nature L
sustainability

ARTICLES

https://doi.org/10.1038/541893-021-00692-9

‘ '.) Check for updates

The economic consequences of conserving or

restoring sites for nature

Richard B. Bradbury ©®'224, Stuart H. M. Butchart

23 Brendan Fisher?, Francine M. R. Hughes?,

Lisa Ingwall-King®, Michael A. MacDonald’, Jennifer C. Merrimang, Kelvin S.-H. Peh®2?°,
Anne-Sophie Pellier?, David H. L. Thomas'?, Rosie Trevelyan™ and Andrew Balmford?

Nature provides many benefits for people, yet there are few data on how changes at individual sites impact the net value of
ecosystem service provision. A 2002 review found only five analyses comparing the net economic benefits of conserving nature
versus pursuing an alternative, more intensive human use. Here we revisit this crucial comparison, synthesizing recent data
from 62 sites worldwide. In 24 cases with economic estimates of services, conservation or restoration benefits (for example,
greenhouse gas regulation, flood protection) tend to outweigh those private benefits (for example, profits from agriculture or
logging) driving change to the alternative state. Net benefits rise rapidly with increasing social cost of carbon. Qualitative data
from all 62 sites suggest that monetization of additional services would further increase the difference. Although conserva-
tion and restoration did not universally provide greater net value than the alternative state, across a large, geographically and
contextually diverse sample, our findings indicate that at current levels of habitat conversion, conserving and restoring sites

typically benefits human prosperity.

nomic and human well-being consequences of degradation

of nature'~. However, the degradation continues, perhaps in
part because inadequate steps are taken to ensure that planning and
management decisions are informed by estimates of their net conse-
quences for benefits (ecosystem services) to different stakeholders®.
Although criticisms of valuation are well rehearsed, from the ethical
to the analytical’®, cost-benefit and cost-effectiveness analyses are
demanded in many regulatory contexts and provide a useful, if par-
tial, lens on the impacts of decisions on human prosperity. An early
review’ found only five site-level studies worldwide comparing the
aggregate economic value of flows of ecosystem services delivered
by the site when relatively intact with its potential economic value
when converted to more human-dominated forms of use. Although
tiny, this sample suggested retention of (or sustainably managing)
areas of natural habitat typically delivered net economic benefits to
people. While striking, this result was almost certainly conservative,
given that assessments of service flows at one point in time tend to
fail to consider whether those flows can be maintained sustainably
into the future'’. Despite growing understanding of the economic
consequences of conserving or restoring nature'’~* and develop-
ment of new tools for ecosystem service assessment'®, remarkably
few additional studies™'”' have investigated this key question of the
net economic value of conserving (or restoring) individual sites.

Recent decades have seen increasing recognition of the eco-

A new data synthesis on the net benefits of conservation
We addressed this lack of evidence by synthesizing data from a
relatively large sample of published and unpublished studies that

used the framework of the Toolkit for Ecosystem Service Site-Based
Assessment (TESSA; http://tessa.tools)”? to develop the earlier
review’, evaluating the net consequences of plausible changes in
habitat state on the benefits provided by particular sites. TESSA
provides relatively simple methods, within a consistent framework,
for evaluating the difference in ecosystem service flows, in biophysi-
cal and (where possible) economic terms, provided by a site under
contrasting states. The resulting analyses do not claim to be full
economic valuations but do aspire to cover as many of the main
services provided by a site as possible, in either state, and always
include the services driving state change. The toolkit emphasizes
broad stakeholder participation—including those benefiting most
from the change in state—to identify the main ecosystem services
and plausible alternative land uses and to facilitate local data col-
lection. Our literature review yielded information on 15 sites (13
in International Scientific Indexing (ISI) journal papers) that met
our criteria (Methods) for analysis. Unpublished studies provided
information from 47 additional sites (Supplementary Data). The
combined set of 62 sites spanned six continents (Supplementary
Table 1), contrasting (1) a nature conservation state with a more
human-modified state (for example, protected area versus conver-
sion to agriculture; 44 sites) or (2) an ecological restoration state
with the pre-restoration (human-modified) state (for example, res-
toration to intertidal habitat versus coastal area claimed for agri-
culture; 18 sites). Henceforth, we refer to nature conservation and
ecological restoration states as ‘nature-focused’ and the contrasting
states as ‘alternative. These studies provided data on multiple ser-
vices, including the most important private and toll (club) benefits
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Fig. 1| Relative net benefits of the nature-focused state at 24 sites.

