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About the Nature-Based Infrastructure 
Global Resource Centre
The NBI Global Resource Centre brings together key partners to assess, value, finance,  
and deliver nature-based infrastructure (NBI). We provide data, training, and sector-specific 
valuations, and financing solutions based on the latest innovations in systems thinking  
and financial modelling.

The NBI Global Resource Centre seeks to:

• Improve the predictability of how NBI performs through customized valuations.

• Provide access to data on the performance of NBI through a new online database.

• Strengthen the capacity of stakeholders to understand and value NBI through  
a live online training program.

• Connect and build partnerships.
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Executive Summary
In Ethiopia, 1–2 billion tons of topsoil erode every year. This erosion has led to widespread 
land degradation, which, when combined with other social and environmental factors, 
damages soil fertility, reduces livestock quantity and quality, increases flood risk, and  
lowers food security. 

Climate change will exacerbate these impacts. Specifically, in Ethiopia, the intensity of 
flooding and the frequency of drought are predicted to get worse as global warming occurs 
and accelerates. This will further increase soil erosion and land degradation, which in turn  
will further reduce agricultural production and food security. A warmer, drier climate will  
also have direct, adverse impacts on livestock and crops. This speaks to the importance of  
land restoration and improved agricultural practices for climate adaptation.

Assisted natural regeneration (ANR) is a process by which people create conditions that 
promote regrowth and allow land to regenerate on its own. Compared to afforestation and 
reforestation, ANR is cheaper and may be more effective in many locations throughout  
the world.

This report presents a Sustainable Asset Valuation of an ANR site in Sodo Woreda in the 
Southern Nations, Nationalities, and Peoples’ Region of Ethiopia. ANR restoration at the 
site, which encompasses 2,868 hectares, began in 2016. As of 2022, 628 hectares have been 
restored. The remaining land will be restored in the coming years.  Enrichment planting  
has been undertaken at the site to promote land restoration. This project commenced  
after consulting local stakeholders and direct beneficiaries across three kebeles/localities  
(an estimated 13,922 people, of which 6,919 are male and 7,003 are female).

We used spatial models, system dynamics modelling, and financial analysis to assess the 
societal costs and benefits of ANR at this site. Specifically, we quantified carbon storage, water 
retention, and a habitat quality index using land cover maps from before and after restoration. 
We monetized tangible and intangible costs and benefits, including planting and maintenance 
costs, encroachment penalties, wages, carbon credits, and income from crops, livestock, and 
grass over 20 years. We then calculated the net benefits, benefit-to-cost ratio, net present  
value (NPV), and internal rate of return (IRR), both with and without carbon credits.  
When we include carbon credits, we refer to these indicators as the sustainable  
NPV (S-NPV) and sustainable IRR (S-IRR).

The models allow us to estimate the value of ecosystem services provided by ANR and 
to assess the financial viability of this restoration technique from a societal perspective. 
Because the study site is sloped, the outcomes depend on whether the ANR site is located 
upland or downland of the cropland. Thus, we estimate the costs, benefits, and investment 
worthiness using two different geographic assumptions. In both cases, restoration occurs on 
degraded, unusable cropland. In the first, we assume that the restoration site is downland 
of all remaining productive cropland, so restoration does not have a direct impact on future 
cropland degradation. This is the case at the Sodo site, which is the area studied here. In the 
second, we vary the location assumption and assume that restoration occurs upland of the 
cropland, so cropland degradation slows. 

IISD.org


IISD.org    v

Sustainable Asset Valuation of Land Restoration in Sodo District, Southern Ethiopia

We show that ANR can be an effective and investment-worthy strategy in Ethiopia to combat 
land degradation, support rural livelihoods, and increase resilience, adaptation, and mitigation 
in relation to climate change. Key findings from the analysis are the following:

• ANR increases carbon storage, habitat quality, and water retention while decreasing 
erosion. These benefits continue to increase as restoration is ongoing. If the ANR site 
is located upland of cropland, then these impacts are more widespread, and the climate 
adaptation benefits of restoration are greater.

• In the study area, over 20 years, ANR downland of cropland has undiscounted net 
benefits of ETB 506.46 million (USD 9.62 million) and a benefit-to-cost ratio of 
1.72. Undiscounted net benefits of ANR upland of cropland in the study area are 
ETB 1,184.21 million (USD 22.50 million), and the benefit-to-cost ratio is 2.69 
(Table ES1). This includes accounting for the full societal economic impacts, including 
income creation, carbon credits, and costs to create and maintain area closures, and 
adjusting for inflation. Thus, ANR is economically viable in both scenarios but more 
attractive when restoration is located upland of the cropland.

• If the restoration site is downland of the cropland, then cumulative, inflated, 
undiscounted income over 2016–2035 from cropland and grass is ETB 14.12 million 
(USD 268,000) larger than in a business-as-usual scenario without restoration. 
Accounting for the time value of money, crop and grass income increases by ETB 4.28 
million (USD 81,320) over the same period. Land restoration also creates local jobs 
(approximately one job is created for every ETB 450 invested in the project). Thus, 
ANR is a source of new revenue, which increases household income.

• When considering the cost and investment required, ANR is financially viable without 
carbon credits only if the restoration site is located upland of the cropland. In the 
case of upland ANR, restoration can slow cropland degradation, which has the added 
benefit of increasing crop income. In places such as the Sodo site, where restoration 
is downland of agricultural land, valuing externalities (e.g., carbon sequestration) is 
essential for economic viability (Table ES1). Alternatively, if ANR is used for cut-
and-carry fodder, then the productivity of livestock increases, which results in more 
household income. In this case, net benefits are positive regardless of location and 
carbon financing.

• When considering the externalities and indirect impacts, ANR downland of cropland 
has a positive S-NPV (equal to ETB 234.64 million or USD 4.46 million) and a large 
S-IRR (equal to 68.7%), which demonstrates the investment worthiness of ANR. 
When ANR is upland of the cropland, the S-NPV increases to ETB 473.51 million 
(USD 9 million), and the S-IRR is 106.4%. When we exclude the carbon benefit from 
the calculations, the NPV and IRR are positive only if the restoration site is located 
upland of cropland (Table ES2).
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Specific results will vary by location, but the overall patterns documented in this analysis are 
consistent with other studies and thought to be robust. They demonstrate that land restoration 
creates direct economic benefits for farmers and provides climate adaptation and mitigation 
services. In this way, the analysis makes the business case for ANR in Ethiopia. It can be used 
by a variety of stakeholders to support land restoration in Ethiopia and can support efforts to 
upscale these projects (Table ES3). For example, by quantifying and monetizing the outcomes 
of restoring 2,868 hectares, this report can provide useful lessons that will inform decisions 
in Ethiopia's efforts of ambitious landscape restoration targets (10 to 20 million hectares 
nationally) in response to global calls for partnership. Furthermore, if the system dynamics 
model developed for this assessment is integrated into the national-level Green Economy Model 
of Ethiopia or other relevant national-level assessments and plans, it will continue to provide 
additional insights on the potential for land restoration to contribute cost effectively to climate 
mitigation and adaptation as part of cross-economy efforts to respond to climate change.  

Table ES1. Integrated cost-benefit analysis for the study area. All values are 
cumulative over 20 years (inflated, undiscounted). Net benefits are equal to  
(added benefits + avoided costs) – (direct costs + indirect costs). The benefit- 
to-cost ratio is equal to (added benefits + avoided costs – indirect costs) ÷ direct  
costs. Results are relative to a business-as-usual scenario with no policy intervention.  
Note that the negative indirect costs in the ANR upland of cropland scenario are an 
increase in crop income (i.e., a benefit).

ANR downland  
of cropland

ANR upland  
of cropland

Direct costs (million ETB)

Cost to create area closure 36.26 36.26

Enrichment planting and maintenance costs 666.87 666.49

Total direct costs 703.13 702.75 

Indirect costs (million ETB)

Loss of income due to restoration 7.25 -573.56

Livestock encroachment penalties 1.41 1.41

Total indirect costs 8.66 -572.15 

Added benefits (million ETB)

Grass production 21.38 21.35

Livestock encroachment penalties 1.41 1.41

Livestock production -0.16 -0.24

Wages 386.30 386.11

Total added benefits 408.93 408.63 
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ANR downland  
of cropland

ANR upland  
of cropland

Avoided costs (million ETB)

Avoided carbon emissions 809.32 906.18

Total avoided costs 809.32 906.18

Cost-benefit indicators

Net benefits (million ETB) 506.46 1,184.21

Benefit-to-cost ratio 1.72 2.69

Net benefits excluding avoided emissions (million 
ETB)

-302.85 278.03

Benefit-to-cost ratio excluding avoided emissions 0.57 1.40

Table ES2. Financial indicators for the study area

ANR downland  
of cropland

ANR upland  
of cropland

S-NPV (million ETB) 234.64 473.51 

NPV without avoided emissions (million ETB) -97.47 101.66

S-IRR 68.7 % 106.4 % 

IRR without avoided emissions - 94.6 %
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Table ES3. How stakeholders and decision-makers can use the results  
of this assessment

Stakeholder   Role in the project  
How can the stakeholder use the results  
of the assessment?  

World 
Resources 
Institute

Analysis of 
ANR sites and 
providing support 
for additional 
restoration in 
Ethiopia

The World Resources Institute can use these 
results to make the business case for scaling up 
ANR in Ethiopia.

National 
government

National-level 
planning for land 
restoration and  
net-zero plans

This assessment and its promising results can 
inform government planning efforts and policy 
decisions to spur further investment in land 
restoration across Ethiopia.

Local 
government

Local 
implementation and 
management of 
restoration sites

Local government agencies can use the results of 
this assessment to generate community buy-in for 
ANR and to demonstrate the value of restricting 
access to restoration sites.

Investors/
donors

Financing/funding 
the project

Investors and donors can use these results to 
make financing/funding decisions for future land 
restoration projects. 

Private sector Invest in restoring/ 
rehabilitating 
communal land 

The private sector can use these results to 
understand the value of investing in restoration 
for different purposes like commercial plantations 
or CO2 sequestration and carbon credits.

Smallholder 
farmers

Restore small plots 
like woodlots and 
fodder

Smallholder farmers can use these results to make 
informed decisions regarding the restoration of 
land and area closure for different purposes.
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Glossary
Assisted Natural Regeneration: A process in which local people use their knowledge of 
the land to create conditions that allow trees and other native vegetation to recover naturally 
(Assisted Natural Regeneration Alliance, n.d.).

Avoided cost: A negative outcome that is prevented when a particular policy or intervention 
is implemented.

Business-as-usual scenario: A scenario in which no intervention is made and past/current 
behaviours are allowed to continue in the future.

Cost-benefit analysis: A form of data-driven decision making that compares a project’s 
costs and benefits. The analysis typically includes subtracting the costs of a project from  
the total benefits to determine if the benefits outweigh the costs (Stobierski, 2019).

Discounting: A finance process to determine the present value of a future cash value.

