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A B S T R A C T   

Degradation, fragmentation, and loss of tropical forests has exponentially increased in the last decades leading to 
unprecedented rates of species extinctions and loss of ecosystems functions and services. Forest restoration is key 
to recover ecosystems health and achieve the UN Sustainable Development Goals. However, restoring forests at 
the landscape scale presents many challenges, since it requires balancing conservation goals and economic 
development. In this study, we used a spatial planning tool (Marxan) to identify priority areas for restoration 
satisfying multiple objectives across a biological corridor in Costa Rica. Biological corridors are critical con-
servation instruments promoting forest connectivity while acknowledging human presence. Increasing forest 
connectivity requires restoration initiatives that will likely conflict with other land uses, some of them of high 
national economic importance. Our restoration plan sought to maximize the provision of forest-related services 
(i.e., seed dispersal, tourism and carbon storage) while minimizing the impact on current land uses and thus 
avoiding potential conflicts. We quantified seed dispersal and tourism services (birdwatching potential) using 
species distribution models. We used the carbon sequestration model of InVEST to quantify carbon storage po-
tential. We tested different restoration scenarios that differed in whether land opportunity costs of current uses 
were considered or not when identifying potential restoration areas, or how these costs were estimated. We 
showed how a landscape-scale forest restoration plan accounting for only forest connectivity and ecosystem 
service provision capacity can greatly differ from a plan that considers the potential impacts on local livelihoods. 
Spatial planning tools can assist at designing cost-effective landscape-scale forest restoration plans, identifying 
priority areas where forest restoration can maximize ecosystem provision and increase forest connectivity. 
Special care must be paid to the use of adequate estimates of opportunity cost, to avoid potential conflicts be-
tween restoration goals and other legitimate land uses.   

1. Introduction 

Forest conservation and restoration at the global scale is key to 
recovering ecosystems health, and achieving Aichi Biodiversity Targets 
and the UN Sustainable Development Goals (Chazdon, 2019; Griscom 
et al., 2017). This is especially relevant in tropical biodiversity hotspots 
where forest degradation, fragmentation and loss has exponentially 
increased in the last decades leading to unprecedented impacts on 
biodiversity, biogeochemical cycles, climate change and ecosystems 
integrity (Alroy, 2017; Davidson et al., 2012; Lovejoy and Nobre, 2019). 

In middle-to-lower income countries, restoration of forest ecological 
integrity is critical to maintaining cultural identities and greatly con-
tributes to the sustainable development of local communities and their 
health (Bullock et al., 2011; Fisher et al., 2019; Zhang et al., 2019). 
Forest biodiversity supports the livelihoods of these communities 
directly, through the provision of goods (e.g., food, wood products, 
medicines), and indirectly by generating income opportunities (e.g., 
ecotourism), and more generally, providing many other valuable 
non-material services such as pollination, pest and disease control, 
regulation of climatic conditions, soil loss mitigation and risk disaster 
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reduction (e.g., landslides, floods) (Brandon, 2014). 
Forest restoration targets can be achieved by combining passive and 

active interventions, focusing respectively on either minimizing human 
disturbances to allow for unassisted recovery or actively intervening to 
accelerate restoration (Holl and Aide, 2011). Natural regeneration 
following land sparing and abandonment (i.e., regrowth of secondary 
forests) represents one of the most cost-effective forest restoration 
strategies (Brancalion et al., 2019; Chazdon et al., 2020), potentially 
allowing to achieve a faster and cheaper recovery of forest biodiversity 
and ecosystem functions (e.g., increased functional connectivity, carbon 
sequestration, energy fluxes) than other approaches based on actively 
increasing forest extent using, for example, monoculture plantations 
(Seddon et al., 2019; Zhang et al., 2021). However, a fundamental 
problem of forest restoration approaches regardless of whether they are 
active or passive, is to upscale them across large territories (i.e., achieve 
landscape-scale restoration) since this requires balancing restoration 
and economic development, the factor responsible for forest degradation 
in the first place (Chazdon et al., 2017; Holl, 2017). 