The NPV for the nature-focused state was divided by that for the alternative
state and the result logged. Positive values therefore reflect greater net
benefit in the nature-focused state while negative values reflect greater net
benefit in the alternative state. Cases where the NPV of either state was
negative, such that a ratio could not be calculated, were allocated values
equivalent to either the largest ratio in the dataset (alternative state NPV
negative) or the smallest ratio (nature-focused state NPV negative). For
ease of interpretation, data points with very similar response values have
been offset along the horizontal axis to minimize overlaps. Green, forest;
blue, wetland; gold, other habitats. Squares represent sites with full costs
included; circles represent sites with only partial costs included. Symbol
size is scaled to the number of services measured. Time horizon 50 years;
inter-state change period 20 years; social cost of carbon in year of study;
discount rate 2%.

from marketed goods (see the following), as well as one or more
public goods or common pool resources delivering unmarketed
local or global benefits (Supplementary Data).

We first compared the net economic value of the nature-focused
and alternative states at 24 sites that provided economic data
(mean=3.75 services valued per site, range 2 to 7). Service values
were adjusted to international dollars for the year of study, one-off
values were annualized over 20 years (over which we assumed the
change in state would happen) and all service values of a given state
were then summed and expressed as net present value (NPV) over a
50-year time horizon. We contrasted NPV between nature-focused
and alternative states, including restoration costs and manage-
ment costs in both states for the ten sites that provided full cost
data. We assumed (1) a social cost of carbon of $31.21 per tonne
CO,-equivalent (tCO,e) (ref. °), inflation-adjusted to the year of
study (plus sensitivity tests of $5; $100), (2) a 20-year time horizon
for state change (plus 10 years; 30 years), (3) a 50-year time horizon
for accrual of costs and benefits (plus 30 years; 100 years) and (4) a
discount rate of 2% (plus 1%; 10%).

Net economic benefits of conservation and restoration

Conservation tended to provide greater NPV than the alternative
state (Fig. 1: conservation >human-modified state for 8 of 10 sites,
including 5 of 6 with full costs), especially for forests. Ecological
restoration was also associated with greater NPV than the alterna-
tive state (ecological restoration > pre-restoration for 10 of 14 sites,
including 3 of 4 with full costs). The state that had the higher NPV
was not significantly associated with type of state change, country
income class, broad habitat class, number of services quantified per

site, whether full costs were included or whether the study was pub-
lished (Supplementary Table 2).

We found that even with a social cost of carbon of $0 per tonne,
the nature-focused state NPV was greater than the alternative
state NPV in 42% of cases (Supplementary Fig. 1), rising to almost
60% of cases when using the low-end social cost of carbon of $5
per tonne and over 70% with $31 per tonne. At $31 per tonne, the
nature-focused state NPV was greater than the alternative state NPV
at 100% of forest sites. Altering the duration of the state change, the
time horizon or the discount rate made negligible differences to our
overall findings (Supplementary Fig. 2).

We then looked at how state changes affect benefit distribution
by distinguishing whether the benefits of each service could be
captured privately or could be enjoyed more widely. Services were
divided into non-excludable goods (public goods and common
pool resources), where the wider public can typically benefit, and
excludable goods (private and toll goods (for example, charges to
enter a protected area)), where the benefits are captured by rela-
tively few (Supplementary Data). This is more comprehensive (and
representative in our cases) than a simple public-private dichotomy.
For both state change contrasts, the NPV of non-excludable goods
tended to be greater in the nature-focused state than in the alter-
native state (Fig. 2: conservation versus degradation, 9 of 10 cases,
)(%=6.400, P=0.022; ecological restoration versus pre-restoration,
13 of 14 cases, y2=10.286, P=0.002). Contrary to what might be
expected, given that change is usually driven by extraction of pri-
vate goods, the NPV of excludable goods was regularly higher in the
nature-focused state than in the alternative state (conservation ver-
sus degradation, 5 of 10 cases, ¥1=0.000, P=1.000; ecological res-
toration versus pre-restoration, 5 of 14 cases, y? =1.143, P=0.424).

