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Abstract

In pursuit of socioeconomic development, many countries are expanding oil and mineral extraction
into tropical forests. These activities seed access to remote, biologically rich areas, thereby
endangering global biodiversity. Here we demonstrate that conservation solutions that effectively
balance the protection of biodiversity and economic revenues are possible in biologically valuable
regions. Using spatial data on oil profits and predicted species and ecosystem extents, we optimise
the protection of 741 terrestrial species and 20 ecosystems of the Ecuadorian Amazon, across a
range of opportunity costs (i.e. sacrifices of extractive profit). For such an optimisation, giving up 5%
of a year’s oil profits (USS 221 million) allows for a protected area network that retains of an average
of 65% of the extent of each species/ecosystem. This performance far exceeds that of the network
produced by simple land area optimisation which requires a sacrifice of approximately 40% of annual
oil profits (USS 1.7 billion), and uses only marginally less land, to achieve equivalent levels of
ecological protection. Applying spatial statistics to remotely sensed, historic deforestation data, we

further focus the optimisation to areas most threatened by imminent forest loss. We identify
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Emergency Conservation Targets: areas that are essential to a cost-effective conservation reserve
network and at imminent risk of destruction, thus requiring urgent and effective protection.
Governments should employ the methods presented here when considering extractive led
development options, to responsibly manage the associated ecological-economic trade-offs and

protect natural capital.

Introduction

Despite international commitments under the Convention on Biological Diversity, global biodiversity
remains in rapid, unsustainable decline (WWF 2018) with grave implications for ecosystem
functioning and services (Isbell et al. 2011; Cardinale et al. 2012). The accelerating destruction of
tropical forest habitats (Kim et al. 2015) is a principal driver of the decline (Barlow et al. 2016; Alroy

2017).

The extraction of fossil fuels and minerals directly contributes to tropical biodiversity loss. Forest is
cleared and fragmented to establish wells, mines, pipelines and access roads (Laurance et al. 2009;
McCracken & Forstner 2014; Sonter et al. 2017). Pollution from extraction and transportation
contaminates (Rosell-Melé et al. 2017) and degrades species habitats (Kimerling 1991; Arellano et al.
2015). However, extractive activities produce their most severe impacts through long-term, indirect
interactions, precipitating colonisation fronts and introducing novel pressures (Wunder 2003; Sonter
et al. 2017). New roads generate extensive clearing along their routes as loggers, farmers and
hunters exploit fresh resources and markets (Laurance et al. 2009; Sudrez et al. 2009; Espinosa et al.
2014). Urban centres coalesce around extraction sites, expanding outwards as economic activity

attracts new human populations (Sonter et al. 2017).

Many of the world’s highest value conservation areas lie atop valuable hydrocarbon and mineral

resources (Butt et al. 2013; Finer et al. 2015). Pressure on governments to generate revenues for
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socioeconomic development, together with growing demand for fossil fuels (BP 2017) and minerals

(Moss et al. 2013), will stress some of the world’s most remote and intact ecosystems (Bardi 2014).

Our case study region, the Ecuadorian Amazon, is exceptionally rich in endemic amphibians, birds,
fishes, bats, and trees (Myers et al. 2000; Bass et al. 2010; Jenkins et al. 2013). Since becoming a
major oil exporter in the 1970s, Ecuador has experienced acutely the detrimental effects of
extractive activities discussed above (Kimerling 1991; Finer et al. 2008; Suérez et al. 2009;
McCracken & Forstner 2014). Despite this, the Ecuadorian government promotes oil development
expansion (Lessmann et al. 2016) with active and proposed concessions across almost all of the
Ecuadorian Amazon (see Fig. 1). As this case exemplifies, mitigating declines in global biodiversity
requires the reconciliation of biodiversity conservation with economic development and human

well-being.

