaps (in the economic space, for biodiversity, for 
greenhouse gases)?

2. how significant are the likely gains?
3. Which type of country is in the efficiency frontier space (a, b, C, d, or e)? 
4. use “agreement maps” where needed. these maps of land use highlight the areas 

that remain used in the same way regardless of where the country is placed in the 
efficiency frontier. in these areas, the best use does not change and often yields high 
payoffs in their relevant dimension.

5. What shifts are needed? Management options for attaining these shifts should be 
listed. a sankey diagram for points on the efficiency frontier will show which policies 
are most important for achieving the desired change. 

6. What policy choices are available for the country type across direct incentives, disin-
centives, and cross-cutting solutions? 

7. For each policy option/combination,
 • how effective is the policy?
 • What are the implementation constraints (political economy, capacity of country, 

costs of implementation, and so on)?
 • What are the distributional issues (if not covered by the previous question)?
 • What are the risks?
 • are other co-benefits likely to emerge (such as from subsidy reform)?
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Landscape restoration in Ethiopia

since 2008, the World bank has been supporting efforts by the government of ethiopia to 
restore and enhance degraded landscapes. this support has been undertaken through a 
series of programs,a each building on the other and broadening experience gained over time. 

Streams/Rivers

Increase

Decrease

Change in NDVI since introduction of SLM
(controlling for external environmental factors)

M A P  B 4 . 2 . 1

Changes in Normalized Difference Vegetation Index since initial engagement 
under Sustainable Landscape Management Project II, Ethiopia, 2014

Source: World bank.
Note: Map shows the change in the Normalized difference vegetation index in the bibir major 
watershed, Lalo Kile woreda (district), oromia region. the colors represent the changes in the Ndvi, 
a measure of vegetation productivity and a proxy for cropland, grassland, and forest productivity, 
that can be attributed to sustainable land management practices (that is, Ndvi changes after 
controlling for external environmental factors). sLM = sustainable land management.

Continued
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Policy design concerns 

The vast literature on policy design issues includes numerous reviews and 
meta-analyses that serve as useful summaries of the state of knowledge (see, 
for example, Börner et al. 2020). Instead of reviewing this literature, this section 
focuses on particular policies for which recent research offers new insights into 
how to improve the effectiveness of policies. The intention is not to provide an 
exhaustive overview of the selected policies, but to focus instead on issues that 
may merit consideration by policy designers. 

Direct incentives
Payments for ecosystem services

PES programs provide incentives (either pecuniary or in-kind) for landholders to 
supply or safeguard the environmental services that flow as a positive externality 

initially, these programs focused on community-based approaches to supporting 
sustainable land management practices, such as constructing terraces on farmed hillsides 
and planting trees. however, over time these initiatives broadened their approach. the 
current programs adopt approaches that deliver longer-term sustainability through major 
investments that strengthen land tenure, support climate-smart agricultural practices, 
improve livelihood security, and build value chain linkages. 

the results have been impressive (Map b4.2.1). More than 1.1 million hectares of land 
are now under sustainable land management practices, and this figure is expected 
to exceed 3 million hectares by the end of the current round of support. over 180,000 
hectares of forests have been restored through afforestation and reforestation, with more 
than 123,000 hectares of forests now under participatory forest management with forest 
cooperatives responsible for managing these forests sustainably. 

there is already evidence that these large-scale investments in watershed regen-
eration and increasing land productivity have led to measurable changes in degraded 
landscapes. Preliminary analysis of the watershed areas covered by the World bank– 
supported programs indicates that 62 percent now have a higher Normalized difference 
vegetation index (Ndvi)b than at the start of interventions. Ndvi is a broad measure of 
vegetation productivity, frequently used as a proxy for cropland, grassland, and forest 
productivity. 

advancement of the restoration of degraded watersheds has required transformative 
changes. over 3,000 cooperatives and associations have now been established, and this 
number will grow to around 6,150. More than 23,000 landless youth have been issued a 
land title in exchange for restoring land. 

a. World bank, sustainable Landscape Management Projects (sLMP i, 2009–14; sLMP ii, 
2014–18); resilient Landscapes and Livelihoods Project (rLLP i, 2019–24; rLLP ii, 2021–25); 
Climate action through Landscape Management (CaLM, 2019–24); oromia Forested Landscape 
Project (oFLP, 2017–22).
b. the Ndvi uses remote sensing data to identify the quality and distribution of vegetation. 
Changes in vegetation can be analyzed using time series observations.
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from their land. These programs come in a variety of forms, including carbon 
payments (such as REDD+4) and payments for hydrological services. These 
mechanisms are popular throughout China and Latin America, and their imple-
mentation is growing in other regions as well, including Africa and Southeast 
Asia (Mandle et al. 2019; Vogl et al. 2016). These programs allow downstream 
beneficiaries to pay upstream landholders to change land use and management 
practices (such as the installation of fencing to keep livestock out of streams, 
restoration of riparian vegetation, removal of invasive species, and enforcement 
of protected areas). Such activities and policies improve the ecosystem provi-
sioning of water supply and quality for cities, improve ecosystem provisioning 
for industrial and agricultural businesses, and enhance rural livelihoods (Mandle 
et al. 2019; McConnachie et al. 2013; Turpie, Marais, and Blignaut 2008; van 
Wilgen and Richardson 2012). China, Costa Rica, the United Kingdom, and the 
United States also are innovators in PES schemes for enhanced forest protection, 
water quality, agricultural yields, and sandstorm control (Bateman et al. 2019; 
Mandle et al. 2019; Quesada 2019). PES schemes may require novel mechanisms 
to provide financial transfers, governance, and management, and the particulars 
of each are tailored to the sociopolitical circumstances of each country (Brauman 
et al. 2019; Mandle et al. 2019). 

The success of PES schemes is mixed because of poor spatial targeting, inse-
cure land tenure, and problems of adverse selection. The goal of a PES scheme 
is to encourage the provision of ecosystem services that would not otherwise be 
provided by the landholder and to obtain services worth more to the public than 
the private cost of providing them. However, achieving this goal can be difficult 
because the reservation price at which the landowner is willing to supply the 
service is private information. More generally, buyers of ecological services know 
less than landowners do about the costs of contractual compliance. As a result, 
an informational asymmetry allows landowners to use the private information 
as a source of market power to extract informational rents and increase the 
cost of the PES contract. Creating competition among sellers of environmental 
services is one way to bring down these informational rents through conservation 
auctions or tenders (Bardsley 2008). Indeed, the emerging evidence suggests that 
auctions are, in fact, more cost-effective than fixed-price PES schemes (James, 
Lundberg, and Sills 2021). However, a limitation is that tenders have mainly (but 
not exclusively) been used in more developed countries where the preconditions 
of success such as land tenure rights, implementation capacity, and a willingness 
to participate are more likely to prevail. 

There is still much to learn about how to establish the most effective gover-
nance, management, and financial transfer mechanisms to support payments 
for ecosystem services, especially to ensure robust job creation and equitable 
distribution of benefits. The lessons from existing programs are encouraging, 



PoLiCy iMPLiCatioNs For More eFFiCieNt LaNdsCaPes 95 

and continued innovation of such mechanisms is a promising pathway to more 
efficient, sustainable, and just landscape management.

Certification schemes and green labeling

In recent years, mandatory government-led environmental rating systems have 
gained traction in several countries. At the same time, there has been a prolifera-
tion of voluntary eco-labels, such as BREEAM (Building Research Establishment’s 
Environmental Assessment Method) in the United Kingdom and Green Star in 
Australia. Because supplying greener products generally entails additional costs, 
any voluntary initiatives that exceed regulatory requirements may come with a 
green price premium. 

Overall, the evidence on the existence and magnitude of a green premium is 
ambiguous and inconclusive. It is unclear whether producers with a comparative 
advantage in green production self-select into green schemes, or whether these 
schemes bring in new firms and incentivize them to change to cleaner production 
techniques. The evidence from housing markets is not promising. It suggests that 
making disclosure optional presents a moral hazard problem—the likelihood 
of disclosure increases in line with the sustainability of the product (Fuerst and 
Warren-Myers 2018). Numerous studies also report that participating in green 
supply chains is correlated with better-performing firms (Fen and Zhang 2018). 
However, once again, the direction of causality remains unclear. It could be argued 
that green supply chains improve overall economic performance. However, it is 
also possible that better-performing firms may self-select into green supply chains 
knowing that they can meet the additional constraints of greener production. 

There is also a growing move toward mandatory certification schemes, 
especially for forest products and for processes and products that give rise 
to climate change concerns. For a mandatory certification strategy to be 
successful, the eco-label should provide consumers with credible and trans-
parent information. Credibility requires that consumers trust what a label 
means in terms of environmental protection and that it is immune to manip-
ulation. Media reports about “greenwashing” and corruption have, in general, 
limited the success of this approach (Garrido, Espínola-Arredondo, and 
Munoz-Garcia 2020). The Marine Stewardship Council’s fisheries certification 
scheme and rigorous review process is a success story in terms of increasing 
fishery population viabilities, and forestry and other commodities are using it 
as a model for ongoing improvements of their schemes (Ruckelshaus, Kareiva, 
and Crowder 2013). 

Overall, there is limited evidence that certification schemes, whether mandated 
or voluntary, have been especially effective in tackling market failures (Nepstad 
et al. 2013). Perhaps labeling is a useful complement to other efforts, but it may 
be insufficient as a stand-alone policy when there are informational asymmetries, 
risks of adverse selection, and manipulation. 
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Commercial incentives

Many of the proposed solutions to increasing the efficiency of natural capital will 
call for additional funding to finance and incentivize the desired changes. Glob-
ally, there is a glut of savings in higher-income countries that struggles to find 
investments that offer investors sufficient economic returns. For example, funds 
in retirement savings plans grew at around 10 percent in 2021, despite the shock 
of COVID-19, exceeding US$56 trillion (OECD 2021). An obvious solution is to 
find ways to channel these financial surpluses from higher-income countries to 
investment in opportunities in lower-income countries to restore eroding natural 
capital. But this will not happen automatically because most natural capital assets 
(whether GHGs, fine particulate matter such as PM2.5, or forests) are “common 
property goods” whose benefits and impacts are shared communally. Thus no 
one business has sufficient control over a common property resource to gain by 
investing in it. For a resource to be attractive to private investors, regulations 
are needed to signal the scarcity value of the resource and create the enabling 
instruments to ensure it is used efficiently. For example, carbon markets would 
not exist at their current scale without enabling legislation that provides a “cap 
and trade” of GHGs. The “cap” is needed to provide an economic signal to inves-
tors that the carbon budget5 is an economically scarce resource, while “trade” 
facilitates a transfer from lower- to higher-value uses. The tighter the cap, the 
greater is the scarcity signal, and the higher will be the price. One of the more 
profitable environmental resources traded is water in Australia; its annual turn-
over is about US$10 billion (Bjornlund and Rossini 2007). In summary, if there 
are to be significant financial flows into environmental services, legislation and 
institutions are needed to turn common property resources into tradable assets 
that are transferred to their best uses. 

Disincentives
environmental taxes 

Pigouvian taxes—that is, environmental taxes on externalities (such as pollution 
or overharvesting a renewable resource)—are the first-best policy of choice 
in standard economic models and remain the preferred policy instrument 
when available. The literature on the advantages of Pigouvian taxes over all 
other policy instruments is vast and well established. Recent literature based 
on more complicated models offers a nuanced look at the appropriateness of 
the Pigouvian tax (Stern and Stiglitz 2021). When there is great uncertainty 
about the effectiveness of the tax in curbing, for example, pollution, and the 
pollutant is highly damaging on the margin, quantity controls on pollution 
levels (a “standard”) are the more efficient and effective policy. Moreover, in a 
world of multiple market failures, optimal interventions will likely involve tools 
in addition to a corrective tax. Finally, distributional and political economy 
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concerns often make it difficult to bring in new taxes on externalities at a level 
high enough to change outcomes. 

In the context of land use, some governments tax uncultivated land that is 
deemed to be “unproductive,” despite the services such lands might provide. 
Indeed, several governments in Africa are considering these taxes to boost agri-
cultural output. However, such taxes have perverse and undesirable efficiency 
effects, leading to the excessive conversion of natural habitats to farming and 
cattle production. An alternative is a Georgist-style land tax (named after the 
economist Henry George) that may provide an incentive to make more efficient 
use of developed land. George argued that, although individuals should own the 
value of what they produce, the economic rents derived from land—the planet’s 
most finite resource—should not accrue solely to landholders. The “pure” rents 
accruing to land are often a consequence of exogenous factors (such as scarcity, 
soil type, or agglomeration economies) that are beyond the landowner’s control, 
and those rents should therefore be used for public benefits. A land value tax 
(the classic Henry George tax) could be used to redistribute such rents. The 
implications of such a tax could have profound impacts on the environment 
as well. It would encourage densification of urban areas and would incentivize 
landowners to ensure they are making the most efficient use of land. A modifica-
tion of a Georgist-style tax might be inclusion of the value of lost environmental 
and ecosystem services in the tax. Thus it would discourage the development of 
land that has low economic potential but high potential for ecosystem services. 

Protected areas (Pas) and other zoning

Biodiversity is in rapid decline, prompting fears of an anthropogenically induced 
mass extinction of species. To address this crisis, PAs have become the backbone 
of conservation efforts to prevent the conversion of natural habitats. Critics 
argue that it is unclear whether this strategy will ensure success. In fact, even 
though the size of PAs has more than tripled over the last 40 years, biodiversity 
losses continue to escalate. One issue that compromises effectiveness is the loca-
tion of PAs. They are often established where they would have the least conflict 
with land that may have alternative economic uses instead of in locations of 
high environmental value and where there are high concentrations of threat-
ened species. Simulations suggest that if the new PAs established between 2004 
and 2014 had been targeted to areas where the greatest threats have emerged from 
 intrusive infrastructure and an expanding frontier for commodities, then more 
than 30 times as many species would have been protected (see, among others, 
Andam et al. 2010; Ferraro, Hanauer, and Sims 2011). 

That said, many PAs are effective at protecting biodiversity and habitats 
and may also reduce poverty and increase the well-being of rural popula-
tions. However, if these protections are mainly in distant and nonthreatened 
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locales that host the remnants of endangered species, then their contribution 
to conservation of these species will seem larger than it actually is. Thus there 
are concerns about “paper parks” that seem to have no discernable conservation 
impact (Pringle 2017).

In view of the limited funding for PAs, a debate is under way about the further 
expansion of PAs versus consolidation to create better outcomes (Kareiva 2010). 
Notwithstanding these valid concerns, numerous examples demonstrate that, 
with sufficient management, protected areas can be viable in what might be 
regarded as high-threat situations. For example, iconic PAs close to cities such 
as Nairobi still host endangered species despite the threats and challenges posed 
by an expanding urban footprint. The analysis presented in this report suggests 
that there is scope for improving and expanding the location of PAs in ways that 
need not detract from economic progress. 

Enabling conditions
the political economy of environmental policy

Even though reform within the Pareto space may confer an overall welfare gain 
on society, resistance to reform is inevitable, in part because the fruits of any 
transformation will be unevenly distributed, with winners and losers trying 
to influence the policy outcome in their favor. The extensive literature on the 
political economy of environmental policy reform offers insights into the reasons 
why reform attempts fail so frequently (Gawande and Bandyopadhyay 2000).

Two conclusions seem especially relevant in this context. The literature 
highlights the asymmetry in lobbying power between those who suffer envi-
ronmental damage and those who (inadvertently) inflict such damage. The 
benefits of inflicting environmental damage such as pollution are concentrated 
and accrue to a small number of people. Conversely, the damage from pollution 
is nonmonetary, often becomes visible only in the future, and is spread across a 
large number of people. Furthermore, because collective action involving a large 
number of people is costly, the polluter will have greater resources and influ-
ence to lobby for policy favors. The outcome of this lobbying game will involve 
excessive environmental damage and often even subsidies to the polluter (Oates, 
Wallace, and Portney 2003). This asymmetry in bargaining power is heightened 
when dealing with renewable resources that can be exhausted. As the resource 
becomes scarcer, supply diminishes, and prices and profits from extraction rise, 
giving the producer greater influence over those who suffer damage (Barbier, 
Damania, and Léonard 2015).

Another important finding has emerged from behavioral economics: people 
tend to be “loss averse,” implying that they dislike losing a given sum of money 
more than they value gaining an equal amount. Because losses are more salient, 
resistance from those who lose is greater than support from those who gain. 
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Moreover, when the anticipated losses affect concentrated interests, resistance 
to reform becomes disproportionately greater. In summary, influential vested 
interest groups can create substantial institutional and political barriers even 
when there are benefits that accrue to the economy and the majority of its citi-
zens. These challenges can be exacerbated when channels of communication are 
captured by the same vested interests. 

Common solutions to these problems are compensation and communication 
aimed at building support coalitions. The form of a coalition differs according 
to who benefits and who loses. A challenging, unresolved problem is that of 
credibility and time inconsistency: even if compensation today makes all losers 
better-off, committing future governments to sustaining those compensatory 
policies is difficult. 

The implication is that there is no simple blueprint for reform because much 
depends on the distribution of economic and political power, which varies widely 
across countries (de Mesquita 2004). Successful reform seldom involves first-best 
options of economic theory. Instead, they may be iterative and determined by the 
distribution of rents and the influence that these create. For example, eliminating 
all environmentally harmful subsidies remains the economic ideal, but, in prac-
tice, reform has usually occurred by repurposing existing subsidies in ways that 
are distributionally neutral and more benign in their impacts. Likewise, taxes on 
externalities tend to be more vigorously opposed than alternative policies such as 
trade caps or quotas because of distributional objections (Stiglitz 2019). Finally, 
policies that shift fundamental economic incentives using market forces may be 
the more effective and lasting way to catalyze reform. For example, technological 
changes that render harmful practices unprofitable would provide a powerful 
incentive for reform. 

trade 

Where trade affects agricultural prices, deforestation rates could be affected as 
well. For example, when a country enters international markets, local prices 
will converge toward international prices. If greater trade liberalization leads to 
higher agricultural prices locally, then deforestation may increase. Conversely, 
if trade reduces local agricultural prices, then deforestation is likely to decrease. 
Consequently, the impact of trade on deforestation is ambiguous and will 
depend on a country’s characteristics, suggesting that robust empirical evidence 
is required to determine the overall impact of trade on deforestation. 