Further support for conservation and restoration

Although these results suggest greater net value of the nature-focused
state, our analysis may still be conservative because of lack of mon-
etization of several other services at each site. We investigated
whether this might systematically bias our results by using infor-
mation in the original studies on the direction of change of these
services. We did this first for the 24 sites included in the economic
analysis, determining whether annual flows of each non-monetized
service were qualitatively greater under the nature-focused state,
greater under the alternative state or approximately equal (Methods)
under the two states. We did the same for the remaining 38 sites,
aggregating results across all services to determine whether benefits
were (1) apparently greater under the nature-focused state (more
services were greater in the nature-focused state than were equal or
lower), (2) greater under the alternative state or (3) approximately
equal under the two states.

This direction-of-change analysis suggests that the economic
analysis may be conservative. First, across the main 24 sites, of 19
cases where a service was assessed for directional change but not
monetized (15 of these relating to water quality, water provision or
flood risk mitigation), 13 were greater in the nature-focused state, 4
were equal between states, and only 2 were greater in the alternative
state. Second, among the 38 remaining sites, overall provision of ser-
vices in the nature-focused state was greater than or approximately
equal to that in the alternative state in all cases, suggesting that
the 24 main sites are broadly representative of a wider pool (Fig. 3
and Supplementary Fig. 3). Among the 38 sites, the more services
inspected at a site, the higher the probability that more services were
greater under the nature-focused state (Supplementary Table 3:
22=5.760, P=0.016). The outcome was not significantly associ-
ated with country income class, habitat type, type of state change or
whether the study was published (Supplementary Table 3).

For decision makers aiming to maximize profit, contrasting the
net benefits of two states is informative. However, if working on a
fixed budget with costs as the main consideration, decisions about
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Fig. 2 | Summary of the number of sites at which NPV was greater in the nature-focused state, greater in the alternative state or approximately equal in the
two states, for non-excludable and for excludable goods. a, Conservation versus modification (n=10). b, Ecological restoration versus pre-restoration (n=14).
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Fig. 3 | Benefits of conservation or ecological restoration at 38 sites
without economic data, displayed by habitat. Bars show the number

of sites at which overall benefits were greater in the nature-focused

state (most services assessed to have qualitatively higher flows in the
nature-focused state than in the alternative state), greater in the alternative
state or equal in the two states.

site management will also reflect the benefit-cost ratio of alternative
options. Of the ten sites that provided full costs, the benefit-cost
ratio of the nature-focused state was greater than the alternative at
five sites and equal to the alternative at one site (Fig. 4). Of the four
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sites at which the benefit-cost ratio was greater in the alternative
state, two also had greater net benefits in the alternative state.