Inevitably, decisions on land allocation involve trade-offs between economic, social and ecological
criteria. However, conservation costs are often not analysed or openly discussed, and rarely is the
full range of potentially effective solutions thoroughly explored in resource-rich, developing
countries (McShane et al. 2011). Systematic conservation planning (SCP) (Margules & Pressey 2000;
Sarkar & llloldi-Range 2010) provides a framework for examining trade-offs when planning priority
conservation areas (Moilanen et al. 2005). SCP can account for spatial heterogeneity in costs
(Polasky et al. 2001; Stewart & Possingham 2005; Carwardine et al. 2008), but previous applications
to extractive activities have not distinguished levels of economic productivity across a landscape
(Bicknell et al. 2017) nor evaluated opportunity costs in explicit financial terms (Cameron et al. 2008;
Moore et al. 2016). Nor have they accounted for the imminence of ecological impacts. These
circumstances create an imperative to develop analyses that explore trade-off scenarios

comprehensively.

Here, using the case of the Ecuadorian Amazon, we demonstrate that solutions that protect

biodiversity and economic revenues effectively are possible in biologically valuable, resource rich
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regions. Our approach maps heterogeneity in resource productivity and integrates the associated
costs into a spatial prioritisation process. We identify conservation areas that minimise opportunity
cost and evaluate economic-ecological trade-offs in explicit financial terms. Using innovations in
spatial statistics and satellite remote sensing, we enhance the prioritisation by identifying dynamic
habitat threats and focusing conservation efforts onto at-risk areas. These methods will be
important in managing new habitat loss frontiers, where timely and cost-effective interventions may
have considerable long-term conservation benefits. Moreover, our approach generates information
on the losses, costs, and benefits of the trade-off scenarios, so that decision makers can openly

discuss and negotiate them.

Methods

Study area
The area of analysis was confined to oil blocks of the Ecuadorian Amazon (Secretaria de

Hidrocarburos del Ecuador 2017), those regions bound by the oil blocks and the Ecuador-Peru
border, and those regions completely contained within the oil blocks (see Fig. 1). The extent of the
study region was 82,437 km” and it was split into a grid of 95,822 planning units (PUs) each of 0.86
km?. Within the study region there were two types of reserves. Those referred to as Protected Areas
(PA) are defined by the Ministry of the Environment of Ecuador and include national parks and
ecological reserves (Columba Zarate 2013). Yasuni National Park and Cuyabeno Wildlife Reserve are
the two largest ones in the study area and they both have large overlaps with the oil blocks in the
region. Sumaco Napo-Galeras National Park is the smaller park surrounded by Block 29 and Block 21
(Yuralpa). Those referred to as Untouchable Areas (UA) (Spanish: Zonas Intangibles) were created by
presidential decree to protect biodiversity and cultural values from extractive and industrial
activities (Constitucion del Ecuador 2008). The UA contained within Cuyabeno Wildlife Reserve is

known as the Cuyabeno-Imuya UA, and the UA that overlaps with the Yasuni National Park is the
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Tagaeri-Taromenane UA. In principle, these areas are off limits to oil extraction but there is a small
overlap between these areas and the oil blocks, and part of the Ishpingo oilfield, for which there are
plans for development (Argus Media 2014), lies within the Tagaeri-Taromenane UA. The Tagaeri-
Taromenane UA is home to two voluntary uncontacted tribes (the Tagaeri and the Taromenane)
(Finer et al. 2009). For the purposes of this study, the extents of the UAs that fall outside of the oil
blocks are considered strictly protected from all extractive activities and are categorised as the
‘baseline conservation area’.

Economic opportunity costs

To model returns on investment (and minimise the opportunity cost) of conservation prioritisation,
the value of land was mapped across the study area in terms of expected annual profitability. The
economic value of a parcel of land in regions not expected to produce oil was assumed to be
equivalent to expected profitability from using the land for agriculture (estimated to be USS 2,000
km™2yr™") (Naidoo & Ilwamura 2007). For active oil blocks, revenues and costs were calculated from
production volumes, oil price, and unit extraction cost values taken from publicly available
government reports. The average price and production volumes were taken for 2016, the latest year
for which comprehensive official data was available. For untapped blocks, inferred production
volumes were calculated from reported reserves. Appendix S2 shows the detailed calculations (with
data sources) and gives the exact monetary values assigned to the regions. Appendix S5 gives a

detailed account of the methods used to calculate the values and the sources used.

