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Executive Summary

There has been a great deal of recent interest in Nature-based Solutions (NbS) as an approach
to tackle climate change with socio-economic and environmental co-benefits. Aspects of NbS
include storing carbon to mitigate climate change, maintaining areas of vegetation to protect
against higher temperatures, preventing further climate-driven increases in storm severity and
frequency and the providing of a range of other services, such as pollination and treatment of
pollution. In essence, NbS are an ecological approach to climate change action, whilst also
enhancing the resilience of natural and managed ecosystems and the human settlements that
adjoin them.

While a number of definitions of NbS have been proposed, none have been universally
adopted. The lack of unanimity on a definition may not be surprising, given the range of
objectives included in the approach. Because there is not yet a clear consensus as to what
constitutes an NbS, there is sometimes disagreement among advocates as to what deserves the
designation, and which approaches are best in particular circumstances.

This report considers the economic attributes of NbS for addressing three aspects: mitigating
climate change, adapting to climate change, and providing other ecosystem services. The
second and third categories are discussed together, as the characteristics of NbS in adapting to
climate change and providing other ecosystem services are similar. For both climate change
adaptation and ecosystem service flows, i) geographical context is critical, ii) the principle of
diminishing returns often implies that the marginal value of services declines quickly in the
geographical scale of the ecosystem providing them, and iii) mature ecosystems are likely to be
most effective in generating benefits. This is in contrast to NbS for carbon storage, where
values are largely independent of the location at which carbon is sequestered, the contributions
of NbS are not of a large enough magnitude relative to the need to induce sharply diminishing
returns, and the incremental yearly contributions of mature forests, grasslands, or other
ecosystems decline to zero as the natural system approaches a carbon-neutral steady state.

There is widespread agreement that undisturbed forests and grasslands, among other
ecosystems should be maintained as part of NbS. The value of the carbon they sequester will
generally exceed the earnings that could be realized from converting them to other uses, and
they often provide many additional ecosystem services. While mature ecosystems may provide
little additional carbon sequestration, their disturbance would cause such large immediate
emission releases that the “carbon debt” imposed could not be compensated with subsequent
regrowth. Moreover, remnant areas of relatively undisturbed ecosystems are largely found at
the extensive margin and therefore have not yet been converted to other uses because it is not
profitable to do so. The economic case for preserving such areas is strong, then.

If existing natural areas should be maintained, should some areas that once supported forests,
natural grasslands, or wetlands be restored to their previous status? Some undoubtedly
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should, but restoration in general involves complicated trade-offs. While a mature natural
system may provide a myriad of ecological and economic benefits, it may take years or decades
of growth for a newly reestablished area to fully realize the same benefits. Natural systems
such as forests provide different benefits at different times. For instance, as a growing forest
reaches maturity, it nears a balance between additional carbon gains and losses, and so
contributes little more to storage. Conversely, climate adaptation and other ecosystem
benefits may increase to their maximum values as the forest reaches maturity.

Difficult choices follow regarding priorities: should more land be devoted to restoring diverse
natural ecosystems, or should currently degraded or cleared areas be managed more
intensively for carbon storage or other objectives? There is not usually a clear answer, and the
guestion is made more difficult by the prospect of leakage, whereby forgoing land conversion
to agriculture at one place may increase the demand for farmland and pasture elsewhere.

If it is not clear that degraded areas or areas managed for agriculture should be restored to
some semblance of their original land cover, how should they be managed? There are several
possibilities. Agricultural lands might be managed to maximize the amount of carbon that can
be embodied in their products. An extreme example of this approach would be to manage for
bioenergy with carbon capture and storage (BECCS). Alternatively, a variety of agricultural
practices may help to increase carbon storage in soils, which could prove valuable in terms of
climate mitigation, on-farm productivity enhancements, and provision of ecosystem services
such as erosion protection and nutrient pollution abatement. The leakage effects of such farm-
based carbon soil practices are uncertain, however, including a potentially virtuous cycle of
increased yields and reduced land use to a more conventional concern that increasing costs of
agricultural production in some areas could lead to expansion of less benign practices to other
areas.

NbS could generate a wide range of benefits in adapting to the higher temperatures, more
severe storms, and other consequences of climate change. They may also provide a range of
additional benefits, such as pollination, pollution control, and other ecosystem services. While
such benefits may be important, they tend to share a number of characteristics that constrain
their values. One is that values are very specific to context. Coastal storm protection services
may, for example, be very valuable in regions with large populations and costly infrastructure at
risk, but less valuable for sparsely settled coastlines. Similarly, pollination services are valuable
in regions in which crops rely on them, but not as much elsewhere. Pollution treatment may be
valuable when it is provided by an ecosystem situated between a source of pollution and a
population vulnerable to it, but not where neither is in place. Adaptation values and other
ecosystem services also tend to display rapidly diminishing returns: a narrow strip of coastal
vegetation or a small population of pollinators may generate substantial value, but expansive
areas or very high numbers of pollinators may not provide significantly higher values.

There has been a great deal written on the economics of NbS, but not all existing work
conforms with received principles of economic analysis. Moreover, widespread adoption of
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NbS would involve a number of complexities and uncertainties that are not well understood.
Several recommendations are offered to make the concept of NbS more useful and guide its
application.

1.

Adopt clear definitions, objectives, and scope. Perhaps more important than achieving
an agreement among all parties using the term “Nature-based Solutions” is that
proposals for NbS be clear and explicit about their objectives. Some objectives
inevitably conflict, so clarifying and prioritizing them is essential if NbS is to be an
operationally useful concept. This is particularly important because many NbS have
different effects at different spatial and temporal scales. Global implications and long-
term effects should be considered whenever feasible, and choices to restrict attention
to local and temporary effects should be explicitly recognized and justified. Additionally,
NbS should be recognised as a powerful entry point for supporting the livelihoods of
both men and women, boys and girls, such that synergistic progress is made on closing
the gaps in gender inequalities.

Curate existing research. There has been a tremendous amount of research undertaken
on NbS and their economic values and implications. Yet it is not clear which findings in
the literature are credible or provide the most useful guidance for application in new
settings. A “retroactive peer review” of existing studies could i) validate studies that
may be used as exemplars for new work and/or employed to extrapolate benefits in
other contexts; ii) identify common conceptual errors and warn researchers against
them; and iii) recommend best practices.

Assess the ability of complex models to make useful predictions at relevant spatial and
temporal scales. Issues of spatial and temporal scale are critical to consider in NbS. A
number of complex modeling platforms have been developed to predict the spatial and
temporal extent of different policies. An assessment could identify which model(s)
might be best used for particular purposes, and what further improvements might make
complex models more accurate and useful.

Identify effective policy instruments for implementing NbS. Regulations, taxes, subsidies,
changes in land tenure, communal resource management, monitoring and enforcement
of conservation measures, and other policy approaches have been proposed for
implementing NbS. It will be helpful to determine which have proved most effective
under what circumstances.

Adopt adaptive management plans. Given the uncertainties inherent in NbS, as well as
the severity of the problems against which they are deployed, it is important to adapt to
new information as it becomes available. Protocols should be defined for amending NbS
plans in advance of implementing changes.
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1. Nature-based Solutions

In recent decades “Nature-based Solutions” (NbS) has been gaining traction as a preferred
approach for addressing imminent environmental and societal challenges. While NbS have
been suggested to serve a number of purposes, the appeal of the concept stems largely from
two concerns. One is climate change. The earth may be warming at rates rarely seen in the
geological record due to the rapid accumulation of carbon dioxide and other greenhouse gases
in the atmosphere. Climate change creates a need for measures both to mitigate and to adapt
to it. The second concern is that the human impact on the planet is also reflected in losses of
biological diversity. Current losses may be approaching rates that are only found during a
handful of cataclysmic events in the fossil record. While climate change is implicated in
biodiversity loss, the larger culprit is often identified as loss of natural habitats that maintain
diverse assemblages of organisms. There is, then, tremendous appeal in approaches that
would use the preservation of natural systems and the diversity they support to mitigate and

adapt to climate change.

1.1  The potential of NbS

To give some sense of the potential of NbS, it is useful to consider a recent, comprehensive, and
widely cited! example. While the efficacy and desirability of NbS could be approached from
different societal, ecological, and perhaps other perspectives, the focus in this paper will be on
their economic attributes. A recent paper by Griscom et al. (2017; see also Busch et al. 2019 for
an alternative approach to cost estimation yielding similar results, and Fuss et al. 2018 for cost
calculations for a broader set of negative emissions technologies including biological, artificial,
and hybrid approaches) illustrates both the economic potential for employing NbS and some of

the issues in evaluating the extent to which that potential might be realized. The authors

1 While it was only published a little over two years ago, Google Scholar reports that (Griscom et al. 2017) has
already been cited in over 300 other works.



review literature on 20 nature-based solutions for climate mitigation. They group the 20
practices into three broad categories: six focused on forestry, ten on agriculture, and four on
wetlands. The total net mitigation potential of all 20 measures might exceed 23 thousand Tg
CO,e per year.2 To put this in perspective, it is estimated that approximately 30 thousand Tg
CO;. of mitigation would be required per year between now and 2030 to maintain a reasonable
chance of not exceeding more than 2 degrees Celsius mean global warming. The 23 thousand
Tg COze per year is an upper bound on what might be accomplished without reducing food

security or increasing biodiversity loss.

A figure of 100 USD per ton of CO2e has been offered as an estimate of the “social cost of
carbon” — societal willingness to pay to mitigate an incremental ton of carbon removal (Dietz
and Stern 2015; Stiglitz et al. 2017a).3 Griscom, et al., estimate that NbS could mitigate over
11,000 Tg COz¢ per year at a cost of less than 100 USD per ton. Over 4,000 Tg COz. could be
mitigated at less than a tenth of that cost, 10 USD per ton. Again, to put such figures in context,
this would more than offset the approximate 7,000 Tg CO2. of yearly emissions of the transport

sector globally.

While the estimates of Griscom, et al. highlight the potential of NbS, they also underscore some
of the issues in determining whether and how that potential might be realized. The forest
sector accounts for almost two-thirds of the cost-effective (less than 100 USD per ton), and a
little over half of the low-cost (less than 10 USD per ton) mitigation potential (see Table 1).
Substantial investments would need to be made in reforestation, particularly in the tropics (see
also Lewis et al. 2019), as well as in forestry management. The costs of such investments are
highly variable, particularly as the initial costs of establishment may need to be augmented by
monitoring and enforcement efforts in later years (Cohen-Shacham et al. 2019; Fuss et al.

2018). The uncertainty in Griscom, et al.’s estimates for areas that can be managed cost-

2 “Teragrams of carbon dioxide equivalent.” A teragram is a million tons. Carbon dioxide is the most common
greenhouse gas, and emissions of other gases, such as methane, are converted into their equivalent, in terms of
warming potential, of carbon dioxide.

3 |n a somewhat different formulation, (Dietz et al. 2018) report that a marginal cost of at least 100 USD per ton
would need to be incurred to hold global warming to 1.5 degrees Celsius.
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Table 1

Possibilities for cost-effective and low-cost NbS for climate mitigation

Cost-effective: <100 USD per Mg COz. mitigated
Low-cost: <10 USD per Mg CO2e mitigated
Saturation: Minimum number of years by which full mitigation benefits are achieved

and little further sequestration is realized
Figures in parentheses:

For mitigation, percentage of mitigation required to stay on likely no-more-than 2
degree C warming trajectory (30,000 Tg CO2e)

For land area affected, percentage of ice-free terrestrial surface area of Earth (13,100 M
Ha)

Source: (Griscom et al. 2017)

Land area affected to
Cost-effective Low-cost achieve cost-effective
Land use mitigation mitigation mitigation Saturation
(Tg CO2e) (Tg CO2e) (M Ha) (years)
Forests 7,320 2,257 2,849 25+
(24.4) (7.5) (21.7)
Agriculture 2,456 1,095 1,555 50 +
(8.2) (3.7) (11.9)
Wetlands 1,546 784 75 20 +
(5.2) (2.6) (0.6)
Total 11,355 4,147 4,513
(37.8) (13.8) (34.4)
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effectively is considerably greater for the forest sector than for agriculture and wetlands but

underscores the point that any such projections are necessarily highly speculative.