A recent comprehensive study of 189 countries to determine the overall impact 
of trade on deforestation found that in tropical lower-income countries, trade 
liberalization increases net deforestation and shifts it into ecologically sensitive 
locations (Abman and Lundberg 2020). In a similar vein, another recent paper 
found that in open-access fisheries, a one standard deviation increase in exports 
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raises the probability of a fishery’s collapse the following year by 29 percentage 
points (Eisenbarth 2022). These empirical results are consistent with a large and 
established theoretical literature on renewable resources, which predicts that 
under conditions of open access, trade can be destructive in resource-abundant 
countries when it promotes overextraction beyond optimal levels (Bulte and 
Barbier 2005; Copeland and Taylor 2013).

The implication is that trade liberalization should be accompanied by policies 
to direct expansion of agricultural land away from forests and sensitive habitats. 
In addition, if policies such as certification can become more credible and effec-
tive, they could also help negate incentives for the overextraction of renewable 
resources.

Conclusions

The world has a tremendous opportunity to transform land use systems in ways 
that restore life-sustaining ecosystem services and increase agricultural produc-
tivity. This report provides the scientific evidence arising from state-of-the-art 
models to demonstrate that such a transformation is technically feasible and 
economically affordable. 

As with all major reforms, the transformation will inevitably bring many 
challenges because vested interests resist change, and policy uncertainty will 
require course corrections. Failure to steer economies toward greater sustain-
ability may entail far greater risks and imperil achieving global goals related to 
sustainability, as well as more conventional economic objectives that are affected 
by land productivity. 

To support this transformation, this chapter summarizes the broad contours of 
the desired policy mixes within the Pareto space. The emphasis on reaching the 
efficiency frontier seems especially apt in this context because countries are more 
likely to support changes that yield net economic returns to the private sector and 
environmental benefits to society at large. This chapter identifies policy priorities 
for five distinct clusters of countries based on their past performance and current 
state of natural endowments, and it identifies the range of possibilities and the 
policy shifts needed to achieve these. 

Empowering decision-makers with information about the range of oppor-
tunities and trade-offs between economic and nonmarket gains from different 
policies and landscape configurations is more likely to enable change through 
detailed assessments undertaken at the country level. Meanwhile, addressing 
the distributional consequences is a first-order concern, not only for normative 
reasons but also to address the inevitable resistance from vested interests. 
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Annex 4A: Decomposition analysis and shifting toward the 
efficiency frontier

The discussion of policy options is motivated by a decomposition of a simple 
identity that emerges from the models often used in environmental economics. 
This annex reveals that, in the absence of policies to correct market failures, land 
will routinely be used less productively than it could be for three reasons. First, 
there will be an underinvestment in land-saving inputs, implying that marketed 
economic outputs from land will be lower than is feasible and economically 
desirable. Second, more land in total will be devoted to agriculture and other 
marketed uses than is economically optimal because of the presence of unpriced 
environmental services provided by intact habitats. Third, and as a corollary, 
the agricultural uses of land (cropping mix) will be more land-intensive than 
is optimal. 

Let A be the fixed amount of land available that can be either used for 
agriculture, Aag, or left intact as natural habitat, Aen. Natural habitat produces 
environmental services such as biodiversity, hydrological services, and carbon 
sequestration. Thus A = Aag + Aen. 

There are yi (i = 1,….,n) different types of agricultural outputs (such as crops), 
with a total value given by . Each crop is produced on land of size 
Ai

ag . The value of output is then given by

  (4A.1)

Let  be the share of land devoted to agriculture, and let  be 

the share of converted cropland devoted to crop type i. Equation (4A.1) can be 
decomposed as 

  (4A.2)

Equation (4A.2) divides the output identity into three policy-relevant 
components:

• Extensification (or scale). The term δA describes the scale effect through the 
extent of conversion of land to agriculture. 

• Intensification (or yield). The ratio  measures productivity or yields 

through the intensification of agriculture. 

• Composition (or allocation). Finally, qi Aag describes the allocation of different 
agricultural outputs across land. 
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The following demonstrates that in the presence of positive environmental 
externalities there will be an excessive amount of land conversion relative to that 
economically optimal, an underinvestment in inputs that increase yields, and 
a suboptimal mix of agricultural outputs. To simplify, consider the case of two 
types of farm products (i = 1,2). Private profits are

  (i = 1,2), (4A.3)

where yi = f(Li , qi  Aag) is a standard production function that is strictly concave and 
increasing in the relevant range under consideration and Li is a generic nonland 
input. The first-order conditions for the optimal choice of land conversion, crop 
mix, and the other input (L) are given by

  (4A.4)

  (4A.5)

  (4A.6)

As noted earlier, a fixed endowment of land A = Aag + Aen can be used for 
agriculture or left to generate a flow of environmental services with shadow value 
of pen. The socially optimal level of land conversion, composition of crop mix, 
and investment in yields is given by maximizing the welfare function

 W = pen(A – Aag) + π. (4A.7)

The first-order conditions are

  (4A.8)

  (4A.9)

  (4A.10)
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Total differentiation of (4A.4)–(4A.6) reveals that  and  

Comparing (4A.4)–(4A.6) to (4A.8)–(4A.9) yields the following results.
Let superscript * denote the welfare-maximizing choice and ^ denote profit- 

maximizing choices. Comparing (4A.4) and (4A.8), it follows that L* > L̂ 

whenever . This follows from the fact that in (4A.4)  while 

in (4A.8) . By concavity of π, it then follows that L* > L̂.  

 Intuitively, for a single-peaked concave function, whenever  then Z* > 

Ẑ, and whenever , then Z* < Ẑ .

The remaining proofs are similar and establish that  
The implication is the need for policies to target these three sources of inefficiency. 

Notes

1. Udall, S. 1968. 1976: Agenda for Tomorrow. New York: Harcourt, Brace and World.
2. See, for example, Eisenbarth (2022), who finds that a small increase in fishery exports of 

one standard deviation raises the probability of a fishery’s collapse in the following year by 
29 percentage points. Similar results have been documented in other contexts of common 
property renewable resources. 

3. Comparisons are with plant alternatives. See Crippa et al. (2021); Economist (2021); and 
Xu et al. (2021).

4. Under the auspices of the United Nations, REDD+ refers to the Reducing Emissions from 
Deforestation and Forest Degradation program.

5. The carbon budget is defined by the Intergovernmental Panel on Climate Change as “the 
maximum amount of cumulative net global anthropogenic carbon dioxide (CO2) emissions 
that would result in limiting global warming to a given level with a given probability, taking 
into account the effect of other anthropogenic climate forcers.”
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Efficiency Frontier for  
Air Quality

Gold, on the contrary, though of little use compared with air or water, 
will exchange for a great quantity of other goods.

david ricardo, british political economist1

C H A P T E R  5

Key messages

 • Outdoor air pollution claims over 4 million lives each year and causes a 
host of other health-related problems that spill over into the economy.

 • On average, improving the efficiency of air pollution policies and 
spending turns out to be a remarkably cost-effective way to save lives—
less than US$40,000 per life saved.

 • Although richer countries are more efficient in their air pollution 
spending and control, there is high variation within country income 
groups. 

 • Implementing policies for reducing air pollution more efficiently would 
produce a 60 percent cost saving, while delivering the same health benefits.

 • Alternatively, had countries spent the same amount of money to abate fine 
particulate matter (PM2.5), but implemented the most efficient policies, 
they would have prevented an additional 366,000 premature deaths each 
year.

 • Inefficiencies often arise because the wrong pollutant has been targeted; 
an inappropriate technology is being used; policies are permissive; or 
sources of pollution that cost less to abate are overlooked. 
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Introduction

Air pollution has been a festering issue at least since the onset of the Industrial 
Revolution in the nineteenth century. Clean air is an important component of 
natural capital, indispensable for healthy lives, the protection of biodiversity, and 
the productivity of ecosystems and agricultural systems. Unlike other forms of 
natural capital that have substitutes in the form of physical capital—for example, 
the wastewater treatment plants that can substitute for the filtration benefits of 
forests or the seawalls that can substitute for the flood protection benefits of 
mangroves—there are no known substitutes for clean air (Greenstone and Hanna 
2014), making its protection and management even more critical.

Economic activities, while lifting billions of people out of poverty and raising 
living standards worldwide, inadvertently release large quantities of harmful 
substances into the atmosphere with serious negative impacts on human health, 
well-being, economic productivity, natural ecosystems, and crop yields. Globally, 
about 4 million cases of premature deaths a year can be attributed to poor 
outdoor air quality (Burnett et al. 2018; Watts et al. 2019; WHO 2016). Air pollu-
tion is also implicated in acute respiratory infections, blindness, heart diseases, 
and low birth weight, which can affect the quality and longevity of life of millions 
of people (Branca and Ferrari 2002). It has been estimated that exposure to 
ambient and household air pollution cost the world economy some US$5.11 tril-
lion in welfare losses in 2013 (World Bank 2016). This burden is exacerbated by 
significant losses in staple crops from reduced agricultural productivity (Van 
Dingenen et al. 2009) and diminished biodiversity and ecosystems services. 
Although all of these impacts are widely documented and recognized, not all are 
readily monetized or recorded in conventional measures of economic progress 
based on the gross domestic product (GDP). 

Because of the nonsubstitutability of air pollution and its critical role in 
protecting the quality and longevity of human lives and the economy,  policies 
and investments must protect this common pool resource and prevent its 
 degradation. Accordingly, this chapter assesses the efficiency of spending on 
air quality management. Similar to the approach used in previous chapters, it 
develops an efficiency frontier to examine whether countries are using their 
resources on air quality management in ways that deliver maximum sustainable 
benefits. It then develops scores for efficiency and ambition to complement 
similar indexes for land use and other environmental services.

The approach

This chapter describes the efficiency frontier between a country’s expenditures on 
air quality management and the health impacts avoided by means of these invest-
ments for a sample of 63 countries. The efficiency frontier traces the maximum 
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number of lives that could have been saved for given levels of pollution control 
costs. Or equivalently, the frontier traces the lowest costs at which a given number 
of lives could have been saved. In addition, this chapter reveals scores for the 
ambition levels of each country—that is, the maximum number of lives that could 
be saved if there were no budgetary constraints (box 5.1). Comparing a country’s 
current environmental performance with the maximum achievable results is a 
useful indication of the level of policy ambition.

B OX  5 . 1

Efficiency scores for air quality management

the efficiency score for air quality management and the environmental score are 
illustrated in figure b5.1.1. Prevented premature deaths are cited as an environmental 
outcome on the vertical axis and pollution control costs on the horizontal axis. Current 
performance is point Z. the efficiency frontier shows the maximal possible combinations 
of the environmental outcomes and the pollution control costs that accrue from decisions 
on air quality management. the efficiency frontier is found using the gaiNs optimization 
(see annex 5a).

the country’s current performance Z lies well inside the efficiency frontier, indicating 
that improvements in both dimensions—environmental outcomes and pollution control 
costs—are possible. a country can move closer to the frontier either by changing pollution 

F I G U R E  B 5 .1 . 1

Air pollution: Relationships among various performance metrics

Source: World bank.
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controls while maintaining the same health outcome or by changing the health outcome for 
constant pollution control costs. the shaded area in the figure shows the possible Pareto 
improvements (win-wins) in which the outcome in both dimensions could be improved. 

Formally, for a given performance Z 

  (b5.1.1)

where α is the euclidean distance between the coordinates of the current outcome and 
the minimum possible score, and β is the euclidean distance between the coordinates 
of the current outcome (what has been achieved) and the coordinates of the closest point 
on the efficiency frontier (what could be achieved). the minimum possible scores for 
pollution control costs in a country and for environmental outcome (avoided premature 
deaths within the same country) are 0. 

an environmental ambition score is defined as the share to which a given performance 
Z realizes the maximum possible environmental improvement—that is, 

  (b5.1.2)

an alternative set of performance measures compares current performance in one 
dimension relative to what can be achieved without sacrifice in the other dimension. this 
is termed a Pareto improvement in which one output can be increased without sacrifice of 
another outcome, so that 

  (b5.1.3)

and

  (b5.1.4)

these scores measure the amount achieved relative to the amount that could be 
achieved without sacrifice if resources are not used as efficiently as they could be used or 
if inputs are not allocated in ways that can maximize outputs.

B OX  5 . 1

Continued

The efficiency frontier is derived from calculations using the Greenhouse 
Gas–Air Pollution Interactions and Synergies (GAINS) model (Amann et al. 
2011).2 The scores reveal insights into how efficiencies can be improved. The 
analysis is conducted for 63 countries across all income levels, covering 86 percent 
of the global population and 45 percent of global GDP. In 2015, 84 percent of 
all global cases of premature deaths attributable to poor air quality occurred in 
these countries. 

The focus in this analysis is on fine particulate matter, PM2.5, the pollutant 
identified as especially harmful to human health (GBD 2015 Risk Factors 
Collaborators 2016; GBD 2017 Risk Factors Collaborators 2018). PM2.5 in ambient 
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air is generated from so-called “primary” sources of emissions (such as soot and 
mineral dust), as well as secondary particles that are formed in the atmosphere 
from gaseous precursor emissions: sulfur dioxide (SO2), nitrogen oxides (NOx), 
ammonia (NH3), and volatile organic compounds (VOCs). Meanwhile, at the 
outset it is useful to note the following caveats when interpreting the results: 

 • The analysis is directed at only a subset of countries for which modeled data 
are available, focusing on lower-income ones.

 • The assessment is limited to premature mortality attributable to human expo-
sure to fine particulate matter in ambient air. The only health endpoint it 
considers is premature mortality. It does not consider other health endpoints 
such as morbidity or reduced labor productivity. That said, PM2.5 is the criteria 
source pollutant that has by far the largest health and economic consequences.

 • The analysis is confined to ambient air quality. It does not take into account 
additional benefits that emerge through reduced indoor air pollution from 
less use of solid fuels in households. Likewise, the analysis does not take into 
account negative impacts on agricultural crops, forests, and natural ecosystems 
(through, for example, acidification and eutrophication of freshwater and soils) 
and does not quantify threats on ecosystems services (such as biodiversity and 
pollination) from air pollution.

 • Although this study considers primary PM2.5 as well as the formation of 
secondary PM2.5 in the atmosphere, it quantifies only health benefits that occur 
within the same country, thereby ignoring additional benefits that occur down-
wind of other countries. Because the typical transport distance of PM2.5 in the 
atmosphere is 300–1,500 kilometers, this limitation is important for smaller to 
medium-size countries. For example, in European countries 20–30 percent of 
the health benefits occur outside the country in which investments are made 
(Amann et al. 2021). Nevertheless, this limitation was applied because policy 
decisions on domestic air quality tend to be based on expected domestic benefits.

 • The cost evaluation considers pollution reductions that emerge from tech-
nical emission controls and fuel substitution (such as substituting solid fuels 
for cooking). The evaluation does not take fully into account the emission 
reduction potentials and costs of measures that interact with or were origi-
nally taken for other policy priorities for which emission reductions may be 
an unintended side effect. Such measures include structural changes in the 
energy system (such as fuel substitution) and new technologies that may be 
efficiency enhancing, as well as policies leading to behavioral changes (for 
example, changes in mobility and different consumption patterns).

Finally, it is important to note that being on the efficiency frontier does not 
necessarily mean that the chosen policy represents the optimal outcome (where 
marginal benefits and marginal costs are equalized). In fact, a large body of 
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literature (WHO 2015) indicates that even in countries with highly advanced 
pollution controls, such as the United Kingdom, United States, and member states 
of the European Union (EU), the marginal benefits of current measures exceed 
the marginal pollution control costs by a wide margin. Thus even if countries 
attain a high efficiency score (which means the resources are spent in a cost- 
effective way to achieve a given level of air quality), the net economic benefits 
would be enhanced through more stringent pollution controls. 

How well do countries perform? 

The current pollution abatement technologies and practices prevent about 
43 percent of premature mortalities, compared with a scenario in which no 
abatement action would have been taken. According to the GAINS analysis, the 
63 countries in the sample in this study spent about US$220 billion (0.6 percent of 
their collective GDP) on air pollution controls. However, there are large  variations 
across countries, even within the same income group (figure 5.1). 

These investments prevent some 1.9 million premature deaths within the 
countries undertaking the investments, compared with a counterfactual situa-
tion with no control measures. However, the remaining (unabated) emissions 

F I G U R E  5 . 1

Air pollution: Expenditures as a share of GDP, by country income group, 2015

Source: World bank. 
Note: the upper and lower bounds of a box define the upper and lower quartiles of the distribution—
that is, 75th and 25th percentiles. the horizontal bar inside the box indicates the median of the distri-
bution, and the x indicates the mean value. the whiskers indicate the maximum and minimum values, 
not taking into consideration outliers. the dots are observations. gdP = gross domestic product.
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currently account for 2.5 million premature deaths in these countries. Thus, 
on average, control measures are responsible for reducing premature deaths by 
43 percent. These estimates are conservative, however, because they do not take 
into account either the transboundary health benefits occurring downwind of 
the emitting countries or the health benefits of the reduced indoor pollution 
arising from the use of cleaner household fuels. 

The current pollution abatement mix is inefficient, and this inefficiency has 
a substantial price tag. A comparison of current positions relative to what could 
be achieved along the efficiency frontier reveals significant inefficiencies of 
spending (figure 5.2):

 • The same health benefits (that is, 1.9 million prevented premature deaths) 
could have been achieved for one-third of the cost (US$75 billion). Thus the 
economic cost of inefficiency amounted to US$145 billion in 2015—that is, 
0.39 percent of the combined GDP of these 63 countries.

 • As a corollary, if each country had spent the same resources in the most  efficient 
way, the US$220 billion expenditure could have prevented 2.3 million prema-
ture deaths (about 20 percent more than the 1.9 million deaths), implying 
that about 366,000 more premature deaths could have been prevented had the 
current spending been allocated across efficient pollution abatement options. 