Production volumes, extraction costs and oil prices vary in time, with oil prices varying on the
shortest time scales and with the greatest relative swings. To address potential sensitivity of the
optimisation approach to fluctuations in oil price, the economic productivity of land was also
mapped for three other realistic oil price scenarios (two higher and one lower; see Appendix S5 for

details.
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Ideally, the future value of the land would also be assessed (and discounted appropriately) so that
the net present value (NPV) could be calculated. Unfortunately, the required data (including on
reserves) is not publicly available and so a single year view was taken (see Discussion).
Conservation features

A set of 741 species distributions models (SDMs), including 83 amphibians, 266 birds, 49 heliconiine
butterflies, 32 mammals and 311 vascular plants, were used to help determine which areas of the
landscape should be protected. Appendix S5 and Lessmann et al. (2016) give details of how the
SDMs were calculated. The analysis also includes maps of the 20 ecosystems present in the study
area (Ministerio de Ambiente del Ecuador 2012) that provide a coarse-level filter to ensure the
representation of as wide a range of habitats as possible (Ardron et al. 2010). Appendix S1 gives
details of the conservation features including species/ecosystem names.

Spatial conservation prioritisations

The conservation planning software Zonation (Moilanen et al. 2005) was used to set conservation
priorities to maximise the retention of the distributions of the 761 conservation features described
above. Areas with substantial human interference were deemed unsuitable for conservation and
excluded from the analysis. The ‘baseline conservation areas’ were given prioritised inclusion in all

conservation scenarios with no incurred cost.

We produced two spatial prioritisation plans. The first did not account for the heterogeneity in
productive value of land across the region and was simply optimised for ecological protection in a
given land area (i.e. spatially optimised). The second aimed to maximise protection for a given
opportunity cost level (or sacrifice of profit i.e. cost optimised) utilising the opportunity cost map
described above. The iterative prioritisation approach sought, at each instance, to define a network
that contributes to the protection the range of the least well represented species/ecosystem,
thereby maintaining the greatest overall diversity across the landscape. Appendix S5 gives details of

the optimisation approach and software, including the data layers supplied and settings used.
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To explore the sensitivity of the prioritisations to fluctuations in oil price, the cost optimised
prioritisation procedure was also run for three alternative oil price scenarios (see Appendix S5).
Spatial statistics and emerging hot spots

We analysed 30 m spatial resolution forest loss data for the start of 2001 to the end of 2015 (Hansen
et al. 2013). Spatiotemporal patterns in forest loss were assessed to identify regions containing
emerging hot spots of forest loss (Harris et al. 2017) and thereby identify where habitats are
exposed to imminent threats (see Figure 4). The region was broken into 2.25 km by 2.25 km ‘bins’
and the number of forest loss events were aggregated within them. By comparing the amount of
forest loss in a bin to its neighbours (in space and time) and to those across the whole study area,
areas that contain a statistically significant clustering of forest loss are identified. The Getis-Ord Gi*
statistic (Ord & Getis 1995) is used to identify significant spatial clustering and the Mann-Kendall
trend test (Mann 1945; Kendall & Gibbons 1990) identifies whether a statistically significant
temporal tend exists. Details of the method are given in Appendix S5.

Emergency conservation targets

By assessing the trends in forest loss, it is possible to determine where preventative measures would
be most beneficial. The final piece of analysis combines the cost-optimised spatial conservation
solution with the dynamic threat evaluation of the emerging hot spot analysis. We define Emergency
Conservation Targets (ECT) as the regions of intersection between the area of the cost-optimised
prioritisation that retains an average of 60% of all conservation features and the area that falls under
a forest loss hot spot. A forest loss hot spot contains a statistically significant clustering of
deforestation as defined by emerging hot spot analysis (see Appendix S5). These areas are key to a
cost-effective conservation reserve network and at imminent risk from deforestation pressure, and

so require urgent and effective protection.
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Results