This is particularly true because of the scale of the proposed interventions. All told, the land
use and land management changes called for in (Griscom et al. 2017) would affect more than a
third of the ice-free terrestrial area of the earth. Land use changes on this scale would have

profound economic, as well as environmental and societal effects.

Areas that are reforested, farmed less intensively, or otherwise maintained in a more natural
state may provide other goods and services. Some of the services may be more valuable as
temperatures and sea levels rise and storms intensify under climate change. These include
protection against storms and erosion and relief from heat. In addition, natural assets
maintained to mitigate and adapt to climate change can also provide other benefits. These may
include pollution treatment, habitat for imperiled biodiversity, pollinators for crops, and a host
of others. Table 2 lists some NbS, the types of ecosystems that provide them, and the nature of
benefits provided. The second column from the left is color-coded from dark (“more natural”)
to lighter (“more intensively managed) green to represent a qualitative assessment of the

“extent of modification”.

The economic values estimated for the services afforded by NbS may vary greatly, depending
on the nature of the service, the system providing it, and the characteristics of the communities
benefiting from them, as well as the methods employed in estimation. While they do not
provide comprehensive estimates of the co-benefits that might arise from the NbS for climate
mitigation they consider, Griscom, et al. (2017), report wastewater treatment values of
between 785 and 34,700 USD per hectare. Similar ranges have been found for other services.
To give a few examples from among many, Costanza et al. (2008) report coastal storm
protection values on the East Coast of the United States ranging between 250 and 51,000 USD
per hectare per year, while Huxham et al. (2015) cite figures ranging from hundreds to ten
thousand or more USD for coastal protection in Southeast Asia and Africa. Ricketts and
Lonsdorf (2013) estimate pollination values of up to 700 USD per hectare of forest preserved in

agricultural regions of Costa Rica. The co-benefits arising from NbS adopted primarily for



Forest

Grassland /
Savanna

Coastal/

Extent of
Modification

Table 2

Nature-based
solution
Preservation

Societal benefit
Carbon sequestration in biomass in vegetation and soils;

Restoration

biodiversity protection; flooding, drought, and erosion protection,
recreation and tourism, water infiltration and storage

Enhanced
management for
oodfuel harvest

Carbon sequestration in biomass in vegetation and soils;
provision of fuel and forest products to
local users; flooding, drought, and erosion protection

Production

Carbon sequestration in standing biomass and harvested
products; sustainable income; water infiltration and storage;
reduced pressure on natural forests

Preservation

Carbon sequestration in biomass in vegetation and soils;

biodiversity protection; slope stabilization

management

Carbon sequestration in biomass in vegetation and soils; slope
stabilization

Preservation

Protecting lives and property from storms and flooding; carbon

Restoration

sequestration; enhancement of biodiversity and fisheries
production

Reduced erosion and slope stabilization

riparian Maintenance of [Protecting lives and property from storms and flooding; carbon
coastal, floodplainjsequestration
and riverine
egetation
groforestry Carbon sequestration in soils and biomass; reduced erosion;
maintenance of soil fertility; pollinator habitat; storm protection;
shading
Reduce tillage  [Carbon sequestration in soils; maintenance of soil fertility
. and carbon
Agriculture restoration
practices
Agricultural Enhanced food security; reduced pressure for conversion of
intensification other areas.
Urban forests and|Carbon sequestration in biomass in vegetation; shading;
green spaces stormwater disposal and flood protection; recreation
Urban Green roofs

Cooling; stormwater control; pollution reduction; carbon
sequestration




climate mitigation may substantially defray their cost (just as the climate mitigation co-benefits
of NbS adopted primarily for climate adaptation or other reasons may substantially defray their

costs). Many of these co-benefits will vary dramatically with the scale of deployment, however.

Just as the co-benefits of NbS adopted primarily to mitigate climate change may differ across
space and with the social and ecological context in which they are generated, the climate
change mitigation benefits of NbS often vary across time. The right-most column of Table 1
indicates the number of years before the climate change mitigation benefits reach saturation.
Plants and animals store carbon while they are growing, but a mature ecosystem nears a steady
state in which its carbon storage and releases are in balance. The time required to reach such a
steady state varies from as little as 20 years in restored peatlands to a century or more in
pastoral systems that continue to build up soil carbon. Again, it is interesting to note that the
tropical forests that may provide the best hope for rapid sequestration are also among the

options that saturate most quickly, in as little as 25 years.

Moreover, Griscom, et al. (2017) constrain their estimates of the effectiveness of NbS for
climate mitigation by restrictions that not only food production, but also biodiversity not be
reduced by their implementation. The authors find that greater quantities of carbon might be
stored by adopting more intensive land use practices in some areas. Not all “natural”

approaches to environmental protection may protect broad assemblages of “nature”.

The message of work such as that of Griscom, et al., is mixed. It is certainly true that NbS afford
some exceptional bargains in climate mitigation, especially when the many additional benefits
NbS provide in terms of climate adaptation and ancillary ecosystem services are also factored
in. By the same token, however, not all NbS for climate mitigation provide large or, in some
instances, even positive, benefits in other dimensions. It is also important to consider both the

temporal and spatial patterns over which NbS benefits are provided.

This report will consider the benefits and costs of NbS for climate mitigation, adaptation, and
other ecosystem services. The ways in which benefits and costs differ with temporal and
spatial scale will also be evaluated. It is also important to consider not simply the monetary or

physical magnitude of effects, but also their distribution over the segments of society they



affect. All of these concerns will be addressed in this report, but it will be useful to start first by

clarifying the use of some terms and concepts.

1.2 Definitions and context

Nature-based solutions are being explored by international organizations such as the
International Union for the Conservation of Nature (IUCN 2019) World Bank (MacKinnon and
Sobrevila 2008), European Commission (EC, n.d.), and United Nations Environmental Program
(Kumar 2019), as well as private actors such as the Nature Conservancy (Conti 2019). Literature
surveys have documented an explosion of work on NbS and its component elements in the past

three decades (Cohen-Shacham et al. 2019; see also Minx et al. 2018).

The current interest in NbS follows in the tradition of efforts directed toward interdisciplinary
studies of biodiversity (Pearce and Moran 1994; Wilson 1988), motivating the preservation of
ecosystem services (Daily 1997; MEA 2005; TEEB 2009), appreciating nature’s contributions to
people (Diaz et al. 2018), ecosystem-based adaptation (Reid et al. 2019), and a host of similar

concepts (Cohen-Shacham et al. 2019 survey a number of related approaches).

The coining of a new term that might encompass a number of existing approaches has
occasioned some skepticism. Does the focus on NbS represent a step forward, or simply a
repackaging of familiar concepts under what advocates hope will prove a more effective
slogan? Even a sympathetic editorial in Nature on the emergence of the term characterizes
Nature-based Solutions as the “latest green jargon”. The editorialist argues NbS are intended

”n u

both to encompass and improve upon terms such as “ecosystem services,” “natural capital,”
and “green infrastructure,” which in the writer’s judgment, “set few hearts aflutter” (Nature

2017).
Other commentators ask if NbS are:

intended to re-package the demand for sustainable development and nature
conservation in a way biodiversity and ecosystem services do not? Does it represent an

approach to policy and management distinctly different than those already being



applied? It is not altogether clear that it does. (Potschin et al. 2016; emphases in

original)

Whether NbS represent an original development or simply a repackaging of existing
approaches, the new designation may differ in ambition and scale from previous efforts. A
number of authors have characterized NbS as an “umbrella” concept encompassing a variety of
other approaches (see, e. g, Lafortezza et al. 2018; Nesshover et al. 2017; Walters 2016). The
broader a concept is, however, the more difficult it may be not only to define it, but also to
operationalize it in ways that advance some objectives without compromising the achievement

of others.

A number of definitions have been proposed for NbS (see, e. g., Cohen-Shacham et al. 2019;
Nesshover et al. 2017; see also Sekulova and Anguelovski 2017; Maes and Jacobs 2017). The
International Union for the Conservation of Nature (IUCN) defines Nature-Based Solutions as
“actions to protect, sustainably manage, and restore natural or modified ecosystems, that
address societal challenges effectively and adaptively, simultaneously providing human well-
being and biodiversity benefits” (Walters 2016). The European Commission defines them as
“solutions to societal challenges that are inspired and supported by nature, which are cost-
effective, provide simultaneous environmental, social and economic benefits, and help build
resilience” (EC n.d.). For The Nature Conservancy, NbS are “project solutions that are
motivated and supported by nature and that may also offer environmental, economic, and

social benefits, while increasing resiliency” (Conti 2019).

The terminology of nature-based services gives rise to a couple of fundamental questions. The
first is “How ‘natural’ must a solution be if it is deemed ‘nature-based’?” (Nesshover et al.

2017; see also Sekulova and Anguelovski 2017) write that

A central challenge for an ‘umbrella concept’ like NBS . . . is where to draw the line as to
what is considered as ‘nature’ or ‘natural’. Many interventions may involve specific uses
or manipulations of organisms and ecosystem processes; hence requiring decisions

about acceptable levels of human intervention.



The definitions proposed do not offer clear guidance. The IUCN refers to “natural or modified
ecosystems”, the European Commission refers to “solutions . .. that are inspired and supported
by nature”, and the Nature Conservancy echoes the latter in calling for “solutions that are
motivated and supported by nature” [all emphases added]. Nesshover et al. (2017) ask
whether genetically modified organisms would qualify as NbS? Would systems that mimic
nature without any longer being derived from natural sources? How about oil palm
plantations? Wind or solar power installations (Walters 2016)? Such questions are not just
hypothetical. Among existing practices that have been described by some authors as NbS are
breeding of new crop varieties (Reid et al. 2019), dredging and damming to create artificial
lakes, selective planting and management in areas designated for “rewilding” to prevent an
excess of trees from depleting water (Keesstra et al. 2018), and planting non-native species to

conserve water use in landscaping (Conti 2019).

A second fundamental question concerns the problems to which nature-based approaches are
“solutions”. NbS are proposed for climate change mitigation and adaptation and the
preservation of biodiversity, and it may seem that there should be substantial synergies to be
exploited by addressing climate and biodiversity goals by maintaining or restoring natural
systems (Maes and Jacobs 2017; Walters 2016). One of the recurrent themes that arises in
reviewing the literature, however, is that tradeoffs between the achievement of these
objectives may be as common as synergies. Some ecosystems may sequester more carbon at
the expense of reduced protection against climate change impacts or preservation of
indigenous biodiversity. Others may have the opposite effect. Moreover, effects often differ
across temporal and spatial scales, More carbon will be sequestered in a growing than in a
mature ecosystem, for example, while the provision of ecosystem services such as groundwater
recharge, pollination, and storm protection may be best provided by ecosystems that have

matured to the point that they approach a steady state.

Just as there may be intertemporal tradeoffs, there may be tradeoffs across geographical
locations. Native biodiversity may be suppressed in areas devoted to the most profitable

agricultural or forestry production, for example, but the output provided by such intensively



managed lands may be high enough to obviate the need to convert more areas from native

forests, grasslands, or wetlands for production elsewhere (Martin et al. 2018).

Neither of the two fundamental questions has an easy answer. Perhaps the best approach to

|II

deciding what qualifies as “natural” is to put the question in relative rather than absolute
terms.* Maes and Jacobs (2017) suggest distinguishing a NbS as a “transition to a use of
ecosystem services with decreased input of non-renewable natural capital and increased
investment in renewable natural processes” [emphases added]. Eggermont et al. (2015) make
a similar point, suggesting that NbS be characterized by, among other attributes, the extent of

human intervention in the structure and function of the ecosystems providing them.

An NbS might, then, be defined as an approach that creates or maintains systems that are
“more natural” in some quantifiable sense than they are under the status quo or would be

III

under a “business as usual” projection, or are “more natural” than whatever alternative
measures might be enacted to address a need. The latter comparison is often expressed as one
between “green” and “grey infrastructures” (Wild, Henneberry, and Gill 2017; Lafortezza et al.

2018; Cohen-Shacham et al. 2019; Seddon et al. 2019; Walters 2016).

The degree to which a particular approach solves a particular set of problems will depend on
the weights an observer puts on the different elements that comprise the problems.