The estimates just presented refer to the 63 countries taken as a whole. 
However, a country-by-country analysis reveals large differences between 
 countries. This variation across similar countries provides a path to how to 
enhance the efficiency of the resources spent on air quality management. 

F I G U R E  5 . 2

Air pollution: Collective performance of sample of 63 countries in relation to their 
efficiency frontiers, 2015

Source: World bank. 
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Efficiency and environmental scores that measure 
policy ambitions 

Efficiency scores and income

Efficiency scores, which measure the distance of a country’s performances 
to the efficiency frontier, show large variations across countries, ranging from 
12 to 96 percent. As shown in figure 5.3, in general more developed countries—
lower-middle-income countries (LMICs), upper-middle-income countries 
(UMICs), and high-income countries (HICs)—perform significantly better 
than low-income countries (LICs). However, like the landscape analysis, the 
variation within country income groups is larger than the variation across groups. 
Specifically, although the variation in means across groups ranges from 35 to 
about 85 percent, the scores of the low-income group exhibit the largest variation, 
ranging from 15 to about 70 percent. 

Notably, all income groups display good examples of both highly efficient 
resource use and low-efficient resource use. For example, among LMICs, 
UMICs, and HICs are countries with pollution abatement efficiencies of more 
than 95 percent, as well as countries with pollution abatement efficiencies 

F I G U R E  5 . 3

Air pollution: Efficiency scores, by country income group

Source: World bank. 
Note: the upper and lower bounds of a box define the upper and lower quartiles of the 
distribution—that is, 75th and 25th percentiles. the horizontal bar inside the box indicates the median 
of the distribution, and the x indicates the mean value. the whiskers indicate the maximum and 
minimum values, not taking into  consideration outliers. the dots are observations.
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of 30–40 percent. Some LICs are 70 percent efficient, and others are merely 
about 10 percent efficient. 

Environmental scores and income

The environmental score quantifies the level of ambition in a country by 
measuring the extent to which the country realizes the potential air quality 
improvements that, in principle, would be achievable. For example, a score of over 
70 percent for the average high-income country means that this average country 
has been able to reduce more than 70 percent of the preventable causalities from 
air pollution through the most ambitious policy interventions. Thus the envi-
ronmental score expresses how ambitious a country is in abating air pollution.

Figure 5.4 shows that although environmental scores tend to increase with 
a country’s income level, there is still significant variation within each income 
group. This finding indicates that there is only a loose statistical relationship 
between ambition in reducing air pollution and income level. However, the 
low-income countries do have extremely low levels of ambition, implying that 
there are large (and perhaps cost-effective) opportunities to save lives through 
improvements in air quality in these countries. This issue is explored further in 
the policy section of this chapter.

F I G U R E  5 . 4

Air pollution: Environmental scores, by country income group

Source: World bank.
Note: the upper and lower bounds of a box define the upper and lower quartiles of the 
distribution—that is, 75th and 25th percentiles. the horizontal bar inside the box indicates the 
median of the distribution. the whiskers indicate the maximum and minimum values, not taking 
into  consideration outliers. the x indicates the statistical mean.
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Ambition and efficiency

The overall statistical correlation between the efficiency and environmental 
scores themselves (R2 = 0.42) suggests that ambitious countries generally clean 
up in more efficient ways. On the other hand, there is almost no correlation 
between efficiency and income (R2 = 0.08), suggesting that efficiency is not 
affected by levels of development, similar to the landscape efficiency scores 
(figure 5.3). 

A better understanding of how efficiencies can be enhanced is gained by 
assessing two important insights emerging from the large variation in efficiency 
scores among countries with similar environmental (ambition) scores (figure 5.5). 
First, good-practice examples with efficiencies of more than 90 percent occur 
across the full range of environmental scores, revealing that the efficient use of 
resources for air quality management is possible for less ambitious as well as 
more ambitious countries. Second, the spread of efficiency scores declines with 
increasing ambition, indicating large potentials for efficiency gains, especially in 
the less ambitious countries. Such countries can enhance their environmental 
performance as well, and they can do so without additional costs by implementing 
more efficient environmental policies and measures. This point is discussed in 
more detail in the final section of this chapter. 

F I G U R E  5 . 5

Air pollution: Efficiency and environmental scores, by country income group

Source: World bank. 
Note: the figure compares countries’ environmental scores with their efficiency scores. the color and 
shape of the marker indicate a country’s income level, according to the World bank.
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A typology of countries and priority directions for 
improving efficiency 

Many countries could improve their air quality without placing an additional 
burden on their economy. Meanwhile, many good-practice examples of efficient 
air quality management can be found in countries at all stages of development. 
To derive generic priority directions for efficiency improvements from good 
practices, three types of countries are distinguished based on their efficiency and 
environmental scores (figure 5.6):

 • Type A: high efficiency scores, high environmental scores

 • Type B: high efficiency scores, low environmental scores

 • Type C: low efficiency scores, low environmental scores. 

This framework can be used to identify the necessary policy mixes in countries 
to promote both sustainability and the efficient use of capital. 

Type A: High efficiency scores and high environmental scores

Type A countries combine high efficiency scores with high environmental 
scores (ambition) (see figures 5.6 and 5.7). These countries include high- income 
(Canada, Germany, and the Republic of Korea) and upper-middle-income 

Source: World bank. 

F I G U R E  5 . 6

Air pollution: Country types (A, B, and C) based on efficiency and environmental 
scores, by country income group
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(China, Mexico, South Africa, Thailand, and Türkiye, among others). Within 
this group, the best performers reach efficiency scores of up to 95 percent. 
The scores of other countries barely exceed 60 percent, indicating significant 
scope for efficiency enhancements by emulating relevant examples. 

At high environmental scores, marginal costs increase steeply, implying that 
in many cases alternative portfolios of measures could achieve the same impact 
at significantly lower cost.

This study identifies four common reasons for inefficiencies in type A 
countries: 

1. More cost-effective gains can be made in frequently overlooked sectors such 
as household burning of biomass for cooking and heating and agriculture. 
In addressing air pollution problems, many countries have focused on 
conventional sectors with large point sources that often require more costly 
interventions and ignore less familiar sources of pollution. After imple-
mentation of effective controls of road transport and large point source 
emissions (indicated by high environmental scores), other sectors emerge as 
dominant contributors to PM2.5 (as shown in systematic source apportion-
ment studies—see Van Dingenen et al. 2004; Zheng et al. 2019). Depending 
on the country, these “other sectors” may include solid fuel combustion 
in the residential sector (for example, wood burning in “pleasure” stoves), 
open burning of crop residue, nonroad mobile machinery, and midsize 
combustion plants. Source apportionment studies have also uncovered a 
critical share of secondary PM2.5 in total PM2.5 concentrations in ambient air 

F I G U R E  5 .7

Air pollution: Location of type A countries vis-à-vis the efficiency frontier

Source: World bank. 
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(typically 40–60 percent). Secondary PM2.5 is formed through chemical reac-
tions from precursor emissions—that is, sulfur dioxide, nitrogen oxides, and 
nonmethane volatile organic compounds. In many situations, the formation 
of secondary PM2.5 is brought about by the availability of ammonia, which is 
mainly emitted from agricultural activities (manure management and fertil-
izer application). Many type A countries have managed to reduce pollution in 
a cost-effective way by harmonizing further (and sometimes costly) measures 
to tackle remaining primary PM2.5 emissions from road transport and large 
point sources, but they often neglect controls of precursor emissions that 
form secondary PM2.5. Correction of this neglect requires widening the scope 
of air quality management from the conventional sectors (transport, power, 
and industry) to other sectors such as households and agriculture.

2. Countries have not caught up with the need to shift from focusing on 
peak pollution days to focusing on annual exposure. In recent decades, 
epidemiological evidence on the determinants of the health impacts of 
air pollution has demonstrated the importance of long-term exposure 
to PM2.5 when compared with episodic peak exposures (Burnett et al. 
2018; WHO 2013). Based on this scientific finding, many countries have 
moved from directing air quality management toward peak concentra-
tions, which are often highly visible and occur during short episodes or 
at the worst-polluted locations, toward long-term exposure of the total 
population to PM2.5. These countries have complemented their existing 
legal frameworks for compliance with given air quality standards (and 
in the most polluted situations) with approaches to reduce exposure of 
the entire population to PM2.5. The approaches used include caps on 
the various precursor emissions and consideration of the impacts of the 
various sources on population exposure. This shift has increased signifi-
cantly the efficiency of efforts for public health.

3. Because PM2.5 is highly mobile and crosses jurisdictions, cooperative 
approaches produce greater efficiency than do purely unilateral efforts at 
pollution control. Fine particulate matter, which remains in the atmosphere 
for up to a week, can be transported from several hundred to 1,000 kilo-
meters. Thus at any location a significant share of PM2.5 found in ambient 
air originates from remote sources in other regions or in other countries. 
Because of the steep increase in the marginal costs of pollution controls at 
high environmental scores, many countries have enhanced cost-effectiveness 
by adopting regionally coordinated approaches to air quality management. By 
revealing information about the mutual benefits of cooperation and acting 
on that information, countries can replace the costliest domestic efforts with 
cheaper measures at upwind emission sources. Good examples of regional 
cooperation within countries can be found in China (Song et al. 2020), in EU 
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member countries (Maynard and Williams 2018), outside the EU through 
the Convention on Long-range Transboundary Air Pollution (Fowler et al. 
2020), and in the United States such as through the Clean Air Act’s “good 
neighbor” provision.

4. Several countries chose command and control over economic measures that 
would have resulted in the adoption of more efficient and advanced pollution 
abatement technology. The high environmental efficiencies of these countries 
imply that many sources at close to the maximum technical potentials limit 
opportunities for efficiency gains. It is well established that pollution taxes 
are more cost-effective than command and control approaches at reducing 
pollution in many situations. Regulations based on decrees to use the “best 
available technologies” may miss options that would achieve the same emission 
reductions at lower cost. For that reason, countries with ambitious pollution 
control objectives have introduced emission taxes (such as for SO2, NOx, and 
VOCs) that provide economic incentives to select the most effective options for 
their specific situations. Examples are Denmark (Millock, Nauges, and Sterner 
2004), Sweden (Söderholm et al. 2021), and a few other European countries 
(Sterner and Köhlin 2004). In Sweden, those revenues are used to reimburse 
the taxed plants that emit low volumes of NOx in order to incentivize energy 
efficiency and reduce any potentially negative impact on competitiveness 
(Sterner and Höglund Isaksson 2006). 

To identify the specific types of policy interventions that increase effi-
ciency, many of these countries have established scientific infrastructure that 
provides a shared knowledge base on the benefits and cost-effectiveness of the 
available options. In the largest countries (for example, China and the United 
States), this infrastructure has been established at the national level, while 
smaller countries, such as some in Europe, have developed regional networks. 
Examples are those under the Convention on Long-range Transboundary Air 
Pollution.

Despite high environmental ambitions and the cost-effective use of 
resources, it is not certain that the high ambition levels correspond to the 
socially optimum use of resources. In practice, some of the current inefficien-
cies may reflect path dependencies and past choices. For example, if a country 
was an early adopter of pollution control technology, the chosen technology 
would likely be overtaken by more advanced technologies (such as new desul-
furization plants and catalytic converters) with superior environmental or 
economic performance. Although the current methodology does not discount 
early adoption, reassessing national environmental standards in view of tech-
nological progress might be beneficial.
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Type B: High efficiency scores and low environmental scores

Type B countries are characterized by relatively low environmental scores 
(ambition), which those countries achieve in relatively efficient ways. These 
countries are located close to the low-ambition range of the efficiency frontier 
(see figures 5.6 and 5.8). This group includes many middle-income coun-
tries (for example, Bangladesh, Chile, India, Indonesia, Pakistan, Peru, the 
Philippines, Saudi Arabia, and the West Balkan countries). 

Type B countries often focus on the lower-hanging fruits of pollution controls. 
Basic pollution controls are frequently limited to a small number of key sectors 
(such as particle filters for large point sources burning coal), where pollution 
abatement is relatively less expensive with well-established technologies. However, 
despite their economic efficiency, such measures are often not commensurate 
with the scale of the pollution problems arising from rapid economic growth. This 
is especially true for cities (WHO 2018) with significant burdens on public health 
(Burnett et al. 2018; Watts et al. 2019; WHO 2016) and with high productivity 
losses and health costs (World Bank 2016). 

In such cases, it is likely that the chosen ambition levels are far from socially 
optimal levels. Based on the findings for countries with much higher ambi-
tion levels, the marginal benefits of available measures are likely to exceed their 
marginal costs by a wide margin. Thus, while acknowledging the efficiency of 
current policies, these countries urgently need to enhance their environmental 
scores. This effort will involve additional costs because the current efforts are 

F I G U R E  5 . 8

Air pollution: Location of type B countries vis-à-vis the efficiency frontier

Source: World bank. 
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close to the efficiency frontier. Maintaining high efficiency for the additional air 
quality improvements will be critical but challenging. 

Many type B countries have a limited understanding of the regional nature of 
PM2.5 pollution. As noted, a considerable share of PM2.5 originates from distant 
sources outside a jurisdiction. Many strategies for urban air quality management 
in these countries neglect this feature by embarking on costly local measures 
instead of entering into cooperative agreements with the surrounding regions.

More ambitious pollution controls in these countries will require extending 
the scope of pollution controls to emission sources that require more complex 
interventions and detailed analyses. Systematic source apportionment studies 
for a population’s exposure to PM2.5 can reveal sources that are of particular 
importance in a given country. Depending on the local situations, these sources 
could include the household use of solid fuels for cooking and heating (within 
and outside cities), open burning of municipal waste and agriculture residues, 
industrial midsize combustion plants (such as brick kilns), industrial activi-
ties such as cement production, nonroad mobile agricultural and construction 
machinery, as well as road transport, which makes particularly large contributions 
to concentrations along busy streets in urban areas. In addition, reducing high 
concentrations of secondary PM2.5 will require balanced cuts of the precursor 
emissions of secondary particles (SO2, NOx, VOC, and NH3). 

Tackling such sources requires prioritizing resources for pollution control 
because the measures already adopted will produce limited efficiency gains. 
Political will and support can emerge from appreciation of the benefits of clean 
air and from understanding the cost-effectiveness of involving additional sectors 
and stakeholders in air quality management. At the same time, the large variety 
of measures in different sectors with diverse stakeholders carries with it the 
danger of unproductive or counterproductive investments that could compromise 
economic efficiency. 

Countries at comparable development levels have managed to simultane-
ously achieve high environmental and efficiency scores. Common features of 
these successful countries include comprehensive stocktaking of their current 
sources of pollution; an unbiased, comprehensive assessment of the air quality 
improvements offered by various approaches; a robust shared knowledge base 
on the cost-effectiveness of alternative interventions under local conditions; 
and a political commitment to engage in sectors that could deliver cost-effective 
contributions.

Type C: Low efficiency scores and low environmental scores 

Type C countries, predominantly low-income and lower-middle-income, perform 
far from the efficiency frontier (figures 5.6 and 5.9). Notably, there are large 
differences in the efficiency scores even between countries with similar incomes 



eFFiCieNCy FroNtier For air QuaLity 123 

and environmental scores. For example, efficiency scores of low-income coun-
tries range from 15 percent to almost 70 percent, indicating a large potential for 
efficiency improvements. 

Typically, countries in this group have taken only very basic measures to 
control air pollution, despite the serious pollution levels and significant burden 
on public health and economic performance pointed out by numerous studies 
(WHO 2018). However, unlike the measures used in type B countries, the 
measures used in type C countries do not address sources that offer the most 
cost-effective potential.

Often, expertise and understanding of the specific air quality situation and 
possible cost-effective responses are underdeveloped. The GAINS model finds 
that measures adopted by these countries tend to be inspired by examples from 
other countries at different development stages and with different challenges 
for air quality management. As a consequence, significant resources are often 
spent on measures that have relatively little impact on population exposure 
(such as on technically advanced control of road vehicle emissions), while cost- 
effective air quality improvements that tackle other sources of emissions remain 
untapped (such as solid-fuel combustion in households, waste management, and 
open burning of agricultural residues). Not only are interventions often subop-
timal in such situations, but efficiency is further impaired by poor monitoring, 
compliance, and enforcement mechanisms, which further increase the costs of 
pollution reduction. This is an example of where emulating success can lead a 
country astray. 

F I G U R E  5 .9

Air pollution: Location of type C countries vis-à-vis the efficiency frontier

Source: World bank. 
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In type C countries, a move toward the efficiency frontier would deliver 
large economic and health benefits. Because current performance is located 
far from the efficiency frontier, big opportunities exist for simultaneously 
improving both the efficiency and environmental scores. Thus more efficient 
strategies for air quality management can combine measures that work in two 
directions.

First, higher environmental scores without large additional investments in 
infrastructure can be achieved through better governance—that is, stronger 
monitoring, compliance, and enforcement mechanisms. Where compliance and 
enforcement are limited, relatively costly measures, such as advanced road vehicle 
controls, will fail to deliver their intended air quality benefits. 

Second, economic efficiency scores can be increased by tailored measures 
that include a much wider set of sources at lower costs. However, because these 
countries have low environmental scores, additional measures should not replace 
existing efforts. Depending on local conditions, such measures might include 
enhanced access to clean household fuels to replace solid-fuel use in households, 
improved waste management practices, bans on burning agricultural residues, 
and more efficient and cleaner brick kilns. Many of these measures will involve 
small enterprises that may lack the resources to adopt cleaner technologies, 
suggesting the need for measures carefully aligned with affordability.

It is also important to compare the cost-effectiveness of possible additional 
controls (such as for road transport emissions, which tend to be more expen-
sive than interventions in other sectors) with the potential benefits and costs of 
measures that could be taken in the other sectors. Focusing on public health bene-
fits, such a comparison will need to consider the impacts of potential measures on 
the entire population of a country and not just the impacts on pollution hot spots 
(such as busy street crossings in cities) where air quality monitors may be located.

Like type B countries, type C countries typically have only a limited under-
standing of the regional nature of PM2.5 pollution. Many strategies for urban 
air quality management in these countries neglect transboundary pollution. 
As a result, they focus on costly local measures instead of entering cooperative 
agreements with surrounding regions. 