Conclusions and caveats

Our analysis shows that both conservation and ecological restora-
tion bring considerable net benefits in terms of public goods and
common pool resources, regardless of the habitat or type of ecosys-
tem state change being considered. Non-excludable benefits typi-
cally outweigh the excludable benefits that normally drive change to
an alternative state, such that the total value of the nature-focused
state is greater, even when accounting for all costs. For four of the six
studies where excludable benefits outweighed non-excludable ben-
efits, the result was driven by commodity crops (cereals, sugar) with
a relatively high price. However, commodity crop-driven changes
were not always sufficient for excludable benefits to outweigh
non-excludable benefits. Commodities (cereals, rubber, tea, cocoa)
were also the main driver of change at 10 of the 18 sites where the
nature-focused state provided greater overall value. Moreover, our
qualitative data suggest these results are conservative: those services
whose value could not be monetized were very likely to be greater
in the nature-focused state, and the more services considered, the
more likely that the nature-focused state delivered greater benefits
than the alternative. Benefit-cost ratios also generally favour both
conservation and ecological restoration as much as the alternative
state. However, while these patterns hold for all goods combined
and for non-excludable goods, the alternative state was often more
valuable when only excludable goods were considered. Our find-
ings thus provide a strong economic justification for incentives
to encourage private landowners towards decisions that favour
nature-focused land management to enhance overall social value.
This could include negative incentives such as taxes and regula-
tion’" or positive incentives such as subsidies and payments for
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Fig. 4 | Relative benefit-cost ratio of the nature-focused state compared
with that of the alternative state at the ten sites providing full cost data.
The benefit-cost ratio in the nature-focused state was divided by that in
the alternative state and the result logged (y axis). Positive values therefore
reflect a higher benefit-cost ratio in the nature-focused state while
negative values reflect a higher benefit-cost ratio in the alternative state.
For ease of interpretation, data points with very similar response values
have been offset along the horizontal axis to minimize overlaps. Green,
forest; blue, wetland. Symbol size is scaled to the number of services
measured. Triangles represent sites where net benefits were greater in the
nature-focused state or equal between states; diamonds represent sites
where net benefits were greater in the alternative state. Time horizon 50
years; inter-state change period 20 years; social cost of carbon in year of
study; discount rate 2%.

ecosystem services, as advocated, for example, in England’s new
Environmental Land Management scheme” and practiced in Costa
Rica’s payment for forest service schemes*** and the US conserva-
tion reserve programme®.

This analysis updates initial suggestions’ that conserving
remaining natural habitats benefits human well-being as well as
biodiversity but is based on a larger, more geographically, ecologi-
cally and contextually diverse sample. It also confirms the benefits
of complementing conservation of existing habitats with investment
in ecological restoration''. Importantly, our results characterize the
outcomes of marginal changes: the costs and benefits of plausible
changes in the state of individual sites®. As such, they should not
be used to argue for widespread abandonment or restoration of
human-dominated land uses. Moreover, we did not find that con-
servation and restoration have universally greater net value than
alternative land uses, so more work is needed to identify the situa-
tions when a nature focus does and does not pay. However, our find-
ings do suggest that, within the broad habitat and geographic range
present in our data, we have typically passed the point where the
benefits of further change from nature towards human-modified
uses exceed the costs to society.

There are obvious limitations to this analysis. Benefit values
were estimated by quantifying costs (for example, damage cost
avoided and travel cost), estimates of producer surplus and, in one
case, a replacement cost (Methods and Supplementary Data). As
such, our estimates are not strict measures of economic value but
rather estimations of ecosystem service values consistently applied
to alternative states of landscapes. Case studies did not estimate

consumer surpluses, and therefore our benefit values are conserva-
tive (underestimates). Uncertainty in some estimates of service val-
ues is likely to be high (for example, due to small sample sizes or the
use of look-up tables for carbon estimates at some sites), although
there is no reason to expect these uncertainties to be systemati-
cally biased in favour of the nature-focused state. It is conceivable
that unpublished studies might contain biases in which services
are selected and valued. However, in our sample, the unpublished
studies on average included slightly fewer services than published
studies, while including the most common driver of state change
(cultivated goods) just as frequently (Supplementary Table 4). It
is therefore unlikely that biased service selection in unpublished
studies could have favoured the nature-focused state in our results.
Moreover, we consistently found no difference in results between
published and unpublished studies. One further potential limitation
is that we have characterized decision-making as a simple dichot-
omy, when instead it normally involves choices among a broader
and subtler range of options. Nevertheless, the simple contrasts
drawn in this study throw light on the net benefits to society that are
frequently ignored when land- and water-use decisions are made.