Economics provides one prescription for determining these weights. This paper will be largely
devoted to the economic analysis of NbS and will turn next to a review of a number of
applications of such analysis. The literature on the economic analysis of NbS is vast and varied,
with the variation extending over the thematic and geographical areas to which it has been
applied, the methods employed, and the specificity and credibility of the analyses. As a
comprehensive survey is not possible here, examples are chosen to illustrate common topics of

application and important conceptional points.

4 This may be particularly true in that archaeological evidence is increasingly demonstrating that many landscapes
long presumed to have been pristine were, in fact, under human cultivation and management before the
depopulation induced by epidemic diseases introduced by European colonists (Mann 2006).
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2.  Economic analysis of nature-based solutions

Nature-based solutions are diverse, so it would be difficult to fully catalogue all of the possible
objectives to which they might be directed. Three general categories might be proposed,

however:

e Mitigation of climate change, largely through the sequestration of carbon by
embodiment in natural organisms or their products.

e Adaptation to the effects of climate change, by providing protection against sea level
rise, more powerful and frequent storms, higher temperatures, and more severe
droughts.

e Provision of a host of other ecosystem services, such as pollination, wastewater
treatment, and groundwater recharge, as a result of maintaining or restoring natural

systems.

While the second and third categories are distinguished by whether the services provided
under NbS are rendered more valuable by changes in climate, the modes of analysis are similar
between climate adaptation and provision of other ecosystem services. It is convenient, then,

to group the adaptation and other ecosystem service provision categories together.

This division between the two types of NbS makes sense because they are characterized by
different physical and economic considerations. These considerations are summarized in Table
3. The value of NbS for climate mitigation, unlike that of adaptation, is largely independent of
where the mitigation is performed. Generally speaking, economic value reflects relative
scarcity, and scarcity depends crucially on context. Something that is relatively abundant, and
hence of little incremental value at one time and place, may be relatively scarce, and hence of
substantial economic value, at another. Carbon sequestration is an exception to this rule.
Because Earth’s climate depends on the chemical composition of its atmosphere as a whole,

the insertion of atmospheric carbon dioxide anywhere around the world has essentially the
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same effect as would additional CO, emissions anywhere else. This is in contrast to climate

adaptation benefits and the provision of other ecosystem services, whose values depend

critically on where they are provided and the areas and populations to which they are provided.

Table 3

Characteristics of nature-based solutions for climate mitigation vs. adaptation

Mitigation

Adaptation

Marginal value of
service

Elastic: changes in provision of
mitigation are unlikely greatly to
affect the social cost of carbon

Generally inelastic: diminishing returns
may arise even at modest local scale.

Geographical

Largely irrelevant with regard to

Context specific: protection afforded

relatively rapid rates during periods
of growth but, unless harvested
and renewed, may reach saturation
quickly.

context benefits: CO, emissions and depends on lives and assets at risk in the
mitigation has essentially the same | area protected, and opportunity costs of
effect regardless of where in the ecological preservation or restoration
world they occur. also vary greatly.
Opportunity costs of sequestration
may differ dramatically from place
to place.

Time scale Transient: May store carbon at Durable: Services provided may be

minimal during early periods, but once
established, may provide services
indefinitely

A second distinguishing feature of NbS for climate mitigation concerns diminishing returns.

Economic value arises from scarcity, scarcity is related to context, and generally speaking as the

guantity in which something is being provided increases, its marginal value declines. This is also

true of climate mitigation and reductions in the emissions — or, equivalently, increases in the

sequestration — of greenhouse gases. However, the scale of the climate change problem is so

large that the effects of even relatively large NbS may have little effect on the “social cost of

carbon” —the value attached to incremental reductions (Stiglitz et al. 2017b; Dietz and Stern

2015; USIWG 2010). Mitigation through NbS may be an important component of an overall

climate strategy, but must be only one element of a broader suite of actions (Griscom et al.

2019; Creutzig et al. 2019). This may be in marked contrast to a variety of ecosystem services

12




associated with climate adaptation, such as flood prevention, shading, and coastal protection,
as well as other services such as pollution treatment and pollination afforded by areas of
natural habitat, which may quickly exhibit diminishing returns, or be obviated entirely in some

instances by artificial interventions.

The opportunity costs of habitat preservation or restoration also vary greatly between different
locations. This is, in fact, one of the most attractive aspects of forest preservation and re- and
afforestation programs for climate mitigation: substantial variations in opportunity costs
between locations constitute opportunities for more cost-effective allocation of the burden of
reductions. At the same time, however, more intensive management of landscapes for carbon
reductions may be necessary in areas with higher opportunity costs (Favero, Mendelsohn, and

Sohngen 2017).

Finally, while NbS for climate mitigation may not exhibit quickly diminishing returns in the
physical scale of the area providing them, they may exhibit markedly declining effectiveness
over time. The ability of an area of, say, restored coastal forest to provide services such as
storm protection may grow slowly over time, and reach its maximum when the forest reaches a
mature state after years or decades of growth. Once such an ecosystem has reached its mature
steady state, however, it may sustainably provide coastal protection services indefinitely. In
contrast, a mature forest or other ecosystem may store little, if any, additional carbon (Seddon
et al. 2019; Houghton and Nassikas 2018; Hausfather 2018). Moreover, more mature systems
may be more likely to release stored carbon, either rapidly in fires, or more gradually with the

death and decomposition of older organisms (Baldocchi and Penuelas 2019).

The sometimes long wait to realize the full potential of mature systems to adapt to threats
arising from climate change or to provide other NbS may make their economics less favorable
in relation to artificial alternatives (Reid et al. 2019). In contrast, NbS for climate mitigation
may be valuable precisely because they are changing as they grow; biological growth is closely

linked with carbon sequestration (Garzuglia and Saket 2005).
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2.1  Climate mitigation

While nature-based solutions have been proposed for a number of problems, they have
received a great deal of attention as potential solutions to climate change. NbS featured
prominently at the 2019 COP 25 meeting in Madrid (IUCN 2020), have motivated influential
contributions to the academic and policy literatures (Seddon et al. 2020; Kumar 2019; Seddon
et al. 2019; Walters 2016; Cohen-Shacham et al. 2019), and have motivated major initiatives for

their implementation (Monbiot 2020; UNFCCC 2019; IUCN 2020).

Figure 1 shows a growth curve for a hypothetical forest area. While biomass in such an area
might grow at approximately exponential rates in the first few years after a forest is
established, after 25 years this hypothetical area would have reached almost 90 percent of its
long-term carbon storage potential (recall Table 1, summarizing Griscom et al. 2017’s findings,
and noting that some tropical forests can reach saturation of their carbon storage potential on

this time scale).”

The possibility that the climate mitigation benefits of NbS would decline as the natural systems
providing them mature raises a number of issues in the evaluation of NbS for mitigation. Three
different approaches to NbS for climate mitigation are considered next: maintaining existing
natural areas, growing or regrowing new ones, and integrating carbon storage in the

management of working landscapes.

5> Figure 1adopts the commonly employed logistic growth function by which biomass in year t + 1, B, is assumed
to be Bt + gBi(1 — Bi/B-), where g is a parameter representing the rate at which biomass accumulates at very low
levels, and Biis the maximum level of accumulation, that will be approached over many, many years. For this
example g is taken to be 0.25, B 100 Mg, and it is assumed that the initial stock of biomass in year zero is 2.5 Mg.
Different assumptions will, of course, generate curves of different shapes, but all will share the general sigmoid
(“S-shaped”) form of Figure 1, characterized by relatively rapid initial growth followed by progressively slower
growth as the upper limit is approached.
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2.1.1 Maintenance

About half a million Tg of carbon is maintained in earth’s vegetation; most of this is stored in
forests (Garzuglia and Saket 2005). This forest carbon stock represents close to 50 years’ worth

of CO, emissions at current levels.

Maintaining mature natural forests or other ecosystems without disturbance prevents the
release of carbon dioxide from their vegetative biomass and, perhaps equally or more
importantly, it retains carbon in their soils (Seddon et al. 2019; Garzuglia and Saket 2005). Even
if such areas were eventually to be devoted to the alternative practices described below after
they had been cleared, the carbon released in the process of the initial forest clearing could
incur a “carbon debt” that could take a century or more to offset (Fargione et al. 2008; Turner

et al. 2018)

The economic value of carbon stored in existing forests or other ecosystems may be

substantial. Houghton and Nassikas (2018) provide estimates of the amount of carbon stored
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in various types of forest ecosystems (see Table 4). By multiplying these figures by a value of
100 USD per ton of COze a rough estimate may be derived of the value that would be /ost if a
hectare of forest of a given type were cleared and the carbon it stores released to the
environment (see Table 4 for details of calculations). Such values can be substantial; the carbon

storage potential of existing forests exceeds 50,000 USD per hectare in many forest biomes.

Timber values alone would generally not justify clearing mature forest land. While there is
significant geographical variation, a rough estimate of the merchantable timber volume from a
hectare of forest land might be on the order of 100 cubic meters per hectare (Garzuglia and
Saket 2005). In order, then, to justify clearing land valued at 50,000 USD per hectare for its
carbon storage, timber would have to command a price of at least 500 USD per cubic meter.
Reported stumpage prices (that is, the price for lumber in situ, before costs of harvesting,
transporting, milling, etc., are incurred) are generally considerably less than $100 per cubic

meter (Hancock Timber Resources Group 2017).

Table 4

Median carbon

density of primary Value of carbon
vegetation Carbon density of storage per
Latitude Forest type (MgC/ha) undisturbed soils hectare (USD)
Tropical Rain 190 120 84,300
Moist
deciduous 78 100 40,700
Dry 39 40 19,100
Mountain 62 75 31,900
Subtropica
I Humid 148 120 68,900
Dry 57 80 30,800
Mountain 80 120 44,000
Temperate Oceanic 252 220 119,200
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Continental 150 200 79,600

Mountain 101 150 55,400
Boreal Coniferous 67 206 49,900
Mountain 46 206 42,200

Source: (Houghton and Nassikas 2018) and author’s calculations based on values of 100 USD per Mg
COae, and assuming all primary vegetation is removed and one-third of soil carbon released.

To the extent that timber harvests do continue to occur in areas of mature forest, it is because
the climate benefits of carbon sequestration are economic externalities in the absence of
effective regulation or carbon pricing (see, e. g., Lin et al. 2013). Carbon sequestration benefits
accrue to people around the globe in the form of forestalling climate change, while the
opportunity costs of providing them, forgoing timber harvest and alternative land use, are
borne by the much smaller groups of people, particularly the most vulnerable groups including

women and girls, on whose land forests stand.

Lands cleared of trees might also be put to other purposes: to food production or residential
use. Most forest clearing is being done at the “extensive margin,” however; that is, where the
private economic benefits of land clearing just balance the private costs of conversion to
alternative use. Inasmuch as there are much higher societal costs of lost carbon storage, again

it seems likely that the economic case for preserving mature forests is strong.

The extensive margin may be marching outward in parts of the world, however, and over time
the balance perceived between the benefits of preservation and the needs of development
could change. If human populations continue to grow, their tastes in food do not change
significantly, and agricultural productivity does not grow enough to compensate, the
opportunity cost of maintaining natural forest land may increase over time. Conversely, if these
factors move in the other direction, more forests may be allowed to evolve to maturity (and, in

fact, in parts of the world, they are; see Houghton and Nassikas 2018; Rudel et al. 2005).
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Some other issues and values associated with retaining mature forests might also be flagged.
There are also other benefits associated with maintaining natural ecosystems. The climate
adaptation — as distinct from mitigation — benefits of maintaining natural areas will be
considered below, but it bears mentioning that the same systems may both prevent the
occurrence of still more dramatic climate change than might already be expected to occur and
provide some protection against some of the effects of the climate change that does occur.
Similarly, areas of extant ecosystems provide a suite of ancillary services that may be valuable.
These other services will also be considered below. To preview that discussion, location and
context are critical in the determination of many ecosystem services values. The services
provided by ostensibly similar biological assets may have very different values in one place than

they do in another.

Large areas of extant natural habitat often also have substantial biodiversity conservation
values. Since at least the time of the pioneering ecological work of MacArthur and Wilson
(1967; see also the retrospective essays in Losos and Ricklefs 2009), it has been well-established
that larger areas of habitat shelter more species diversity. The relationship between area and
species diversity is generally found to be highly non-linear, with species numbers increasing
less-than-proportionately with the area set aside to harbor them.® Larger expanses of habitat
will also support greater diversity because large predators need large prey populations
(Terborgh 1999). Interconnected areas of diverse habitat may also facilitate seasonal
movements of migratory species, as well as providing conduits for movement in response to

climate change.