Some of the most challenging constraints lie in misaligned incentives. Polluting 
activities are often heavily subsidized by governments (such as coal combustion in 
the energy sector and fuel prices). Reducing such subsidies and possibly imposing 
taxes on polluting fuels (such as a carbon tax) will make the status quo econom-
ically less attractive to enterprises and consumers and support a move toward 
cleaner fuels. Caution may be warranted, however, because reforms aimed at 
introducing fuel taxes or removing fuel subsidies have been met with stiff oppo-
sition that sometimes spills over into public protests. Successful subsidy reforms 
have often called for ensuring there are credible compensation mechanisms for 
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those who may lose from the reforms. Such compensation mechanisms can help 
build a broad coalition in favor of reform. In addition, beginning with small 
changes rather than radical reforms is less likely to spark dissent.

Improving efficiency and ambition will entail tackling less familiar sources of 
pollution by households and farmers. Changing behaviors can be challenging, but 
examples of success can be emulated. The tools based on these behavioral nudges 
do not displace economic policy approaches that target incentives. Instead, such 
tools complement and enhance economic policy approaches. Some of these 
approaches may cost little and can be carried out fairly quickly because they 
depend on nuances in messaging and policy design, whereas others may take 
longer, especially when changes in attitudes and values are involved. 

Many of the measures to improve air quality deliver other benefits as well. 
For example, access to clean cooking fuels, in addition to its health benefits, 
reduces the time spent (mostly by women) to collect biomass and diminishes the 
emissions of short-lived climate pollutants (such as black carbon) that increase 
near-term global temperatures. Abolishing the open burning of municipal waste 
requires effective waste management systems with important benefits for other 
environmental media, development, and resource use. Diversion of agricultural 
residues from open burning to other productive uses such as co-firing in larger 
plants to replace fossil fuels can deliver economic benefits and create additional 
income for rural populations. Comprehensive appraisals of the full range of 
benefits of such measures will be important for the design of effective policy 
instruments and adoption by the population. 

Finally, knowledge gaps can lock countries into low-performance conditions. 
The design of policies and measures that could move countries toward the effi-
ciency frontier requires a thorough understanding of the local air pollution 
situation and of cost-effective interventions that work under particular condi-
tions. Often, there is only limited understanding of the current level of pollution 
beyond a few monitoring stations in capital cities, and little is especially known 
about the levels in rural areas. Emission inventories, if they exist, are frequently 
incomplete. Moreover, expertise may be lacking on environmental economics, 
health effects, and the social factors that determine consumer behavior. Thus 
enhancing the relevant expertise in countries will be essential and will be an 
urgent prerequisite for moving toward the efficiency frontier. Regional networks 
of experts sharing local experiences and working toward cooperative solutions 
can accelerate development of the relevant knowledge.

Priorities for efficiency improvements 

Based on the analysis just described, the priority directions for moving toward 
the efficiency frontier are summarized in table 5.1.
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TA B L E  5 . 1

Air pollution: Priority directions for moving toward the efficiency frontier, by country type

Type A Type B Type C

Priority directions for efficiency improvements

 • adjust the ambition level to 
optimize the use of societal 
resources by equalizing 
marginal benefits and costs.

 • Where necessary and 
possible, further increase 
efficiency. 

 • enhance the environmental 
ambition to optimize the use 
of societal resources.

 • shift focus of air quality 
management to public 
health benefits.

 • Move toward the efficiency 
frontier by enhancing 
environmental and 
efficiency scores.

 • shift the focus of air quality 
management to public 
health benefits.

Focus areas

 • balance control efforts 
across a wider range of 
source sectors, considering, 
among other things,
°° household wood stoves 

°° agricultural residue 
burning

°° Precursors of secondary 
particulate matter (PM2.5), 
including ammonia from 
manure management and 
fertilizer application.

 • Pursue transboundary 
cooperation with 
neighboring countries 
to reduce the need for 
measures with high marginal 
costs.

 • avoid trade-offs and 
capture synergies with 
other policy priorities such 
as greenhouse gas (ghg) 
mitigation.

 • Widen pollution control 
efforts to sectors beyond 
road transport and large 
point sources to, among 
other things,

°° solid-fuel cookstoves 

°° agricultural residue 
burning

°° Municipal solid-waste 
management.

 • improve monitoring, 
compliance, and 
enforcement mechanisms.

 • avoid trade-offs and capture 
synergies with other 
policy priorities (such as 
ghg mitigation and social 
aspects).

 • enhance governance.
 • improve monitoring and 

compliance mechanisms.
 • Widen pollution control 

efforts to sectors beyond 
road transport and large 
point sources to, among 
other things,

°° solid-fuel cookstoves 

°° agricultural residue 
burning

°° Municipal solid-waste 
management.

 • avoid trade-offs and capture 
synergies with other policy 
priorities (such as poverty 
alleviation, development, 
and climate change).

Relevant instruments

 • adopt pollution taxes 
instead of strict 
performance standards.

 • Pursue international 
cooperation.

 • revisit existing fuel subsidy 
systems and consider 
alternative tax/subsidy 
systems that make socially 
desirable investments 
attractive to consumers and 
enterprises. 

 • revisit existing fuel subsidy 
systems and consider 
alternative tax/subsidy 
systems that make socially 
desirable investments 
attractive to consumers and 
enterprises.

 • establish enforcement 
mechanisms.

Continued
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TA B L E  5 . 1

Continued

Type A Type B Type C

Knowledge gaps

 • expertise on cost-effective 
air quality management to 
address precursor emissions 
of secondary PM2.5

 • air quality monitoring 
representative of population 
exposure (for example, in 
residential and rural areas)

 • Local health impacts of air 
pollution

 • source apportionment of 
PM2.5 in ambient air

 • air quality monitoring 
representative of population 
exposure (for example, in 
residential and rural areas)

 • Local health impacts of air 
pollution

 • source apportionment of 
PM2.5 in ambient air

 • Comprehensive emission 
inventories beyond large 
point sources and road 
transport

 • environmental economics of 
cost-effective measures and 
instruments

 • social aspects of pollution
 • Co-benefits with other policy 

priorities

 • Comprehensive emission 
inventories beyond large 
point sources and road 
transport

 • environmental economics of 
cost-effective measures and 
instruments

 • social aspects of pollution
 • Co-benefits with other policy 

priorities

Source: World bank.



128 Nature’s FroNtiers

Annex 5A: GAINS model methodology explained

This annex provides details on the GAINS model that was used to estimate the 
results described in this chapter. A more comprehensive presentation of the 
optimization method of the GAINS model appears in Wagner et al. (2013).

Impact calculations 

Comprehensive atmospheric chemistry and transport models have tradition-
ally been used to calculate concentration levels of air pollution. These models 
simulate a complex range of chemical and physical reactions. For example, the 
Unified EMEP Eulerian model (Simpson and Tuovinen 2014) describes the fate 
of emissions in the atmosphere. It considers more than 100 chemical reactions 
involving 70 chemical species with time steps down to 20 seconds, including 
numerous nonlinear mechanisms. However, the joint analysis using the economic 
and ecological aspects of the GAINS model, and especially the optimization 
task, calls for computationally efficient source–receptor relationships. For this 
purpose, reduced-form representations of the full models in the form of response 
surfaces have been developed. They describe the response of impact-relevant 
air quality indicators using mathematically simple formulations. Functional 
relationships describe changes in annual mean PM2.5 concentrations. The (grid- 
or  country-specific) parameters of these relationships have been derived from 
a sample of several hundred runs of a full atmospheric chemistry model with 
systematically perturbed emissions of the individual sources around a reference 
level.

The principle of the atmospheric calculations in the GAINS model are 
described by Amann et al. (2011). Because of the evolution of the GAINS model 
over time, some details of the formulation (such as grid resolution) differ in 
European versus non-European regions. Details for Europe are described by 
Kiesewetter et al. (2015). A description for non-European regions can be found in 
the supplementary material to Amann et al. (2021). A description of the ambient 
PM2.5 concentration modeling follows.

Index i denotes the emitting country. When it is necessary to draw a distinction 
between the emitter/source and receptor country, the receptor country is denoted 
by index k. The emission sector is denoted as s and fuel as f. Concentrations are 
calculated on a grid, distinguishing emissions from near-ground (low-level) sources 
(residential combustion, traffic, municipal waste burning) and all other sources. 
Contributions from low-level emissions of primary particulate matter are calculated 
at a higher resolution (0.125° × 0.0625° or roughly 7 × 7 kilometers in Europe, and 
0.1° × 0.1° or roughly 10 × 10 kilometers outside Europe). The long-range compo-
nent that stems from high-level sources and secondary particles is modeled at a 
coarser resolution of 0.5° × 0.25° in Europe (roughly 28 kilometers) and 0.5° × 0.5° 
elsewhere. The transfer coefficients for low-level sources include information on 
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the urban-rural split of activities in some sectors (such as use of different fuels for 
cooking) and are therefore inherently activity- and sector-specific.

The concentration is calculated as 

 average ambient PM2.5 concentration (k) = ∑i,s,f,p Tiksfp Eisfp ,

where Eisfp denotes the emissions of pollutant p from country i, sector s, and 
activity (fuel) f, and Tiksfp is the source-receptor matrix (or transfer matrix) for 
pollutant p from activity (fuel) f and sector s in emitting country i to receiving 
country k. Exposure to PM2.5 concentration is then calculated by multiplying the 
concentration map with the population map for a given country and aggregating 
to the national scale. In practice, the calculations are performed on a high- 
resolution grid scale, and through appropriate aggregation this simple form can 
be established.

The impact calculations conducted in this project use a linear interpo-
lation between endpoints defined by the current legislation scenario and 
the maximum feasible reduction (MFR) scenario. For both scenarios, total 
premature deaths attributable to ambient PM2.5 were calculated using the full 
health impact calculation module in GAINS, as described shortly. The relation 
between PM2.5 exposure and premature deaths at these endpoints was then used 
to derive a coefficient f(k) describing the change of premature deaths per unit 
of exposure so that

premature deaths (k) = premature deaths MFR (k)
 + f(k) × [exposure (k) – exposure MFR (k)].

Premature deaths from total ambient PM2.5 for regions other than Europe are 
calculated using the methodology of the World Health Organization (WHO) 
assessment of the burden of disease from ambient air pollution (WHO 2016), 
which relies on disease-specific integrated exposure response relationships 
developed in the Global Burden of Disease 2013 study (GBD 2015 Risk Factors 
Collaborators 2016).

The population attributable fraction PAFdka of air pollution–related deaths 
from disease d in region k and age a is calculated as

  (5A.1)

where i represents the 0.1° grid cells hosting population popji belonging to 
region j. RRdai is the disease and (possibly) age-specific relative risk as calculated 
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from the integrated exposure response functions for PM  2.5 concentration levels 
in that spatial unit.

Premature deaths are calculated by multiplying the PAFdka from equation 
(5A.1) with age-specific baseline cases of deaths ddka from disease d in region 
k so that

 pddka = PAFdka · ddka. (5A.2)

Age-specific numbers of deaths from individual diseases are estimated from 
published numbers for 2010 in the Global Burden of Disease (GBD) 2013 project, 
which were obtained from the GBD data query tool. Age-specific projected 
total deaths for each GAINS region are taken from the United Nations’ World 
Population Prospects 2017 (United Nations 2017). It is assumed that although 
total age-specific deaths vary according to the United Nations projections, the 
relative shares of individual diseases contributing to age-specific deaths remain 
unchanged in the future.

For Europe, calculations of premature deaths follow the WHO Europe meth-
odology and apply exposure–response relationships for all-cause mortality of 
those over 30 years of age in a population, as reported under the REVIHAAP 
assessment (WHO 2013).3 Equations (5A.1) and (5A.2) are applied without 
further age differentiation to total deaths of those over 30 years of age using the 
approximation pdk ≈ β · PMk · dk with β = 0.00588, PM the population-weighted 
mean anthropogenic PM2.5, and dk the number of nonaccidental deaths of those 
over 30 years of age in each region k.

Optimization: Objective, constraints, potentials

The optimization problem in the GAINS model is formulated as a linear program-
ming problem and is solved with a commercial solver (GAMS-CPLEX). The 
decision variables in the GAINS model are essentially the shares that describe 
the extent to which a given activity (such as a coal-fired power plant) is subject 
to various emission control strategies. In practice, the model spans a rather large 
configuration space that takes into account the possible combinations of technol-
ogies, the possible transitions from one technology to another, the multipollutant 
nature of some sources, and a number of other factors. 

In a typical optimization run for this study, the objective function mini-
mized is the total cost for emission control measures in a country, subject to 
the constraint that a particular target for mortality or population-weighted 
concentration is achieved in that country. The target value for the exposure is 
iteratively set and solved for, starting from the lowest ambition level—either 
the no control emissions (NOC) scenario or the current legislation emissions 
(CLE) scenario—and gradually increased, typically in 30 steps, to the highest 
ambition level still feasible.4 Each iteration starts afresh with a new target and 
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no knowledge of the outcome of the previous run. Thus at each ambition level, 
the model is free to select an optimal solution that is not path-dependent in the 
sense that it does not depend on the solution taken at another point on the cost 
curve. Therefore, as one moves up the cost curve there is also no lock-in effect. 

Positively speaking, leapfrogging is possible in the model—that is, it is not 
necessary to deploy less efficient technologies before moving up the curve and 
deploying more efficient ones. For example, the optimization reflects that it is 
possible to introduce, for example, a Euro-6 standard for vehicles without having 
already imposed Euro-1 through Euro-5 standards. The standard considered 
cost-effective depends on the ambition level for the health benefits. 

The deployment of technologies may nevertheless be limited. This limitation 
is represented by decision variables that are subject to a variety of constraints. 
First, a technology is subject to upper limits. For example, only a fraction of all 
activities related to a source of pollution are subject to control. For example, if 
a power plant is situated on a confined plot, it may physically not be possible 
to install a selective catalytic reduction (SCR) device around it to reduce NOx 
emissions. Thus the maximum application rate of the SCR technology for the 
whole country may be less than 100 percent and will have to be calculated 
accordingly. Second, there may be a lower bound on the application rate of 
a technology, perhaps stemming from a path dependence. For example, if an 
investment-intensive, medium-efficient new installation was built recently, from 
an economic point of view it might not be replaceable today by a better and more 
expensive technology (unless referring to an additive upgrade). Lower bounds 
on decision variables in GAINS typically reflect capital turnover dynamics, 
but, as indicated earlier, these constraints are relaxed for the present study. 
Relaxation of the lower bounds gives the model more flexibility and allows 
consideration of full emission reduction potentials in all sectors, independently 
of the past investment schedule. Thus premature scrapping of existing—already 
implemented—pollution controls before the end of their technical lifetime is 
explicitly allowed. 

This study has also introduced measures motivated by other objectives or 
have very localized effects. For example, the electrification of buses could have 
a significant effect on air quality if the counterfactual for comparison is a bus 
running on diesel with a high sulfur content and not subject to any NOx or PM 
control. In addition, electrification of buses has GHG benefits and does not 
depend on fuel quality standards implemented at the national scale. Thus it could 
be implemented locally. However, as a pure air pollution reduction measure 
this measure may be fairly expensive, compared with introducing on a national 
scale an advanced Euro emission standard coupled with low-sulfur fuel. Thus 
electrification as an emission reduction measure typically exhibits high marginal 
costs and low emission reduction potentials on a national scale relative to effi-
cient end-of-pipe emission control devices. Similar arguments hold for control 



132 Nature’s FroNtiers

measures in the waste and other sectors. Their effect, as a result of a change in 
the underlying production and consumption system, is often more fruitfully 
analyzed as alternative (exogenous) states of that system without associating the 
costs for these system changes to the air pollution control domain. 

In summary, local or island solutions that address very specific national or 
regional circumstances are not represented in sufficient detail in the global 
GAINS model used in this study for country comparisons. However, in the 
national and subnational versions and with input from the respective country 
experts, more sophisticated and tailored options could be explored. 

Notes

1. Ricardo, D. 1817. On the Principles of Political Economy and Taxation. https://www.marxists 
.org/reference/subject/economics/ricardo/tax/ch01.htm.

2. The methodology of the GAINS model is described in annex 5A. 
3. Details are provided by Kiesewetter et al. (2015).
4. This highest ambition level corresponds to the lowest level in exposure/concentration. In 

GAINS, this is called the maximum technically feasible reduction scenario. Together with 
the starting point (CLE or NOC), it limits the space of feasible scenarios. It is typically not 
associated with zero emissions. Instead, it reflects the level of residual pollution after all 
technically feasible measures have been taken. Reducing emissions further would imply 
taking very different types of measures, such as relocating certain activities such as indus-
trial production to other countries. Such measures are not considered here.
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Country Spotlights

C H A P T E R  6

Key messages

 • This chapter illustrates the insights and utility of the tools and frame-
works presented in this report. It does so by means of several case studies 
of countries in different geographic regions and across diverse geog-
raphies, at different levels of development, and with widely differing 
capacities to implement policies. 

 • The exercises pinpoints (1) the magnitude of efficiency gaps; (2) the gains 
achievable from closing these gaps; (3) the types of changes necessary; 
and (4) where these changes need to be made within each country.

 • Given the long menu of policy choices and management options avail-
able for generating such changes, the chapter illustrates how the policy 
filter introduced in box 4.1 can be used to select the most suitable mix 
of policies. It does this by examining the costs of policy implemen-
tation, the complexity and effectiveness of a policy, the feasibility of 
 implementing a policy in a country, and the risks and co-benefits of a 
policy. The approach therefore aims to facilitate the selection of relevant 
and effective policy choices.