Integrating spatially-explicit planning tools and forest conservation 
policies and incentives can prove key to planning landscape-scale forest 
restoration across areas where conflicts between ecosystem recovery 
and socioeconomic development might arise (Chazdon et al., 2020; 
Strassburg et al., 2019). Costa Rica represents a unique setting to 
demonstrate the advantages of these planning exercises provided its 
internationally recognized efforts to increase forest extent and connec-
tivity via several policies, laws and conservation instruments 
(Sánchez-Azofeifa et al., 2007). In this study, we demonstrated the 

feasibility of using conservation planning tools to identify priority areas 
for forest restoration satisfying multiple objectives across a biological 
corridor in Costa Rica. Biological corridors are conservation tools 
designed to promote biodiversity conservation and increase forest con-
nectivity, while pursuing sustainable development and human 
well-being (Powlen and Jones, 2019). We sought to identify priority 
areas for restoration to increase forest connectivity across the corridor, 
maximizing the provision of other forest-related services such as seed 
dispersal, tourist opportunities and carbon storage, while maximizing 
spatial connectivity with already existing forested areas and minimizing 
the impact on existing socio-economic activities. We discuss our results 
in terms of the potential on-the-ground implementation of this approach 
to contribute to forest restoration targets across Costa Rica and 
elsewhere. 

2. Methods 

2.1. Study area 

The study area is the Volcanica Central Talamanca Biological 
Corridor (VCTBC; area approx. 115,000 ha), located on the Caribbean 
slopes of the Volcanica Central mountain range of Costa Rica (Fig. 1). It 
was established in 2003 with the main goal of restoring and/or 
increasing the functional connectivity between the Volcanica Central 
and the Talamanca Mountain ranges, (Fig. 1). The corridor focuses at the 
local scale on increasing connectivity between nearby protected areas, 
and at a broader scale, on increasing connectivity of the forested areas 

Fig. 1. Study area. The map shows the dominant land cover types in the Volcanica Central Talamanca Biological Corridor (VCTBC; source: Canet-Desanti, 2016). The 
inset map on the bottom left shows the location of the biological corridor in the context of the network of protected areas (dark gray) in Costa Rica and across 
Central America. 
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across Central America to facilitate dispersal of emblematic species such 
as the Jaguar (Panthera onca). Forests cover 57% of the total area of the 
corridor, followed by pastures as the second dominant land use (30%) 
and other agricultural uses (10%), such as coffee plantations (4%) and 
annual crops (2%). Beyond its ecological goals, the VCTBC pursues the 
sustainable development of local economies by the involvement of 
stakeholders in achieving sustainable management of natural resources 
(Canet-Desanti, 2016). 

2.2. Mapping ecosystem services values 

We mapped three forest-related ecosystem services (ESS) of high 
relevance for the goals of the biological corridor: 1) Seed dispersal 
(supporting service): frugivorous birds are important seed dispersal 
agents and actively promote natural regeneration and plant diversity 
(Harms et al., 2000; Morrison and Lindell, 2011), providing with 
effective means of forest restoration in human-disturbed landscapes 
(Crouzeilles et al., 2017); 2) Ecotourism linked to birdwatching (cultural 
service): Costa Rica is one of the top destinations for birdwatchers in 
Latin America (Echeverri et al., 2019), contributing to the development 
of ecotourism businesses and the sustainable development of local 
communities (Sekercioglu, 2002); and 3) Carbon sequestration (regu-
lation service): low-cost natural regeneration or assisted forest regen-
eration of tropical forest has a large potential for contributing to climate 
change mitigation via carbon sequestration and storage (Chazdon et al., 
2016), making forest restoration one of the main axes of the recently 
launched Costa Rican National Decarbonization program to 2050 (Costa 
Rica Government, 2019). 