Preserved natural habitats may, then, also generate important conservation benefits by
protecting biodiversity. There may also be a virtuous feedback loop; evidence suggests that
systems with greater diversity are more biologically productive (Tilman, Isbelll, and Cowles

2014). Recently researchers have suggested a related link: that the presence of large

6 A related point is that even if habitats are fragmented into unconnected parcels, the larger the number of
parcels there are, the more likely it is that a population of any given particular species will find a refuge in at least
one (Camm et al. 2002). Again, however the expected number of species protected increases less-than-
proportionately with the number of parcels set aside.
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herbivores, including such “charismatic megafauna” as elephants and rhinoceroses, may
promote carbon storage by seed distribution (Bello et al. 2015), fire suppression (Waldram,
Bond, and Stock 2008), altering albedo (Cromsigt et al. 2018), and other mechanisms. This has
led some to call for “trophic rewilding” — reestablishing the original suite of species on a

landscape — as a carbon mitigation strategy (Cromsigt et al. 2018).

There may, then, be positive connections between species diversity in general, as well as the
survival or reestablishment of particular species, and the amounts of carbon their biomes can
store. It is less clear how quantitatively important such connections are. The natural science
work has not advanced to the point that additional economic benefits of trophic rewilding can
be estimated. Maintaining large, diverse, and connected parcels also has costs: they may
impede transportation and large animals occasionally trample crops and people. An analyst
would want to weigh such costs against benefits before deciding on a protected area strategy
intended to store carbon and conserve biodiversity. While the carbon benefits of maintaining
larger areas in native cover may scale roughly linearly with their size, it seems likely that the
biodiversity benefits, including potential feedbacks to carbon storage, would be subject to more

sharply diminishing returns.

2.1.2 Restoration

Since mature natural forests can store large quantities of carbon, another NbS for climate
mitigation may be the regrowth of such systems. Houghton and Nassikas (2018) estimate that
gross carbon accumulations in forests regrowing in former farming areas may exceed 4,000 Tg
per year (there are gross figures, as forests are still being felled in some other areas). If the
international community compensated landowners for this accumulation at the rate of 100 USD
per ton of CO; that has been suggested by several commentators, the yearly income generated
globally would be greater than the GDP of nations such as Indonesia and Mexico. Houghton
and Nassikas (2018) estimate that some 130,000 Tg of carbon could eventually be stored in

regrown forests.
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Reforestation is one of the most often mentioned and advocated NbS (Lewis et al. 2019;
UNFCCC 2019; Parrotta, Wildburger, and Mansourian 2012; Seddon et al. 2019; Griscom et al.
2017). In many areas reforestation is cost-competitive with alternative climate mitigation

strategies (Lewis et al. 2019; Griscom et al. 2017).

There are some concerns that should be noted with restoration of natural ecosystems as an
NbS for climate mitigation, however. The scale at which restoration would need to occur in
order to make a significant contribution to climate mitigation could be immense (Baldocchi and
Penuelas 2019; Griscom et al. 2017). The additional land area devoted to new or restored
forests to achieve the 130,000 Tg of additional carbon storage Houghton and Nassikas (2018)
suggest is feasible could comprise some five percent of dry land on earth — an area larger than

India.’

There could be a number of both economic and ecological limitations on a program on such a
scale. As Griscom et al. (2017) have documented, something in excess of 2,250 Tg of CO; might
be sequestered in forests at a cost of less than 10 USD per ton. Increasing the price to 100 USD
per ton would increase the supply to about 7,320 Tg. The tenfold increase in price would elicit
only a bit more than a tripling in supply. Figure 2 is reproduced by permission from Strengers,
Van Minnen, and Eickhout (2008), which was the source for some of the estimates reported in
Griscom et al. (2017). The figure shows that the supply of further carbon storage eventually
becomes completely inelastic (i. e., no more carbon would be stored regardless of how high the

price offered is) in some regions at prices not much higher than 100 USD.

While figures reported in Griscom, et al. (2017), and based on earlier work by Strengers, Van
Minnen, and Eickhout (2008), have been emphasized, a variety of other studies, often
employing different methods, offer similar depictions of forest carbon supply curves (Busch et
al. 2019; Enkvist, Nauclér, and Rosander 2007). These studies generally show that some areas

afford some opportunities for low-cost carbon sequestration, but that such opportunities are

7 If we take 200 Mg per hectare as a generous figure for additional carbon stored in new or restored forest areas,
130,000 Tg/200 Mg/ha = 650 million ha. The land area of the Earth is about 14 billion ha. India’s land area is about
328 million ha.
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generally exhausted well before the storage potential they offer would offset a majority of
global emissions: there is only a limited supply of land that could be reforested before the

opportunity cost of diverting it from other uses becomes prohibitive.
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Source: Strengers, Van Minnen, and Eickhout 2008. © Springer Nature. Reprinted by kind

permission from Climatic Change.

It is important to appreciate the implications of this finding. Some authors (see e. g. Monbiot
2020; Barbier et al. 2020) have noted that only a few percent of funds allocated for mitigating
climate change have so far been devoted to NbS such as reforestation. Given the bargains
some NbS present, it is natural to ask why more funding is not devoted to these low-cost
options. While low-cost mitigation options afforded by NbS have not yet been exploited as

broadly as they should be, it is also not clear that a large fraction of mitigation costs incurred
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ought to involve NbS. This point is made in Figure 3, where two hypothetical marginal cost
curves are depicted. While the example is illustrative, the shape of the marginal cost curve for
reforestation (the red curve) is a stylized representation of those found in the empirical studies
cited above. Small amounts of climate mitigation through carbon storage may be achieved at
relatively low costs, but beyond a certain point, the marginal cost of further mitigation
increases very rapidly. The other, blue, curve, representing the marginal cost of mitigation by
other means, is hypothetical, but might be thought of as a stylized representation of other
mitigation options (see, e. g., (Enkvist, Nauclér, and Rosander 2007). The figure shows a
situation in which the overall mitigation required to prevent drastic climate change, 30,000 Tg,
could be most cost-effectively achieved by imposing a price on carbon emissions or,
equivalently, offering a payments for carbon storage, of 100 USD per ton of COz.. Under this
scenario 7,500 Tg of CO,e mitigation would be realized by afforestation and reforestation, with
the remaining 22,500 Tg achieved by reducing other sources or increasing other sinks. The total
cost of carbon mitigation through forestry (the area under the marginal cost curve for forestry
practices shaded in red) is much lower than is the total cost of carbon mitigation through other
means (the area under the marginal cost curve for other practices shaded in blue). This does
not mean, however, that more reliance should be placed on forestry measures. A cost-effective

division of mitigation is one in which the marginal costs of mitigation are equal across sources.

Another economic limitation on NbS for carbon storage is leakage. The author of one recent
paper on NbS asks “Is there any reason why reducing deforestation in Brazil could not be
pursued at the same time as regrowing forests in India or restoring mangroves in Indonesia?”
(Turner 2018). While the question was likely intended to be rhetorical, an answer could be
offered: when deforestation is reduced in Brazil, demand for the products no longer derived
from Brazilian forests may be transferred to countries such as India or Indonesia. When
economic production is constrained in one area, the price of the good produced increases in
response to the reduction in supply, creating an incentive to expand production in other areas.
Such “leakage” has been extensively studied in the environmental and resource economics
literature (see, e. g., Parrotta, Wildburger, and Mansourian 2012; Murray et al. 2002; Bode et
al. 2014; Hertel 2018; Wu 2000)

22



Figure 3
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Leakage may be particularly relevant to discussions of the efficacy of restoration strategies. Re-
establishing natural ecosystems in areas from which they had earlier been converted
necessarily implies forgoing whatever use to which they had earlier been converted. In some
instances, reforestation or other restoration may occur in response to changing economic
circumstances under which production is some areas is no longer profitable. Thereis a
substantial literature on “forest transitions” documenting and explaining why many parts of the
world, such as the New England states of the U. S. (Rudel, Perez-Lugo, and Zichal 2000;
Meyfroidt, Rudel, and Lambin 2010) have been reforested after land was initially cleared for
farming. In many such instances the explanation has not been that the demand for new
farmland has declined globally, but rather, that more fertile lands have been identified
elsewhere (Mather 1997). There is, then, a danger that reclaiming land to restore natural

ecosystems in some areas will displace land-clearing efforts to others.

Empirical estimates of the magnitude of leakage effects vary over place and time. Murray et al.

(2002) found that for every ton of carbon sequestration achieved by providing incentives for

23



forest owners in the U. S. in one place, between 100 and 900 kg of carbon were released as a
result of land use change in another. Wu (2000), also working in the U. S., studied the
Conservation Reserve Program (CRP), which compensated landowners for taking ecologically
sensitive farmland out of production. For every five acres enrolled in the CRP, one hectare of
land entered into production elsewhere. Recent results from Pendrill et al. (2019) find that for
every three hectares reforested in the world, a hectare is lost in tropic or subtropical forests. A
more pessimistic assessment is offered by Haya (2019), who reviews literature suggesting that
forest carbon policies adopted in California could generate leakage of 80% or more elsewhere;
every ton of carbon sequestration realized in California could induce more than 800 kg of
carbon releases elsewhere. While the extent of leakage found varies considerably between
circumstances and studies, the literature has established that leakage is an important concern

and its effects can be substantial.

Leakage concerns could be obviated by instituting comprehensive global land use regulation
which would restrict land clearing in one area in response to reforestation in another.
International institutions for enacting such policies are lacking, though. Even if leakage could
be prevented, the consequence would be that less land would be available for growing food
and other purposes, with consequent effects on nutrition and poverty (see, e. g., Baldocchi and
Penuelas 2019; Creutzig et al. 2019; Burns and Nicholson 2017). These effects could, in turn, be
countered by deploying technologies to enhance agricultural yields (Tilman et al. 2011; Martin
et al. 2018; Houghton and Nassikas 2018; Lin and Huang 2019) or appealing to consumers to

make lifestyle changes, such as adopting less carnivorous diets (Bertram et al. 2018).

It is clear from these observations that a full consideration of the economic and societal
implications of afforestation and reforestation policies would require a very comprehensive and
detailed approach. Gender-sensitive approaches, for example, should be mainstreamed in NbS
frameworks to ensure that specific issues that affect women and men are part of the analysis,
project planning, and implementation of NbS projects (See Box 1 for further elaboration).
Hertel 2018 discusses considerations in determining the complexity of requried modeling;

Bertram et al. 2018 and Schmitz et al. 2012 are examples of complex computable general
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equilibrium models applied to issues of conservation and agricultural policy; Hertel, West, and

Villoria 2019 review and compare a number of such models).

Ecological limitations also affect the efficacy of NbS for carbon storage. Growing more trees
may necessitate increased diversion and use of water in the production of biomass (Burns and
Nicholson 2017; Baldocchi and Penuelas 2019). Forest cover may also sometimes have
counterintuitive local climate effects. The reduced albedo (reflection of incident radiation) of
forests at higher latitudes relative to other forms of cover may increase local temperatures by
more than the carbon dioxide removal they accomplish reduces them (Baldocchi and Penuelas
2019; Parrotta, Wildburger, and Mansourian 2012). Finally, natural storage of carbon has
limitations, in that the rate of carbon retention decreases as the systems sequestering it
mature, and mature systems may be susceptible to carbon re-release through fire or death and
decomposition (Baldocchi and Penuelas 2019; Griscom et al. 2017). Fuss et al. (2018) suggest
that afforestation and reforestation, along with increased soil carbon storage, may be “ ‘21st
century N[egative]E[mission]T[echnologie]s’: promising stop-gaps, but limited in long-term

III

potentia

The argument that (re-) establishing forests may be a temporary and insufficient stop-gap
underscores another sometimes controversial point. One criticism of nature-based solutions
for climate mitigation, as of a variety of negative emissions technologies and geoengineering
approaches more broadly,® is that they may generate a moral hazard.® If growing forests
promises to remove some of the carbon dioxide emitted from burning fossil fuels, the need to
reduce dependence on fossil fuels may be seen as less urgent. Virtually all commentators
recognize that, at best, NbS could reverse only a fraction of the anticipated accumulation of

greenhouse gases in the atmosphere — and, by extension, of the anticipated increase in global

8 Geoengineering may include injecting reflective aerosols into the upper atmosphere, putting shades or
reflectors into earth orbit, fertilizing the oceans to accelerate algal growth, or direct capture of carbon dioxide
from the atmosphere. Some NbS might be regarded as geoengineering under such a definition.