Productive land value
The productive value of land is concentrated in a few highly productive blocks to the north and east

of the region (see Fig. 1). Much of the highest value oil producing land overlaps areas that are the
most biodiverse (see species richness map in Appendix S5), highlighting the importance of finding
cost-effective conservation strategies. Figure 1 also highlights the magnitude of variation in land
value, and the potential for value trade-offs. For example, the productive value of land in the most
valuable block (Sasha, Block 60, US$ 1,000,000 km™2-yr™) is 450 times that the land in the lowest
value active block (Vinita, Block 59, US$ 2,300 km™-yr™). The latter’s low land value, large spatial
extent and proximity to an existing protected area (Cuyabeno Wildlife Reserve) mean that it could

form part of a feasible and effective conservation plan.

Greater spatial resolution of land value would be possible if consistent production data on individual
wells and fields were available. Similarly, comprehensive spatial information on the size of reserves
would allow the calculation NPV of the land which would support more informed and efficient

decisions for the future.

The value of oil producing land in the alternative oil price scenarios scales linearly with the oil price.
In the low price scenario the complex reserves at Block 20 (Pungarayacu) were uneconomical and its
land value reverted to the agricultural value. The opportunity cost maps for the alternative scenarios
are presented in Appendix S4.

Spatial conservation prioritisation

Figure 2 shows how efficiently levels of ecological protection are achieved in the spatially optimised
and cost optimised prioritisation approaches with respect to (a) the land area included in the reserve

networks and (b) the oil profits foregone.

To reach a given level of protection, marginally more land is required for the cost optimised plan

than the spatially optimised solution. For example, to protect an average of 60% of each
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conservation feature, 58.3% of the conservable land in the study area is required in the cost
optimised plan compared to 54.7% in the spatially optimised plan (equivalent to 2,700 km? more
land). However, considerably greater opportunity costs are incurred by the spatially optimised
solution compared to the cost optimised solution. In the cost optimised solution, foregoing 5% of
total annual profits of the entire study region (approximately USS 221 million) accommodates the
protection of an average of 65% of each conservation feature and includes 65% of total land
available for conservation. For the spatially optimised solution, an equivalent sacrifice of oil profits
only allows for the protection of an average of only 27.5% of each conservation feature and the
coverage of just 26% of the conservable land. To achieve an equivalent level of protection, spatial
optimisation requires forgoing approximately 40% of total oil profits (USS 1.8 billion to retain an
average of 67.5% of each conservation feature and 62.5% of the land available for conservation). The
superior performance of the cost-optimised solution demonstrates the importance of considering
variations in the productive value of land when designing efficient reserve networks. The

performance by taxonomic group is given in Appendix S4.

The heterogeneity of costs across the region caused some significant differences in the two outputs
(Figure 3). Several blocks across the north and centre of the landscape feature prominently in the
spatially optimised solution, but not in the cost optimised prioritisation due to the high opportunity
cost. The cost optimised solution relied more on the relatively low-cost southern oil blocks and Block
59 (Vinita) to preserve conservation features. Both solutions rank blocks in the south as high priority.
These areas contain several rare or unique features, including inundated forests along the rivers and
evergreen forests unique to the lower slopes of the Andes mountains (Ministerio de Ambiente del
Ecuador 2012). Several regions had low importance in both solutions because they are heavily

disturbed or have features that are well conserved elsewhere.

The cost optimised prioritisation was robust to fluctuations in oil price, with the spatial arrangement

of priority areas across the different oil price scenarios broadly remaining consistent (see Appendix
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S4). In the reduced cost scenario, affordable protection of some conservation features can found in
the ‘deactivated’ Block 20 and less emphasis is placed on protecting areas around the existing
protected areas. Were price to be reduced further, more of the oil blocks would become deactivated
and, as opportunity cost across the region becomes more homogenous, the prioritisation would
begin to resemble that of the spatially optimised solution. A lasting reduction in oil price would
reduce the threat to the forest from oil extraction, making such a prioritisation less urgent. In the
scenarios of higher oil prices, a greater emphasis is placed on conservation in the remaining

agricultural areas due to their relative affordability.