To map the seed dispersal and the potential ecotourism services 
across the corridor, we developed species distribution models using 
Maxent (Phillips et al., 2006; Phillips and Dudík, 2008) for 62 frugivo-
rous bird species with known presence in the area, also culturally valued 
by birdwatchers and locals because of multiple reasons (Echeverri et al., 
2019) such as the Resplendent Quetzal (Pharomachrus mocinno) or the 
Collared Aracari (Pteroglossus torquatus). Current predictions of habitat 
suitability for selected bird species were used as a surrogate of the seed 
dispersal service, assuming seed rain and forest recovery can be poten-
tially higher in areas closer to or within locations with higher suitable 
conditions for the service-provider species. The projected habitat suit-
ability of the species across the corridor assuming all current non-forest 
areas were restored to forest was used as a surrogate of the ecotourism 
service potential. For both the seed dispersal and the ecotourism service, 
we only retained species for which we could generate reliable models in 
terms of predictive performance (47 species with Area Under the Curve 
>0.7; Hanley and McNeil, 1982) (Appendix S1). We used the distribu-
tion of each species as an individual surrogate for the ESS. Although the 
service could be provided by a reduced number of abundant species, we 
aimed to maximize the number of species that would both benefit from 
restoration and naturally promote it and, therefore, contribute to the 
resilience of the overall ESS provision (Chain-Guadarrama et al., 2019; 
Mouillot et al., 2013). Carbon sequestration potential was mapped using 
the InVEST Carbon Storage and Sequestration model (version 3.7.0) 
developed by the Natural Capital Project (Sharp et al., 2018). Using the 
VCTBC official land cover map as a reference (Canet-Desanti, 2016), the 
model estimated the potential change in carbon sequestration per 
hectare (ha) if all current non-forested areas in the corridor were 
restored to forest. For parameterizing the model, each land cover (i.e., 
forest, coffee plantations, crops, pastures, forest plantations, bare 
ground) was associated with a total carbon storage capacity per ha 
following values from Vallet et al. (2016). We only considered coffee 
plantations, annual crops and pastures as land covers with potential to 
be restored to forest, totaling 51852 ha across the corridor; each ha 
represented an individual restoration unit and corresponded to the scale 
at which the three ESS were mapped. These land covers represent the 
only ones that could potentially benefit from economic incentives 
associated to climate mitigation targets – i.e. Payments for 

Environmental Services (Sánchez-Azofeifa et al., 2007). 
The spatial predictions of current and future habitat suitability of the 

47 frugivorous birds (surrogates of seed dispersal and ecotourism ESS, 
respectively) along with predictions of the carbon sequestration poten-
tial from the InVEST model constituted the 95 ESS features that input the 
prioritization analyses. See Appendix S1 for full details of data sources 
and handling, the species and carbon modelling parametrization, fit and 
validation and mapping methods. 

2.3. Spatial prioritization of forest restoration 

We used the spatial prioritization tool Marxan (Ball et al., 2009) to 
identify priority areas for forest restoration across the corridor to 
maximize the provision of the three ESS (i.e., seed dispersal, ecotourism 
and carbon storage) (objectives 1,2,3) while increasing spatial forest 
connectivity (objective 4). Marxan uses an optimization algorithm that 
seeks to minimize an Objective Function (Eq. (1)) across I restoration 
units and J ESS features: 

OF =
∑I

i
Costi +

∑J

j
SPF*Feature Penaltyj

+ CSM
∑I

i
Connectivity Penaltyi (1) 