Introduction

This chapter provides several examples of how the tools developed in this report 
can guide country strategies that enhance sustainability. The countries under the 
spotlight are Azerbaijan, the Lao People’s Democratic Republic (Lao PDR), and 
Liberia. In addition, box 6.3 describes an application of the landscape approach 
in China and box 6.4 an application of the efficiency frontiers for air pollution 
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in the Arab Republic of Egypt. Each country is distinctive, and the differences 
among countries illustrate the pathways available to enhancing efficiency and 
productivity, the shifts needed to realize these gains, and the policies that could 
incentivize and catalyze these changes. These factors will vary by type of country 
(see the country typology in chapter 3 and box 6.1), as well as by country-specific 
characteristics. The country spotlights also illustrate that some changes are 
far-reaching and will take time, as do all significant reforms. These examples 
also suggest that often there may be merit in gradualism when it permits course 
corrections and adaptive adjustments of policies. The policy road map in box 4.1 
in chapter 4 identifies the most appropriate policy mix based on an assessment 
and ranking of the costs of the policy intervention, the complexity of the interven-
tion, the feasibility of implementation, the distributional impact, and the evidence 
of policy effectiveness. These foundational criteria can guide decision-makers 
on the trade-offs between alternative policy packages.

B OX  6 . 1

A primer on the resource efficiency frontier

Most renewable resources are common property assets, and although they may be vital 
for production and survival, they are neither used efficiently nor allocated to their best 
uses. the resource efficiency frontier (the green curve in figure b6.1.1) tracks the maximum 
environmental goods and income that these resources could generate if they were used 
and allocated efficiently. 

Most countries are inefficient and lie within the frontier. according to this study’s 
estimates, five types of countries emerge relative to each country’s own efficiency frontier.

F I G U R E  B 6 . 1 . 1

Typology of countries, by environmental indicator and production value

Source: World bank.
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Azerbaijan

Azerbaijan is a former Soviet economy that became independent in 1991 for 
the first time since 1918–1920. Sitting on the border between Europe and Asia, 
Azerbaijan is made up of the large flat lowlands of the Kura-Aras Basin sand-
wiched between the Greater Caucasus Mountains to the north and the Lesser 
Caucasus Mountains to the south. Technically landlocked, Azerbaijan has a long 
coastline on the Caspian Sea, and it shares borders with Armenia, Georgia, the 
Islamic Republic of Iran, and the Russian Federation. Azerbaijan also includes 
an autonomous enclave of the Nakhchivan Autonomous Republic, which is 
geographically isolated from the rest of the country.

Since achieving independence in 1991, Azerbaijan has seen its economy grow 
substantially, with per capita GDP rising from US$209 in 1993 to US$7,891 in 
2014. Since then, income per capita has fallen to US$4,221, largely following 
declining energy prices. Agriculture is a relatively small share of the economy, 
contributing only 5–6 percent to GDP. However, it employs 36 percent of the 
total workforce and 42 percent of the female workforce, making it an important 
sector for both poverty alleviation and gender equity considerations. Major agri-
cultural products of Azerbaijan include milk, wheat, potatoes, barley, tomatoes, 
watermelons, cotton, apples, maize, and onions. The yield gaps—the percentage 
difference between actual yields and potential yields—for staple crops are relatively 
large, including maize (15 percent), wheat (22 percent), and barley (23 percent).

 • Type A: high-income, highly efficient countries. this group includes most advanced 
economies that tend to be close to their maximum potential in terms of economic 
indicators. however, they do not necessarily perform well on environmental attributes.

 • Type B: untransformed landscapes with traditional agriculture. this group includes 
countries in West africa as well as some amazonian countries that tend to perform 
close to their maximum potential on the environmental indicators because they are 
well endowed with natural habitats. but they do not perform as well on the economic 
indicator.

 • Type C: countries where geography is destiny. this group, very close to the efficiency 
frontier, consists of a mix of countries that have large deserts, are close to the arctic, 
or otherwise have inhospitable terrain. Common to this group are extreme climatic 
conditions that make agriculture difficult.

 • Type D: dense, transformed, and traditional agriculture. these mostly low-income and 
lower-middle-income countries have high population densities, have converted large 
shares of their natural lands to economic uses, and lack intensified agriculture. they 
usually perform poorly across both the economic and the environmental domain.

 • Type E: low population density and moderate agricultural intensity. this mix of low- 
and high-income countries tends to have low population densities and high amounts 
of uncultivated terrains, which may be heavily devoted to livestock production. 
although some are wealthy, they are not particularly efficient at sequestering carbon 
or supporting biodiversity, nor are they maximizing economic gains.

B OX  6 . 1

Continued
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Despite being a small share of the economy, agriculture accounts for 
57.6 percent of land use, more than half of which is permanent pastureland. 
Forests account for just under 14 percent of land cover, a share that has been 
creeping steadily upward since independence, when it was about 10 percent. 
Land degradation from soil erosion affects 42 percent of Azerbaijan’s terri-
tory due in part to heavy precipitation and flooding, but also overgrazing by 
livestock (Sartori et al. 2019; SSC 2021). Many areas experiencing soil erosion 
are adjacent to important cropland, particularly in the low-lying plains of the 
Absheron Peninsula, which contains Azerbaijan’s capital and largest city, Baku, 
and 60 percent of the country’s population.

Carbon emissions in Azerbaijan are dominated by the energy sector, which 
accounts for 83 percent of total emissions. More than half of energy-related 
emissions are fugitive emissions from oil and natural gas production. On a per 
unit of GDP basis, Azerbaijan is the largest producer of fugitive emissions of 
all major natural gas producers. After energy, agriculture accounts for the next 
largest share of emissions at 7.4 percent. Recently, emissions from land use change 
have been negative because carbon sequestration from land has been increasing. 
Azerbaijan’s nationally declared climate commitment is to reduce emissions by 
35 percent by 2030 relative to 1990 levels. This reduction would require, in turn, a 
reduction of about 38 percent relative to 2018 levels, or about 30.4 million metric 
tons of CO2eq per year.

A spatially explicit analysis of the resource efficiency frontier can guide 
the types of investments needed and identify where they should be located. 
Figure 6.1 shows the current landscape for Azerbaijan, which lies well inside the 
 efficiency frontier. It has many of the features of a type D country as described 
in chapter 3 and box 6.1—that is, a country with moderate to high population 
density and low-productivity agriculture. 

Azerbaijan has achieved 70 percent of the economic production potential of 
its land—crop production, livestock, and forestry—that is possible without envi-
ronmental losses (see the horizontal movement in figure 6.1 up to the efficiency 
frontier). This is labeled “Maximize production value, no trade-offs” in the figure. 
The map to the lower right of the frontier shows that this achievement would 
largely stem from intensifying agriculture in areas that are currently cropland, 
as well as converting grazing land to cropland. This process is perhaps better 
seen in the Sankey diagrams in figure 6.2, panel a, which shows how land area 
needs to transition from the current to the scenario where production value is 
maximized without trade-offs.

Significant improvements can be made in biodiversity and carbon storage 
without any reduction in monetary returns. Azerbaijan achieves about 69 percent 
of its full GHG sequestration potential without any loss of agricultural revenue—
see the vertical movements to the efficiency frontier in figure 6.1. A vertical 
movement that holds economic production value constant while maximizing 
carbon sequestration would lead to an increase in CO2eq sequestration of 
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116 million metric tons, which is equivalent to about 1.5 years of emissions for 
Azerbaijan based on 2018 levels—see “Maximize GHG storage, no trade-offs” 
map in the figure. As shown in figure 6.2, panel b, these gains would be achieved 
by reallocating approximately 85 percent of grazing land, with a majority of it 
returned to natural land and the rest split between irrigated and rainfed cropland. 
In the highlands in the north and south of the country, most of that natural land 
must be returned to a state of natural forest, whereas the lowlands in the center 
of the country and near Baku are most productive as natural vegetation and 
grasslands. About 40 percent of the remaining cropland is intensified through 
irrigation investments (where sustainable and economical) and increased use of 
modern inputs. Such changes would help Azerbaijan progress toward its NDC.

For greater clarity, map 6.1 shows where these transitions occur geographically. 
Panel a in map 6.1 reveals the changes needed to reach the frontier to maximize 

Source: World bank.
Note: the blue dots trace the efficiency frontier. the interior (brown) dot shows the country’s current 
position, and the various other dots represent achievable places on the frontier that maximize 
different objectives in the Pareto space. Moving vertically from point a to point C (blue dot), and 
horizontally from point a to point d (yellow dot), traces out the Pareto space, where improvements in 
the economic outcome, the environmental outcome, or both, can be made with no tradeoffs. the maps 
that surround the efficiency frontier show alternative landscapes and intensities of use for azerbaijan 
that result in a more efficient use of its natural endowments. Co2eq = carbon dioxide equivalent; 
ghg = greenhouse gas.

F I G U R E  6 . 1

Efficiency frontier and transitions of movements to frontier, Azerbaijan 
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Source: World bank.
Note: Minor land uses (such as urban and mixed use) are not included. bMPs = best management 
practices; ghg = greenhouse gas; ha = hectares.

F I G U R E  6 . 2

Land use land change transitions from current to Pareto max production value and 
from current to Pareto max GHG reduction, Azerbaijan

Cropland: 3,695,303

a. Current to Pareto max production value (ha)

Cropland: 2,870,441

Intensified crops: 1,689,071

Intensified + BMPs: 7

Grazing: 2,823,636

Grazing: 1,734,487
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Source: World bank.
Note: Maps depict the changes needed to reach the frontier to maximize economic gains without 
environmental losses (panel a) and the changes needed to reach the frontier to maximize greenhouse 
gas (ghg) sequestration without economic losses (panel b). areas in brown indicate where a shift 
is needed toward greater intensification in agriculture, and areas in green involve restoring natural 
forest and vegetation. 

M A P  6 . 1

Pareto production value maximization transition and GHG maximization transition, 
Azerbaijan

a. Production value maximization transition

b. GHG maximization transition
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economic gains without environmental losses. Areas in brown indicate where a 
shift toward greater intensification in agriculture is needed, and areas in green 
involve restoring natural forest and vegetation. Such Pareto changes would have 
no adverse net effects on GHG sequestration or biodiversity services, but they 
would lead to a significant increase in economic production through improve-
ments in efficiency and the allocation of land and water.

Panel b in map 6.1 shows the location of transitions to maximize greenhouse 
gas sequestration without loss of economic output. Increases in forest cover and 
natural vegetation that maintain production value are concentrated in several 
areas. The highlands of the Greater and Lesser Caucasus Mountains can support 
significantly more forest cover, and the Absheron Peninsula in the east would 
benefit from more natural vegetation.

Although there is considerable scope for efficiency improvements in 
Azerbaijan, the challenge lies in finding the right policy mix to deliver these 
gains. For Azerbaijan, solutions can be categorized into those that encourage 
shifts away from livestock grazing and toward intensification of agriculture, and 
those that catalyze the desired land use changes. In practice, there are no simple 
policy panaceas. Hybrid approaches are needed, guided by cost, feasibility, distri-
butional concerns, and the effectiveness of each policy instrument.

Table 6.1 is a nonexhaustive list of the options, with an assessment of the 
performance of each policy based on important criteria that can help guide 
the selection of the appropriate policy and investment mix in each subregion 
of the country.

Whether Azerbaijan pursues a path of maximizing economic production 
or environmental benefits, one result of the analysis is clear: a transition is 
needed from grazing to both natural vegetation/forests and intensified agricul-
ture. Livestock grazing in Azerbaijan is both economically less efficient than 
crop production and responsible for significant soil erosion that reduces critical 
ecosystem services such as flood protection and land fertility. PES schemes 
or conservation land tenders, which incentivize restoration of forests in the 
Greater and Lesser Caucasus, are worth exploring. In addition to the carbon 
and biodiversity benefits they can generate, they can also help capture tangible 
economic benefits from forests for recreational use and ecotourism. Other policy 
instruments such as land protected area zoning and land taxes based on land use 
could also generate the desired land use change results, but may have harmful 
distributional consequences for landowners.

Agricultural total factor productivity, a measure of the ratio of overall outputs 
to overall inputs, has stagnated in Azerbaijan since 2005, whereas its regional 
neighbors have seen significant increases. This stagnation can be attributed in 
part to agriculture becoming more labor-intensive and less input-intensive. Land 
under cultivation increased by about 10 percent between 1986 and 2016, but total 
fertilizer use fell by more than 80 percent. Likewise, machinery use has fallen by 
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Policy performance summary, Azerbaijan

Policy instrument Cost 
Design 

complexity 
Implementation 

complexity
Distributional 
consequence 

Effective in 
achieving aims

Suitability
(high, medium, low) 

Land use changes

Payment for ecosystem services (Pes) high

tenders to change land use More cost-effective 
than Pes

high

Zoning/planning high

subsidies Low

Land tax based on use Medium

tenure and property rights tenure security is 
high in azerbaijan

Low

sustainable or nonconsumptive land use 
(forestry, tourism, etc.)

high

Certification schemes for sustainable products Low

Intensification

sustainable irrigation high

seeds, fertilizers, etc. high

Connectivity to output markets high

digitization Medium

extension services Medium

Credit to smallholders Medium

insurance against crop losses high

tenure Low

Less desirable consequence intermediate consequence desirable consequence uncertain/unknown

Source: World bank.
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30 percent, but at the same time active labor in agriculture has increased by about 
80 percent.7 Only some 30 percent of agricultural land in Azerbaijan is irrigated, 
which has remained constant since at least 2000. Thus, policies that incentivize 
the sustainable use of inputs such as fertilizers and improved seeds, mechaniza-
tion of agriculture, and irrigation where it is economically and environmentally 
sustainable will be key to improving production efficiency.

Lao People’s Democratic Republic (Lao PDR)

Lao PDR is mountainous and landlocked, surrounded by Cambodia, China, 
Myanmar, Thailand, and Vietnam. It remains among the less prosperous 
countries of the East Asia and Pacific region, with a per capita gross domestic 
product (GDP) of about US$2,600. However, its economic performance has 
been impressive; its growth averages about 7 percent a year. Although Lao 
PDR’s economy is diversifying, it remains dependent on its natural resource 
sectors. Agriculture, dominated by rice cultivation in lowland areas, accounts 
for about 16 percent of GDP, 73 percent of total employment, and 72 percent 
of total cultivated area. Global Agro-Ecological Zones (GAEZ) version 4, a data 
product of the Food and Agriculture Organization (FAO), calculates that the 
gap between actual and potential yields stands at about 41 percent for dryland 
rice and 27 percent for wetland rice. Gaps of a similar magnitude affect other 
crops as well, suggesting considerable scope for improvements in productivity. 
According to the International Fund for Agricultural Development (IFAD 2018), 
the main factors limiting agricultural productivity typically are insecure access 
to land, farm inputs, and extension services, including lack of access to credit. 

Lao PDR is situated in the heart of the Indo-Burmese Biological Hotspot, 
which is one of the world’s biologically rich regions, is among the most endangered 
terrestrial ecoregions, and is one of the 10 most important global biodiversity 
hotspots. And yet forest loss and degradation remain high. Since 2000, Lao PDR 
has lost 21.5 percent of its tree cover. Some 80 percent of the country’s land area, 
largely in the north, is mountainous. The remaining 20 percent is in a low-lying 
plain along the Mekong River and experiences annual flooding. The east of the 
country is sparsely populated and is likely to remain so. 

A recent World Bank report by Sanchez-Triana (2021) found that nature-based 
sectors, such as agriculture and forestry, have strong links with the rest of the 
economy with high backward and forward multipliers. In addition, computable 
general equilibrium simulations show that investments in ecosystem restoration 
have higher value-added (GDP) multipliers than conventional (nongreen) invest-
ments in all plausible scenarios that were considered. This outcome reflects the 
positive externalities associated with ecosystem services and the limited substi-
tutability between natural resources and other inputs. In summary, an investment 
in restoring natural capital, in the right place and of the right kind, not only 
improves environmental outcomes, but also can enhance economic productivity. 
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A spatially explicit resource efficiency frontier analysis can guide the types of 
investments needed and identify where they should be located. All data on land use 
are from the European Space Agency (ESA) because it is deemed to be a reliable 
source as it is based on satellite imagery (see the online technical appendix).1, 2 
Figure 6.3 shows the current landscape for Lao PDR, which lies well inside the 
efficiency frontier. It has many of the features of a type E country as described 
in chapter 3 and box 6.1—that is, a country with low population density and 
moderate agricultural intensity, with a recent history of natural asset degradation. 

Lao PDR achieves 56 percent of the full agricultural potential it could obtain 
without environmental losses. Figure 6.3 shows the country’s horizontal move-
ment toward the efficiency frontier. Much of this movement stems from the 
intensification of agriculture to close yield gaps, together with the reallocation 

F I G U R E  6 . 3

Efficiency frontier and transitions of movements to frontier, Lao PDR

Source: World bank.
Note: the blue dots trace the efficiency frontier. the interior (brown) dot shows the country’s current 
position, and the various other dots represent achievable places on the frontier that maximize 
different objectives in the Pareto space. Moving vertically from point a to point C (blue dot), and 
horizontally from point a to point d (yellow dot), traces out the Pareto space, where improvements 
in the economic outcome, the environmental outcome, or both, can be made with no tradeoffs. the 
maps that surround the efficiency frontier show alternative landscapes and intensities of use for Lao 
Pdr that result in a more efficient use of its natural endowments. Co2eq = carbon dioxide equivalent; 
ghg = greenhouse gas.
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of land to its most productive uses—“Maximize production value, no trade-
offs” in the figure. Combining yield increases with movements of agricultural 
production to areas of high fertility and away from areas of high carbon storage 
or biodiversity conservation potentially leads to improvements in all dimensions: 
production value, biodiversity conservation, and carbon storage. Much of the gain 
is a result of shifting from lower-yield rainfed agriculture to intensified rainfed 
agriculture and intensified irrigated agriculture in pockets of the southern and 
eastern parts of the country.