Indicator: Parameters of interest to one or several stakeholders that provide information 
about the development of key variables in the system over time and trends that unfold  
under specific conditions (United Nations Environment Program [UNEP], 2014). 

Internal rate of return (IRR): An indicator of the profitability prospects of a potential 
investment. The IRR is the discount rate that makes the net present value of all cash flows 
from a particular project equal to zero. Cash flows net of financing give us the equity IRR.

Integrated Valuation of Ecosystem Services and Trade-offs: “A suite of models used to 
map and value the goods and services from nature that sustain and fulfill human life. It helps 
explore how changes in ecosystems can lead to changes in the flows of many different benefits 
to people” (Natural Capital Project, 2019, n.p.).

Land degradation:“The reduction or loss of the biological or economic productivity and 
complexity of rain-fed cropland, irrigated cropland, or range, pasture, forest or woodlands 
resulting from natural processes, land uses or other human activities and habitation patterns 
such as land contamination, soil erosion and the destruction of the vegetation cover” 
(Organisation for Economic Co-operation and Development, 2001).

Methodology: The theoretical approach(es) used for the development of different types of 
analysis tools and simulation models. This body of knowledge describes both the underlying 
assumptions used as well as qualitative and quantitative instruments for data collection and 
parameter estimation (UNEP, 2014). 

Model transparency: The degree to which model structure and equations are accessible 
and make it possible to directly relate model behaviour (i.e., numerical results) to specific 
structural components of the model (UNEP, 2014). 
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Model validation: The process of assessing the degree to which model behaviour  
(i.e., numerical results) is consistent with behaviour observed in reality (i.e., national  
statistics, established databases) and the evaluation of whether the developed model  
structure (i.e., equations) is acceptable for capturing the mechanisms underlying the  
system under study (UNEP, 2014). 

Nature-based infrastructure: Natural ecosystems or landscapes that, through conservation, 
rehabilitation, or maintenance, can enhance the performance of and/or reduce the need for 
grey infrastructure. Nature-based infrastructure also includes hybrid approaches that combine 
engineered and nature-based solutions.

Net benefits: The cumulative amount of monetary benefits accrued across all sectors  
and actors over the lifetime of investments compared to the baseline, reported by the 
intervention scenario.

Net present value: The difference between the present value of cash inflows net of  
financing costs and the present value of cash outflows. It is used to analyze the profitability  
of a projected investment or project.

Restoration: “The process of halting and reversing degradation, resulting in improved 
ecosystem services and recovered biodiversity” (UNEP, 2021).

Scenarios: Expectations about possible future events used to analyze potential responses 
to these new and upcoming developments. Consequently, scenario analysis is a speculative 
exercise in which several future development alternatives are identified, explained, and 
analyzed for discussion on what may cause them and the consequences these future paths  
may have on our system (e.g., a country or a business).

Simulation model: Models can be regarded as systemic maps in that they are simplifications 
of reality that help to reduce complexity and describe, at their core, how the system  
works. Simulation models are quantitative by nature and can be built using one or  
several methodologies (UNEP, 2014). 

Sustainable Internal Rate of Return: An indicator of the net benefit prospects of a potential 
investment. The sustainable internal rate of return is the discount rate that makes the net 
present value of benefits from a particular project equal to zero.

Sustainable Net Present Value: The difference between the present value of benefits  
and avoided costs net of financing costs and the present value of cash outflows. It is used  
to analyze the net value of a projected investment or project.
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1.0 Introduction
In Ethiopia, 1–2 billion tons of topsoil erode every year (Gebreselassie et al., 2016; Megerssa 
& Bekere, 2019). This erosion has led to widespread land degradation, which, when combined 
with other social and environmental factors, damages soil fertility, reduces livestock quantity 
and quality, and increases flood risk (Birhanu, 2014; Gebreselassie et al., 2016; Megerssa & 
Bekere, 2019). 

Climate change will exacerbate these impacts. Specifically, in Ethiopia, the intensity of 
flooding and the frequency of drought are predicted to get worse. This will increase soil 
erosion and land degradation, which will reduce agricultural production and hurt food 
security. A warmer, drier climate will also have direct, adverse impacts on livestock and crops 
(World Bank Group, 2021). This speaks to the importance of land restoration and improved 
agricultural practices for climate adaptation.

Strategies to restore land include terracing, tree planting, and restricting access to degraded 
areas, allowing the land to recover (Birhanu, 2014; Gebreselassie et al., 2016; Megerssa & 
Bekere, 2019). These area closures are a form of assisted natural regeneration (ANR), a 
process in which people create conditions that promote regrowth and allow land to regenerate 
on its own. Compared to actively replanting vegetation, ANR is cheaper and may be more 
effective (Chazdon et al., 2022; Crouzeilles et al., 2017).

More than 90% of local farmers at several ANR sites in central and northern Ethiopia have 
positive attitudes toward area enclosures to promote land restoration (Mamo Bahiru, 2008; 
Tefera et al., 2005). Benefits cited by farmers include increased crop yields, grass production 
for livestock fodder and construction, and reduced erosion and flooding (Mamo Bahiru, 2008; 
Mekuria et al., 2009; Tefera et al., 2005). ANR projects can also support gender equality. In 
at least one site, surveys showed that women were more positive than men about enclosures, 
possibly due to the reduced burden of gathering wood (Amanuel, 2020; Tefera et al., 2005).

In the Southern Nations, Nationalities, and Peoples’ (SNNP) Region, in Humbo district, 
farmers reported that ANR has increased crop yields, leading to better food security and 
health. They have also observed increased biodiversity, enhanced soil quality, reduced erosion, 
improved water availability, and less extreme temperatures. Furthermore, grass and firewood 
are available for harvest, and trees produce fruit and other products (Amanuel, 2020; Brown 
et al., 2011; Wolde et al., 2016). These impacts were noticeable within 2–3 years of starting 
restoration, and they increased with time (Brown et al., 2011; Wolde et al., 2016). The project 
has also improved land tenure and provides revenue from carbon credits (Amanuel, 2020).
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Area closures have noticeable impacts on areas downland of the ANR site.1 For example, in 
northern Ethiopia, restoration has reduced downstream erosion and increased groundwater 
infiltration. As a result, water availability is more consistent (Gebrehiwot, 2004). This can 
contribute to lowland irrigation for wheat production, a current priority of the government 
(Gebrie Muchie, 2022). The effects of land restoration on downstream sedimentation and water 
flow can also enhance hydropower generation (International Hydropower Association, n.d.).

Ethiopia’s Climate-Resilient Green Economy Strategy, part of its National Adaptation 
Plan, promotes sustainable forest management. It also highlights the importance of forest 
ecosystem services, including carbon sequestration. Other adaptation options outlined in the 
plan include “strengthening sustainable natural resource management through safeguarding 
landscapes and watersheds” and “improving ecosystem resilience through conserving 
biodiversity” (Federal Democratic Republic of Ethiopia, 2019). This demonstrates that land 
restoration is one of the national priorities for climate change adaptation and mitigation.  

Furthermore, the country’s updated Nationally Determined Contribution (NDC) identifies 
land-use change and forestry as the sector with the largest greenhouse gas mitigation potential. 
Specifically, the mitigation potential of land-use change and forestry is more than six times 
the mitigation potential of industry, energy, livestock, managed soils, and waste combined. 
Proposed policy interventions to realize this mitigation potential include restoring 5 million 
hectares of land by 2030 and 9 million hectares by 2050 (Federal Democratic Republic of 
Ethiopia, 2021).

Supporting the Government of Ethiopia in the short term to mainstream its Climate-
Resilient Green Economy and other climate change objectives into the economic growth 
and development targets will provide a blueprint for a low-carbon economy and green policy 
implementation. This analysis is part of an effort to provide tools and methods for a proper 
quantitative economic appraisal of expected socio-economic and environmental co-benefits 
of climate action for development, focused on both specific interventions in the land use 
sector and providing necessary insights for policy implementation. Developing methods that 
prioritize natural capital and the provision of environmental goods and services is key to this 
understanding and to achieving national development targets. This will include attention to 
the benefits of land and forest restoration as one of the central pillars for the attainment of 
low-carbon and green development goals in Ethiopia.

This report presents a Sustainable Asset Valuation (SAVi) of an ANR site in the SNNP Region 
of Ethiopia. Contributing to the country’s adaptation plan, 2,868 hectares of degraded land 
was identified in 2016 at three kebeles/localities (Dugda-Goro, Dugda-Gerye, and Refenso) in 
Sodo Woreda. Enrichment planting has been undertaken at the site to promote land restoration. 
As of 2022, 628 hectares have been restored. The remaining land will be restored in the 
coming years. This project was undertaken after consulting local stakeholders and direct 
beneficiaries (an estimated 13,922, of whom 6,919 are male and 7,003 are female) across  
the three kebeles.

1 Throughout this report, we use the terms “upland” and “downland” are used to refer to the relative location  
of ANR in a sloped landscape.
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We use spatial models, system dynamics modelling, and financial analysis to assess the societal 
costs and benefits of land restoration at this site. This assessment engaged members of the 
local community, including two project owners, three local administrators, and 14 community 
representatives. These stakeholders provided site information and critical feedback that was 
used as model inputs.

The models can be used to demonstrate the value of ANR in this and other locations across 
Ethiopia. The models allow us to estimate and value the ecosystem services provided by 
restoration and to assess the financial viability of area closures from a societal perspective. 
We show that land restoration creates direct economic benefits for farmers and provides 
climate adaptation and mitigation services. These results can support efforts to scale up land 
restoration in Ethiopia by informing decision-making processes and influencing policies. 

Furthermore, this asset-level assessment could be incorporated into the Green Economy 
Model (GEM). GEM, a national-level model already used to support the analysis of the  
10-year transformation plan and the NDC, is being further developed to extend the analysis 
to 2050 and inform the Long-Term Strategy and the Low-Emission Development Strategy in 
Ethiopia. Land restoration is one of the strategies to be considered in GEM, alongside many 
other low-carbon and climate adaptation investment options, and it is a key component of 
both the National Adaptation Plan and the NDC.
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2.0 Methodology 
The first step in the SAVi assessment is to create a causal loop diagram, which is a system 
map that shows key pieces of the social–environmental system and how variables interact with 
each other. We use this diagram to define the scope of the assessment. We then use a spatially 
explicit analysis to quantify the ecosystem services that emerge from the causal loop diagram. 
The spatial analysis feeds into an integrated cost-benefit analysis, which includes social and 
environmental externalities, as well as the cash flows that are included in a conventional 
economic assessment. The costs and benefits are calculated using a system dynamics model 
that is based on the causal loop diagram. Finally, we assess the investment worthiness of the 
project over 20 years.

2.1 Causal Loop Diagram 
A causal loop diagram shows relations among components of a system. Arrows indicate 
causality, and plus and minus signs are used to show the direction of causality. A plus sign 
means that two variables change in the same direction (if the first increases, the second also 
increases, and if the first decreases, so does the second), while a negative sign means that they 
change in opposite directions (if one increases, the other decreases, and vice versa). Feedback 
loops are labelled as either reinforcing (R) or balancing (B). Reinforcing loops amplify change 
so that an increase or decrease in a variable leads to further change in the same direction. 
Balancing loops, on the other hand, dampen change.