9 “Moral hazard” occurs when an agent is less likely to take steps to avoid the occurrence of an event against

which they are indemnified. A driver may not drive as cautiously, for example, if their insurance covers them for
expenses incurred in the event of accident.
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temperature — over the coming decades. NbS are, then, best seen as a part of a broader set of
initiatives that must be undertaken to control climate change that should be implemented in
conjunction with, rather than as a substitute for, emissions reductions (Baldocchi and Penuelas

2019; Anderson et al. 2019; Creutzig et al. 2019).

Box 1: Gendered Lens Necessary for Successful NbS Analysis and Implementation

When discussing the Economics of Nature-Based Solutions, it is critical to recognise
discussion and analysis of economic empowerment and opportunity necessarily entails a
gender dimension. A gender approach redefines an environmental situation through the lens
of social relationships and their reflection in human-environment interactions, instead of
defining the state of the environment primarily in its physical or ecological forms. Guidance
and analysis of NbS policy and implementation would certainly be enriched by demonstrating
the different pathways in which NBS initiatives can impact the livelihoods the men and
women, and girls and boys within communities. There is an acknowledge lack of
disaggregated data by gender on this topic and it is pertinent that this data gap be addressed
when going forward with NbS framework development.

Gender parity should also be taken into account in all conservation and ecosystem
rehabilitation activities, which form the crux of successful NbS implementation. Women hold
key roles across society that influence how to produce, consume and market sustainable
solutions and thus should be placed in central roles for decision-making on water availability
considerations. Sustainable solutions call for the consideration of various stakeholders’ needs
and importantly, the communities that will be directly impacted based on their gendered
needs and uses. There are synergistic gender approaches between NbS analysis and
implementation and the Global Biodiversity Framework. These include:

¢ Enhance women’s agency and promote their effective participation and leadership
in biodiversity conservation;

e Promote and protect women'’s rights and access to and control of resources;

¢ Enhance and ensure equitable benefits and human well-being;

¢ Include a specific gender target;

Ultimately, mainstreaming gender in policy creation can improve both developmental and
environmental outcomes. Programmes formed using the NbS approach that empower
women in the forest sector are an essential prerequisite for building economies based on
social justice and environmental improvement. To enhance this linkage, women’s work in
forestry (both paid and unpaid) should be captured in national statistics, as well as generally
moving towards gender-disaggregated data for the forest sector, acknowledging women’s
specific and valuable experience-led knowledge, and achieving gender balance in decision-
making in the relevant groups and associations.
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2.1.3 Rotational harvesting and agriculture

Maintaining forests prevents the reserves of carbon stored in their biomass and soils from
being released into the atmosphere. Reestablishing natural forests where they had once stood
could result in substantial removals of carbon dioxide from the atmosphere. However, forests
eventually reach a state in which they sequester little additional carbon and are at increasing
risk of massive carbon release through burning. These observations beg the question of
whether forests and other carbon-storing ecosystems should be allowed to grow to maturity or
should, instead, be periodically harvested. If one of the main purposes for which an ecosystem
is maintained or restored is to produce a product — in this case, “carbon storage” — it also raises
the question of how intensively the ecosystem should be managed to maximize the production

of the intended commodity at the expense of forgoing other possible benefits.

Dating from the pioneering work of Faustmann (1849) forestry economists have developed
models of the optimal harvest rotation.'® Hartman (1976) demonstrated how the Faustmann
formula should be amended to account for ecological and other values conferred by standing
forests. A number of authors have since considered how carbon sequestration values should
be included in forest management policy (an important early contribution is van Kooten,
Binkley, and Delcourt 1995; see also Hoel, Holtsmark, and Holtsmark 2014, Favero,
Mendelsohn, and Sohngen 2017, and, for an authoritative survey of both economic and policy

issues, van Kooten and Johnston 2016).

A crucial concern in the analysis of forest carbon storage is what van Kooten, Binkley, and
Delcourt (1995) have dubbed the “pickling rate”: the faction of carbon contained in harvested
materials that may be permanently removed through storage. If this fraction is high enough,
rotational harvesting might be preferred to a policy by which areas are re- or afforested and
then preserved indefinitely. It is worth underscoring here that these considerations could

prevent the realization of synergies between carbon storage and the provision of other

10 Faustmann demonstrated that, in an environment with constant prices and unchanging biological conditions
over time, trees should be harvested when their rate of growth is equal to the discount rate times the sum of the
revenue from harvest and value of land.

27



ecosystem services that some commentators have emphasized (Maes and Jacobs 2017; Walters
2016). Such synergies might not be consistent with the realization of maximum value from
carbon storage in combination with the provision of other ecosystem services, if realizing high
values from the former is inconsistent with generating high values from the latter (Pannell et al.

2006; Fuss et al. 2018).

Harvested forest products might be embodied in slow-to-decay forms such as building
materials, or burned for energy. Other plant-based materials might also be harvested for
biofuels. When biofuels are burned they return carbon dioxide to the atmosphere. To the
extent that biofuels replace fossil fuels, however, their advocates represent them as a “carbon
neutral” energy source: carbon would be endlessly recycled from the atmosphere, to plant
growth, to fuel, to the atmosphere, and back into plant growth. Biofuels have earned a poor
reputation in some instances, however. Many commentators have noted that the carbon
releases arising from initially felling natural forests or converting land from other uses may take
decades to offset by subsequent displacement of fossil fuel combustion (Fargione et al. 2008).
Moreover, the amount of carbon retained in the types of plantations that might be established
to grow biofuels is far less than that in natural forests (Lewis et al. 2019). It seems reasonable,
then, to conclude that existing forests should generally not be felled to grow energy crops

(Turner et al. 2018).

Plantations might be more attractive, however, if they could be established in areas that are
currently not forested. They would be still more attractive if carbon were not simply recycled
from the atmosphere to biomass and then back to the atmosphere again via combustion or
decomposition. Bioenergy with carbon capture and storage (BECCS) has been suggested as a
superior approach. Despite the technology not yet having been demonstrated at scale
(Hausfather 2018), BECCS now figures prominently in many plans for meeting Paris climate
agreement goals (Burns and Nicholson 2017; Creutzig et al. 2019). Some authors suggest that,
at different times and places, forests might both be maintained to sequester carbon in place

and harvested to feed BECCS facilities (Favero, Mendelsohn, and Sohngen 2017).
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The example of BECCS underscores the questions raised above concerning what constitutes a
nature-based solution, and how the answer might depend on the scale of analysis. Biomass
grown for energy and whose carbon content is destined for sequestration would be, essentially,
an agricultural product. Many agricultural commodities are most profitably grown in intensive
monocultures. It does not seem unreasonable to suppose that crops grown to provide
biologically based energy from whose production and/or consumption carbon would be
captured and stored would also be highly specialized. This may exacerbate other
environmental and resource problems, such as water shortage and fertilizer use, as well as
creating new pressures on food supply through competition for land and other inputs (Burns

and Nicholson 2017; Minx et al. 2018; Dietz et al. 2018).

While planting monocultures of rapidly growing species is obviously not consistent with the
maintenance of biodiversity, such practices may prove more profitable than less intensive
management of more diverse landscapes (Lin et al. 2013; Pannell et al. 2006; Fuss et al. 2018).1!
The opportunity cost of sacrificing carbon storage potential in order to achieve other objectives
such as sustaining biodiversity increases in the value attached to carbon storage relative to
those other objectives. In the absence of additional payments explicitly for the preservation of
biodiversity, landowners are likely to trade off diversity for greater carbon storage (Bryan et al.
2016). Similarly, the division of forestland between areas left uncut to sequester carbon in
place and others devoted to rotational harvest for biofuels with carbon capture and storage will
favor the latter over the former the greater is the value assigned to climate change mitigation

(Favero, Mendelsohn, and Sohngen 2017).

BECCS contemplates the capture of carbon dioxide, either from combustion or in the process of
fuel production, and its injection in permanent storage (Burns and Nicholson 2017; Turner et al.
2018). Carbon might also be stored in agricultural and other soils. Soil carbon sequestration

(hereinafter, SCS) may be augmented through a variety of practices involving tillage, mulching,

11 1t is interesting to note one of the reasons Lin et al. (2013) cite for this conclusion: that it may be easier for
certifying authorities to verify the carbon storage performance of monoculture plantations.
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erosion control, fertilization, and farm management (Fuss et al. 2018; Keesstra et al. 2018;

MacKinnon and Sobrevila 2008; Lal 2009; Ontl 2018).

One crucial distinction between BECCS and SCS are the capacity and permanence of the carbon
storage they offer. Carbon dioxide stored in geologically stable formations might reasonably be
regarded as permanent. Moreover, the storage capacity is large relative to the rate at which
CO; might be generated from biofuel production and/or consumption. A potential drawback,
though, is that the location of stable geological formations for storage may not be convenient

to the areas in which biomass is harvested and CO; captured (Creutzig et al. 2019).

Conversely, local sources can be drawn upon to store carbon in SCS. The drawback in these
cases are limitations on storage. While soil carbon uptake might be on the order of 500 kg of
carbon per hectare of land per year in the early years of efforts to restore carbon to depleted
soils (Lal 2009), soil storage potential might be reached in a matter of decades (Lal 2009; Fuss et
al. 2018). SCS may, then, be among the bridging strategies that could be effective in mitigating
atmospheric CO; accumulation while emissions from other sources are being reduced, but not

available indefinitely (Minx et al. 2018).

If the figure of 500 kg C ha yr! is adopted for potential carbon uptake by SCS, then applying a
price of 100 USD per ton of CO; and using the factor 3.67 to convert carbon to carbon dioxide,
annual payments of about 185 USD per hectare of land on which SCS practices are being
implemented would be justified. Some authors question whether payments should be needed
at all to motivate farmers to adopt SCS; SCS is sometimes given as an example of a “negative
cost” intervention (Minx et al. 2018). Increasing soil carbon content provides a number of
agricultural benefits, including increased retention of water and fertilizers, enhanced diversity
of beneficial soil organisms, and reduced erosion (Lal 2009). These may result in both increased
crop yields and reduced costs of irrigation and fertilization. Moreover, over and above the
global benefits resulting from reduced atmospheric carbon dioxide, SCS may also confer local
environmental benefits by reducing eutrophication associated with fertilizer runoff and

downstream deposition of eroded soils (Lal 2009).
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The leakage effects of measures intended to increase carbon storage in agricultural soils may be
difficult to predict. Under some circumstances, they might generate “negative leakage”. If SCS
practices could be instituted at negative costs, it might imply that the same amount of food
could be grown on less land, freeing up more areas for reforestation or restoration to other
native ecosystems. This may not be as simple as it first appears, however. Negative cost
practices would also make agricultural products cheaper. This could potentially induce a
“rebound effect” through increased demand that could, in theory, lead to even more demand
for agricultural land. While such perverse results may be unlikely, the size and direction of

actual effects is an empirical question (see, e. g., Byerlee, Stevenson, and Villoria 2014).

Substitution of services provided by preserved landscape features, such as hedgerows or trees
interplanted with crops in agroforestry, might both reduce the costs of other purchased inputs
and reduce yield per unit of total land area devoted to agricultural systems (Simpson 2014).
This could induce an expansion of overall land area in farms, although the diversity supported
within farms might be higher. Finally, if policies imposed to increase soil carbon sequestration
on farms increase both costs and productivity, but make farming less profitable overall, the net

effect could be to induce leakage to other areas not covered by such policies.