Biodiversity and carbon storage can also be significantly improved without 
any reduction in monetary returns. Lao PDR achieves about 80 percent of the full 
greenhouse gas (GHG) sequestration potential that can be obtained without any 
loss of agricultural revenue (indicated by the vertical movements to the efficiency 
frontier in figure 6.3). A vertical movement that holds the economic production 
value constant while maximizing carbon sequestration would lead to an increase 
of 1.4 billion metric tons in carbon dioxide equivalent (CO2eq) sequestered, which 
is equivalent to 51 years of emissions for Lao PDR based on 2018 levels—“Maxi-
mize GHG storage, no trade-offs” (Pareto max) in figure 6.3. These gains can be 
achieved by moving agricultural production toward areas with higher fertility 
and away from areas with high carbon storage and biodiversity potential and by 
intensifying agricultural production to increase yields so that crop production 
requires less area to produce the same amount of crops. Achievement of these 
gains also calls for restoration of some marginal cropland and grazing areas to 
natural lands. The remaining cropland would be intensified (with irrigation where 
it is sustainable and economic), and riparian buffers would be created to secure 
environmental gains. Such changes would help Lao PDR achieve its revised nation-
ally determined contribution (NDC) commitment to an unconditional emission 
reduction target of 60 percent by 2030 relative to the baseline scenario.3

Map 6.2 shows where these transitions occur geographically. Map 6.2, panel 
a, shows the changes needed to reach the frontier to maximize economic gains 
without environmental losses. Areas in brown indicate where a shift is needed 
toward greater intensification in agriculture, and areas in green involve restoring 
natural forest or natural vegetation. Such Pareto changes (that is, a win without 
a loss) would have no adverse net effects on GHG sequestration or biodiversity 
services, but they would lead to a significant increase in agricultural output through 
improvements in efficiency and the allocation of land and water. Map 6.2, panel 
b, shows the location of transitions to maximize GHG sequestration without loss 
of economic output. Increases in forest cover that maintain production value are 
concentrated in two areas near the Thai border; one around the capital, Vientiane; 
and the other in southern Lao PDR in the provinces of Savannakhet and Salavan. 
In addition, forest habitat is restored in many other provinces.

The Sankey4 figures of the Pareto efficiency improvements shown in figure 6.4 
provide more details on the magnitude of changes and the transitions between 
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Pareto production value maximization and GHG maximization, Lao PDR

Source: World bank.
Note: Maps shows the changes needed to reach the frontier to maximize economic gains without environmental losses (panel a) and changes needed to reach the frontier to 
maximize greenhouse gas (ghg) sequestration without economic losses (panel b). areas in brown indicate where a shift is needed toward greater intensification in agriculture, 
and areas in green involve restoring natural forest and vegetation.

a. Production value maximization b. GHG maximization
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F I G U R E  6 . 4

Pareto production value maximization and GHG maximization, Lao PDR

Source: World bank.
Note: Minor land uses (such as urban and mixed use) are not included. bMPs = best management 
practices; ghg = greenhouse gas; ha = hectares.

Natural: 17,400,439

Forestry: 325,645

Grazing: 847,888

Cropland: 3,908,377
Cropland: 1,705,100

Intensified crops: 3,449,120

Intensified + BMPs: 13,355

Grazing: 524,441

Forestry: 186,089

Natural: 16,604,244

Natural: 17,400,439

Forestry: 325,645

Grazing: 847,888

Cropland: 3,908,377

Cropland: 673,430

Intensified crops: 1,434,980

Intensified + BMPs: 36,402

Grazing: 193,797

Forestry: 2,854

Natural: 20,140,886

 a. Land use land cover transitions to Pareto max production value (ha)

 b. Land use land cover transitions to Pareto max GHG reduction (ha)
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the uses of land. A Pareto move that maximizes production value without envi-
ronmental loss would call for:

 • Shifting about 5 percent of relatively unproductive natural land (in terms of 
GHG sequestration and biodiversity) to either cropland, forestry, or grazing, 
which is more in keeping with the suitability of this land and thus yields 
greater net benefits;

 • Reducing land devoted to low value-added grazing by 38 percent, which is 
shifted to more productive alternatives, including intensified crops, and the 
least productive areas are converted to natural land; and

 • Reducing forestry by about 40 percent, with land converted to its natural state 
or cropland.

By means of all of these changes there is an overall increase in cropland, with 
over a third devoted to intensified but sustainable production and some involving 
best management practices.

Conversely, maximizing GHG sequestration without economic loss entails 
the following transitions:

 • Increasing natural land (devoted to GHG sequestration, biodiversity, and 
nonconsumptive uses) from 17.4 million hectares to 20.1 million hectares 

 • Significantly reducing land devoted to low value-added grazing, with shifts to 
intensified agriculture or natural land 

 • Reducing forestry from about 300 million hectares to about 3 million hectares, 
with shifts to intensified cropland and natural land.

By means of all of these changes there is an overall reduction in cropland, with 
over a third devoted to intensified but sustainable production and best manage-
ment practices. 

Although there is considerable scope for efficiency improvements in Lao 
PDR, the challenge lies in finding the right policy mix to deliver these gains. For 
Lao PDR, solutions can be categorized into those that encourage intensification 
of agriculture and those that catalyze the desired land use changes. In practice, 
there are no simple policy panaceas, and hybrid approaches are needed, guided 
by cost, feasibility, distributional concerns, and the effectiveness of each policy 
instrument.

Table 6.2 is a nonexhaustive list of the policy options with an assessment 
of the performance of each policy based on important criteria that can help guide 
the selection of the appropriate policy and investment mix in each subregion of 
the country.

Because of constraints on public sector budgets, the lower-cost solutions and 
options that can generate wider economic benefits would likely be preferred. 
Nonconsumptive uses of land clearly fall into this category. Before the COVID-19 
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Policy performance summary, Lao PDR

Policy instrument Cost Design complexity 
Implementation 

complexity
Distributional 
consequence 

Effective in 
achieving aims

Suitability
(high, medium, low) 

Land use changes

Payment for ecosystem services 
(Pes)

high

tenders to change land use More cost-effective 
than Pes

Medium

Zoning/planning high

subsidies Low

Land tax based on use Medium

tenure and property rights Medium

sustainable or nonconsumptive land 
use (forestry, tourism, etc.)

high

Certification schemes for sustainable 
products 

high

Intensification

sustainable irrigation Medium

seeds, fertilizers, etc. high

Connectivity to output markets high

digitization Medium

extension services high

Credit to smallholders Medium

insurance against crop losses Medium

tenure high

Less desirable consequence intermediate consequence desirable consequence uncertain/unknown

Source: World bank.
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pandemic, nature-based tourism accounted for a mere 4 percent of GDP, so there 
is room to expand this sector, especially given the country’s natural endowments 
(Sanchez-Triana 2021). Lao PDR’s forests are home to globally significant biodi-
versity, which can become a lucrative source of revenue for the country. For other 
nonconsumptive activities, partnering with reputable global organizations for 
certification would be another profitable way to increase the value added of the 
country’s natural capital. In view of budget constraints, consideration could also 
be given to fiscal reforms by means of taxes on harmful externalities, which are 
a significant untaxed source of revenue.

In the agriculture sector, numerous diagnostics have pointed to the need 
to enhance access to key inputs. Although agriculture is the mainstay of the 
economy, farming is largely subsistence, and access to improved technologies 
is limited. Also affecting productivity is the declining soil fertility (IFAD 2018). 
Access to inputs is crucial for sustainable intensification, as is access to advisory 
services that can promote sustainable, adaptive, and integrated farming systems. 
Globally, investments in extension services produce high returns in agriculture, 
suggesting scope for further investments in knowledge and technology, despite 
the associated costs. The provision of credit where needed has also been found 
to be critical to boosting productivity and therefore may warrant closer scrutiny. 

In general, although access to modern fertilizers has played a pivotal role in 
boosting yields globally, overuse should be avoided. Experience in other countries 
forcefully demonstrates how access to subsidized fertilizers has created a host of 
problems. Most notable are the health and environmental consequences of the 
excessive use of nitrogen fertilizer, which is associated with increases in colorectal 
cancer, blue baby syndrome, and stunting in infants. Likewise, although irrigation 
can have transformational impacts, examples abound of the unsustainable use, 
overuse, and inefficiencies resulting from a lack of appropriate management. 
These outcomes highlight the need for sound advice and appropriate extension 
services as an often essential complement to investments in physical inputs.

Liberia

Liberia, a West African country with a population of around 5 million, has, at 
US$632, among the lowest per capita GDPs in the world. Liberia was considered 
a fragile state up to 2021 and is striving to overcome the legacy of two devastating 
civil wars (1989 and 2003). The country’s economic growth peaked in 2013 at 8.7 
percent and has since slowed considerably. In part, this slowdown stems from 
Liberia’s repeated crises: the Ebola outbreak, the collapse in the price of iron 
ore and rubber, and most recently the COVID-19 pandemic. As a result, per 
capita GDP declined by 12.3 percent cumulatively from 2014 to 2020, while the 
poverty rate had risen to an estimated 52 percent by 2021 (World Bank 2022b), 
erasing nearly half of the gains achieved in the first decade after the 2003 conflict. 
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Economic prospects are now brighter, and the World Bank estimates that Liberia’s 
economy expanded by around 5 percent in 2021, driven by mining and external 
demand.5 The World Bank projects that growth will remain positive in 2022, but 
will slow to 3.7 percent because of greater global uncertainty and the commodity 
price shock (World Bank 2022a).

Agriculture is the primary livelihood for 60 percent of the population and 
accounts for 31 percent of GDP. Agricultural yields are far below their phys-
ical potential. By some estimates, around 55 percent of rural households are 
food insecure (USAID 2017). Agriculture is central to Liberia’s development 
strategy. However, smallholder farmers are engaged in predominantly unsus-
tainable subsistence agricultural practices of low value food products. Efforts at 
commercialization of agriculture have been constrained by inadequate access 
to productive assets, viable value chains, and market access. Input markets are 
underdeveloped and access to credit is limited and therefore constrains the ability 
to expand production. For example, rice is a staple that accounts for half of all 
calories consumed in the country. Nevertheless, rice yields6 (at 1.48 metric tons per 
hectare) are low in Liberia compared to neighboring countries, standing at roughly 
half those of Côte d’Ivoire (2.9 metric tons per hectare) and Ghana (2.9 metric 
tons per hectare) in 2020. The GAEZ model estimates that the yield gap for rice 
under conditions of low inputs and no irrigation is about 18 percent. Likewise, 
cassava yields are 10 percent below the yields in Guinea (9.0 metric tons per 
hectare) and 40 percent below those in Sierra Leone (14.5 metric tons per hectare). 
One consequence of low agricultural productivity is high levels of rural poverty. 

Liberia was once well endowed with lush rainforests, rich biodiversity, and 
fertile soils. However, because of vicious cycles of poverty, indiscriminate natural 
resource degradation, and conflict, much of that natural capital has been degraded 
or destroyed. And yet despite decades of unsustainable exploitation, the country 
still is home to significant stands of forests. It possesses about 40 percent of the 
remaining Upper Guinean rainforest and hosts several other ecoregions, from 
montane forests to mangroves. Moreover, it has 2,000 species of vascular plants 
(including 225 tree species), approximately 140 species of mammals, and over 
600 species of birds. However, Liberia is considered a biodiversity hot spot that 
is threatened with further pressures from conversion and degradation. Liberia’s 
National Biodiversity Action Plan estimates that over 60 percent of the country‘s 
forested landscape is degraded, and the country ranks low in the 2019 Forest 
Landscape Integrity Index at 116th out of 172 countries. Since 2000, Liberia has 
lost 21 percent of its tree cover.

In short, Liberia is a type E country (as defined in chapter 3 and described 
in box 6.1) with low population density and agricultural productivity that is far 
below potential. In figure 6.5, the map labeled “Sustainable current scenario” 
shows current land cover and land use for the country. Much of the forests that 
make up the central part of the country have been removed for charcoal or 
degraded by shifting agriculture and now remain unproductive shrubland, or 
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grassland, or are utilized for low-intensity agriculture. A considerable amount of 
land is also locked up in concessions for oil palm and timber. In figure 6.5, the 
maps that surround the efficiency frontier (blue curve) reveal alternative land-
scapes and intensities of land use for Liberia that would result in a more efficient 
use of its natural endowments. The map at the top left shows a world in which 
Liberia maximizes biodiversity by planting and conserving natural forests at the 
expense of most economic production in the country. By contrast, the map at 
the bottom right shows the opposite in which most forests and natural lands are 
removed and replaced with intensified, rainfed agriculture. In between lies an 
almost infinite set of alternatives that involve trade-offs and are perhaps of less 
interest in a world of both economic and environmental scarcity.

F I G U R E  6 . 5

Efficiency frontier and transitions of movements to frontier, Liberia

Source: World bank.
Note: the blue dots trace the efficiency frontier. the interior (brown) dot shows the country’s current 
position, and the various other dots represent achievable places on the frontier that maximize 
different objectives in the Pareto space. Moving vertically from point a to point C (blue dot), and 
horizontally from point a to point d (yellow dot), traces out the Pareto space, where improvements 
in the economic outcome, the environmental outcome, or both, can be made with no tradeoffs. 
the maps that surround the efficiency frontier show alternative landscapes and intensities of use 
for Liberia that result in a more efficient use of its natural endowments. Co2eq = carbon dioxide 
equivalent; ghg = greenhouse gas.
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Meanwhile, the “Sustainable current scenario” map in the interior of the 
frontier reveals the significant opportunities for boosting agricultural perfor-
mance without loss of forests by moving to the frontier. In fact, the country 
has achieved only 35 percent of its productive potential, implying that agri-
cultural output could increase by improving efficiency and the allocation of 
land and water by 65 percent without loss of GHG sequestration or biodi-
versity—see map “Maximize production value, no trade-offs.” Under this 
scenario, net economic production can be increased from US$174 million 
(the sustainable current scenario) to US$495 million. Thus an increase of 
US$321 million is possible without compromising the existing biodiversity 
or increasing greenhouse gas emissions. It is achieved through improvements 
in the efficiency of resource use and a better allocation of land to its most 
productive uses.

Likewise, GHG sequestration is at 77 percent of what could be achieved 
without economic loss—see map “Maximize GHG storage, no trade-offs” in 
figure 6.5. In this scenario, Liberia increases GHG sequestration by 1 billion 
metric tons of CO2eq, from 3.6 billion to 4.6 billion. This amount represents over 
83 years of business-as-usual annual emissions at the 2030 level (from Liberia’s 
revised NDC of August 2021). It would also enable Liberia to meet the revised 
NDC target of reducing its economywide GHG emissions to 64 percent below 
the projected business-as-usual level by 2030.

Achieving these gains entails changing landscape uses and enhancing 
productivity through intensification. Map 6.3 shows where these shifts and 
land use changes would be located. Green areas involve restoring forests and 
natural habitats, while brown indicates cells in which agriculture should be 
expanded. These gains would be achieved through greater intensification of 
rainfed agriculture with riparian buffers or the conversion of land to sustain-
able forestry. 

The Sankey figures of the Pareto efficiency improvements shown in figure 6.6 
provide more details on the magnitude of changes and the transitions between 
the uses of land. A move that maximizes production value without environmental 
loss would call for:

 • Increasing natural land cover from some 3.5 million hectares to 3.9 million 
hectares, together with significant intensification of cropland;

 • Moving 178,000 hectares of land currently devoted to grazing mainly to inten-
sified crops; and

 • Moving 2 million hectares of land devoted to grazing to sustainable forestry.

There is a slight decline in overall cropland from around 3.1 million hect-
ares to 2.8 million hectares. But agricultural value added still increases by well 
over 60 percent because over half of all cropland is converted to intensified but 
sustainable production, some with best management practices. 
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Pareto production value maximization and GHG maximization, Liberia

Source: World bank.
Note: Maps depict the changes needed to maximize economic gains (that is, reach the frontier) without environmental losses (panel a) and the changes 
needed to reach the frontier to maximize greenhouse gas (ghg) sequestration without economic losses (panel b). areas in brown indicate where a shift is 
needed toward greater intensification in agriculture, and areas in green involve restoring natural forest and vegetation.

a. Production value maximization b. GHG maximization
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Source: World bank.
Note: Minor land uses (such as urban and mixed use) are not included. bMPs = best management 
practices; ghg = greenhouse gas; ha = hectares.

F I G U R E  6 . 6

Pareto production value maximization and GHG maximization, Liberia

Natural: 3,518,733

Forestry: 893,591

Grazing: 319,883

Cropland: 3,106,501

Cropland: 1,201,852

Intensified crops: 1,478,915

Intensified + BMPs: 177,667

Grazing: 141,523

Forestry: 895,676

Natural: 3,943,075

Natural: 3,518,733

Forestry: 893,591

Grazing: 319,883

Cropland: 3,106,501

Cropland: 280,359

Intensified + BMPs: 441,029

Intensified crops: 12,757

Grazing: 66,254

Forestry: 1,917,899

Natural: 5,120,410

a. Land use land cover transitions to Pareto max production value (ha)

b. Land use land cover transitions to Pareto max GHG reduction (ha)
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Conversely, maximizing GHG sequestration without economic loss entails 
the following transitions:

 • Increasing natural land (devoted to GHG sequestration, biodiversity, and 
nonconsumptive uses) by about 45 percent, from 3.5 million hectares to 
5.1 million hectares 

 • Pursuing a significant 79 percent reduction in land devoted to low value-added 
grazing, from about 319,000 hectares to 66,000 hectares, which would shift to 
intensified agriculture or forestry 

 • More than doubling land in sustainable forestry from 0.9 million hectares to 
1.9 million hectares.

There is a reduction in cropland from around 3.1 million hectares to 2.8 million 
hectares, with over half of that land devoted to intensified but sustainable produc-
tion and best management practices. 

Box 6.2 describes a recent World Bank project in Liberia that has successfully 
addressed deforestation and improved sustainable agriculture. Such a project 
exemplifies the type of action needed to reach the efficiency frontier and proves 
that change is possible in Liberia.