We ran different restoration scenarios that differed in the assump-
tions of the opportunity costs of each restoration unit (i.e., the revenues 
per ha that could be potentially lost when restoring the current land uses 
into forest) (first element of Eq. (1)): 1) an Equal opportunity cost (Equal) 
that assumed all restoration units had equal opportunity costs, regard-
less their current land use; 2) a Homogeneous opportunity cost scenario 
(Homog) that assumed the opportunity costs of each restoration unit 
only depended on its current land use, regardless of its spatial location 
across the corridor. The opportunity costs of restoring forest over pas-
tures, annual crops and coffee plantations across the corridor were 
sourced from the Total Added Values per ha of each of these land uses 
reported for the study area in Vallet et al. (2016) (Appendix S2); 3) a 
Heterogeneous opportunity cost scenario (Heter), where the opportunity 
cost of each restoration unit for each land use varied across the corridor 
to account for differences in productivity across environmental gradi-
ents. In this case, the opportunity cost varied depending on the replaced 
land use and its elevation. The most productive lands for annual crops 
and coffee in the VCTBC are above the 1000 m.a.s.l, whereas the most 
productive pastures for dairy farming (one of the main economic ac-
tivities in the VCTBC) are those above the 800 m.a.s.l (C.V. and F.C. Unit 
of Livestock and Environmental Management, CATIE, personal 
communication). Since the actual difference in revenues per ha 
depending on land use and elevation was unknown, we tested three 
variations of this scenario in which the opportunity costs of restoration 
units over current land uses were 30%, 50% or 100% higher in lands 
above the before mentioned elevational thresholds than below 
(Heter30, Heter50 and Heter100, respectively). The opportunity costs 
below those thresholds were assumed the same as in the Homog sce-
nario. Thus, in this study, we assumed the main constraint on the 
achievement of multi-objective forest restoration to be the land oppor-
tunity costs (i.e., the higher the revenues of a given current land use the 
lower the willingness of the owners to lose that land in favor of forest 
restoration). The use of these scenarios sought to evaluate how this 
constraint could influence the optimal spatial design of landscape-scale 
forest restoration plans across the corridor. 

We ran a sensitivity analysis over a range of targets, to evaluate how 
much forest restoration would be needed if we sought to increase the 
ESS provision between 0.01 and 20% compared to current levels. For 
reference, a 0.01% increase in carbon sequestration compared to current 
levels would require the restoration of an approximately minimum of 
15, 25 or 29 ha of croplands, pastures and coffee plantations, respec-
tively, to forest (being connectivity and other ecosystems features not 
considered). Marxan applies a Feature Penalty for not achieving a target 
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set for each ESS feature (second element in Eq. (1)). The contribution of 
this Feature Penalty to the overall Marxan solution is weighted by the 
Species Penalty Factor coefficient (SPF). To ensure that targets for all 
ESS features were achieved across solutions, we set a high SPF (SPF =
10). This SPF brought the weight of the Feature Penalty into line with 
that of the Costs in Eq. (1). 

Finally, the Connectivity Penalty in Eq. (1) is a penalty for not 
selecting restoration units spatially aggregated. We derived connectivity 
penalties from the geographic distance dij to the nearest 8-neighbours of 
each restoration unit (penalty = dij-2). The Connectivity Penalty is 
weighted within the objective function by a Connectivity Strength 
Modifier (CSM). Higher CSM values result in solutions where restoration 
units are more spatially clumped, but it comes to higher number of 
restoration units being selected (and therefore cost). For this reason, it is 
necessary to calibrate the CSM value. We calibrated the CSM (Eq. (1)) for 
each scenario and target following Andron et al. (2010). However, and 
given the large amount of forest already existing in the corridor (approx. 
57% of the total area), small CSM values led Marxan solutions to select 

all the available areas for restoration, even at low targets (Appendix S3). 
To avoid the connectivity constraint to override Marxan’s solutions, we 
selected a CSM value over the calibration curves that allow us to balance 
both objectives as well as to allow fair comparison of achieved con-
nectivity values across scenarios (Appendix S3). 

For each scenario, we run Marxan 100 times, using standard 
annealing parameters. In all runs and scenarios, current forest cover was 
locked-in, while water bodies, bare ground and urban areas were always 
locked-out (i.e., not considered for their potential to achieve targets). All 
scenarios were run both using the calibrated CSM value (Appendix S3) 
and considering a CSM = 0, to assess the impact of connectivity con-
straints in spatial prioritization outputs. In each scenario, we selected 
the best solution out of the 100 independent runs (Marxan best solution 
from here on) and used it to make comparisons across all scenarios using 
three metrics: (1) the number of restoration units required by the best 
solution (reflecting total restoration efforts); within each set of resto-
ration units we calculated the percentage of each current land use 
selected for restoration in each combination of scenario-target; (2) total 