However, there are additional reasons why our results may
be conservative. As yet, TESSA does not provide methods for all
services. Several omitted services, such as air quality regulation,
are also typically provided to a greater extent by natural than
human-dominated land covers**. Also, the data available for eco-
nomic analysis covered fewer services per site than those used in
our simple directional analysis. While we found no evidence that
the number of services assessed per site influenced the results of
the economic analysis, statistical power was low and, given the
results in the directional analysis, omission of some services was
possibly important. Services omitted from the economic analysis,
especially water services that users found difficult to quantify or
monetize, were consistently better provided in the nature-focused
state. Further, we used a (year-adjusted) value for the social cost of
carbon of $31.21 (ref. »°), but others have argued that this should be
$62 (ref. ) or even higher®. Such values would greatly strengthen
the case for nature-focused management. Furthermore, it can be
expected that a flows-based assessment such as this will always
under-represent the full natural capital value of the ecosystems from
which services derive'. Our data represent snapshots of two states
and assume constant rates of service flow and the same discount
rates and time horizons for different services. This accounts for nei-
ther different sustainability of flows in the different states*"* nor the
contention that private goods should be discounted more heavily
and over a shorter horizon than public goods™**.

The heterogeneity and distribution that we found in the eco-
nomic merits of nature-focused versus alternative states under-
scores the importance of using local engagement and local data to
assess impending management decisions. We urge researchers and
managers undertaking such studies to make their results and under-
lying data publicly available, to enable a broader understanding of
when conservation or restoration is and is not likely to generate net
benefit to society. However, at an action level, removing the infor-
mation deficit will not alone result in better decisions, especially
when private landowners bear the costs while benefits are received
by various other stakeholders. On occasion, broader non-utilitarian
values of landowners (such as wider civic duties and responsibilities
or the cultural and social values they attach to land and place) may
sway their decision. In other cases, as discussed earlier, financial
and other incentives will be necessary to nudge behaviour change.
To turn persuasive evidence into effective incentivization requires
focused and committed engagement and relationship-building
between data gatherers and decision makers® to maximize trust and
knowledge legitimacy”. This includes both individuals and commu-
nities most affected by the decision and the policy actors who can
provide incentives, influencing downstream operational decisions
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by altering their decision-making context. Such multi-stakeholder
engagement was a vital component of the TESSA assessment process
on which the case studies in this analysis are based. Communicating
more effectively the full range of benefits and beneficiaries, through
such an engagement process, is essential if future land and water
management decisions are to stem the ongoing loss of biodiversity
while supporting human prosperity.

Methods

TESSA (http://tessa.tools)" provides a consistent conceptual framework and
relatively simple methods for estimating and valuing ecosystem services, combined
with broad stakeholder participation, to contrast explicit alternative states of a

site. A site is taken to be a single governance unit of between 100 and 10,000 ha.
TESSA currently includes methods for coastal protection, global climate regulation,
pollination, harvested wild goods, cultivated goods, water-related services (flood
detention, water supply and quality), nature-based recreation and tourism, and
cultural services. In addition to costs associated with production of specific services
(see the following), users are guided to include both one-off costs of any restoration
activity (for example, land purchase, fencing, re-engineering work, infrastructure,
casual labour) and annual management costs. Annual management costs include
salaries, capital expenditure (equipment, facilities) and operating costs (transport
and subsistence, fuel, equipment repair, casual labour, advertising, training, fence
maintenance, rental costs and veterinary fees). This enables estimation of the
direction of change of key benefit and cost flows under different management or
land-use options considered plausible by stakeholders. Recognizing that attributes
and perceptions of knowledge and co-production of that knowledge are important
determinants of whether it leads to action”, wide stakeholder engagement in
assessments is encouraged from the start. This includes those who benefit most from
the change to an alternative state, to prevent systematic bias in selection of services to
measure. TESSA helps users to explore the consequences not just of changing natural
habitats to human-dominated uses, but of increasing the conservation value of
currently converted sites through ecological restoration. Results from using TESSA
have been used to help guide site management and land-use planning decisions*.

Dataset compilation. We first conducted a Google Scholar search for articles
since 2010 (when TESSA was launched) containing the terms “TESSA;, ‘Peh’ and
‘ecosystem’ anywhere in the article title or text. The search was performed on 30
March 2020 and yielded 243 results. After removing duplicates, we were left with
153 results, which we screened for relevance as case studies. We rejected articles
that had not contrasted two alternatives states of a site or had simply cited the
TESSA webpage or the original TESSA paper"”. Following Balmford et al.’, we
included sites only if studies included full stakeholder engagement to identify the
range of services present in each state and then gave data on the services providing
the most important privately captured benefits (for example, timber, cultivated
goods), as well as one or more services delivering local or global public benefits
(for example, carbon sequestration, harvested wild goods, flood protection). We
included the benefits of housing/infrastructure development in our definition

of private goods because they were the driver of change at a notable subset of

sites. Although TESSA provides methods for some supporting services, such as
pollination, we focused here on final goods and services to avoid double counting
service values”. This left 14 articles (12 in ISI journals), presenting information on
15 sites (13 in ISI journals), that we deemed suitable for analysis.