Table 6.3 is a list of some of the policies that can catalyze these transitions. 
In view of Liberia’s low capacity and limited access to inputs, investments in 
basic inputs, credit, and extension services are a high priority for intensifying 
agriculture. Strengthening the regulatory environment to promote private 

B OX  6 . 2

Sustainable forestry project in Liberia

evidence of the current efforts to address deforestation and improve sustainable agriculture 
is the impact of the World bank’s Liberia Forest sector Project. the project is funded by 
the Norwegian government in the form of a us$37.5 million grant from a single-donor 
trust fund. the project’s interventions supporting sustainable forest management and 
use have contributed to an expanded land area and improved management of protected 
areas, community forests, agricultural land use, land use planning, and livelihoods. the 
cumulative effect of these outcomes has led to socioeconomic development and reduced 
deforestation and degradation. Many of the project indicator targets for regularizing 
the protection of forests have been met or exceeded, which has positive impacts on 
long-term protection for sustainable forests in the face of the high rates of deforestation 
currently and in the future. Moreover, in achieving these targets the project has ensured 
that communities are at the heart of these reforms and that they have a voice central to 
the impacts. beneficiaries include the youth and women in rural communities adjacent 
to existing and proposed targeted protected areas. the facilitation of existing and the 
creation of new small-scale, community-based, natural resource–based (including forest 
and nonforest products) enterprises that have a production or processing element will 
result in the gainful employment of youth and a lessening of the reliance on unsustainable 
forest resource use.
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Policy performance summary, Liberia

Policy instrument Cost 
Design 

complexity 
Implementation 

complexity
Distributional 
consequence 

Effective in 
achieving aims

Suitability
(high, medium, low) 

Land use changes

Payment for ecosystem services 
(Pes)/carbon markets

Medium

tenders to change land use More cost-effective 
than Pes

Low (capacity and governance 
needs are high)

Zoning/planning Medium (enforcement concerns)

Property rights high

sustainable or nonconsumptive land 
use (forestry, tourism, etc.)

high

Certification schemes for sustainable 
products 

high

Intensification

sustainable irrigation Medium

seeds, fertilizers, etc. high

Connectivity to output markets high

enabling conditions for value addition Medium

extension services high

Credit to smallholders Medium

insurance against crop losses Medium

tenure high

Less desirable consequence intermediate consequence desirable consequence uncertain/unknown

Source: World bank.



CouNtry sPotLights 159 

sector participation in value chains can also boost the contribution of the 
agriculture sector to poverty reduction by enabling a move from subsistence 
to commercial agriculture.

At the same time, there is a need to halt the destruction of forests. Payment 
for ecosystem services (PES) schemes that tap into carbon market initiatives are 
worth exploring. Indeed Liberia, together with other West African countries, 
could jointly pioneer new approaches designed with the needs and constraints of 
the region in mind. Zoning, land use planning, and the establishment of mixed 
use as well as protected areas are also important, but they may not be effective 
where enforcement capacity is limited. Thus zoning could be accompanied by 
other policies that incentivize compliance. One such approach is nonconsump-
tive and sustainable harvesting of forest products. But as argued in chapter 4, 
to be effective such an approach calls for credible certification schemes, with 
independent verification and auditing. Establishing such systems would unleash 
the considerable potential of Liberia’s natural capital.

Liberia has made much progress in clarifying and establishing land rights. In 
2018, a Land Rights Act formalized “customary” claims to land. There may be 
less clarity about overlapping claims on oil palm and other concessions that cover 
approximately a quarter of the country’s land mass. Addressing these residual 
concerns is important because of the number and geographic scale of concessions.

China and the Arab Republic of Egypt

Two additional brief country analyses are described in boxes 6.3 and 6.4. Box 6.3 
applies the land use efficiency frontier methodology to China and discusses how 
nature-based solutions can play an important role in achieving both climate goals 
and economic goals. Box 6.4 applies the air quality efficiency frontier method-
ology described in chapter 5 to Egypt. It demonstrates that the methodology can 
utilize marginal abatement cost curves to prioritize policies and investments and 
make more efficient and sustainable air pollution decisions.
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Land use efficiency in the context of China’s quest for decarbonization: Using 
efficiency frontiers

China’s 30–60 targets, along with its updated nationally determined contribution, set the 
goalposts for its long-term climate ambition. in 2021, China pledged that its greenhouse 
gas (ghg) emissions would peak before 2030 and it would achieve carbon neutrality by 
2060. the scale of this net-zero challenge for the world’s largest ghg emitter should not 
be underestimated. achieving these goals will require a transition from peak to net-zero 
emissions within a faster timeframe and an emissions peak at a lower income level than 
those experienced by advanced economies.

Nature-based solutions (Nbs) for climate change will play a key role in this transition. 
Nbs refers to activities that protect, restore, and conserve ecosystems and natural 
resources to enhance carbon sequestration. these activities are afforestation, improved 
forest management, nutrient management and efficiencies in fertilizer use, improved 
grazing land management, soil carbon management, and wetland restoration, among 
others. Carbon sequestration via nature-based solutions is playing an important role in 
making the carbon neutrality goal achievable because it can be used to offset residual 
emissions in hard-to-abate sectors such as heavy industry and variable energy production. 
Nbs can also provide co-benefits such as biodiversity protection, erosion control, and 
improved water quality. 

by applying the land use efficiency methodology presented in this report (Figure b6.3.1), 
one can determine how and where emission reductions from landscape management are 
possible. the use of land for carbon sequestration must be balanced with the needs for 

Continued

F I G U R E  B 6 . 3 . 1

Land use efficiency in China, 2000–15

Source: World bank.
Note: Figure is depicting the production possibilities frontier for China’s ecosystem services 
and food production. Points b and d on the graph indicate Pareto moves that can improve 
ecosystem services or food production without trade-offs.
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continued growth in food production and the economic development of rural areas. there 
are also opportunities to generate co-benefits. spatial planning can be used to identify 
locations where trade-offs with livelihoods and food security are minimized and synergies 
with co-benefits generation are maximized. the World bank and the Chinese academy of 
sciences utilized the spatially explicit landscape model described in this report to explore 
these possibilities in China. in the model, each point in the landscape generates carbon 

B OX  6 . 3

Continued

Continued

M A P  B 6 . 3 . 1

Restoration and agricultural intensification enabling attainment of the 
efficiency frontier for carbon and food production, China

Source: World bank.
Note: Map shows the restoration and agricultural intensification in key locations that could shift 
China toward greater emissions reduction without loss of overall food production.
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sequestration and other ecosystem services as a function of its ecosystem type, vegetation 
cover, climatic conditions, terrain conditions, soil conditions, biomass, and condition of the 
surrounding points. the model is calibrated using high-resolution spatial data from the 
2015 national ecosystems assessment and used to test policy scenarios.

the results show that China has improved the efficiency of its land use, but 
substantial opportunities for carbon sequestration and other ecosystem services 
improvements remain. China’s overall land use efficiency improved between 2000 
and 2015, meaning that ecosystem services and food production improved in tandem. 
Figure b6.3.1 shows the transition using the efficiency frontier diagram, with years 
2000 and 2015 labeled on the graph. the analysis shows that there are further 
opportunities for improvement through expanded use of Nbs. Points b and d on the 
graph indicate Pareto moves that can improve ecosystem services or food production 
without trade-offs. in principle, China can increase land-based carbon sequestration by 
34 percent with no net decrease in food production (transitions shown in map b6.3.1, 
previous page). there is also a high degree of synergy between carbon sequestration 
and other ecosystem services, with the biodiversity score (that is, the wildlife habitat) 
increasing by 28 percent, water retention by 31 percent, and soil retention by 4 
percent under this scenario. the analysis was used to test policy measures that could 
contribute to this goal. important measures included full protection of designated 
high-value conservation areas (China’s “ecological redline” policy), habitat restoration 
on cropland on steep slopes, conversion of unsustainable and inefficient irrigation 
in arid areas to rainfed agriculture, and intensification of production through more 
efficient fertilizer use and irrigation rates.

B OX  6 . 3

Continued

B OX  6 . 4

Air pollution in the Arab Republic of Egypt: Identifying gaps and constraints

the annual average ambient concentrations of fine particulate matter (PM2.5) in greater 
Cairo over the last five years of available data suggest a value of 93 micrograms per 
cubic meter (µg/m3)—see Larsen (2019). a variety of emission sources contributes to 
such high concentration levels. Notably, a significant fraction of PM2.5 originates from 
wind-blown desert dust from the sahara desert and the arabian Peninsula—perhaps as 
much as 20 µg/m3 in Cairo. Large industries and transport sources also make significant 
contributions of about 15 µg/m3 of PM2.5.

the methodology described in chapter 5 is the basis for the air quality efficiency 
frontier for egypt shown in figure b6.4.1. it demonstrates that egypt falls into the category 
of type b countries—with high efficiency scores but low environmental scores—as defined 
in chapter 5. indeed, the emission control measures adopted by egypt place the country 
among the low-middle-income countries with the highest environmental efficiency scores. 
Controls of emissions from large industrial sources and basic controls of vehicle emissions 
are implemented in a cost-effective manner, reflected by an efficiency score of 85 percent. 
however, these measures address only a subset of the emission sources. as a result, the 
environmental score of 56 percent signals important potential for further air quality 
improvements.

Continued
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to inform the selection of cost-effective measures, a marginal abatement cost curve 
ranks the available measures that could be taken (figure b6.4.2). a number of measures 
(especially for waste management) could reduce PM2.5 exposure at negative costs. these 
are followed by low-cost measures, such as enhanced control of particulate matter and 
sulphur dioxide emissions at large industrial installations and power plants, further bans 
on the open burning of agricultural residue, and more efficient fertilizer application. More 
expensive measures include control of vehicle emissions. together, these measures could 
reduce PM2.5 exposure from egyptian sources to about 38 µg/m3.

B OX  6 . 4

Continued

Continued

F I G U R E  B 6 . 4 . 1

Theoretical air quality efficiency frontier, Arab Republic of Egypt, 2018

Source: gaiNs model.
Note: Prevented premature deaths are based on various national measures. Point 0 (dark 
blue dot) indicates the counterfactual situation in which egypt had not implemented any air 
pollution control technologies. the current situation is indicated by a light green dot.
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F I G U R E  B 6 . 4 . 2

Marginal abatement cost curve for reducing population-weighted PM2.5  concentrations, Arab Republic of Egypt, 2030

Source: gaiNs model scenario: Weo 2019_NPs_CL_v6 (2020.12.18_16.48.37).
Note: agri. = agricultural; LPg = liquefied petroleum gas; mgmt. = management; µg/m3 = micrograms per cubic meter; MsW = municipal solid waste; Nox = nitrogen oxides; 
PM = particulate matter; so2 = sulphur dioxide.
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Notes

1. The online technical appendix (appendix B) is available with the text of this book in 
the World Bank’s Online Knowledge Repository, https://openknowledge.worldbank.org 
/handle/10986/39453.

2. Large discrepancies can be found between sources of data. There are clear advantages to 
using ESA’s remote sensing data over sources that use reported data. FAO gives several 
figures for agricultural area. According to FAO’s Statistical Yearbook 2021 (FAO 2021), 
Lao PDR had 1.719 million hectares of “agricultural area” in 2018. To that, FAO adds 
0.675 million hectares for permanent pasture and meadow, for a total of 2.394 million 
hectares of agricultural area. The ESA data break hectares down into land class. Land class 
is, in turn, broken down into rainfed land and irrigated land as cropland (ESA categories 
10, 11, 20), which amount to 2.4 million hectares. An additional 1.5 million hectares is 
mosaic land (categories 30 and 40). In the Sankey diagram (see note 3), this land is added 
to cropland for a total of 3.9 million hectares. Other categorizations will yield different 
values for cropland.

3. United Nations Development Programme, “Lao PDR,” https://climatepromise.undp.org 
/what-we-do/where-we-work/lao-pdr.

4. A Sankey diagram is a visualization used to depict flows from one set of states to other 
states. The thickness of the arrows indicates the relative magnitudes.

5. Development Aid, Liberia Inclusive Growth Development Policy Operation 3 (P176993), 
Liberia Inclusive Growth Development Policy  Operation 3 (P176993), https://www 
.developmentaid.org/tenders/view/858712/liberia-inclusive-growth-development 
-policy-operation-3-p176993.

6. Liberia’s average rice yield is roughly half the regional average of 2.5 metric tons per hectare 
and far below the global average of 4.25 metric tons per hectare (FAO 2021). 

7. Based on data from US Department of Agriculture, Economic Research Service, https://
www.ers.usda.gov/data-products/international-agricultural-productivity/.
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Conclusions

C H A P T E R  7

The study described in this report demonstrates that an efficiency-focused policy 
and investment approach to addressing economic and environmental problems 
is feasible, necessary, and more economically affordable than alternatives. With 
countries facing competing needs and stretched budgets, tackling inefficiencies 
remains one of the more cost-effective and economically attractive ways to achieve 
global sustainability goals. As global populations expand and the climate changes, 
pressures on common property natural resources will inevitably escalate, with 
worsening economic consequences. Using state-of-the-art techniques and new 
data, this study demonstrates that there are significant opportunities for using the 
world’s scarce and valuable natural resources more efficiently. Doing so would 
stimulate simultaneous increases in economic productivity and improvements 
in environmental outcomes. Moreover, such a transformation is both achievable 
and economically desirable. Although it will entail demanding policy reforms, 
the cost of inaction will be far higher.

Conquering the headwinds to change

The modeling in this study demonstrates that gains in efficiency can mitigate or 
solve many of the challenges that face the world in the twenty-first century. More 
efficient landscapes can transform agricultural production to ensure that enough 
food can be produced to feed the estimated 10 billion people that will inhabit 
Earth by 2050. And by focusing on restoration of natural land, countries can 
succeed in sequestering nearly two years’ worth of global emissions in landscapes, 
giving the world more time to achieve the carbon mitigation levels needed, while 
also restoring critical biomes for flora and fauna and reversing the trends in 
biodiversity loss. As for air quality, 366,000 deaths can be prevented each year—
without the need for additional investments—by making current investments 
more efficient and effective.
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Nevertheless, change will not come easily. Moving to the efficiency frontier 
may be difficult not just economically, but also politically and socially. In terms 
of economics, converting natural land to agricultural land and vice versa requires 
upfront spending on infrastructure such as irrigation dams and canals and 
transportation systems. Although the costs of such infrastructure are included 
in the modeling and the results presented are net of these costs, countries will still 
require financing in the short and medium term. Public budgets and international 
financing organizations such as the World Bank can provide some of this funding, 
but commercial financing will also likely be needed. Such financing will be 
particularly useful where legislation can create the enabling environment to signal 
that open access or common pool resources are scarce and thus should have a 
price that reflects that scarcity. 

As with all major reforms, political and social challenges will emerge because 
change inevitably leads to winners and losers, and vested interests will resist 
change. The keys to solving these problems are communication to build support 
coalitions and compensation. The form of the coalition will depend on who 
benefits and who loses. For compensation, governments must establish credibility 
that they will follow through on their promises of compensation. This approach 
may require slow, stepwise reforms and transitions in which compensation is 
undertaken before reform. Indeed, the transition to the efficiency frontier will be 
slow and gradual. Thus, reforms and investments must also be gradual as these 
foundational issues are tackled.

Caveats, limitations, and future work

Compiling estimates of countries’ current performance and efficiency frontiers 
for both landscapes and air quality requires pushing methods and data to the 
cutting-edge of science. As with any new global analysis, improvements will be 
needed in both data and methods, but, without a doubt, future advances will 
improve the accuracy and scope of this work. 

The study described here relies on globally available data so that the analysis 
is consistent across all countries. However, reliance on such data does not allow 
incorporation of specific factors important in some countries that could be 
analyzed using more detailed local data. For example, in the landscape model 
land use and land management options are restricted to a relatively small set of 
14 options. Thus one cannot model all land uses or land management practices 
that might be important in a particular country, resulting in conservative 
estimates of efficiency scores (in other words, allowing more options would 
result in still larger gaps). Even with this limited number of options, the 
employed models, together with the available data, are often at the limit of 
what could be reasonably predicted for all outcomes of interest (biodiversity, 
greenhouse gas mitigation, agricultural crop production, grazing, and forestry) 
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under each management option. Although such limitations are binding in global 
analyses, country drilldowns like those presented in chapter 6 offer ways to 
expand and deepen the analysis through the use of more flexible and tailored 
models and data.

In addition, the modeling efforts here employ existing empirical 
relationships, which are adequate for understanding small perturbations of 
current conditions. However, large-scale changes in land use, for example, could 
cause major shifts in these empirical relationships, leading to large changes in 
outcomes of interest. Climate change is also likely to spur fundamental changes 
in ecosystems that will affect all outcomes of interest. Incorporating climate 
change is another frontier topic that deserves careful attention, but it is beyond 
the scope of this study.

Finally, the models examined the efficiency of only a small subset of the 
services provided by natural capital: crop production, livestock rearing, forestry, 
carbon sequestration, biodiversity support, and air quality. Arguably, for these 
services understanding of the science is most advanced and such modeling is 
most feasible. Future research may want to incorporate additional services such 
as water quality (as discussed in annex 2A) and water filtration, flood protection, 
pollination, and additional air pollutants. Currently, both the available data as 
well as the science behind these relationships are too sparse, but they are both 
likely to improve in the near future.