The ecological-economic trade-off curve (Figure 2b) is equivalent to a production possibility frontier
(PPF, pareto frontier) with oil and ecological protection as the two goods produced (see Appendix
S4). Similar efficient frontiers have been generated for ecological protection versus economic
returns from forestry and agriculture (Polasky et al. 2005; Monkkénen et al. 2014). The range of
solutions presented here can allow policy makers to better assess and balance the risks of
alternative development plans. Configurations away from this efficient frontier may have to be
considered when other stakeholders and criteria are incorporated into the decision-making process

(e.g. the rights of indigenous communities).

The solutions presented are inherently static, but inputs are affected by dynamic processes (e.g. oil
price, varying production rates, changing climate) and involve evolving uncertainties (e.g. size and
location of deposits). The prioritisations should be recognised as a snapshot and used cautiously
when informing future reserve networks. The oil price sensitivity analysis provides reassurance that
the plans are robust to one of the more volatile uncertainties of the system. The analysis should be

updated and refined when new information becomes available.

It should also be noted that habitat fragmentation has not been addressed directly in the
prioritisation but could have an impact on the quality of the suggested reserve networks. An

additional tool to assess and optimise network connectivity for the species present would make the
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plans more robust, but would be complex given the number and diversity of species present, and is

beyond the scope of this paper.

To consider the dynamics of deforestation in system we developed the emerging hotspot analysis,
described below.

Emergency Conservation Targets: prioritising threatened land

From the start of 2001 to the end of 2015, the Ecuadorian Amazon lost 1,833 km? of forest, 2.3% of
total cover, at an average rate of 122 km?yr™, with an upward trend in the rate of loss (see

Appendix S4).

Over 20% of the study region intersects with a loss hotspot, half of them being new, intensifying or
persistent hotspot areas (see Fig. 4a; see Appendix S5 for definitions of the categories). The analysis
reveals that the most acute forest loss is close to the historic oil centre of the Ecuadorian Amazon
and that this loss is intensifying. Fourteen oil blocks have more than 90% of their areas covered in
hotspots, and ten blocks are entirely covered. Three blocks (46, 54 and 60), have their entire extents
covered by intensifying hotspots, and three more (50, 51 and 56), have their entire extents covered

by intensifying or persistent hotspots.

Additionally, there is an area of new hotspots in Block 43 (ITT) at the Tiputini oil field. Extraction has
only recently commenced there and been subject to controversy due its potential impacts on
pristine habitats and voluntary uncontacted communities (Vallejo et al. 2015). The presence of
hotspots here demonstrates that the recent expansion of oil extraction in Ecuador is resulting in
perceptible declines in forest cover. Loss is also occurring inside and close to the boundaries of
protected areas. For example, some of Cuyabeno Wildlife Reserve to the north east of the region is
affected by new, intensifying and sporadic hotspots that coincide with oil wells. Unsurprisingly,
hotspot coverage tends to overlap with those blocks of higher value land reflected in the positive

correlation between the land value and forest loss intensity within a block (p = 0.464).
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Of the land included in the cost-optimised solution that retains an average of 60% of conservation
features (see Appendix S4), 12% is covered by a hotspot. We highlight blocks with more than 15% of
their extent categorised as Emergency Conservation Targets (ECTs), providing a platform for
identifying administrative regions where efforts should be focused to prevent further oil exploitation
and establish protected areas that prevent further encroachment (see Appendix S3). As these blocks

are away from the highest value known oil reserves, protected area status may be feasible.

A significant portion of the northern blocks that have ceased producing oil (11, 48 and 51) is
categorised as an ECT. Is contains high value conservation areas that are threatened by imminent
forest loss. Their exhausted status means that they now have low opportunity cost of conservation
and therefore could provide cost-effective reserve land in an otherwise problematic part of the
landscape. A further evaluation of the extent to which the environments have been degraded by
past oil production and the potential for restoration would be required before deeming them viable
conservation areas. Southern Block 74 contains a substantial region of new hotspot targets. The
proximate cause of the forest loss should be identified addressed before it expands and intensifies.
The ECT surrounding the protected area to the west of the region (Sumaco Napo-Galeras National
Park) can be viewed as a warning and an opportunity to valuably expand an existing conservation
area. The percentage of each block covered by ECT is given in Appendix S3. By identifying
administrative regions that contain a large proportion of ECT it is possible to precisely target
conservation resources and adapt extractive development plans to fulfil both conservation and

economic goals.