While many of the environmental effects of agricultural measures adopted to increase soil
carbon storage are beneficial, there are also some potential drawbacks. Increasing carbon
storage in soils requires that adequate sources of other nutrients be available. Adding a ton of
carbon to soils requires the addition of 80 kg of nitrogen, as well as substantial quantities of
phosphorus and potassium (Fuss et al. 2018). This may result in water pollution from runoff of
fertilizers that are not taken up. Carbon-rich soils may also be the source of methane and
nitrous oxide, both potent greenhouse gases, though both might be minimized with
appropriate management (Fuss et al. 2018). Finally, storage of carbon in soils, much like in
mature forests, can be precarious. Land disturbances can results in carbon that had built up in

soils over decades being released on a much shorter time scale (Fuss et al. 2018).
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2.2  Climate adaptation and other ecosystem services

Efforts to reduce greenhouse gas emissions and sequester carbon dioxide already in the
atmosphere may serve to slow the occurrence and reduce the ultimate severity of climate
change. Regrettably, however, the concentrations of greenhouse gases in the atmosphere
likely commit the planet to substantial warming regardless of mitigation measures that may be

taken.

NbS have, then, been proposed not only to mitigate climate change, but also to adapt to it
(Keesstra et al. 2018; Griscom et al. 2019; Seddon et al. 2019; IUCN 2020).1> A changing climate
is predicted to have many effects including rising sea levels, increased frequency and severity of
tropical storms, more intense heat and droughts, changes in seasonal precipitation patterns,

and, in consequence of these factors, greater erosion and increased likelihood of landslides.

There has been a great deal of interest in the role of NbS in adapting to these consequences of
climate change, and many studies have been conducted of them. In addition, there is a parallel
literature on a variety of other services provided by preserved or restored natural ecosystems.
Examples include pollution treatment, groundwater recharge, and pollination. As the economic
analysis of such ancillary ecosystem services is similar in many respects to that of nature-based

solutions for climate adaptation, they will be treated together here.

The range of climate change and other challenges that could be addressed with nature-based
solutions is too broad to attempt a comprehensive categorization here, but a number of
examples will be presented to give a sense of the modes of analysis that might be employed in

their evaluation and the challenges that arise in employing them.

12 The term “ecosystem-based adaptation” has been used to describe many of these measures Seddon et al.,
(n.d.) and Reid et al. (2019) adopt the term in their titles, and the keywords “ecosystem-based management” or
“ecosystem-based adaptation” appear in many other papers.
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2.2.1 Coastal protection

Both tropical and temperate regions may benefit from the coastal protection afforded by
forests, wetlands, or other vegetated areas. These values have been the subject of
considerable attention. With rising sea levels and more powerful storms predicted to occur as
the climate warms, coastal protection values may become increasingly important. A number of
researchers have estimated in both wealthy and developing countries (see, e. g., Barbier et al.

2008; Huxham et al. 2015; Das and Vincent 2009).

A widely cited report (Narayan et al. 2017) estimates that coastal wetlands prevented US$625
million in property damage from flooding when Hurricane Sandy struck the northeastern United
States in 2012. While this is figure is substantial, it does not necessarily tell an analyst enough
to make an informed choice about how large an area of coastal wetlands should be preserved
in @ more natural condition to protect against storms. That decision would need to be informed
by a few additional factors. One is the opportunity cost of the land. While coastal habitats may
protect against storms, they are also often extremely valuable for real estate development,
even if they are at greater risk of damage. Another factor concerns the likelihood that property
would be at risk from a storm. Total property losses in Hurricane Sandy were about USS$ 50
billion, but Hurricane Sandy was, by historical standards, an unusual event.”® The value of
property protected in any given storm event would have to be weighted by the probability of
occurrence of such an event. An earlier study conducted such an analysis and estimated an
average value of about USS 33,000 per hectare of coastal wetland maintained (Costanza et al.

2008).

This approach is also not fully satisfactory, though, as it did not relate expected losses to the
area of coastal areas maintained, and so did not provide information with which to calculate
incremental values. This latter information may need to be derived from natural science

models. Barbier et al. (2008) review some relevant models. Their findings underscore an

13 Of course a concern that arises with climate change is that historical patterns may not provide very useful
guidance as to future events; the frequency and severity of storms may increase, and sea-level rise may make
coastal areas more vulnerable.
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important principle: while coastal wetlands and forests can provide substantial protection
against storms, the value of such protections exhibits diminishing returns in the area devoted to
providing it. Barbier et al. (2008) considered both benefits and costs of maintaining coastal
wetlands. While the coastal protection afforded by coastal mangrove forests was valuable in
the region of Thailand they used as an example, the value varied nonlinearly with area of
mangroves maintained. The value of coastal vegetation in providing some coastal protection
exceeded the opportunity cost of forgoing shrimp farming in ponds established in areas cleared
of mangroves. The coastal forests provided not only storm protection, but also fishery and local
wood product benefits. When a strip of forest about 800 m in width is maintained , however,
marginal benefits of widening the strip further were not sufficient to compensate for the lost

value from forgone shrimp ponds (see Figure 4).
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Source: (Barbier et al. 2008). Reproduced from Science by kind permission of American

Association for the Advancement of Science.

Ideally, a researcher would have the information with which to estimate relationships such as
those illustrated above. This can be time-consuming and expensive, however. Consequently,
researchers sometimes resort to the expedient of estimating the value of storm protection

services by the cost of the measures that would have to be implemented to provide them in the
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absence of the mangroves. This procedure is problematic for a couple of reasons. First, the
cost of replacing coastal protection (or any other) services is only a valid measure of their value
if it would, in fact, be worth the cost to provide the protection by another means. In many
places it would not. Coastal protection services would be of little economic value, for example
if there were few people or structures at risk of damage. Second, the cost of completely
replacing mangroves with seawalls or other protective measures may do little to inform the

decision of how much of the mangrove barrier to maintain.

In their study of the value of mangroves in providing protection along the Kenyan coastline
Huxham et al. (2015) use the cost of building seawalls for protection as a proxy for the value of
mangroves. They follow conservative procedures in estimating these values, applying them
only where there is evidence that structures would actually be in harm’s way in the event of a
coastal storm. As the authors note, others who have adopted less conservative assumptions
have often arrived at much higher — and less plausible — figures. While the replacement cost
method would not be preferred when other approaches are feasible, it may provide some
useful information when its limitations are borne in mind. Following their procedure Huxham,
et al., estimated a value of about 500 USD ha yr for coastal mangroves. The authors also
incorporate carbon sequestration, fishery, and other benefits in the analysis, arriving at an

overall figure of 1166 USD halyr? for mangrove preservation.

2.2.2 Cooling

Another NbS that is often cited for adaptation to climate change is maintaining vegetation to
cool urban areas (see, e. g., Eggermont et al. 2015; Seddon et al., n.d.; Walters 2016). Cooling
provides an interesting example because it illustrates the many different perspectives from
which NbS can be considered. The same service, temperature regulation, can be provided by a
variety of natural assets, as well as by artificial alternatives. Conversely, a single natural asset
can provide a range of services. Another dimension is the nature of the value realized from
cooling: effects could be measured in the value of cooling reflected in home prices, in

expenditures on alternative cooling approaches or technologies, or in the costs of
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consequences of overheating, such as adverse health outcomes. While such measures may be
interrelated (the price of a home should, for example, reflect the costs of keeping its occupants
comfortable and healthy), they represent different empirical approaches to valuation, and may

be expected to give different answers depending on how they are implemented.

There are at least three separate, though not mutually exclusive, ways in which vegetation
reduces temperatures. One is simply by shading. A second is through evapotranspiration:
plants draw water from the ground and release vapor into the air (Fuss et al. 2018). Finally, to
the extent that vegetation may provide cooling, expenditures on, and emissions from the
energy required to generate, air conditioning may be reduced (Raymond et al. 2017). The
literature provides examples of services provided by areas of natural vegetation, such as parks,
maintained in cities, as well as of planted and managed areas. In the context of cooling the
most common example of the latter are “green roofs” established and maintained on top of

buildings.

There have been several efforts to quantify nature-based cooling benefits, though many are
incomplete or problematic. A widely cited meta-analysis found that urban green areas
generate a 0.94 C reduction in urban temperatures on average (Bowler et al. 2010). This study
combined evidence from forests, parks of various sizes, and ground and roof-top vegetation, so
not only the size of effects but the mechanisms for achieving them varied considerably. More
recent work has begun to relate the amount of cooling afforded by urban green spaces to the
size of the spaces and their distance from structures (Ziter et al. 2019). Deriving the often-
nonlinear relationships between areas generating services and the extent of the services

provided is key in assessing what the appropriate scale for them should be.

Few researchers have yet taken the next step of quantifying the costs and benefits of green
spaces providing relief from increasing urban heat. In an extensive review of literature on
managing climate change in cities Hobbie and Grimm (2020) list improving cost benefit analyses
among the top research priorities. Such economic studies as have been done are suggestive,
though they also illustrate the challenges of constructing monetary estimates. Becker et al.

(2019) investigate the relationship between urban greenspace and Medicare expenditures.
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While heat effects are just one of the possible nexuses between green spaces and health
(Kabisch, van den Bosch, and Lafortezza 2017), they may explain in part why Becker et al.
(2019) find a small but significant inverse correlation between green space and health
expenditures. Becker and colleagues controlled for a number of potential confounding factors,
but it could be very difficult to correct for potential selection bias: healthier people may be
more likely to live in areas with more outdoor recreational opportunities (Chiabai et al. 2020

give an example of procedures to correct for such biases for other landscape-related services).

A more promising approach for economic valuation may be to look at cooling costs that may be
avoided by plantings. Measuring the cost of providing a service by alternative means is not, in
general, a valid approach to estimating economic value, because it is not always the case that
such costs would be incurred. In the case of cooling residential and commercial spaces, though,
building occupants are generally willing to pay to maintain temperatures within relatively
narrow ranges. One way of moderating building temperatures is to establish roof-top gardens
and plantings often described as “green roofs” (see, e. g., Stagakis, Somarakis, and Chrysoulakis

2019).

A couple of studies have attempted carefully to measure the cost savings of green roofs.
William et al. (2016) find that the cooling savings afforded by green roofs justify their costs
relative to conventional roofs. Clark, Adriaens, and Talbot (2008) come to similar conclusions:
the life cycle costs of green roof are between 20 and 25% less than those of conventional
roofing when heating and cooling cost savings are factored in. They note further that
consideration of air quality and stormwater retention benefits could increase the differential to
approximately 40% in favor of green roofs. Air quality and stormwater retention benefits are,
generally speaking, externalities; they benefit the public at large, but the property owners
providing them are not compensated (although builders in some areas are now required to

account for the stormwater runoff generated by the impervious surfaces they construct).

While Clark, Adriaens, and Talbot’s (2008) analysis indicates that green roofs are less costly in
net present value terms than conventional alternatives, their findings are based on a five

percent discount rate. One might suppose that a higher rate might have been in order over the
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period they were considering (they based their analysis on data for 2006), and this would, in
turn, have increased the cost of green relative to conventional roofing.'* In any event, it would
seem that the choice of adopting the nature-based solution depends in this instance, as in
many others, on the ability to align private incentives that may not always make a compelling
case for adoption relative to alternatives, with public incentives that will require more active
public policy to effectuate but could provide the extra margin necessary to make a nature-

based approach more cost-effective than an artificial alternative.

2.2.3 Pollination

The idea of nature-based solutions encompasses extensive earlier work on ecosystem services.
While the focus of this report has largely been on climate change mitigation and adaptation,
maintaining natural systems that store carbon and help in adaptation to climate change often
confers ancillary benefits. Alternatively, it might be said that natural systems whose
maintenance has often been motivated by other ecosystem services also store carbon and
protect against climate change. Many of these ecosystem service benefits have been the

subject of extensive study.

One such service is pollination. Many important food crops depend on insects and other
animals to pollinate them. These pollinators depend, in turn, on natural environments for
refuge from predators and the elements, breeding areas, and alternative sources of fodder.
The example of pollination illustrates some of the important caveats that must be observed
when estimating economic values associated with NbS, however. Pollinators are valuable in
that they enhance the productivity of agriculture, and retained areas of natural habitat are
valuable in that they sustain larger pollinator populations. Diminishing returns characterize

both relationships, however. Moreover, while many crops require insect pollinators, many

14 While green roofs are more expensive to install initially relative to conventional roofs, they offset their higher
installation costs over time with net savings in operating costs. The higher is the discount rate, the more important
are the up-front costs relative to the future cost savings.
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others do not, and so the value of pollination services is necessarily constrained if farmers are

able to switch to crops that do not require insect pollination (Ghazoul 2005; Macaulay 2006).