We created a causal loop diagram to explain historical patterns of land degradation in Ethiopia 
and to reveal how intervening may promote ecosystem recovery (Figure 1).

Erosion has degraded land, including crops, grass, and pasture. With the loss of productivity of 
the cropland, which leads to a decline in household income, there is encroachment into shrub 
lands and grasslands. As shrubs and grassland degrade, the decrease in vegetation cover leads 
to more erosion, creating two reinforcing feedback loops (R1 and R2). As shrub and grassland 
are lost, carbon is emitted and biodiversity declines. There is also less water retention, which 
worsens flooding and damages infrastructure and property.

One driver of this land degradation is overgrazing. As the number of livestock in an area 
grows, erosion worsens. This lowers the quality of pastureland, which limits further livestock 
increases. This creates a balancing feedback loop (B1) and hurts household income. 

Soil and water conservation (SWC) structures and enrichment planting can mitigate erosion 
and flooding, promoting recovery of the ecosystem. Area closures restrict the expansion of 
pastureland and crops, which enables further recovery of grassland. This could have negative 
impacts on livestock in the short term, but it creates another balancing feedback loop (B2). 
Restricting the expansion of pastureland increases grassland, which mitigates erosion. Over 
time, this increases the area of high-quality pasture, so there is more household income from 
livestock production.
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By restoring the land, grass is available to be harvested and sold for thatched house construction 
as an additional source of income. This nature-based infrastructure (NBI) also creates jobs, 
further increasing household income.

Figure 1. Causal loop diagram. Pink variables are climate inputs, and orange indicates 
possible policy interventions. Feedback loops help explain the observed patterns of 
declining rural livelihoods.
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2.2 Spatially Explicit Analysis
The spatially explicit analysis relies on the Integrated Valuation of Ecosystem Services and 
Tradeoffs (InVEST) suite of models. These models, developed by the Natural Capital Project, 
take land-use/land cover maps as input and quantify a wide range of ecosystem services 
(Natural Capital Project, 2019). 

Based on the causal loop diagram, we identified carbon storage, habitat quality, sediment 
retention, and water retention as relevant regulating ecosystem services to be quantified using 
the InVEST spatial models. The carbon storage model calculates the amount of carbon stored 
in the landscape. Habitat quality is defined using a unitless index that ranges from 0 to 1, 
where 0 represents no habitat and 1 is the highest quality habitat. This model relies on land 
cover and proximity to anthropogenic threats to assess habitat extent and quality. It has been 
applied in numerous studies to model the impacts of land cover change on habitat as a proxy 
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for biodiversity (Baral et al., 2014; Polasky et al., 2011; Sulistyawan et al., 2017; Terrado et al., 
2016). For sediment export, InVEST estimates the mass of sediment that erodes each year. 
Water retention is reported as the volume of water retained by the land cover after a  
24-hour 125-mm rainfall event. For more information about the spatial analysis methods  
and assumptions, please see Appendix B.

To estimate the impact of ANR on these services, we first run the model using a land cover 
map from before the intervention was started. We then rerun the models using a map that 
assumes 2,868 hectares of degraded cropland is restored (i.e., after restoration is complete). 
The before and after comparison shows the impact of the project. 

2.3 Integrated Cost-Benefit Analysis
Based on the causal loop diagram and outputs from the spatial analysis, we identified the 
following indicators as important to include in an integrated cost-benefit analysis of the NBI:

• Direct costs

 ° Costs to create area closures

 ° Costs for enrichment planting and maintenance of area closures

• Indirect costs

 ° Livestock encroachment fees

 ° Loss of crop income due to decreased access to pastureland, increased pests  
and human-wildlife conflict, limited agricultural expansion, and so on.2

• Added benefits

 ° Grass production value

 ° Livestock production value

 ° Wages

 ° Livestock encroachment fees

• Avoided costs

 ° Greenhouse gas emissions

We include livestock encroachment fees as both an added benefit and an indirect cost because 
when one person pays a fee, it is a cost that results from the project, but whoever receives the 
payment benefits. Thus, these will cancel each other out in the cost-benefit analysis. However, 
we include them to show the impacts of the project on multiple actors, highlighting that, in the 
case of encroachment penalties, some people will benefit while others will have to pay.

2 In focus group discussions and interviews, local stakeholders reported a loss of income. However, in some 
situations, there may be an eventual increase in income due to restoration. In this case, our cost-benefit analysis 
would show this as a negative indirect cost (i.e., a benefit).
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2.3.1 System Dynamics Modelling Approach

The cost-benefit analysis was based on a system dynamics model (built-in Vensim DSS  
version 8.2.1) that simulates changes in land cover, population, and livestock. Based on  
these dynamics, the model calculates the value of costs and benefits through time.

2.3.1.1 POPULATION AND LIVESTOCK DYNAMICS

Population grows at a rate of 2.3% per year (Population Reference Bureau, 2009). As 
population grows, livestock are purchased. If there is less than 0.22 hectares of grazing land 
per head of livestock, animals are sold at a rate that increases as grazing land per animal 
decreases. Please see Appendix A for details on how parameter values were derived.

2.3.1.2 HOUSEHOLD INCOME

Income is earned through crops, livestock, grass, and wages. The value of market goods 
is assumed to increase at a rate equal to the consumer price inflation index in Ethiopia. 
Historical inflation data come from The World Bank (n.d.). For future inflation, we use  
an estimated value of 9% per annum (Abiyot Dagne Belay, personal communication,  
August 3, 2022).

Crop income depends on the area of cropland, grain producer price, cropland expenditure, 
and the productivity of livestock. For the producer price, we use 2018 data from the Food and 
Agriculture Organization of the United Nations (2021) to estimate a price of ETB 24,706 
per hectare. Inflating this to 2022 values, we would get ETB 59,764 per hectare. However, in 
focus group discussions and interviews, local stakeholders reported an average 2022 producer 
price of ETB 109,359 per hectare. We assume that this is due to a decreased supply of food 
and therefore apply a market adjustment to account for high food prices and better match 
current observations. The crop producer price used for this model is shown in Figure 2.

Figure 2. Assumed grain producer price
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For the cropland expenditure, we use a value of ETB 20,000 per hectare, based on a study 
from Belay et al. (2020). However, we note that this may be an overestimate for rain-fed 
agricultural expenditure in Ethiopia (Bukero, 2020). If the expenditure is less than ETB 
20,000 per hectare, then we are underestimating the value of productive cropland.

The productivity of livestock decreases as the area of grazing land per animal declines. With 
changes in livestock productivity, we assume that crop income could increase or decrease by 
up to 4% due to losses in livestock power. Livestock also produce market goods. We assume 
a baseline value of ETB 5,000 in 2022 for direct livestock production (e.g., meat and dairy), 
which increases and decreases with livestock productivity. Each year, we inflate this number 
according to consumer price inflation.

Grass is harvested and sold for thatched house construction.3 Based on information provided 
by local stakeholders, we assume that each hectare of grassland produces 14.8 tons of grass 
per year and that each ton can be sold for ETB 20.9 per hectare in 2022 (adjusted for inflation 
from the reported ETB 10.0 per hectare). Each year, we inflate this number according to 
consumer price inflation.

ANR creates jobs, which are also a source of income for local community members. 
Specifically, creating the area closure and constructing SWC structures created 411.4 person-
days of work per hectare in 2016. In each subsequent year, there have been, on average, 
5.8 person-days of work per hectare of restored land for guarding the enclosure and 55.8 
person-days of work per hectare of restored land for enrichment planting and maintenance. 
As reported by local stakeholders, average wages are ETB 39.7 per person-day of labour 
(assumed to be in 2019) or ETB 82.7 in 2022. Each year, we inflate this number according to 
consumer price inflation.

Livestock encroachment penalties depend on the number of animals and the size of the 
enclosure. Specifically, based on local data, we estimate that penalties are equal to ETB 
0.00039 per hectare per animal per year in 2019. Each year, we inflate this number according 
to consumer price inflation.

Please see Appendix A for details on how the above parameter values were derived.

3 Local stakeholders have reported grass for thatched houses as the only product gathered from the area enclosure 
in Sodo. Thus, without data for other products, we include only thatch grass in this model. However, other 
products may become available. Notably, at other locations in in SNNP, people report collecting fuelwood, 
livestock fodder, coffee, bamboo, spices, and other non-timber forest products (Yimer, 2016). Furthermore, 
available products could change over time. For example, succession of grassland to shrubs and trees means  
that as the canopy closes, forest products become more abundant than grass (Mamo Bahiru, 2008). We 
acknowledge that excluding these other non-timber forest products is a limitation of our model.
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2.3.1.3 LAND COVER DYNAMICS

As population grows, the area of grass and shrubland is converted to cropland until all 
grassland is gone. Cropland degrades at a constant rate of 4% per year. This degradation  
rate was estimated so that all grass and shrubland is converted to crops or degraded by 2016. 
We assume that grass and shrubland will degrade more slowly than crops, and so we use a 
degradation rate of 2%–2.2% per year for grass and shrubland. The precise rate increases as 
the area of grass and shrubland per head of livestock decreases, based on the assumption that 
overgrazing leads to degradation (Birhanu, 2014). Without implementing ANR, degraded land 
regenerates to grass and shrubland at a rate of 0.08% per year. These assumptions are based 
on a combination of scientific literature and observed local land cover change. Details are in 
Appendix A.

If an area closure is established, degraded land regenerates at a rate that increases to a 
maximum of 15% per year as the area of restored grass and shrubland increases. With a 
maximum restoration rate of 15%, the area of restored land is close to 628 hectares in 2022, as 
expected. For the scenario in which the restored land is located upland of the cropland, erosion 
of cropland decreases. Thus, we assume that the cropland degradation rate decreases from 4% 
to 0.2% per year. This ensures that the area of cropland remains close to its 2016 size. 

Note that we use the terms degraded land and degraded cropland interchangeably to mean 
areas that were once productive cropland (after being converted from grass and shrubland) 
but can no longer be used for crops due to severe degradation.

Please see Appendix A for details on how the land cover parameter values were derived.

2.3.1.4 CARBON STORAGE

As land cover changes, so does carbon storage. Each land cover class stores a different amount 
of carbon, so the change in carbon storage depends on the transition from one land cover class 
to another. Following the Intergovernmental Panel on Climate Change (2006), we assume 
that grass and shrubland stores 115.35 tons per hectare, and cropland stores 13.89 tons per 
hectare. For the degraded land, we assume that the area is devoid of vegetation and therefore 
does not store any carbon.