In other analyses, biodiversity hotspots are defined broadly, often extending over several countries
or vast ocean extents (Myers et al. 2000). The combination of spatial conservation prioritisation and
emerging forest loss hotspot analysis presented here identified ecologically important regions that
are under imminent threat of habitat loss, defined with high spatial resolution (~2.25 km), thus

enabling local level intervention. We have identified local “hotspots” in terms of their relative
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importance for cost-effective biodiversity conservation, accounting for the imminence and

anticipated severity of forest loss.

However, targeted local interventions may, in effect, lead to damage being displaced elsewhere
(spillover). This further highlights the need to update plans dynamically, in this case, as new remote
sensing data becomes available. Additionally, while the identified ECTs are the areas that require the
most urgent interventions, they are not the only regions that need to be conserved. To achieve an
adequate, long-term ecological protection, the remaining priority regions in the cost-optimised

network need to be protected once the ECTs are secure.

Previous conservation prioritisation studies have sought to avoid proximity to human influence (Ban
& Klein 2009; Lessmann et al. 2016) but this tends to focus conservation efforts on less vulnerable
regions. The approach presented here instead identifies areas where cost-effective conservation is
viable and highlights the subset of areas currently under threat that require immediate attention.
This is an effective approach for situations in which new access occurs far from existing human
populations, as is often the case for extractive industries. The focus on dynamic threats is effective
for addressing declines in biodiversity because it attempts to mitigate proximate sources of damage

rather than simply to avoid them.

Discussion

This article presents a new, adaptive approach for cost-effective conservation planning in regions of
high ecological and economic value, accounting for the imminence of threats. It recognises that the
conservation values of some areas of high economic value may not feasibly be protected, so instead
seeks complementary areas to achieve ecological goals. The analysis demonstrates that integrating
the spatial heterogeneity of extractive opportunity costs across a landscape significantly increases
the performance and viability of conservation prioritisations. It shows that substantial ecological

protection can be achieved with minimal impacts on extractive profits, indicating that governments
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can chose configurations of extraction and conservation that retain revenues for socioeconomic
development while substantially protecting biodiversity. It further demonstrates that dynamic
threats, identified remotely from satellite data, can be integrated into the spatial prioritisation
process enhancing its precision and effectiveness. By focusing conservation resources in areas where
ecological objectives can be cost-effectively achieved, and that are under imminent threat of
degradation, proactive conservation strategies can be developed for forest regions where resources

extraction conflicts with biodiversity.

The techniques were used to design pragmatic conservation networks for the Ecuadorian Amazon, a
region of exceptional ecological value and harbouring significant oil deposits. Such an approach has
inherent risks, not least due the uncertainties associated with the ecological and economic
relationships involved and the difficulty of incorporating their temporal evolution (Arponen et al.
2010). However, we believe that our innovative solutions can help to balance the needs of
stakeholders and provide a way forward in a high-stakes situation. The Ecuadorian government
could use this study to inform its decisions on the boundaries of extractive concessions/permits and
which areas to include in an expanded protected area network. We demonstrated that in this region,
extractive activities are associated with the continued emergence of forest loss frontiers,
emphasizing the urgent need to find conservation solutions that balance the trade-offs between

economic and ecological goals.

An analysis that includes potential future land values (as well as current) would provide a more
comprehensive assessment of the economic-ecological trade-offs presented and enable more
efficient decisions for the future. Unfortunately, consistent, spatially resolved data on reserves is not
publicly available, and there is uncertainty around future oil prices and extraction costs. This makes
effectively discounting future values and calculating the NPV of land extremely imprecise. If oil and
agricultural productivity were to remain constant across the landscape, discounting future values

would make no difference to the spatial arrangement of the prioritisations presented here.
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However, the time course of oil productivity will vary across the landscape (e.g. as reserves are
depleted), while agricultural productivity is likely to remain relatively constant. This could have
significant implications for the arrangement of conservation priorities. Decision makers with access

to information on reserves are urged to build upon this analysis by including potential future values.