In addition to these published studies, we assessed all unpublished studies of
which we were aware. After equivalent screening, this left an additional 47 sites
(giving 62 sites in total, see Supplementary Data for details). The 62 site studies
fell into two categories: a conserved state was contrasted with a modified state
at 44 sites (6 in ISI journals); an ecological restoration state was contrasted with
the pre-restoration (modified) state at 18 sites (7 in ISI journals). We refer to the
conservation or ecological restoration state collectively as the nature-focused state.
Sites were also classified by their main habitat (forest, wetland or other) and by
World Bank income group classification*.

Four main valuation approaches were used to estimate service values in the
case studies we used (see Supplementary Data for details of the valuation approach
for each service/benefit for each case study). Cost-based approaches included
‘travel cost’ and ‘avoided damage cost’ methods and were widely used to impute
values for recreation and regulating services, respectively. This includes the value
of carbon storage at each site using Nordhauss® revised social cost of carbon,
via damage cost and abatement cost estimates. For the benefits stemming from
harvesting wild goods, livestock rearing, cultivation and timber production,
values imputed were estimates of producer surplus (the net benefit a producer
receives from the production of a set quantity of output). All case studies collected
production costs for this set of goods using a local market price and used these
costs to derive the producer surplus. We were not able to impute values for
consumer surplus, as such, so for these benefits, the values used in our analyses are
clearly underestimates. One study used a replacement cost approach (to estimate
the cost of replacement of livestock feed at a site in Nepal). The few values of water
provisioning services were based on market prices.
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Between-state comparison of NPV of services. Our main analysis focused on
an assessment of the net economic consequence of conservation or ecological
restoration. A subset of 24 sites had monetized values for the flow in each state
of enough services (see the preceding), to allow economic assessment of the
consequences of habitat conservation or ecological restoration. The mean number
of services monetized per site was 3.75, compared with 4 per site in the original
study’. Except for carbon and greenhouse gas flux data, data for all services at all
sites were primary data collected from the site. For carbon and greenhouse gas
fluxes, biophysical data from seven sites were solely from look-up tables, while
data for another 13 sites were a mix of look-up table data and locally collected
data. Most differences between the alternative states were expressed as annual
service flows/costs, but some (carbon and timber) were expressed as a one-off
stock change. None of the studies presented data on time horizons for the potential
state changes or discounted any of the values presented. Only 10 of the 24 sites
provided full annual management costs in each state and, in the case of restoration
sites, one-off restoration costs. Multiplier and knock-on economic returns were
not considered.

To express monetary values of services in each state at each site in a common
currency, we applied the following steps:

1. For services other than carbon (which was always expressed in US dollars
(USD)), the monetary value of individual service flows or stock in each state
was expressed in local currency units (LCU) at the date of study. If the study
had originally presented values in USD, values were converted to LCU us-
ing the USD-LCU exchange rate at the date of submission of the study"'. If
only the year of publishing was provided, then the date was set at 1 July, the
mid-point of the year.

2. The LCU value was then adjusted to an international dollar value for each
state, using year- and country-specific purchasing power parity (PPP) conver-
sion factors. Year-specific PPP conversion factors were extracted from ref. 2,
with data for the UK Overseas Territory of Montserrat taken from ref. .
Gross domestic product (GDP), in LCU, was extracted from ref. *. Then, PPP
was calculated as the ratio between GDP (LCU) and GDP-PPP.

3. We did not deflate year-of-study values to a consistent year across all
studies because we were ultimately not interested in between-site contrasts,
only within-site contrasts of the nature-focused and alternative states
(see the following).