To value carbon storage, we assume a carbon price of ETB 511.4 per ton in 2018 (see 
Appendix A for details on how we estimate this value) and that carbon payments will be made 
over the course of 5 years, starting in 2025. The value of carbon storage should increase more 
quickly than the value of market goods, so we follow the recommendation of Gollier (2021) 
and add 4% to the inflation rate. Thus, for carbon storage, we assume an escalation rate of 
13%, meaning that the annual rate of change, adjusted for inflation, is 4% per year. 
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2.3.1.5 INVESTMENT AND MAINTENANCE COSTS

Creating an area closure incurs a cost in the year it is established. As reported by local 
stakeholders at the Sodo site, this cost was ETB 3,363.9 per hectare in 2016. On top of this, 
we also add the wages earned as a cost. Note that this means that wages are considered both  
a cost and a benefit, depending on which actor we are considering.

In focus group discussions and interviews with local stakeholders, total planting and 
maintenance costs per hectare were reported to be ETB 10,921.4 over 5 years. We, therefore, 
take an average and assume maintenance costs are ETB 2,184.3 per hectare per year in 
2019 currency. Each year, we inflate this number according to consumer price inflation. To 
determine the total planting and maintenance costs, we add the maintenance and guarding 
wages to the reported costs.

All data inputs and detailed assumptions are listed in Appendix A.

2.4 Financial Analysis
Using the outputs from the integrated cost-benefit analysis, we calculate the net present 
value (NPV) and internal rate of return (IRR) of land restoration. When we account for 
the social and environmental externalities as revenue streams, we call these the sustainable 
NPV (S-NPV) and sustainable IRR (S-IRR). We compare the S-NPV and S-IRR to the 
conventional NPV and IRR, which exclude the carbon storage benefit. This allows us to  
assess the importance of externalities in generating value for society over the time horizon  
of the analysis.

2.5 Main Data Sources We Use 
The assessment relied on surveys and interviews done with residents of three kebeles near the 
restoration site. These data were collected from March to April 2022. Data gaps were filled 
using information from peer-reviewed literature, white papers, and international datasets.
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3.0 Scenarios and Assumptions 

3.1 Scenarios
We use the system dynamics model to assess two land restoration scenarios, simulated from 
2016 through 2035 (Table 1). In the first scenario, restoration does not impact cropland 
productivity. This happens if the restoration area is downland of the cropland, which is true for 
the Sodo site. However, in many locations, restoration increases cropland productivity, so we 
run a second scenario in which reducing erosion and runoff decreases cropland degradation. 
This occurs in places where the area closure is upland of the cropland. This is not the case 
for Sodo. However, we felt that it was important to include a “what if” scenario in which we 
assume that the restoration site is upland of the cropland because in many cases restoration 
efforts focus on severely degraded upland locations. We present all results relative to a 
business-as-usual scenario, in which no interventions are made.

Table 1. Scenarios and assumptions

Scenario Assumptions

ANR downland of cropland In 2016, 2,868 hectares of degraded land, located downland 
of all productive cropland, is designated for restoration and 
allowed to naturally regenerate over many years to grass 
and shrubland.

ANR upland of cropland In 2016, 2,868 hectares of degraded land is designated for 
restoration and allowed to naturally regenerate over many 
years to grass and shrubland. The ANR site is located upland 
of productive cropland, so the degradation rate of cropland 
decreases.

3.2 Data Input for the Financial Analysis
For the financial model, we use the outputs of the cost-benefit analysis and adjust for the time 
value of money. We use a discount rate of 8.5% for all costs and added benefits. This rate is 
estimated based on Ethiopia’s 4-year bond yield of approximately 7% (Cepheus Research & 
Analytics, 2019).

To achieve substantial climate mitigation, it has been suggested to use a lower discount rate 
for the cost of carbon emissions. Furthermore, using a lower discount rate increases the weight 
placed on the welfare of future generations, an important consideration in the context of 
climate change (Stern, 2006). For this reason, in line with the recommendations of Drupp  
et al. (2015) and Emmerling et al. (2019), we use a discount rate of 2% for the value of  
carbon storage.
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3.2.1 Government Investment Opportunity Cost

For the analysis, we assess a scenario in which we include a government investment 
opportunity cost. This accounts for the cost, from the government’s perspective, of choosing 
one investment over all other alternatives. By including this investment opportunity cost, we 
compare the investment in land restoration against the increase in GDP that accrues to the 
economy when an average investment of the same size is made. This average investment is  
not sector specific and may have social and environmental benefits and costs that are  
different from what we include in our analysis. 

We assume that the amount of money that could be invested in a different project is equal  
to the cost of creating the area closure in 2016. We then scale this investment amount by 1.6, 
the estimated multiplier that Ilzetzki et al. (2013) found for fiscal spending by governments 
in developing countries. This opportunity cost is spread over the first 5 years of the analysis. 
Despite the limitations of the method used, it is important to compare the different investment 
allocation options available. Practically, with this calculation, we assess whether land 
restoration generates more value compared to other public spending.
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4.0 Results and Discussion
Key findings from the analysis include the following:

• ANR increases carbon storage, habitat quality, and water retention while decreasing 
erosion. These benefits continue to increase, as restoration is ongoing. If the ANR site 
is located upland of cropland, then these impacts are more widespread, and the climate 
adaptation benefits of restoration are greater.

• Over 20 years, when accounting for the full societal economic impacts, including 
income creation, carbon credits, and costs to create and maintain area closures, and 
adjusting for inflation, ANR downland of cropland has undiscounted net benefits of 
ETB 506.46 million and a benefit-to-cost ratio of 1.72. Undiscounted net benefits 
of ANR upland of cropland are ETB 1,184.21 million, and the benefit-to-cost ratio 
is 2.69 (Table ES1). Thus, ANR is economically viable in both scenarios but more 
attractive when restoration is located upland of the cropland.

• If the restoration site is upland of the cropland, then cumulative, inflated, undiscounted 
income over 2016–2035 from cropland and grass is ETB 14.12 million larger than 
in a business-as-usual scenario without restoration. Accounting for the time value of 
money, crop and grass income increases by ETB 4.28 million over the same period. 
Land restoration also creates local jobs. Thus, ANR is a source of new production  
and revenue, which increase household income (Table ES1).

• If payments for carbon credits are not available, then restoration is financially viable 
only if it decreases cropland degradation. In this case, restoration can slow cropland 
degradation, which increases crop income. In places such as the Sodo site, where 
restoration is downland of agricultural land, valuing externalities (e.g., carbon 
sequestration) is essential for economic viability.

• When considering the externalities and indirect impacts, except for the government 
opportunity cost, ANR downland of cropland has a positive S-NPV (equal to 
ETB 234.64 million) and a large S-IRR (equal to 68.7%), which demonstrates the 
investment worthiness of ANR. When ANR is upland of the cropland, the S-NPV 
increases to ETB 473.51 million and the S-IRR is 106.4%. When accounting for 
the government investment opportunity cost, the S-NPV and S-IRR remain positive 
(ETB 185.03 million and 29.4%, respectively, for ANR downland of cropland 
and ETB 423.90 million and 41.1% for ANR upland of cropland), suggesting that 
land restoration generates more value than an average investment of the same size. 
Conversely, when we exclude the carbon benefit from the calculations, the NPV and 
IRR are positive only if the restoration site is located upland of cropland (Table ES2).
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4.1 Spatial Analysis
Restoring 2,897 hectares of degraded cropland increases carbon storage by 239,569 tons, 
which corresponds to 878,419 tons of CO2 (Table 2). This is approximately the same as the 
estimated 880,296 tons of CO2 that will be sequestered by restoring 2,728 hectares in Humbo 
district in SNNP (Amanuel, 2020). 

As shown in Table 2, the habitat quality index increases from 0.090 in 2016 to 0.135 after 
restoration. This may explain why local stakeholders in the restored areas have reported higher 
plant and animal biodiversity. This is also similar to observed changes in biodiversity at the 
Humbo restoration site (Amanuel, 2020). 

Our analysis shows that restoration decreases sediment export by more than 65% and 
increases water retention after 125 mm of rainfall by 7.24% (Table 2). This suggests that 
allowing the land to regenerate can mitigate erosion, flooding, and water scarcity. These are 
impacts that have also been observed at other ANR sites in Ethiopia (Amanuel, 2020; Brown 
et al., 2011; Mamo Bahiru, 2008; Wolde et al., 2016). In this way, land restoration increases 
climate resilience.

These spatial model results are also in line with observations that in northern Ethiopia, area 
closures have more soil organic carbon, cation exchange capacity, and nutrients (Mamo 
Bahiru, 2008; Mekuria et al., 2011; Mekuria & Aynekulu, 2011), higher woody vegetation 
density and plant species richness and diversity (Eshetie et al., 2021; Mamo Bahiru, 2008; 
Mengistu et al., 2005), and less erosion than communal grazing land (Mekuria et al., 2009). 

Table 2. Spatial analysis results summary

2016
Post-

restoration Difference
Percent 
change

Carbon storage (tons) 121,257 360,826 239,569 197.57%

Habitat quality index 0.090 0.135 0.045 49.84%

Sediment export (tons) 103,952 35,756 -68,196 -65.60%

Runoff retention (m3) 3,983,638 4,271,946 288,308 7.24%

4.2 Land Cover Dynamics
The system dynamics model simulates land cover dynamics from 2003 through 2050. In this 
section, we present these simulated land cover changes. Note that due to limited data quality, 
the land cover maps in Appendix B do not show the same change over time.

At the beginning of the simulation, the cropland area increases in response to a growing 
population and then degrades. This cropland expansion encroaches on shrub and grassland. 
Also, when cropland degrades, new shrub and grassland is converted to crops. After 
approximately 10 years, there is no remaining shrub and grassland. Consequently, the crop 
area decreases due to land degradation (Figure 3, Figure 4). 
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The area closure is created in 2016 on degraded land. At this time, crop and pastureland 
are restricted from expanding into the enclosed area. This results in 628 hectares of restored 
land by 2022 (compared to the full 2,868 hectares that will be restored eventually). Because 
the land takes time to regenerate, and restoration is still ongoing, restoration is assumed 
to be underway throughout the simulation period, continuing until the point where the 
lost ecosystem services of the entire degraded area are regained.  The area of restored land 
increases throughout the simulation until the full 2,868 hectares is restored (Figure 5). This 
means that the value of the services provided by restoration increases as time progresses.

When ANR is conducted downland of the cropland, it has no impact on the degradation of 
cropland included in this simulation. There may be impacts on any areas downland of the 
ANR site, but that is outside of the scope of this assessment. Because agriculture cannot 
expand into the restoration site, the area of productive cropland continues to decrease at 
the same rate as in the business-as-usual scenario (Figure 3). The area of degraded land 
temporarily decreases but then increases as existing cropland erodes (Figure 4).