Future work should expand this analysis to include the other Western Amazon oil producing regions,
including in Peru, Colombia, Brazil and Bolivia (Finer et al. 2015) as well as other regions where there
exist significant biodiversity risks from extractive activities including in Papua New Guinea and the
Congo Basin (Butt et al. 2013). To facilitate this, governments and resource industries should

cooperate to create a high-resolution global map of oil and mineral deposit value.
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The list of conservation features (Appendix S1), land value data and calculations (Appendix S2),

hotspot and emergency conservation target data (Appendix S3), extended results (Appendix S4) and
methodological details (Appendix S5) are available online. The authors are solely responsible for the
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directed to the corresponding author.

Species distribution models used in this study are available on Harvard Dataverse with the identifier
https://doi.org/10.7910/DVN/TB6KSC. Ecosystem extent maps used in this study are available from

the Ministry of the Environment of Ecuador website http://mapainteractivo.ambiente.gob.ec/. All
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other input layers required to recreate the Zonation prioritisations and run information are available
on figshare at https://figshare.com/projects/Ecuador_oil_fields_prioritisations/37217. Spatially
(area) optimised prioritisation outputs (https://doi.org/10.6084/m9.figshare.6958595) and cost
optimised prioritisation output (https://doi.org/10.6084/m?9.figshare.6958580) are available on
figshare. The emerging hot spot analysis outputs are available from figshare with identifier
https://doi.org/10.6084/m9.figshare.6981485. The Python code used in the emerging hot spot
analysis is available on Github from
https://github.com/elizabethgoldman/emerging_hotspots_factor. The R code and input data used to

generate the opportunity cost map layers is available from https://github.com/PatBalll/land value.
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Figure 1 | Ecuadorian oil block study region with assigned land values. Values are equal to the profit one would expect
to receive from the land if it were exploited instead of conserved. Values are derived from oil production and reserve
data, and a minimum agricultural threshold of 2000 USD/ka/yr is assigned to non-oil regions and exhausted oil blocks.

Labels numbered below 100 refer to oil blocks and above 100 represent non-oil regions.

This article is protected by copyright. All rights reserved.



Accepted Article

510 T T T T T T T T T

i

N3
o
w
Proportion of conservation feature retained

Proportion of conse
.

0.0 1 1 1 1 1 1 1 1 1 0.0 1 1 1 1 1 1 1
0O 01 02 03 04 05 06 07 08 09 1 0.0 0.5 1.0 15 2.0 2.5 3.0 3.5
Proportion of the conservable landscape included Opportunity cost (billion USD/yr)

Figure 2 | The (a) spatial and (b) financial efficiency of ecological protection of the cost-optimised (CO) and spatially-
optimised (SO) prioritisations. The solid lines represent the average proportion of conservation feature distributions
retained and the dashed lines the proportion retained of the least represented conservation feature (minimum). The
vertical (in a) and horizontal (in b) dotted lines represent threshold for the baseline conservation scenarios (i.e. when

only the strictly protected areas are included).
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Figure 3 | Priority conservation areas in the Ecuadorian Amazon oil block region that become available at various
opportunity costs levels. In (a) the prioritisation was optimised to achieve maximum retention of conservation features
for a given area of land included in the conservation network and shows scenarios of forgoing 10%, 20% and 40% of
annual oil profits. In (b) the prioritisation was optimised to achieve maximum coverage of conservation features for a

given opportunity cost and shows scenarios of forgoing 1%, 2.5% and 5% of annual oil profits.
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Figure 4. (a) Emerging hotspot analysis of the Ecuadorian Amazon oil block region; (b) Emergency Conservation Targets

showing areas that are essential for a reserve network that protects at least 60% of conservation features and

imminently threatened by forest loss.
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