A number of authors have studied the value of pollinators to the fertilization of crops and, by
extension, the value of areas of natural habitat set aside for the protection of pollinators (for a
recent critical review of studies on the value of pollination, see Breeze et al. 2016). Economic
values are based on the incremental contributions, and this has not been reflected consistently
in studies of the value of pollination. A notable exception is work by Ricketts and Lonsdorf
(2013; see also Simpson 2019) on the value of services provided by wild pollinators harbored in
areas of remnant forest. The authors note two sources of diminishing returns in the provision
of natural pollination services. First, increasing the size of an area of forest will provide less-
than-proportional additional numbers of pollinators. Second, the pollination function
saturates: regardless of the number of pollinators available to serve a crop, its yield is bounded
by the maximum amount of product — in Ricketts and Lonsdorf’s example, coffee beans — that

can be produced on a fixed number of plants.

The combination of these factors leads Ricketts and Lonsdorf to find that, while the marginal
value of habitat sheltering pollinators could be very high when such habitat is scarce and
pollinators are in high demand, it quickly drops to near zero as habitat becomes abundant
relative to the local need. This pattern is illustrated in Figure 5, reproduced with permission

from Ricketts and Lonsdorf (2013).
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Figure 5
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These findings might be related to some results noted earlier. Griscom et al. (2017) reported
that it might be cost-effective to reforest substantial areas of the globe at a carbon price of 100
USD Mg CO2¢ - y1. This translates to a value of about 1,720 USD h! - y! for potential forest land
in the tropics.?> If additional pollination benefits of several hundred dollars per hectare could
be added to this amount, the incentive to regrow forests to provide both carbon storage and
pollinator habitat might be considerably stronger. As the figure shows, though, the relationship
saturates quickly (in the spatial, as opposed to temporal, domain in this instance). If a

substantial area of land were already being set aside to sequester carbon, it might well already

15 Griscom, et al., report that forest land in the tropics can sequester about 4.7 Mg of carbon per year. This
corresponds to removal of about 17.2 Mg of CO: per year. Valued at 100 USD per Mg, the resultant per-hectare
value is as indicated.
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be providing enough pollination services as to make any benefits from further enhancing them

negligible.

This example suggests some important caveats to bear in mind when thinking about the
valuation of NbS. While a single area maintained to provide a nature-based solution to one
problem might also contribute to the solution of many others, care must be taken in adding
values. Some NbS are mutually exclusive; the same area of land cannot be used at the same
time to both maintain a standing forest and grow new biomass, for example (Minx et al. 2018).
It is also important to appreciate that values calculated in one context cannot generally be
extrapolated to another, at least not without making allowances for aspects that differ between
times and places. As noted above, for example, an area of restored forest may be generating
the largest carbon storage value when it is growing most rapidly, but might have the greatest
value as pollinator habitat or resistance to erosion when the forest has reached maturity. In
the spatial dimension, carbon storage values may scale linearly with the size of a forest area,
while, as Figure 5 shows, marginal pollination values may decline very rapidly with the area

providing them.
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2.2.4 Pollution treatment

Another commonly cited ecosystem service and, hence, NbS, underscores some of the points
just made concerning diminishing returns. One of the services areas of natural forest, strips of
vegetation along rivers, and wetlands may perform is the retention and treatment of
pollutants. Examples of water purification in the Catskills watershed that supplies New York
City’s water (Chichilnisky and Heal 1998) and the source from which the Perrier Company draws
its water (Perrot-Maitre 2006) have often been cited to demonstrate the values nature can
provide. Such natural purification might be particularly important in developing countries,
where financial resources to invest in wastewater treatment facilities are often unavailable
(see, e. g. Emerton et al. 1999’s study of the value of the Nakivubo wetlands near Kampala,

Uganda for purifying water).

As with pollination, coastal protection, and other services, however, pollution treatment often
exhibits sharply diminishing returns. The value of a wetland or riparian buffer for the treatment
of pollution depends on its ability to capture and neutralize pollutants. The more pollution can
be captured in the first hectare of such a system, however, the less remains to be retained by
the next, and so the marginal product of additional areas necessarily declines. This has been
substantiated in a number of natural science studies of riparian buffer strips and wetlands

(Mavyer et al. 2007; Mander 2008).

Context is also critical; if natural waste-treatment services are to be valuable, the system
providing them must be located between an upstream source of pollutants and a downstream
population that is vulnerable to contamination (Plummer 2009). The capability to treat
pollution is of little value unless there are pollutants to be treated and a compelling reason to

treat them.

Natural assets must also be cost-competitive with artificial alternatives if preservation of
natural assets is to be justified by their value in providing waste-treatment services. While New
York City continues to pay for watershed protection, it has also invested some $200 million in
wastewater treatment plants (Hu 2018). Similarly, Uganda has constructed a large plant to

treat wastewater discharged into the Navikubo Wetland. While such investments do not
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obviate the importance of natural treatment, other things being equal, they may diminish the

incremental value of natural treatment.

2.2.5 Biodiversity

More diverse ecosystems may be more biologically productive, and, hence, increase the
storage of carbon. They may also provide greater protection against storms and floods,
resistance to erosion, and other adaptive responses to climate change. Biological diversity itself

may also be a valuable attribute of natural ecosystems.

Willingness to pay for natural diversity may be manifested in different ways. Tourists may pay
to visit areas in which they can see profuse and/or unusual wildlife. This demand can be
measured using methods to infer values from the expenses tourists incur to visit sites (see, e.
g., Kuriyama, Shoji, & Tsuge, 2012). While tourists may pay more to visit more biologically
diverse, or biologically unique, sites, it may be difficult to infer how their willingness to pay to
view diverse or unusual assemblages of species translates into a value for the habitats that
sustain them. There may be little additional value attached to areas of habitat larger than
those required to maintain viable populations of “charismatic mega-vertebrates” (Terborgh
1999). Even highly modified habitats may be managed for selected wildlife by providing them
shelter and fodder; the zoological park is the extreme case. While larger areas of maintained
habitats can be expected to support broader assemblages of species, the relationship may be
highly nonlinear, with diversity increasing much more slowly than habitat area (MacArthur and

Wilson 1967; Losos and Ricklefs 2009).

Biological diversity may also have a value as a source of new products. Genetic combinations
found in nature have proved to be the source of new commercial and pharmaceutical products
and, of course, virtually all agricultural products had their origins in natural antecedents. Wild
genetic variation may still be a source of disease resistance or yield increases. Yet the
enthusiasm for commercialization of wild genetic resources has elicited conflicting academic
views as to the likely value they imply for the areas harboring them, with some authors
optimistic about the economic prospects (see, e. g., Rausser and Small 2000), while others

argue they are likely to be negligible (see, e. g., Simpson et al. 1996; Costello and Ward 2006).
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Real-world experience with “bioprospecting” for commercially valuable genetic resources has

often proved disappointing (Conniff 2012).

Over and above whatever values biological diversity might afford as a magnet for tourists or a
source of new products, there are “existence values” arising from the ethical obligation many
people feel to maintain Earth’s diversity of life. Inasmuch as such values cannot be tied to the
purchase or consumption of any marketed product, they cannot be estimated by common
economic methods. Such values, if they are to be estimated at all, can only be inferred from
survey results derived using “stated preference” methods (Pascual et al. 2012). While a great
deal of research continues to be done on these methods, they remain controversial among

many economists (Hausman 2012; Desvousges, Mathews, and Train 2015).

Perhaps most importantly from the present perspective, an argument that nature’s values
could largely be ascribed to the intangible preferences of people the world over seems to circle
back to the starting point that an appeal to NbS may have been intended to avoid. Nature-
based solutions are often posed as the ways in which nature might provide solutions to tangible
and pragmatic problems, as an alternative to more abstract arguments for maintaining diversity
that have not gained traction (Armsworth et al. 2007). The problem to which a nature-based

solution is posited is generally not “the decline of nature” per se.

3. Some overarching issues

The previous section has provided illustrative examples of the application of economic analyses
to nature-based solutions. It has not been possible to review the full range of applications of
NbS that might be explored from an economic perspective, let alone to survey the vast
literatures that are relevant to such issues. The examples do, however, point to several
important concerns with the application of economics to NbS. Three are considered here:
tradeoffs between environmental and ecological objectives, as opposed to tradeoffs between

environmental and ecological objectives on one hand, and other societal interests, on the
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other; common problems and misconceptions in economic valuation of ecological assets; and

the unavoidable uncertainty inherent in contemplating extensive changes from the status quo.

3.1 Tradeoffs

In a paper comparing strategies for absorbing atmospheric CO, Williamson (2016) writes that
widespread adoption of BECCS to constrain mean global temperature change to less than 2 °C
would require appropriation of vast areas of forest and grasslands. Such a loss of habitat could
cause greater losses of terrestrial species than would the temperature increase it was intended
to forestall. From the perspective of biodiversity protection, at least, Williamson suggests that

the cure might prove worse than the disease.

BECCS may be an extreme example. Perhaps regularly harvesting managed plantations to
produce biofuels, capturing the carbon they embody, and injecting it in deep storage is not a
“real” a nature-based solution (Hausfather 2018; Lewis et al. 2019). Yet by the definitions
reviewed above, it is not clear that BECCS, which arguably is “inspired” (EC, n. d.) and
“motivated and supported” by nature (Conti 2019) would not qualify. Moreover, BECCS could
offer additional carbon storage long after forests being replanted now have reached maturity
and, hence, would store little more carbon (Minx et al. 2018). BECCS might comprise a more

I”

“natural” approach than, say, direct air carbon capture and storage through electro-mechanical
means (Fuss et al. 2018) under the comparative standard Maes and Jacobs (2017) propose to

distinguish NbS from artificial alternatives.

BECCS may provide an extreme example of how a more a tenuously nature-based solution
might work at cross-purposes with a less ambiguously “natural” alternative, but there are many
other instances in which alternative nature-based solutions are likely to “solve” different
problems to different degrees. For example, monoculture plantings have been disparaged by
commentators who decry the loss of biodiversity they may cause (see, e. g., Lewis et al. 2019).
Yet others argue that monoculture plantations may offer the most rapid path for carbon

sequestration (see, e. g., Lin et al. 2013).

The issues of leakage discussed above may also be interpreted as a question of tradeoffs. Is it

better to regrow forests in some places if doing so will result in more deforestation elsewhere?
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The answer depends on the relative values attached to the carbon sequestration and
biodiversity values (and potentially others) in both the places where forest areas will be gained
and those from which they may be lost. Similar issues arise with respect to the intensity of
agriculture. It is possible grow to food in, for example, mixed agroforestry systems that may
shelter more local biodiversity and fix more soil carbon (Stagakis, Somarakis, and Chrysoulakis
2019). If these benefits are achieved at the expense of reducing yield per hectare, however,
they may involve employing larger areas less intensively, as opposed to smaller areas more
intensively (Simpson 2014). This, in turn, may involve reducing areas of still relatively pristine

ecosystems.

These concerns recall debates that have been occurring in conservation biology for many years
between advocates of preservation of pristine systems (see Soulé 2013) and those who would
integrate the remnants of natural systems in working landscapes in order to preserve them (see
Kareiva and Marvier 2012). Findings from both natural and social sciences may be helpful in
predicting the sometimes unanticipated effects of alternative policies, such as leakage. More
fundamental questions involve values in the philosophical, rather than economic, sense of the
term: what should the objectives of policies to implement nature-based solutions or alternative
approaches be? Economic analysis cannot help with these fundamental choices. Once they
have been made, however, economic approaches may be helpful in determining how best to

achieve objectives determined by other means.

The more general point is that in order to decide how best to achieve an objective, it is
essential first to be clear about what the objective is. This is an ongoing problem with nature-
based solutions. NbS may address climate change mitigation and adaptation as well as the
provision of other environmental and ecological benefits, all while enhancing resiliency, human
well-being and societal equity (Walters 2016; Conti 2019; EC n. d.). Different approaches will
achieve different objectives to different degrees, and few if any are likely to promote them all.
As some approaches are mutually exclusive — the same land cannot be used for different
purposes at the same time — it is crucial that objectives be clarified if NbS are to be made

operational (Cohen-Shacham et al. 2019).
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3.2 Challenges in economic valuation

There has been a great deal of work in recent decades on the economics of biodiversity,
ecosystem services and, more recently, NbS. This includes several comprehensive studies (see,
e. g. Pearce and Moran 1994; TEEB 2009; Daily 1997; Millennium Ecosystem Assessment 2005;
Diaz et al. 2018; Bateman et al. 2014) and literally thousands of case studies. A reader might

wonder, then, what remains to be done.