When the ANR site is upland of the cropland, the cropland degradation rate decreases and 
there is more productive cropland than when no intervention is made (Figure 3). In this case, 
the area of degraded land stabilizes at a low value (Figure 4). Specifically, in our simulation, at 
the end of 2035 under the business-as-usual scenario, in which no ANR is implemented, there 
is an area of 5,627 hectares of degraded land. With ANR implemented downland of cropland, 
this degraded area is reduced by 45% to 3,103 hectares in 2035. When ANR is implemented 
upland of cropland, only 837 hectares is degraded. This is an 85% reduction in degraded area 
in 2035. Thus, restoring land upland of cropland prevents the future expansion of degraded 
areas. This suggests that the climate adaptation benefits of land restoration will be larger when 
ANR is implemented in places where downstream impacts can be realized.

Figure 3. Area of productive cropland. When restoration is upland of cropland,  
the degradation rate decreases, so there is more productive cropland than when  
ANR occurs downland of the cropland.
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Figure 4. Area of degraded land. When ANR is upland of cropland, restoration has a 
larger impact on the area of degraded land because, in addition to restoring the ANR 
site, there is also less continued degradation downstream.
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Figure 5. Size of area closure and restored land. In 2016, 2,868 hectares was identified, 
out of which 628 hectares of degraded land was enclosed. Restored land continues to 
increase until the full 2,868 ha of the degraded land is restored.
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4.3 Integrated Cost-Benefit Analysis 
Table 3 presents the results of the undiscounted cost-benefit analysis. These results are 
cumulative over 20 years. ANR increases household income and has positive societal net 
benefits. However, to recognize these benefits, it is necessary to consider the avoided costs 
and indirect impacts of land restoration. We also note that the outputs in Table 3 depend on 
the inputs, some of which are uncertain. Further research could refine the numerical results. 
However, we have confidence that the overall conclusions are robust.

Table 3. Integrated cost-benefit analysis for the study area. All values are cumulative 
over 20 years (inflated, undiscounted). Net benefits are equal to (added benefits + 
avoided costs) – (direct costs + indirect costs). The benefit-to-cost ratio is equal to 
(added benefits + avoided costs – indirect costs) ÷ direct costs. Results are relative 
to a business-as-usual scenario with no policy intervention. Note that the negative 
indirect costs in the ANR upland of cropland scenario are an increase in crop income 
(i.e., a benefit).

ANR downland  
of cropland

ANR upland  
of cropland

Direct costs (million ETB)

Cost to create area closure 36.26 36.26

Enrichment planting and maintenance costs 666.87 666.49

Total direct costs 703.13 702.75 

Indirect costs (million ETB)

Loss of income due to restoration 7.25 -573.56

Livestock encroachment penalties 1.41 1.41

Total indirect costs 8.66 -572.15 

Added benefits (million ETB)

Grass production 21.38 21.35

Livestock encroachment penalties 1.41 1.41

Livestock production -0.16 -0.24

Wages 386.30 386.11

Total added benefits 408.93 408.63 

Avoided costs (million ETB)

Avoided carbon emissions 809.32 906.18

Total avoided costs 809.32 906.18
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ANR downland  
of cropland

ANR upland  
of cropland

Cost-benefit indicators

Net benefits (million ETB) 506.46 1,184.21

Benefit-to-cost ratio 1.72 2.69

Net benefits excluding avoided emissions (million ETB) -302.85 278.03

Benefit-to-cost ratio excluding avoided emissions 0.57 1.40

4.3.1 ANR Increases Household Income

In the business-as-usual scenario, the land regenerates much more slowly than cropland 
degrades. Thus, although small areas become available for crops, the total area under 
cultivation decreases with time. When the restoration site is established on degraded land  
in 2016, the enclosed area regenerates much more quickly. However, unlike in the business-
as-usual case, this newly productive land is not converted to cropland or pastureland. 
Furthermore, if the ANR site is downland of the cropland, then restoration does not improve 
cropland productivity outside of the enclosure. Thus, cumulative crop income over 20 years 
is slightly smaller in the ANR downland of cropland scenario than in the business-as-usual 
scenario. Yet, such ANR interventions bring benefits that outweigh the loss. For example, 
local stakeholders have reported harvesting 14.8 tons of grass per hectare of regenerated land 
annually. Over the 20-year simulation, we estimate that grass harvesting creates over ETB  
21 million, adjusted for inflation, if productivity remains constant. This is almost three times 
the estimated foregone ETB 7.25 million in crop revenue (Table 3). Furthermore, without 
cut-and-carry systems for livestock fodder, livestock productivity also decreases (Box 1). 
However, as noted, other valuable products offset these losses (Table 3). 

Additionally, land restoration creates jobs for the local community. Specifically, we estimate 
that over 20 years, cumulative wages for creating, maintaining, and guarding the area closure 
would total ETB 666 million. Thus, total household income increases when the land is 
allowed to regenerate.

If the restoration site is upland of the cropland, then the increase in income is larger because 
there is more income from crops, in addition to the added benefits. This crop income is shown 
in Table 3 as a negative indirect cost. 

Comparing ANR upland of cropland and ANR downland of cropland, the differences in 
cropland degradation lead to nonlinear impacts on other land cover dynamics and livestock. 
This leads to small differences in enrichment planting and maintenance costs, livestock 
production, and wages across the two scenarios. 
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Despite the income benefits of ANR, it has been observed that at the restoration site in 
Humbo district in SNNP, there may be pressure from landless people to encroach on the 
forest (Wolde et al., 2016). Ensuring that income from ANR is fairly distributed could lower 
the threat of encroachment.

Box 1. Livestock fodder produced in area closures increases 
income

ANR sites can provide fodder for livestock through cut-and-carry systems. We have not 
included this in the cost-benefit analysis because local stakeholders did not indicate 
that fodder is collected from the Sodo site. However, gathering fodder would increase 
the productivity of livestock and create more income for farmers in the area. 

If the fodder produced and gathered from 1 hectare of the enclosure is equivalent to  
1 hectare of healthy pastureland, then our model estimates that land restoration could 
increase income from animal products by ETB 138 million (inflated, undiscounted) over 
20 years. Furthermore, the improved livestock would increase crop income by ETB  
167 million (inflated, undiscounted) over the same time frame. Combined with wages  
and grass income, these benefits would make ANR economically viable without 
considering carbon payments even when there are no downstream impacts on cropland.

Further research could identify the lowest possible value of fodder production compared 
to healthy pastureland that keeps downstream ANR feasible in the absence of carbon 
finance. This would enable recommendations regarding the amount of fodder production 
required to offset the costs of ANR.

4.3.2 Avoided Costs and Indirect Benefits Are Important

Grass production and other direct benefits, such as job creation, do not cover the cost of 
ANR. The project is economically viable only when also considering the indirect impacts  
and/or avoided costs (Table 3).

If the ANR site is located downland of the agricultural land (as is the case for the Sodo 
site), carbon payments are needed to economically justify restoration. This highlights the 
importance of valuing externalities, such as carbon storage, when assessing NBI projects.

When ANR is upland of cropland, the value of carbon storage is greater (Table 3). This 
is because productive cropland stores more carbon than degraded land. Thus, if cropland 
degradation is reduced (for example, when ANR is implemented upland of croplands),  
there will be more carbon sequestered.

IISD.org


IISD.org    20

Sustainable Asset Valuation of Land Restoration in Sodo District, Southern Ethiopia

If the restored land is upland of cropland, then there is more productive cropland and, 
therefore, more crop income. This additional agricultural income makes the net benefits 
positive without including carbon payments. This result is supported by outcomes at other 
ANR sites. For example, land restoration in Humbo district has been shown to increase crop 
yields and to be economically viable and socially acceptable for the community without carbon 
payments (Brown et al., 2011). This shows that multiple sources of income can make ANR 
more attractive.

It is possible that we are underestimating the value of cropland (see Section 2.3.1.2). If 
this is the case, then the net benefits of ANR below cropland would decrease because, in 
this situation, there is less cropland over the course of 20 years, and losing a more valuable 
resource results in lower net benefits. Conversely, the net benefits of ANR above cropland 
would increase because, in this case, cropland area increases. Thus, if cropland expenditure 
is lower than what we have assumed, then locating ANR above cropland becomes more 
important for value creation.

4.4 Financial Indicators
Without the opportunity cost, when considering all externalities and indirect impacts 
(including carbon sequestration benefits), ANR downland of cropland has a positive S-NPV 
(equal to ETB 234.64 million) and a large S-IRR (equal to 68.7%), which demonstrates the 
investment worthiness of ANR. 

When including the investment opportunity cost, the S-NPV of ANR downland of cropland 
is ETB 185.03 million, and the S-IRR is 29.4% (Table 4). This suggests that the societal 
benefits of land restoration are larger than the increase in GDP that would be expected from 
an average investment of the same size.

However, when we exclude the carbon benefit from the calculations, the NPV and IRR are 
negative if the restoration site is located downland of cropland. This is because if there is 
no increase in crop income and no benefit from carbon finance, the cash flow in each year 
is negative. In this case, the NPV is less than 0, and the IRR is incalculable (Table 4). This 
demonstrates the importance of accounting for carbon storage in valuations of ANR as NBI. 

Considering the case where ANR is upland of cropland, the IRR is over 90% even without 
carbon payments and the NPV is ETB 473.51 million (ETB 423.90 million when including 
the opportunity cost) (Table 4). The increase in crop income raises the financial attractiveness 
of land restoration, highlighting the importance of income generation to make restoration 
financially feasible.
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Table 4. Financial analysis for the study area. ANR is financially attractive if  
it is located upland of cropland or carbon payments are included. Note that  
the negative loss of crop income is the same as an increase in crop income.

ANR downland  
of cropland

ANR upland  
of cropland

Present value of costs (million ETB)

Cost to create area closure 36.26 36.26

Enrichment planting and maintenance costs 210.89 210.72

Total monetary costs 247.15 247.98

Loss of crop income due to restoration 2.48 -196.61

Livestock encroachment penalties 0.44 0.44

Government opportunity cost 49.61 49.61

Total indirect costs 52.53 -146.56

Total costs 299.68 101.42

Present value of benefits (million ETB)

Grass production 6.76 7.75

Livestock encroachment penalties 0.44 0.44

Livestock production -0.06 -0.09

Wages 145.45 145.36

Total added benefits 152.59 153.46

Avoided carbon emissions 651.16 729.10

Total avoided costs 651.16 729.10

Total benefits 803.75 881.56

Financial indicators

S-NPV with all costs and benefits (million ETB) 185.03 423.90 

S-NPV without opportunity cost (million ETB) 234.64 473.51 

NPV without avoided emissions or opportunity cost 
(million ETB)

-97.47 101.66

S-IRR with all costs and benefits 29.4 % 41.1 % 

S-IRR without opportunity cost 68.7 % 106.4 % 

IRR without avoided emissions or opportunity cost - 94.6 %
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5.0 Conclusions and the Way Forward
In this report, we have presented the results of a SAVi assessment of ANR in Ethiopia. 
We used spatial models to quantify changes in carbon storage, habitat quality, sediment 
export, and water retention. We then quantified the costs and benefits, including social and 
environmental externalities, in an integrated cost-benefit analysis and financial assessment.