4. One-off values (CO, stock flux, timber harvest and restoration cost) were an-
nualized into equal amounts over a standard period over which we assumed
the state change is completed*. Here we used a 20-year time horizon for the
state change but tested the sensitivity of our results using 10- and 30-year
periods (see the following).

5.  For sites providing data on carbon stocks, these quantities were multiplied
by 44/12 (to convert atomic mass of carbon to that of carbon dioxide) to
convert them to ‘CO, stock flux’ that would occur between the site and the
atmosphere if any of that stock was lost.

6.  For both one-off carbon stock losses and ongoing flux of CO, equivalents,
we calculated the year-specific USD value of CO,e fluxes on the basis of the
social cost of carbon value of $31.21 per tCO, (from 2010)*, adjusted to
year-specific values using the US inflation calculator at https://www.usinfla-
tioncalculator.com/. As a sensitivity test, we also explored the effects of using
CO, prices of $5 or $100 per tonne, representing the range of values suggested
in the original studies (see also ref. ).

7. For contrasts of a conservation state with a modified state, annual benefit
flows in the conservation state were assumed to be constant over time, while
benefit flows in the modified state started in year zero at the conservation
state rate before changing steadily (equal annual increments) to the modified
state rate by year 20. When contrasting an ecological restoration state with a
pre-restored state, benefit flows were assumed to be constant over the whole
time horizon in the pre-restored state, while benefit flows in the ecological
restoration state started in year zero at the pre-restoration state rate before
changing linearly to the ecological restoration state rate by year 20. When
contrasting two different restored states, benefit flows were assumed to be
zero in year zero (in all cases, these were quarry sites at that point), with
benefit flows in each state changing steadily to the rate measured for that state
by year 20. In all cases, flows beyond 20 years were assumed to be constant,
reflecting the rate observed in whichever state the site was then in.

8. All benefit flows were then converted to values per hectare per year.

9. NPV of each site in each state was determined by setting an appropriate
discount rate and time horizon for accrual of the benefits over time. Standard
cost-benefit analysis practice is to use a time horizon over which the benefits
or costs of a project will occur?. This simple rule of thumb is complicated
for environmental and sustainability issues where costs or benefits change at
varying rates, where private benefits (costs) may have short project horizons
and environmental benefits (costs) much longer*. In the absence of reported
time horizons in the studies we found, we used the central figure (50 years)
of those studies presented in the original study’. As a sensitivity test, we also
used 30 and 100 years: the range of values in the case studies’. Discounting
all services at the same rate is conservative, not reflecting the contention that
public benefits should be discounted at a lower rate than private benefits and
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over a much longer time horizon (for example, 100 years (refs. **-*°)). To be
conservative, we used a constant rate of 2% (with 1% and 10% as sensitivity
tests). These span best-practice rates for environmental projects encompass-
ing the typical consumption rate of interest and returns to private capital**.

10.  For each site in each state, we summed the values over the whole time hori-
zon to give the NPV. For the ten sites where this was possible, NPV included
full restoration and management costs.

11.  We did this first for our chosen values of carbon price, time for state change,
time horizon and discount rate. We then ran a series of sensitivity tests ma-
nipulating each of these variables in turn. In summary, our analysis
(+ sensitivity tests) therefore contrasts NPV between nature-focused and
alternative states, assuming (1) a year-specific social cost per tCO,e ($5, $100),
(2) a 20-year time horizon for state change (10 years, 30 years), (3) a 50-year
total time horizon for accrual of costs and benefits (30 years, 100 years) and
(4) a discount rate of 2% (1%, 10%).

12.  To further allow inspection of how changes in the state of a site affect benefit
distribution, service flows and costs arising in each state were classified along
the dichotomy: excludable or non-excludable goods. Supplementary Table 1
shows which services fell into each category at each site. NPV values for each
class were then summed separately for each site in each state to see how the
change in state affected the distribution of value between these classes. We
chose to use a rival/excludable framework to organize our benefits because
we were interested in how the innate characteristics of the benefits affected
stakeholders and outcomes.