There is often less to ostensibly “economic” studies than there may seem, however. Studies
that may seem to address economic values sometimes provide only partial or suggestive
evidence. A survey of nearly 400 studies on water-based ecosystem services found that the
majority “failed to adequately link changes in environmental conditions to human well-being,
instead stopping at the point of suggesting that one was connected to the other” (Brauman
2015). Another survey of a broader set of ecosystem service valuation studies found that less
than a third “provided a sound basis for their conclusions” (Seppelt et al. 2011). Recent work
on the value and effectiveness of NbS reveals similar shortcomings. Reed et al. (2017)’s survey
of values arising from maintained natural forests includes several studies (Asase et al. 2008;
Renard, Rhemtull, and Bennett 2015; Chauhan et al. 2010) that point to forests’ contributions
to food production and livelihoods, but do not quantify economic values and/or relate them to
costs of their provision. Reid et al. (2019) review 13 studies offering economic analyses of
ecosystem-based adaptation to climate change. In only 4 of 13 cases do they find results they
deem to be supported by quantitative evidence that ecosystem-based adaptation measures are

more cost effective than alternatives.®

Studies that do report economic values of NbS and their associated ecosystem services are also
often flawed. Many do not conform with best practice for economic valuation. The economic

value of a good or service must reflect actual willingness to pay, as opposed simply to the cost

16 |n two instances the authors report either that the evidence did not support a conclusion that ecosystem-based
adaptation was cost-effective, or that a determination could not be made, and in seven they report that
participants perceived ecosystem-based adaptation measures to be more cost-effective than alternatives, but
could not substantiate their impressions with hard data.
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of replacing it without reference to whether such a replacement would be cost effective.
Moreover, economic values are determined for incremental comparisons, not on the basis of

total effects or extrapolation of averages effects (see, e. g., Freeman, Herriges, and Kling 2014).

Valuation of ecosystem services is an inherently multidisciplinary undertaking, but the
economic aspect of the work is not always undertaken by economists. Torres and Hanley (2017)
survey nonmarket valuation studies of coastal and marine ecosystem services, and report that
many of the studies they identified were published in natural science, rather than economic
journals. Other large compilations of valuation studies reveal similar patterns. The Ecosystem
Services Valuation Database (Van der Ploeg and de Groot 2010) contains over 1,300 value
estimates and has been used in such major undertakings as the project on The Economics of
Ecosystems and Biodiversity (TEEB 2009) and the United Kingdoms’ National Ecosystem
Assessment (Bateman et al. 2014). It too assembles estimates of economic values from a variety
of sources. This is not to say that natural scientists cannot perform credible economic analyses,
nor that economists do not publish in natural science journals. When Blomqvist and Simpson
(2017) chose 28 value estimates at random from those collected in the ESVD to conduct a
careful review of their methods, however, their findings were troubling. Over half used
replacement cost inappropriately as a valuation method or confused total and incremental

benefits.

Such errors are particularly problematic in that much of the work on NbS is done by compiling
the results of earlier studies. The practice of “benefit transfer,” or applying the results of a
valuation study done at one time or place to another, after adjusting for differences between
contexts (see Johnston 2017), is increasingly adopted as an expedient when not enough time or
budget is available to conduct an original valuation study (U.S. EPA 2014; Siikama&ki, Santiago-
Avila, and Vail 2015). Context is critical in valuation; goods are economically valuable to the
extent that they are scarce. A value estimate, even if it is computed properly, may not be

useful in a benefit transfer if does not relate value to the quantity of the good or service being
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provided, as that quantity will likely vary from setting to setting. Of course, a value estimate

that is not computed properly may not be useful in any setting.!’

3.3  Large changes and pervasive complexity

Adopting nature-based solutions to climate change will require changes in land use over very
large areas. While NbS for coastal storm protection, temperature moderation, or provision of
other more local ecosystem services might not involve as much land use change in a single
place, they might have significant effects on the economies of particular communities, as well

as substantial effects on regional or national economies if adopted in a large number of areas.

Economic valuation is based on incremental comparisons. The value placed on an area of forest
for the carbon storage or pollination services it supplies is not determined by what society
would be willing to pay for a stable climate or an adequate food supply as opposed to the
complete absence of either. Rather, the economic value placed on maintenance or restoration
of an additional area of forest is determined by what incremental benefit society would realize
from the change in temperature or increase in food supply it would afford. It is a truismin
economics that “value is determined on the margin”: by how much a little more of something
is worth. This leads to a sort of paradox. Estimates of economic value are based on willingness
to pay for small increments, but large changes may be required to address important
challenges.'® This raises the question of how large changes in land use and other inputs

underlying NbS should be.

As noted above, large changes in land use in one area are likely to induce offsetting changes in

other areas through leakage. Leakage may be controlled by instituting coordinated policies

171t may be useful to distinguish between unavoidable stochastic variation in the estimation of values and bias.
The former merely means that estimates are uncertain, but that such uncertainties should be reduced over
repeated samples. Bias is more problematic. Values estimated on the basis of replacement costs or that result
from the confusion of total or average for marginal values will generally be too high, and the bias will not be
reduced by including more flawed studies in a meta-analysis.

8 The problem of inferring the value of large changes has long been recognized. Alfred Marshall (1842 —1924) is

credited with introducing the notion of externalities in economics, but also noted that speculations regarding
willingness to pay is “highly conjectural except in the neighborhood of the customary price”.
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across very broad landscapes. These in turn may induce changes in the price of food, the
incomes of farmers and other workers, and ripple effects through the entire economy. To
understand the implications of large scale NbS, then, a model of the entire economy might be

required.

Such computable general equilibrium models have been used to predict the effects of climate
change and policies to control it. However, tremendous uncertainties characterize such efforts
(Gillingham et al. 2016), and some commentators suggest that many models are artefacts of
the assumptions on which they are based, and consequently not reliable enough to provide
very much practical assistance in planning (Pindyck 2013). Complex and wide-ranging models
of land use have been or could be used to predict the effects of NbS (Hertel, West, and Villoria
2019 review more than a dozen large-scale land-use models). Similar concerns might be raised

about their reliability.

George E. P. Box’s statement that “all models are wrong, but some are useful” is often
repeated. One of the challenges in implementing nature-based solutions is to determine which

of the models that can be used to guide them are useful.
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4, Recommendations

In conclusion, a number of recommendations are offered for better understanding and

advancing work on the economic analysis of nature-based solutions.

Recommendation 1: Adopt clear definitions, objectives, and scope

Ongoing work on nature-based solutions might adopt one of the many existing definitions of
the term, combine elements of two or more, or develop a new definition. What is more
important than the definition per se is that the objectives of NbS be clarified. What are the
problems nature-based solutions are intended to solve? Merely listing desiderata — that NbS
should mitigate and adapt to climate change, preserve biodiversity, provide local ecosystem
services, promote resilient ecological and human communities, enhance equity and
participation, etc. — is not sufficient, as some of these criteria inevitably come into conflict.
There may be no strictly scientific way in which to reconcile competing objectives, but clarifying
and prioritizing objectives is essential if NbS is to be an operationally useful concept (Cohen-

Shacham et al. 2019; Conti 2019).

This is particularly true in light of the fact that many NbS have different effects on different
spatial and temporal scales. Ideally, policies would be adopted with an appreciation for their
global implications and an understanding of how they might need to be modified or
supplemented over time. This may not always be possible, but when a choice is made to

restrict attention to local and temporary effects, it should be explicitly recognized and justified.

Recommendation 2: Curate existing research

There has been a tremendous amount of research undertaken on nature-based solutions and
their economic values and implications. At this time it may be as helpful to carefully evaluate
what has been done to date as it would be to initiate a large number of new projects. While
much — though by no means all — of the work on NbS that is widely cited and has proved
influential has appeared in peer reviewed publications, journal editors have not necessarily

assigned reviewers across the broad range of natural and social science disciplines that would
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be required for full evaluation. Consequently, it is not clear that findings from much of the

literature are credible or provide useful guidance for application in new settings.
A “retroactive peer review” of existing studies could

i Validate studies that may be used as exemplars for new work and/or employed in
benefit transfer studies;
ii. Identify common conceptual errors and warn researchers against them; and

iii. Recommend best practices.

Such a review could be accomplished by developing a protocol for sampling from existing work,
and from the resultant sample identifying the prevalence of both problematic and replicable

procedures.

Recommendation 3: Assess the ability of complex models to make useful
predictions at relevant spatial and temporal scales

Issues of spatial and temporal scale are critical in considering NbS. The effects of implementing
a policy at one location cannot be fully evaluated without understanding how adverse
consequences might “leak” into other areas. Similarly, it must be known how the effects of NbS
vary over time, so that stop-gap measures can be implemented over any periods before they
become fully effective, and subsequent interventions planned if they will later become

ineffective.

There is a multitude of complex modeling platforms that have been used to predict the spatial
and temporal extent of different policies (Hertel, West, and Villoria 2019; Baldos and Hertel
2012; Searchinger et al. 2018; Lanz, Dietz, and Swanson 2018; Schmitz et al. 2012, Bertram et
al. 2018) Yet much more work remains to be done to enhance their applicability and predictive
capabilities (Byerlee, Stevenson, and Villoria 2014). An assessment could be made of the
performance of such models by using them to “predict” known outcomes based on earlier data.
Models might also be compared in the precision with which they can predict the spatial and

temporal effects of NbS and their sensitivity and robustness to parameter choices. Such
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exercises might identify which model(s) might be best used for particular purposes, and what

further improvements might make complex models more accurate and useful.

Recommendation 4: Identify effective policy instruments for implementing NbS

NbS often induce effects over a range of places and times. They are also introduced in an effort
to achieve a variety of societal and ecological ends. It is generally necessary to tailor and
coordinate a suite of policies if a policy maker wishes simultaneously to achieve multiple
objectives (Tinbergen 1952). While several authors have noted the importance of coordinating
policy measures (see, e. g., DeFries and Rosenzweig 2010), careful investigations of the
interactions between policy measures are less common (see, e. g. Bode et al. 2014; Schmitz et
al. 2012; Bertram et al. 2018). Additionally, policy actions can and must redress the
disproportionate impact on women and girls of economic, social and environmental shocks and

stresses.

Many different policy approaches have been recommended for implementing NbS and fine-
tuning their effects: regulations, taxes, subsidies, changes in land tenure, communal resource
management, monitoring and enforcement of conservation measures, and a host of others.
Surveys of instruments and incentives now being offered to landowners and other
stakeholders, as well as the interaction between policies, could identify which have proved
most effective under what circumstances and identify problems that may not have been

foreseen when they were first implemented.

Recommendation 5: Adopt adaptive management plans

The effectiveness of NbS is likely to be extremely uncertain. Projections concerning, for

example, how much carbon a growing forest can store, or how much protection the same
forest might provide against erosion are necessarily imprecise. Moreover, they are made
against the backdrop of a changing environment. Carbon fertilization may enhance forest

growth, or perhaps drought will slow it. Erosion may be more or less severe depending on the
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frequency and intensity of precipitation in a changing climate. On top of uncertainties on
guestions of natural science, there are also societal uncertainties. How quickly will populations

grow, how far will people migrate, and how will they respond to incentives?

Given the uncertainties inherent in reliance on NbS, as well as the severity of the problems
against which they are deployed, it is important to adapt to new understandings of the
effectiveness of NbS. It is reasonable to suggest that NbS be employed aggressively as part of a
broad-based program to prevent and adapt to climate change. Because the need to address
climate change and biodiversity loss is growing urgent, it is reasonable to suggest that all
feasible approaches be employed aggressively. By the same token, though, it is also advisable
to be prepared to amend plans based on emerging evidence: to expand on the use of those
measures that are shown to be most effective, while reducing dependence on others that are

not performing as well.

Protocols should be defined for amending NbS plans in advance of the need to implement
changes. Deciding on what modifications to make in response to which signals of interim
success or failure will enable more effective adaptation to circumstances that will inevitably

change.
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