Our results show that land restoration generates net benefits for society while also mitigating 
climate change. Allowing degraded land to recover can increase water retention and decrease 
erosion, thus supporting climate adaptation in rural Ethiopia. Furthermore, grass from 
restored land can be sold as a source of household income. In general, we have shown that the 
income created by ANR is larger than the income that could be earned in a business-as-usual 
scenario. Land restoration can also increase the productivity of cropland if crops are located 
downland of the area closure. 

We find that it is important to ensure carbon payments are accounted for in land restoration 
projects and/or that restoration has impacts on cropland outside of the restoration area. For 
example, situating the area closure upland of cropland makes ANR more economically feasible 
than when it is situated downland from the cropland. In this case, both the enclosed area and 
downstream cropland benefit. Whereas if ANR is implemented downland of cropland, only 
the enclosed area is restored. Alternatively, carbon financing can also make ANR financially 
attractive. Thus, when ANR is downland of cropland, carbon credits should be considered as a 
way to increase the benefit-to-cost ratio.

When considering these externalities and indirect impacts, the project has a positive S-NPV 
and a large S-IRR. This demonstrates that ANR can be an effective and financially viable 
strategy in Ethiopia to combat land degradation, support rural livelihoods, and increase 
climate resilience. The findings also illustrate that improving grass fodder production from 
ANR through a cut-and-carry system makes ANR feasible regardless of the location in the 
landscape, even in the absence of carbon finance. These results are aligned with other studies 
demonstrating that ANR is feasible and sustainable in Ethiopia (see Brown et al. [2011]; 
Mamo Bahiru [2008]; Tefera et al. [2005]).

These results can inform government decision making regarding land restoration. For 
example, extrapolating our results can support the business case for ANR in other locations. 
Furthermore, the system dynamics model developed for this assessment could be integrated 
into the national-level GEM and other relevant assessments and plans. This will provide 
additional opportunities to explore the potential for land restoration at the national level, 
where 10 to 20 million hectares of land could be regenerated by 2050, in the context of both 
climate change mitigation and adaptation investments and to generate development co-
benefits. The area included in this study, which represents less than 0.03% of the total 10–20 
million hectares, can provide useful lessons that will inform decisions in Ethiopia's efforts for 
ambitious landscape restoration targets in response to global calls for partnership.
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We have shown that, if priced, carbon storage is a large benefit of ANR. This is a result that 
could be of interest to both public and private sector actors. For example, governments can 
use these results to design strategies for setting and achieving emissions reduction targets in 
the land use sector in part through the use of carbon markets. Also, the private sector may 
be interested in understanding the carbon credit value of investing in restoration for carbon 
sequestration.

At the local level, stakeholders are involved in the day-to-day management of ANR sites, 
and they can use the results of this assessment to make informed decisions regarding land 
restoration. The results demonstrate the local benefits, including income creation and climate 
resilience, of ANR. Highlighting the climate adaptation and agricultural productivity value of 
land restoration could help generate local buy-in.

The development and climate benefits of ANR demonstrate its investment worthiness for 
sustainable development. By quantifying the societal costs and benefits, this report can further 
motivate investments in land restoration to support rural livelihoods and development, while 
also building resilience to climate change and mitigating greenhouse gas emissions.
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Appendix A. Model Inputs
The numerical inputs for the system dynamics model are included in Table A1.

Table A1. Model inputs and assumptions

Variable 
name Unit Value Assumptions, notes, and sources

Data inputs and assumptions for population and livestock dynamics

Initial 
population in 
2003

People 9,038 Estimated, so that population in 
2022 is 13,922, as reported by local 
stakeholders. 

Population 
growth rate

Percent 2.3% The rural population growth rate in 
Ethiopia is 2.3% (Population Reference 
Bureau, 2009). 

Initial 
livestock in 
2003

Head 13,557 Estimated, so that there are 1.5 
animals per person at the beginning of 
the simulation.

Desired 
livestock per 
person

Head/ 
person

1.5 With an average of 8.8 animals and 6 
people per household in the Southern 
Nations, Nationalities, and Peoples 
Region (Yimer, 2016) we estimate 8.8 ÷ 
6 = 1.5 head of livestock per person.

Grazing area 
required per 
animal

Hectare/ 
animal

0.22 Assumed to be equal to the grass and 
shrubland per animal at the beginning 
of the simulation.

Impact of 
grazing area 
on livestock 
productivity

Percent Increases linearly 
from -3.95% to 

3.95% as the 
ratio between 

actual and 
required land per 
animal increases 

from 0 to 1

Assuming USD 51.696 million  
(ETB 2.644 billion) in livestock losses 
due to land degradation every year 
(Gebreselassie et al., 2016) and a 
national livestock production value of 
ETB 69.595 billion per year (Behnke & 
Metaferia, n.d.), we estimate that the 
2.644 billion ÷ 69.55 billion = 3.8% of 
potential livestock production is lost 
each year due to land degradation. 
We assume that this 3.8% reduction 
occurs when there is 50% of the 
required land for animals. Assuming 
the national average holds at the 
local level, this means that production 
in a degraded area could increase 
by 3.8 ÷ (100 – 3.8) = 3.95% if land 
is restored. Finally, we assume that 
the relationship between the share 
of required land that is available for 
grazing and the percent change in 
livestock production is linear.
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Variable 
name Unit Value Assumptions, notes, and sources

Share of 
livestock sold

1/year (1 – grazing land 
per animal ÷ 

required land per 
animal) × 0.01

Assumed 

Data inputs and assumptions for household income

Crop producer 
price in 2018

ETB/ 
hectare/ 
year

24,706 We assume 8,671 hectares of cropland 
(based on land cover map) and that 
55.6% is wheat, 22.5% is maize, 18.5% 
is teff, and 1.5% is beans, as reported 
by local stakeholders. Furthermore, 
stakeholders report that crop yield is 
3.6 tons per hectare per year for wheat, 
4 tons per hectare per year for maize, 
1.5 tons per hectare per year for teff, 
and 1.2 tons per hectare per year for 
beans. From the Food and Agriculture 
Organization of the United Nations 
(2021), we have that in Ethiopia, the 
producer prices of wheat, maize, and 
beans are ETB 8,390 per ton, ETB 
5,640 per ton, and ETB 13,930 per ton, 
respectively. We take the average 
of these to a producer price of ETB 
9,320 per ton of teff. We then take a 
weighted average using the area, yield, 
and producer prices of each crop to 
calculate the average producer price 
per hectare of cropland.

Crop producer 
price in 2022

ETB/ 
hectare/ 
year

109,359 We follow the same approach as was 
used to estimate the 2018 producer 
price but replace the Food and 
Agriculture Organization of the United 
Nations data with the following locally 
reported producer prices: wheat – ETB 
38,000 per ton, maize – ETB 23,000 
per ton, teff – ETB 43,000 per ton, 
beans – 37,000 per ton.

Desired 
livestock per 
hectare of 
cropland

Head/ 
hectare

1 Assumed to be equal to the animals 
per hectare of cropland at the 
beginning of the simulation
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Variable 
name Unit Value Assumptions, notes, and sources

Impact of 
number of 
livestock 
on cropland 
productivity

Unitless Decreases 
linearly from 

0.5 to 0 as the 
ratio between 

actual and 
desired livestock 

per hectare 
increases from 

0 to 1

Assumed

Impact of 
grazing area 
on livestock 
draft power

Percent Increases linearly 
from-3.95% to 

3.95% as the 
ratio between 

actual and 
required land per 
animal increases 

from 0 to 1

Assumed to be the same as the 
impact of grazing area on livestock 
productivity

Cropland 
expenditure in 
2018

ETB/ 
hectare/ 
year

20,000 Belay et al. (2020) report that the cost 
of production for irrigated cotton in 
Ethiopia is ETB 20,572 per hectare. We 
assume that rain-fed agriculture will 
be slightly less than this.

Livestock 
productivity in 
2022

ETB/ 
animal/ 
year

5,000 Assumed based on estimates from 
local stakeholders

Grass 
harvested 
per hectare 
of grass/ 
shrubland

Ton/ 
hectare/ 
year

14.8 Reported by local stakeholders 

Income per 
ton of grass in 
2019

ETB/ton 10.0 Local stakeholders report an average 
of ETB 148.6 per ton of grass harvested 
and 14.8 tons/hectare produced each 
year. Dividing these numbers, we get 
ETB 148.6 ÷ 14.8 = ETB10.0 per ton 
of grass harvested. When we assume 
that this is in 2019 values and adjust 
for consumer price inflation, nominal 
values over 2016–2021 match the 
observed average.
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Variable 
name Unit Value Assumptions, notes, and sources

Livestock 
encroachment 
penalties in 
2019

ETB/ 
hectare/ 
animal/ 
year

0.0004 Local stakeholders have reported ETB 
15,000 in encroachment penalties over 
three years with 628 hectares restored. 
This corresponds to ETB 15,000 ÷ 
3 ÷ 628 = 8.0 per hectare per year. 
Assuming 20,419 head of livestock 
(1.5 head per person × 13,922 people), 
we get ETB 0.00039 per hectare per 
animal per year. We assume that this  
is in 2019 values.

SWC 
structure 
construction 
jobs per 
hectare

Person-
days/ 
hectare

411.4 Reported by local stakeholders.

Enrichment 
planting and 
maintenance 
jobs per 
hectare

Person-
days/ 
hectare/ 
year

55.8 Local stakeholders have reported  
278.9 person-days of work per hectare 
over 5 years. We assume that this 
has been evenly spread over 5 years 
and will be constant throughout the 
simulation.

Guarding jobs 
per hectare

Person-
days/ 
hectare/ 
year

5.8 Local stakeholders have reported  
29.1 person-days of work per hectare 
over 5 years. We assume that this 
has been evenly spread over 5 years 
and will be constant throughout the 
simulation.

Wages per job 
in 2019

ETB/ 
person-
day

39.7 Local stakeholders report average 
payments of ETB 39.7 per person-day 
over the past 5 years. When we assume 
that this is in 2019 values and adjust 
for consumer price inflation, nominal 
values over 2016–2021 match the 
observed average.

IISD.org


IISD.org    33

Sustainable Asset Valuation of Land Restoration in Sodo District, Southern Ethiopia

Variable 
name Unit Value Assumptions, notes, and sources

Data inputs and assumptions for land cover dynamics

Initial grass 
and shrubland 
area

hectare 3,000 Assumed

Initial 
cropland area

hectare 5,000 Assumed

Initial 
degraded land 
area

hectare 0 Assumed

Desired 
cropland per 
person

Hectare/ 
person

0.55 Assumed equal to cropland per person 
at the beginning of the simulation

Cropland 
degradation 
rate

Percent/ 
year

4% Assumed so that all grass and 
shrubland is converted to crops or 
degraded by 2016.

Grass/
shrubland 
degradation 
rate

Percent/ 
year

Increases from 
2% to 2.2% 

as the area of 
grazing land per 

head of livestock 
decreases from 

0.22 hectares to 
0 hectares.

Assumed to be approximately half the 
cropland degradation rate.