Concluding thoughts

Failure to steer economies toward greater sustainability may entail far greater 
risks and imperil economic and development objectives, and not just in the long 
run. Supporting a transition toward sustainability requires analytical tools to 
identify opportunities and policies that are feasible and implementable to bring 
about these changes. Empowering decision-makers with information about the 
range of opportunities and trade-offs between economic and nonmarket gains 
from different policies and landscape configurations is more likely to enable 
change by means of detailed assessments undertaken at the country level. That 
is the main objective of this cross-institutional endeavor, which has involved a 
partnership with researchers from the Natural Capital Project, the International 
Institute for Applied Systems Analysis, the World Bank, and leading academics.
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A P P E N D I X  A

TA B L E  A . 1 

Measures of efficiency, by country

Landscape 
efficiency 
score (%)

Geometric 
mean of 
individual 
Pareto 
scores (%)

Arithmetic 
mean of 
individual 
Pareto 
scores (%)

Environmental 
(carbon and 
biodiversity) 
Pareto geometric 
mean (%)

afghanistan 75.6 57.2 57.3 59.8

albania 96.1 63.7 65.1 57.5

algeria 94.3 62.4 63.5 68.4

angola 94.7 40.0 60.2 85.8

argentina 86.0 53.5 57.2 70.2

armenia 93.4 56.7 56.9 53.5

australia 90.4 63.3 64.8 73.4

austria 91.6 59.5 61.3 52.0

azerbaijan 88.7 58.3 58.7 53.6

bangladesh 68.7 40.1 46.7 33.5

belarus 80.2 50.2 52.7 61.7

Continued

Study Results by Country

This study analyzed 146 countries recognized by the World Bank that have a 
land surface area greater than 10,000 square kilometers. Table A.1 presents the 
full results by country for the landscape-efficiency score and its Pareto compo-
nents. The following countries with a land surface area greater than 10,000 
square kilometers were excluded because of data limitations: Arab Republic 
of Egypt, Democratic People’s Republic of Korea, Djibouti, Fiji, Ireland, Israel, 
Kazakhstan, Kosovo, Kuwait, Kyrgyzstan, Qatar, Russian Federation, Tajikistan, 
The Bahamas, Turkmenistan, United Arab Emirates, Uzbekistan. 
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Continued

Landscape 
efficiency 
score (%)

Geometric 
mean of 
individual 
Pareto 
scores (%)

Arithmetic 
mean of 
individual 
Pareto 
scores (%)

Environmental 
(carbon and 
biodiversity) 
Pareto geometric 
mean (%)

belgium 96.0 53.8 59.5 41.1

belize 97.3 50.8 65.2 89.7

benin 83.2 50.7 54.7 66.5

bhutan 96.4 45.8 65.2 92.1

bolivia 93.4 48.9 60.7 82.5

bosnia and herzegovina 84.2 58.2 58.8 63.9

botswana 98.0 70.7 71.7 75.5

brazil 91.9 60.9 63.0 73.5

bulgaria 92.2 70.6 70.8 68.1

burkina Faso 85.6 50.6 51.1 51.8

burundi 80.0 50.2 54.9 41.3

Cambodia 88.6 61.6 62.8 70.0

Cameroon 93.1 51.6 63.4 85.8

Canada 95.3 66.8 69.5 81.8

Central african republic 97.4 27.5 61.9 91.6

Chad 81.4 50.6 52.0 60.1

Chile 88.1 58.8 60.4 69.3

China 81.1 53.8 53.9 53.1

Colombia 89.5 55.2 63.2 82.4

Congo, dem. rep. 95.5 39.2 62.4 89.9

Congo, rep. 95.1 48.7 63.3 87.4

Costa rica 89.8 51.6 60.2 79.4

Côte d’ivoire 89.7 54.6 57.0 66.0

Croatia 79.7 57.1 57.5 58.4

Cuba 71.9 41.3 49.4 65.1

Czech republic 91.6 62.6 63.9 55.9

denmark 74.5 46.8 52.9 37.2

dominican republic 77.8 51.7 55.2 66.8

ecuador 79.7 46.6 55.7 74.5

el salvador 71.6 52.8 53.3 56.3

equatorial guinea 82.0 50.3 57.7 75.3

eritrea 82.6 49.5 50.8 56.9

estonia 70.9 40.3 43.8 53.8

eswatini 93.7 62.6 63.0 59.0

ethiopia 92.0 66.2 67.9 77.8

Finland 92.3 63.4 63.7 64.2

Continued
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Continued

Landscape 
efficiency 
score (%)

Geometric 
mean of 
individual 
Pareto 
scores (%)

Arithmetic 
mean of 
individual 
Pareto 
scores (%)

Environmental 
(carbon and 
biodiversity) 
Pareto geometric 
mean (%)

France 91.7 50.6 55.7 40.1

gabon 93.2 45.2 62.8 88.3

gambia, the 64.0 39.2 40.4 41.1

georgia 84.0 50.8 52.4 60.2

germany 95.6 59.9 63.6 49.8

ghana 89.7 56.0 57.2 62.7

greece 97.0 69.2 69.7 64.0

guatemala 95.1 54.5 61.7 79.7

guinea 95.9 45.4 58.2 80.0

guinea-bissau 79.3 33.5 49.4 70.2

guyana 95.6 39.7 64.0 92.4

haiti 61.8 31.8 35.9 39.8

honduras 90.4 53.2 59.4 76.2

hungary 87.1 57.3 58.1 54.2

iceland 99.6 51.9 58.9 75.3

india 69.4 52.1 53.0 52.7

indonesia 91.4 59.3 64.9 81.6

iran, islamic rep. 88.5 65.0 65.3 63.1

iraq 92.4 68.9 69.2 68.9

italy 82.9 57.8 58.8 57.3

Jamaica 85.5 60.7 62.7 73.1

Japan 95.9 74.6 75.3 70.2

Jordan 91.5 58.0 68.1 90.2

Kenya 85.9 54.0 54.9 61.6

Korea, rep. 97.5 74.9 76.3 68.2

Lao Pdr 86.5 64.0 66.7 78.6

Latvia 73.6 45.3 46.8 53.3

Lebanon 94.7 59.9 62.0 50.3

Lesotho 77.5 47.5 49.7 52.3

Liberia 82.0 47.2 51.4 63.0

Libya 96.8 50.1 63.7 87.3

Lithuania 77.8 48.7 49.3 48.3

Madagascar 87.2 52.6 58.7 74.8

Malawi 81.4 56.1 57.9 55.4

Malaysia 95.0 66.2 69.4 83.0

Mali 84.5 60.1 60.3 62.9

Continued
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Continued

Landscape 
efficiency 
score (%)

Geometric 
mean of 
individual 
Pareto 
scores (%)

Arithmetic 
mean of 
individual 
Pareto 
scores (%)

Environmental 
(carbon and 
biodiversity) 
Pareto geometric 
mean (%)

Mauritania 87.5 60.2 63.2 74.4

Mexico 77.7 52.9 55.9 67.5

Moldova 84.0 51.1 52.2 52.1

Mongolia 74.2 45.6 47.7 50.2

Montenegro 96.5 63.9 64.8 71.5

Morocco 91.4 60.5 60.9 56.3

Mozambique 90.2 46.8 57.4 77.6

Myanmar 86.6 63.8 64.8 71.6

Namibia 95.6 69.1 69.3 70.3

Nepal 77.0 58.1 60.3 70.4

Netherlands 70.4 44.0 48.6 37.3

New Caledonia 97.8 47.7 60.4 82.5

New Zealand 82.6 53.9 54.6 56.4

Nicaragua 93.3 42.2 57.2 80.0

Niger 91.3 76.1 76.4 79.2

Nigeria 70.3 40.5 42.6 50.6

North Macedonia 93.0 63.7 64.4 61.0

Norway 94.8 54.0 60.4 76.5

oman 97.7 62.1 71.9 94.3

Pakistan 64.0 57.7 59.3 65.0

Panama 95.1 60.9 66.8 84.2

Papua New guinea 92.6 45.5 62.2 87.0

Paraguay 82.1 45.3 50.9 65.5

Peru 97.8 42.2 65.9 94.7

Philippines 90.5 63.9 64.5 66.9

Poland 78.5 54.3 55.0 56.3

Portugal 95.9 62.6 64.9 52.2

romania 76.3 59.9 60.3 60.7

rwanda 87.9 56.8 61.9 46.3

saudi arabia 94.5 54.5 61.5 41.5

senegal 92.1 63.7 64.2 69.8

serbia 84.9 58.3 58.5 60.8

sierra Leone 67.5 45.2 48.5 58.1

slovak republic 88.5 63.9 64.2 60.7

slovenia 87.1 64.9 65.3 61.0

solomon islands 87.4 48.4 56.1 73.8

Continued
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Continued

Landscape 
efficiency 
score (%)

Geometric 
mean of 
individual 
Pareto 
scores (%)

Arithmetic 
mean of 
individual 
Pareto 
scores (%)

Environmental 
(carbon and 
biodiversity) 
Pareto geometric 
mean (%)

somalia 72.6 41.9 44.4 46.8

south africa 86.2 56.1 57.5 59.7

south sudan 89.1 52.5 59.1 75.0

spain 93.5 61.5 62.3 56.7

sri Lanka 77.8 60.4 62.3 71.7

sudan 82.1 51.3 54.8 66.9

suriname 97.4 23.3 64.8 96.5

sweden 92.8 63.2 64.7 55.4

switzerland 85.4 53.2 55.3 46.3

syrian arab republlc 74.1 48.9 49.0 46.5

tanzania 89.5 58.5 61.8 75.0

thailand 82.1 59.0 60.7 57.9

timor-Leste 84.7 46.4 47.7 53.8

togo 84.6 41.4 50.6 68.0

tunisia 87.0 45.8 49.4 39.5

türkiye 92.9 58.2 60.5 49.0

uganda 64.5 43.3 44.5 47.0

ukraine 80.9 55.7 56.1 57.9

united Kingdom 87.0 44.1 51.4 31.9

united states 90.1 57.0 58.4 66.2

uruguay 72.8 44.1 44.6 46.1

vanuatu 98.4 39.2 63.6 91.9

venezuela, rb 90.5 55.9 64.7 84.9

vietnam 84.1 66.7 67.4 65.2

yemen, rep. 94.2 58.8 58.9 56.8

Zambia 95.2 53.1 61.8 81.5

Zimbabwe 81.6 44.8 50.2 64.5

Source: World bank.
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The great expansion of economic activity since the end of World War II has 

caused an unprecedented rise in living standards, but it has also caused rapid 

changes in earth systems. Nearly all types of natural capital—the world’s 

stock of resources and services provided by nature—are in decline. Clean air, 

abundant and clean water, fertile soils, productive fisheries, dense forests, 

and healthy oceans are critical for healthy lives and healthy economies. 

Mounting pressures, however, suggest that the trend of declining natural 

capital may cast a long shadow into the future.
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The report indicates that significant efficiency gaps exist in nearly every 
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this report will entail demanding policy reforms, the costs of inaction will be 

far higher.

SKU 211923

ISBN 978-1-4648-1923-0


	Front Cover
	Contents
	Foreword
	Acknowledgments
	About the Authors and Contributors
	Main Messages
	Executive Summary
	Abbreviations
	Chapter 1 Introduction: Down to Earth
	Key messages
	Introduction
	The unraveling web of life 
	Investing in natural capital 
	An efficiency frontier approach
	Notes
	References

	Chapter 2 Identifying a Sustainable Resource Efficiency Frontier: An Overview of the Approach
	Key messages
	Introduction
	Modeling land use efficiency: A summary of the methodology
	Measuring productivity through efficiency frontiers
	Impacts not considered: Shifts in the efficiency frontier
	Annex 2A: Water quality and the resource efficiency frontiers
	Annex 2B: Aggregation and the “headline” landscape efficiency score 
	Notes
	References

	Chapter 3 Envisioning a More Sustainable Future through a More Efficient Present
	Key messages
	Introduction
	How efficiently does the world use its land-based natural endowments? 
	Landscape efficiency scores
	A typology 
	Efficiency gains for achieving global carbon goals
	Efficiency gains for achieving economic development and food security goals
	Efficiency gains, biodiversity, and ecosystem services
	Caveats and limitations of the data and methods 
	Annex 3A: Additional results 
	Annex 3B: Nonmarket environmental scores: A further analysis of outcomes
	Annex 3C: Comparison of yield gaps calculated from GAEZ and data layers of this study
	Notes
	References

	Chapter 4 Policy Implications for More Efficient Landscapes
	Key messages
	Introduction 
	Policy objectives: Targeting the causes of the problem 
	Exploring policy options by country typology
	Policy design concerns 
	Conclusions
	Annex 4A: Decomposition analysis and shifting toward the efficiency frontier
	Notes
	References

	Chapter 5 Efficiency Frontier for Air Quality
	Key messages
	Introduction
	The approach
	How well do countries perform? 
	Efficiency and environmental scores that measure policy ambitions 
	A typology of countries and priority directions for improving efficiency 
	Priorities for efficiency improvements 
	Annex 5A: GAINS model methodology explained
	Notes
	References

	Chapter 6 Country Spotlights
	Key messages
	Introduction
	Azerbaijan
	Lao People’s Democratic Republic (Lao PDR)
	Liberia
	China and the Arab Republic of Egypt
	Notes
	References

	Chapter 7Conclusions
	Conquering the headwinds to change
	Caveats, limitations, and future work
	Concluding thoughts

	Appendix A Study Results by Country
	Boxes
	Box ES.1 An example of an efficiency frontier from West Africa
	Box ES.2 The Loess Plateau: A transformational landscape
	Box 1.1 Critical natural capital and tipping points 
	Box 1.2 Challenges in measuring sustainability
	Box 1.3 Will the world run out of resources?
	Box 2.1 Monetizing the unmonetized benefits
	Box 2.2 Calculating the landscape efficiency score, nonmarket environmental score, and production value score
	Box 3.1 Maximizing efficient landscapes in Liberia
	Box 3.2 The relative gains to low-income countries from improved allocation decisions
	Box 4.1 A policy road map
	Box 4.2 Landscape restoration in Ethiopia
	Box 5.1 Efficiency scores for air quality management
	Box 6.1 A primer on the resource efficiency frontier
	Box 6.2 Sustainable forestry project in Liberia
	Box 6.3 Land use efficiency in the context of China’s quest for decarbonization: Using efficiency frontiers
	Box 6.4 Air pollution in the Arab Republic of Egypt: Identifying gaps and constraints

	Figures
	Figure ES.1.1 Example of an efficiency frontier, Liberia
	Figure B1.1.1 Illustration of tipping points and hysteresis
	Figure 1.1 Graphical illustration of a production possibility frontier
	Figure 2.1 Example of efficiency frontier
	Figure B2.2.1 Performance metrics used in calculating an efficiency frontier score
	Figure 2.2 Shifts in the resource efficiency frontier
	Figure 3.1 Distribution of landscape efficiency scores, by country income group
	Figure 3.2 Distribution of landscape efficiency scores, by region
	Figure 3.3 Typology of countries, by environmental indicator and production value
	Figure 3.4 Efficiency frontier of a high-income country realizing most of its potential economic gains: Sweden
	Figure B3.1.1 Efficiency frontier: Liberia
	Figure 3.5 Efficiency frontier of a country with largely intact ecosystems: Suriname
	Figure 3.6 Efficiency frontier: Iceland 
	Figure 3.7 Efficiency frontier: Haiti
	Figure 3.8 Efficiency frontier: Lao People’s Democratic Republic 
	Figure 3.9 Illustration of maximum potential and Pareto increase in GHG mitigation
	Figure 3.10 Illustration of maximum potential and Pareto increase in economic production
	Figure 3.11 Distribution of economic efficiency scores within the Pareto space, by country income group
	Figure 3.12 Biodiversity scores versus land in a seminatural state 
	Figure 3A.1 Results by country: Pareto efficiency scores
	Figure 3B.1 Share of carbon storage plotted against the share of maximum possible carbon storage, by country
	Figure 3B.2 Share of natural area plotted against the share of maximum possible biodiversity, by country
	Figure 3C.1 Comparison of yield attainment from GAEZ and landscape efficiency analysis methods, rainfed crops
	Figure 4.1 Typology of countries, by environmental indicator and production value
	Figure B5.1.1 Air pollution: Relationships among various performance metrics
	Figure 5.1 Air pollution: Expenditures as a share of GDP, by country income group, 2015
	Figure 5.2 Air pollution: Collective performance of sample of 63 countries in relation to their efficiency frontiers, 2015
	Figure 5.3 Air pollution: Efficiency scores, by country income group
	Figure 5.4 Air pollution: Environmental scores, by country income group
	Figure 5.5 Air pollution: Efficiency and environmental scores, by country income group
	Figure 5.6 Air pollution: Country types (A, B, and C) based on efficiency and environmental scores, by country income group
	Figure 5.7 Air pollution: Location of type A countries vis-à-vis the efficiency frontier
	Figure 5.8 Air pollution: Location of type B countries vis-à-vis the efficiency frontier
	Figure 5.9 Air pollution: Location of type C countries vis-à-vis the efficiency frontier
	Figure B6.1.1 Typology of countries, by environmental indicator and production value
	Figure 6.1 Efficiency frontier and transitions of movements to frontier, Azerbaijan 
	Figure 6.2 Land use land change transitions from current to Pareto max production value and from current to Pareto max GHG reduction, Azerbaijan
	Figure 6.3 Efficiency frontier and transitions of movements to frontier, Lao PDR
	Figure 6.4 Pareto production value maximization and GHG maximization, Lao PDR
	Figure 6.5 Efficiency frontier and transitions of movements to frontier, Liberia
	Figure 6.6 Pareto production value maximization and GHG maximization, Liberia
	Figure B6.3.1 Land use efficiency in China, 2000–15
	Figure B6.4.1 Theoretical air quality efficiency frontier, Arab Republic of Egypt, 2018
	Figure B6.4.2 Marginal abatement cost curve for reducing population-weighted PM2.5 concentrations, Arab Republic of Egypt, 2030

	Maps
	Map 2.1 Current land use and potential land use, globally
	Map 3.1 Country performance across economic efficiency and carbon sequestration efficiency in Pareto
	Map 3.2 Country performance across economic efficiency and biodiversity efficiency in Pareto spaces
	Map B4.2.1 Changes in Normalized Difference Vegetation Index since initial engagement under Sustainable Landscape Management Project II, Ethiopia, 2014
	Map 6.1 Pareto production value maximization transition and GHG maximization transition, Azerbaijan
	Map 6.2 Pareto production value maximization and GHG maximization, Lao PDR
	Map 6.3 Pareto production value maximization and GHG maximization, Liberia
	Map B6.3.1 Restoration and agricultural intensification enabling attainment of the efficiency frontier for carbon and food production, China

	Tables
	Table 3.1 Landscape efficiency scores, by country income group
	Table 3.2 Landscape efficiency scores, by region
	Table B3.1.1 Average welfare gains from policies that recognize GHG sequestration services in factor market allocation decisions
	Table 3B.1 Average carbon storage and biodiversity conservation scores, by country income group
	Table 3B.2 Share of natural habitat remaining, by country income group
	Table 4.1 A categorization of policies for improving resource use efficiency
	Table 4.2 Summary of policies based on typology of countries
	Table 5.1 Air pollution: Priority directions for moving toward the efficiency frontier, by country type
	Table 6.1 Policy performance summary, Azerbaijan
	Table 6.2 Policy performance summary, Lao PDR
	Table 6.3 Policy performance summary, Liberia
	Table A.1  Measures of efficiency, by country