For presentation purposes, the NPV in the nature-focused state was divided
by that in the alternative state and the result logged. Positive values therefore
reflect greater net benefit in the nature-focused state while negative values reflect
greater net benefit in the alternative state. Note that if the NPV for both cases
was negative, then the sign of the resulting ratio was changed to reflect accurately
which state provided the greater benefit. Cases where the NPV of either state was
negative, such that a ratio could not be calculated, were allocated values equivalent
to either the largest ratio in the dataset (alternative state NPV negative; four cases)
or smallest ratio (nature-focused state NPV negative: one case). To categorize each
site according to which state gave greater overall value, we ascribed values >0.05
as flows greater in the nature-focused state, -0.05 <value < 0.05 as equal between
states and scores <-0.05 as flows greater in the alternative state.

To test whether the NPV tended to be greater in the nature-focused than
the alternative state, we first specified a binary dependent variable: (1) NPV of
nature-focused state > NPV of alternative state versus (2) NPV of alternative
state> NPV of nature-focused state. We then used binary logistic regression
(two-sided chi-squared tests) to test the odds of the nature-focused state having
greater value than the alternative state, on the basis of the values of several candidate
independent variables that may affect per hectare values™. These include type of stage
change (two-level factor), country income class (four-level factor) and broad habitat
class (three-level factor). We also tested sensitivity to the number of services inspected
per site (ranging from two to seven), whether full costs were included (two-level
factor) and where the study was reported (ISI journal or not). For completeness, given
the high ratio of parameters to degrees of freedom, we ran tests (1) for univariate
models only, (2) in a full model and (3) by stepwise deletion from the full model.

Tests of whether the nature-focused state produced greater value for either
excludable or non-excludable goods were made with two-sided binomial tests, with
the dependent variable for each site again specified as (1) NPV of nature-focused
state > NPV of alternative state versus (2) NPV of alternative state > NPV of
nature-focused state. All tests were conducted in SAS Enterprise Guide v7.1°.

Benefit-cost ratios of nature-focused and alternative states. To determine the
benefit—cost ratio of the nature-focused and alternative states, we reran steps

1-10 for each of the ten sites that provided full cost data, separately for benefits
and for costs. For each site, we calculated the benefit-cost ratio separately for the
nature-focused and alternative states. For presentation purposes, the benefit-cost
ratio in the nature-focused state was divided by that in the alternative state and
the result logged. Positive values therefore reflect a higher benefit-cost ratio in the
nature-focused state while negative values reflect a higher benefit-cost ratio in the
alternative state.

Between-state directional change in service provision. For each non-monetized
service at each site, we classified the difference in flows between the two
contrasting states as (1) flows greater in the nature-focused state, (2) flows equal in
the nature-focused and alternative states or (3) flows greater in the alternative state.
This directional assessment was therefore undertaken for a mean of 0.8 services
per site among the 24 sites included in the monetary analysis. For the remaining 38
sites, such data were available for a mean of 5 services per site, and each of the 38
sites was assigned to one of the following three categories;

1. Benefits apparently greater under the nature-focused state; that is, com-
pared with the alternative state, more services had higher values in the
nature-focused state than had equal or lower values

2. Benefits apparently equal under the two states; that is, compared with the
alternative state, more services had equal values in the nature-focused state

than had higher or lower values and/or the number of services that had lower
values in the nature-focused state compared with the alternative state was the
same as the number that had higher values

3. Benefits apparently greater under the alternative state; that is, compared with
the alternative state, more services had lower values in the nature-focused
state than had equal or higher values

Here, the binary dependent variable was specified as (1) benefits apparently
greater under the nature-focused state versus (2) benefits approximately equal
under the two states. The impact on the dependent variable of type of stage change
(two-level factor), country income class (four-level factor), broad habitat class
(three-level factor), number of services inspected per site (ranging from two to
seven) and where the study was reported (ISI journal or not) was tested in a binary
logistic regression. There were no cases where the benefits were greater under the
alternative state. Tests were again conducted in SAS Enterprise Guide v7.1°* and
(1) for univariate models only, (2) in a full model and (3) by stepwise deletion from
the full model.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available in the supplementary
information. Source data are provided with this paper.
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