Degraded land 
regeneration 
rate

Percent/ 
year

0.08% Hurni et al. (2010) report that 
regeneration is 10–100 times slower 
than degradation.

Regeneration 
rate in area 
closures

Percent/ 
year

Increases from 
0.1% to 15% 

per year as the 
area of grass 

and shrubland 
increases from 

0 to 1,000 
hectares

Calibrated so that there is an area 
between 600 and 700 hectares of 
restored grassland in 2022, as per 
current observations.
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Variable 
name Unit Value Assumptions, notes, and sources

Data inputs and assumptions for carbon emission calculations

Carbon stored 
per hectare 
of grass and 
shrubland

Ton/ 
hectare

115.35 (Intergovernmental Panel on Climate 
Change [IPCC], 2006)

Carbon stored 
per hectare of 
cropland

Ton/ 
hectare

13.89 (IPCC, 2006)

Carbon stored 
per hectare of 
degraded land

Ton/ 
hectare

0 (IPCC, 2006)

Value of 
carbon credits 
in 2022

ETB/ ton 511.4 Assumed to be USD 10 per ton 
("Ethiopian Coffee Farmers Earn," 2020; 
Telaye Mengistu et al., 2019). With an 
exchange rate of ETB 51.14 per USD, 
this corresponds to ETB 511.4 per ton.

Data inputs and assumptions for investment and maintenance costs

Planting and 
maintenance 
costs per 
hectare 
excluding 
labour costs  
in 2019

ETB/ 
hectare/ 
year

2,184.3 Local stakeholders have reported 
planting and maintenance costs of 
ETB 10,921.4 per hectare over 5 years. 
We assume that this has been evenly 
spread over 5 years and that real 
values will be constant throughout 
the simulation. When we assume that 
this is in 2019 values and adjust for 
consumer price inflation, nominal 
values over 2016–2021 match the 
observed average. 

Construction 
costs per 
hectare 
excluding 
labour costs  
in 2016

ETB/ 
hectare

736.6 Local stakeholders have reported 
construction costs of ETB 736.6 per 
hectare in 2016. 

Maintenance 
labour costs  
in 2019

ETB/ 
hectare/ 
year

2,445.5 Assumed equal to the number of 
jobs for enrichment planting and 
maintenance and guarding multiplied 
by wages.

Construction 
labour costs  
in 2016

ETB/ 
hectare

16,332.6 Assumed equal to the number of 
jobs for SWC structure construction 
multiplied by wages.
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Appendix B-Spatial Analysis Report

B1. Model Setup

B1.1 Study Area and Aim of This Spatial Analysis

The study area of this analysis is shown in Figure B1.

Figure B1. Location of the study area. Coordinates of the centre of the study area are 
8.1664 °N, 38.6333 °E.

Source: Authors’ diagram.

In this study area, a restoration project has been implemented since 2016. Specifically, by the 
end of the project, 2,868 hectares of degraded land will be enclosed (initially 628 hectares 
were enclosed). This spatial analysis aims to understand how some key ecosystem services 
change in response to restoring the full 2,868 hectares. 
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B1.2 Land Cover Maps

We received a land-use/land cover (LULC) map from 2003 and the areas that will be restored 
by the end of the project. We also created a LULC map of 2016 showing no grassland and 
shrublands. From this, we concluded that all shrub and grassland had been converted to 
crops by 2016. Furthermore, the land cover map does not show any degraded land. However, 
we know that restoration was undertaken on degraded land and that land degradation is a 
problem in this location and other places in Ethiopia. The most logical explanation for this 
discrepancy is that the land cover map does not distinguish between productive cropland and 
cropland that has degraded. Note that this is different from the system dynamics model, in 
which we simulate changes in land cover over time and can differentiate between cropland 
and degraded land. We also do not have precise information regarding the land cover class 
of the enclosed areas after restoration is complete. That is, we do not know if they are forest, 
grassland, shrubland, or something else. We only know that they were degraded in 2016 and 
are or will be restored. Thus, we classify these areas as “restored areas” and do not provide a 
specific land cover class.

Figure B2 shows the LULC in 2003. Figure B3 shows the LULC in 2016. Figure B4 shows 
the LULC after restoration. Table B1 shows the number of ha of each land class in every 
LULC map. 

Figure B2. LULC 2003

Source: Authors’ diagram.
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Figure B3. LULC 2016

Source: Authors’ diagram.

Figure B4. LULC after restoration

Source: Authors’ diagram.
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Table B1. Number of ha of each land class in different years. Note that “Restored 
Areas” likely includes shrubland, grassland, and/or forest. The “Shrubs” and 
“Grassland” categories represent areas known to be shrubs and grassland (not areas 
that will be shrubs or grassland in the future). Because we do not know the future 
land cover class of areas to be restored, we keep “Shrubs” and “Grassland” as 0 for 
future conditions and classify all potential future shrub and grassland as “Restored 
Area.” Also note that “Cropland” includes both productive cropland and cropland that 
has degraded, as we do not have sufficient information to distinguish between the 
categories in the land cover map.

Number of ha

Land classes 2003 2016 After restoration

Trees 18.67 6.95 4.45

Shrubs 443.26 0 0 

Grassland 40.87 0 0

Cropland 8,152.8 8,670.88 5,800.65

Urban Areas 0 5.55 5.55

Bareland 52.86 43.23 27.66

Wetland 0.63 0.12 0.12

Restored Areas 0 0 2,897.2

B1.3 Coordination System

Based on a world project coordinate system called “V WGS 84/Pseudo-Mercator –  
Spherical Mercator – ESPG: 3857”

Here is the detail of the coordinate system:
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B1.4 Software and Simulation

The ecosystem services map simulation has been performed using InVEST Software V.3.9.2 
(Natural Capital Project, 2019). The inputs spatial data for the InVEST model have been 
prepared by utilizing QGIS-OSGeoW-3.4.2-1 (qgis.org/downloads/). The tabulated data were 
managed and prepared in MS Excel V. 2016. 

B2. Carbon Storage

B2.1 Input Data Preparation and Processing

1. LULC maps: See Section B1.2.

2. Carbon Pools: Table of LULC classes, containing data on carbon stored in each  
of the four fundamental pools for each LULC class. 

• Carbon above ground: The values of carbon density in aboveground mass 
(Megagrams [Mg]/ha or tons/ha) of each land-use type are shown in Table B2.

• Carbon below ground: The values of carbon density in belowground mass (Mg/ha) 
of each land-use type are shown in Table B2.

• Carbon stored in organic matter: The values of carbon density in dead mass  
(Mg/ha) of each land-use type are shown in Table B2. 

• Carbon stored in soil: The values of carbon density in dead mass (Mg/ha) of each 
land-use type are shown in Table B2.

The unit of measurement for these coefficients is Mg/ha. Average carbon coefficients values 
have been found in the 2006 IPCC Guidelines for National Greenhouse Gas Inventories report, 
chapter 4, “Agriculture, Forestry and Other Land Use” (IPCC, 2006).

Table B2. Carbon pools

lucode Land use C_above C_below C_soil C_dead

2 Trees 37.6 10.15 65.6 2

4 Shrubs 32.9 8.88 6.35 0

5 Grassland 23.5 6.35 6.35 0

7 Cropland 9.87 2.66 1.36 0

8 Urban Areas 0 0 0 0

10 Bareland 0 0 0 0

14 Wetland 56.4 15.23 64.98 2

15 Restored 
areas

18.8 10.15 65.6 2
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B2.2 Results 

Figure B5, Figure B6, and Figure B7 show the amount of carbon stored (in Mg) in each 
pixel in 2003, 2016, and after restoration, respectively. They are a sum of all the carbon pools 
provided by the biophysical table.

Figure B5. Carbon model outputs – 2003

Source: Authors’ diagram.

Figure B6. Carbon model outputs – 2016

Source: Authors’ diagram.
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Figure B7. Carbon model outputs – after restoration

Source: Authors’ diagram.

Table B3. Carbon pool statistics

Year Carbon stored (Mg) Change from 2003 Change from 2016

2003 138,297

2016 121,257 -12.32%

After restoration 360,826 160.91% 197.57%

As Table B3 shows, after restoration, carbon storage increases by more than 160% compared 
to 2003 and by almost 200% compared to 2016, due to the increase in restored areas (also,  
in 2016, the landscape does not show grassland and shrubland; this is why carbon storage  
has decreased from 2003 by more than 12%).

B3. Habitat Quality 

B3.1 Input Data Preparation and Processing

1. LULC maps: See Section B1.2.

2. Half-saturation constraint: The default value of 0.5 was used.

3. Threat data: Several major issues, such as cropland areas and urban areas, have been 
identified as potential threats to the natural habitat and biodiversity. See Table B4.  
See Table C11 for data sources.
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Table B4. Table of threat (maximum distance, weighted value, and decay function)  
for InVEST simulation

N. Threat name Max. distance Weighted value Decay function

7 Cropland 4 km 0.7 Linear

8 Urban areas 7.1 km 0.7 Linear

4. Sensitivity of land cover types to each threat: Table B5 characterizes each  
LULC type to be habitat or non-habitat and the type’s sensitivity to the threats  
(see Table C12). The table contains the following fields:

4.1  LULC: Codes identify each LULC class

4.2  Name: Abbreviation of each LULC class

4.3  Habitat: Score characterizing each LULC as habitat or non-habitat. The values 
of 0 and 1 are used for the purpose, with 0 for non-habitat class and 1 for habitat 
class of LULC.

4.4 L_crop_7, L_urb_8: These are columns for the relative sensitivity of LULC 
classes to the threat. In this case, L_crop_7 contains the value for the sensitivity of 
each LULC class to “Cropland” threat and L_urb_8 sensitivity to “Urban areas.”

Table B5. Table of sensitivity of land cover types to each threat for InVEST 
simulation

LULC
Land-use 
name Habitat L_crop_7 L_urb_8

2 Trees 1 1 1

4 Shrubs 0.5 1 1

5 Grassland 0.5 1 1

7 Cropland 0.4 1 1

8 Urban areas 0 0 0

10 Bareland 0 0 0

14 Wetland 1 1 1

15 Restored areas 1 1 1

B3.2 Results 

Figure B8, Figure B9, and Figure B10 show the relative level of habitat quality in the study 
area in 2003, 2016, and after restoration, respectively. Higher numbers indicate better habitat 
quality vis-à-vis the distribution of habitat quality across the rest of the landscape. Areas on 
the landscape that are not habitat get a quality score of 0. The habitat score values range from 
0 to 1, where 1 indicates the highest habitat suitability.
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Figure B8. Scores of habitat quality (2003)

Source: Authors’ diagram.

Figure B9. Scores of habitat quality (2016)

Source: Authors’ diagram.
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Figure B10. Scores of habitat quality (after restoration)

Source: Authors’ diagram.

Table B6. Habitat quality statistics

Year Mean of HQ Change from 2003 Change from 2016

2003 0.092

2016 0.090 -1.70%

After restoration 0.135 47.28% 49.84%

As Table B6 shows, after restoration, the mean habitat quality increases by more than 47% 
and 49% compared to 2003 and 2016, respectively, due to the increase in restored areas.

B4. Annual Sediment Delivery Ratio 

B4.1 Input Data Preparation and Processing

1. Digital elevation model (DEM) raster: The hydrologically conditioned elevation 
dataset distributed by HydroSHEDS (https://www.hydrosheds.org/) was downloaded 
on April 20th, 2022, for InVEST sediment model input. The data were prepared for 
hydrological model input purposes mainly for flow direction, accumulation simulation, 
and river network and basin delineation. The dataset was filled with missing data 
values and seeded inland sinks and depressions on original SRTM-3 and DTED-
1 DEM. The original spatial resolution of the dataset is 30 arc-second. The data is 
provided in geographic projection (latitude/longitude) referenced to the WGS84 
horizontal datum, and EGM96 vertical datum. Its elevation values are in metres. The 
HydroSHEDS’s data technical report can be found at https://www.hydrosheds.org/.
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2. Rainfall erosivity index (R) raster: A GIS raster dataset containing erosivity index 
for each cell. This variable depends on the intensity and duration of rainfall in the 
area of interest. The greater the intensity and duration of the rainstorm, the higher 
the erosion potential. The erosivity index is widely used, but in the case of its absence, 
there are methods and equations to help generate a grid using climatic data. Its value is 
MJ*mm*(ha*h*yr)-1. The R factor dataset in a spatial resolution of 25 km downloaded 
from Borrelli et al. (2013) was employed for this study. The technical report of the data 
also can be found here: https://static-content.springer.com/esm/art%3A10.1038%2
Fs41467-017-02142-7/MediaObjects/41467_2017_2142_MOESM1_ESM.pdf.

3. Soil erodibility (K) raster: A raster dataset of soil erodibility. It is a measure of the 
susceptibility of soil particles to detachment and transport by rainfall and runoff. Its 
value is in T.ha.h.(ha.MJ.mm)-1. The spatial resolution of 25 km of soil erodibility 
download from Borrelli et al. (2013) was used in this study. 

4. LULC maps: See Section B1.2.

5. Watershed polygons: A shapefile of polygons of watersheds such that each watershed 
contributes to a point of interest where water quality will be analyzed. Since the study 
area was already small, we could not find any shapefile of watershed small enough to 
cover it. Therefore, we used the shapefile of the study area (see Figure B1).

6. Biophysical table: A table containing model information corresponding to each of 
the LULC types (see Table B7). The table has the following fields:

6.1  Lucode (land-use code): Unique integer identifier for each LULC class.

6.2  LULC_desc: Nominal name for each LULC class.

6.3  usle_c: This refers to the cover management factor (sometimes called the cropping 
management factor [C factor]) for the universal soil loss equation (USLE). This 
value is used to calculate the cover management in USLE. The C factor represents 
the effect of surface cover and roughness on soil erosion. The cover factor is the 
most common factor used to assess the impact of best management practices on 
reducing erosion because the C factor represents the effect of land use on soil 
erosion (Renard et al., 1997). Erosion control blankets and surface applied best 
management practices such as blown straw are represented as C factors within 
RUSLE. By definition, C = 1 under standard fallow conditions. As the surface 
cover is added to the soil, the C factor value approaches zero. For example, a C 
factor of 0.20 signifies that 20% of the amount of erosion will occur compared 
to continuous fallow conditions. C factors vary from region to region because 
they are strongly influenced by different Rainfall Erosivity Index (R) factors 
(Wischmeier & Smith, 1978). In the InVEST model, its value is stored in a float 
value ranging from 0 to 1.

6.4  usle_p: This refers to the management practice, support, or conservation practice 
factor (P factor) in USLE. The P factor reflects the impact of support practices on 
the average annual erosion rate. P is the ratio of soil loss with a support factor to 
that with straight row farming up and down slope. Strip-cropping, contouring, and 
terracing are all activities that are considered support practices by RUSLE. The 
support factor is unitless, and its value is stored in a float value ranging from 0 to 1.

IISD.org
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-017-02142-7/MediaObjects/41467_2017_2142_MOESM1_ESM.pdf
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-017-02142-7/MediaObjects/41467_2017_2142_MOESM1_ESM.pdf


IISD.org    46

Sustainable Asset Valuation of Land Restoration in Sodo District, Southern Ethiopia

Table B7. Biophysical table annual sediment delivery ratio

lucode Land-use name usle_c usle_p

2 Trees 0.01 0.07

4 Shrubs 0.15 0.15

5 Grassland 0.2 0.17

7 Cropland 0.5 0.4

8 Urban Areas 0.5 0.1

10 Bareland 0.8 0.25

12 Wetland 0.013 0.07

14 Restored areas 0.013 0.07

15 Land-use name 0.01 0.07

7. Threshold flow accumulation: The number of upstream cells that must flow into a 
cell before it is considered part of a stream, which is used to classify streams from the 
DEM. This threshold directly affects the expression of hydrologic connectivity and the 
sediment export result: when a flow path reaches the stream, sediment deposition stops 
and the sediment exported is assumed to reach the catchment outlet. It is important to 
choose this value carefully so modelled streams come as close to reality as possible. In 
this study, the value of 10 was used for this study as the pixel resolution of the model is 
10 m.

8. Borseli K parameter (kb) and Borseli IC0 parameter (IC0): Two calibration 
parameters that determine the shape of the relationship between hydrologic 
connectivity (the degree of connection from patches of land to the stream) and the 
sediment delivery ratio (percentage of soil loss that actually reaches the stream). The 
default values of kb=2 and IC0=0.5 were used in the simulation.

9. Max SDR value (SDRmax): The maximum SDR that a pixel can reach, which 
is a function of the soil texture. More specifically, it is defined as the fraction of 
topsoil particles finer than coarse sand. This parameter can be used for calibration in 
advanced studies. Its default value of 0.8 was used.
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B4.2 Results 

The main outputs of this model are shapefiles containing biophysical output values per 
watershed, with the following attribute:

• sed_export (tons/pixel): Total amount of sediment exported from each pixel that 
reaches the stream.

Table B8. Annual sediment delivery ratio statistics

Year
Sediment export 

(tons) Change from 2003 Change from 2016

2003 103,420

2016 103,952 0.51%

After restoration 35,756 -65.43% -65.60%

Table B8 shows the total sediment export in 2003, 2016, and after restoration. The outputs 
indicate that sediment export decreases by more than 65% after restoration compared to both 
2003 and 2016 due to the newly restored areas.

B5. Flood Risk 

B5.1 Input Data Preparation and Processing

1. LULC maps: See Section B1.2.

2. Depth of rainfall in mm: For this analysis, we used 125 mm as a reference since this 
value is indicated by FloodList (2020) when a rainfall event was recorded in 24 hours 
in Bahir Dar.

3. Watershed vector: See Section B4.1.

4. Soils hydrological group raster: Raster of categorical hydrological groups. Pixel 
values must be limited to 1, 2, 3, or 4, which correspond to soil hydrologic group A, 
B, C, or D, respectively (used to derive the curve number [CN]). The dataset can be 
requested from Gijs Simons MSc at futurewater.eu/about-us/our-team/gijs-simons/.

5. Biophysical table: A table containing model information corresponding to each  
of the land use classes in the Land Cover Map (Table B9). All LULC classes in the  
Land Cover raster must have corresponding values in this table. These values have 
been derived from sample data provided by InVEST. Each row is a LULC class,  
and columns must be named and defined as follows:

• lucode LULC class code. LULC codes must match the “value” column in the land 
cover map raster and must be integer or floating-point values, in consecutive order, 
and unique.

• CN values for each LULC type and each hydrologic soil group. Column names 
should be: CN_A, CN_B, CN_C, CN_D, with the letter suffix corresponding to  
the hydrologic soil group.
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Table B9. Biophysical table

lucode Land-use name CN_A CN_B CN_C CN_D

2 Trees 45 66 77 83

4 Shrubs 49 69 79 84

5 Grassland 49 69 79 84

7 Cropland 64 75 82 85

8 Urban Areas 89 92 94 95

10 Bareland 77 86 91 94

14 Wetland 36 70 73 79

B5.2 Results 

Figure B11, Figure B12, and Figure B13 show the runoff retention volumes (m3) in the study 
area in 2003, 2016, and after restoration, respectively.

Figure B11. Runoff retention values (m3) – 2003

Source: Authors’ diagram.
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Figure B12. Runoff retention values (m3) – 2016

Source: Authors’ diagram.

Figure B13. Runoff retention values (m3) – after restoration

Source: Authors’ diagram.
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Table B10. Runoff retention statistics

Year
Runoff retention 

(m3) Change from 2003 Change from 2016

2003 4,010,564

2016 3,983,638 -0.67%

After restoration 4,271,946 6.52% 7.24%

As Table B10 shows, after restoration the total runoff retention increases by more than 6.5% 
and 7.2% compared to 2003 and 2016, respectively, due to the increase in restored areas.
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Appendix C. Habitat Threat Tables

Table C1. Habitat Quality model – references, “threat table”

Threat
Max_

distance

Max_
Distance 
adopted 
sources

Weighted 
value

Weight 
value 
adopted 
sources

Decay 
function

Decay 
func. 
adopted 
sources

Cropland 4 km (Terrado, 
et al., 
2016)

0.7 (Bhagabati, 
et al., 2012)

Linear (Bhagabati 
et al., 2012)

Urban 
areas

7.1 km (Terrado, 
et al., 
2016)

0.7 (Bhagabati, 
et al., 2012)

Linear (Bhagabati 
et al., 2012)

Table C2. Habitat Quality model – references, “threat sensitivity table”

Value Habitat

Habitat 
adopted 
sources

Sensitivity 
to 

agricultural 
source

Sensitivity 
to agri 
source 
adopted 
sources

Sensitivity 
to urban 

areas 
sources

Sensitivity 
to urban 
area 
adopted 
sources

2 1 (Bhagabati 
et al., 2012)

1 (Bhagabati, 
et al., 2012)

1 (Bhagabati 
et al., 2012)

4 0.5 (Bhagabati 
et al., 2012)

1 (Bhagabati, 
et al., 2012)

1 (Bhagabati 
et al., 2012)

5 0.5 (Bhagabati 
et al., 2012)

1 (Bhagabati, 
et al., 2012)

1 (Bhagabati, 
et al., 2012)

7 0.4 (Terrado  
et al., 2016)

0.03 (Terrado  
et al., 2016)

0.69 (Terrado  
et al., 2016)

8 0 (Sulistyawan 
et al., 2017)

0 (Sulistyawan 
et al., 2017)

0 (Sulistyawan 
et al., 2017)

10 0 (Sulistyawan 
et al., 2017)

0 (Sulistyawan 
et al., 2017)

0 (Sulistyawan 
et al., 2017)

14 1 (Sulistyawan 
et al., 2017)

1 (Bhagabati, 
et al., 2012)

1 (Bhagabati, 
et al., 2012)
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