Fig. 2. Number of units selected for forest restoration across the biological corridor, under each combination of scenario (Equal Opportunity Cost, Homogeneous 
Opportunity Cost, Heterogeneous Opportunity Cost 100%) and target. Colors within each bar reflect the proportion of each land use (coffee plantations, crops, 
pastures, and forest plantations) selected within the set of restoration units in each of the Marxan’s best solutions. The asterisk on top of the bar of the target 20 marks 
the total number of units available for restoration across the biological corridor. See Appendix S5 for results of the Heter30 and Heter50 (not shown because of their 
similarity with the Heter100 solution). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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opportunity cost (in Colons, Costa Rican currency) calculated for each 
best solution based on the same opportunity cost (Homog) so values 
could be compared across scenarios, and (3) the overall forest connec-
tivity achieved. Connectivity achieved in each scenario was calculated 
using a connectivity index that measures the relative connectivity ach-
ieved in the solution compared to the maximum connectivity that could 
have been achieved if all restoration units in the solution were fully 
connected. This connectivity index is independent of the number of 
restoration units in the solution and, therefore, comparable across sce-
narios and targets (Hermoso et al., 2020). We also measured the selec-
tion frequency of restoration units in best solutions across all targets for 
each scenario. 

3. Results 

Restoration targets were achieved for all 95 ESS across all scenarios 
and tested targets (Appendix S4). For a given target, the number of ha 
selected for forest restoration (restoration units) was slightly smaller in 
the Equal scenario than in those considering opportunity costs (Homog, 
Heter30, Heter50 and Heter100; Fig. 2, Appendix S5). The selection 
frequency of different land uses across Marxan’s best solutions also 
markedly differed between scenarios (Fig. 2). The Equal scenario 
identified pasturelands as the most suitable land cover to promote forest 
restoration (accounting for more than 80% of restoration units selected 
in best solutions, regardless the target considered). Approximately 10% 
of selected restoration units in this scenario corresponded to croplands 
<1000m (in targets from 1 to 20). On the contrary, scenarios consid-
ering opportunity costs prioritized the selection of restoration units in 
lowlands, where the total opportunity cost was lower (e.g., selection of 
restoration units over pastures at < 800 m were prioritized over selec-
tion of pastures >800m; Fig. 2; Appendix S5, S6). As a result, the Homog 
and Heter scenarios selected a larger proportion of restoration units 
across current coffee plantations (15%; the land use with the smallest 
total land opportunity value) and forest plantations and did not select 
restoration units in current croplands - except when large targets were 
considered (target values 18–20). For example, for a target of 1% in-
crease in service provision, Marxan best solutions suggest forest resto-
ration of 10%, 8.4% and 7.1% of current pastures, croplands, and coffee 
plantations respectively in the Equal scenario (approx. 2400 ha). 
Alternatively, best solutions of the Homog scenario suggest forest 
restoration of 12.6% and 20.6% of current pastures and coffee planta-
tions (approx. 3200 ha) (Homog and Heter30, Heter50 and Heter100 
best solutions were similar; Appendix S5, S6). 

Although the total number of restoration units selected for any given 
target was smaller under the Equal scenario, the total opportunity costs 
of this scenario were much higher than those of best solutions of sce-
narios accounting for opportunity costs (Fig. 3). The Homog. scenario 
and all versions of the Heterogeneous Opportunity Cost scenarios 
(Heter30, Heter50 and Heter100) showed similar costs, only that 
starting to diverge for targets over 15%, being the Heter100 scenario 
the most expensive. 

Marxan best solutions across all scenarios markedly increase forest 
structural connectivity compared to current connectivity across all tar-
gets (Appendix S7) but especially compared to reforestation scenarios 
that sought to achieve ESS targets without accounting for connectivity 
(CSM = = 0; Appendix S7). We found small differences in connectivity 
achievement across all tested scenarios, with the Equal scenario 
attaining a slightly lower structural connectivity than the other sce-
narios, especially at small targets. The spatial outputs of the best solu-
tions differed mostly between the Equal and other scenarios (Fig. 4; 
Appendix S8, S9). The Equal scenario identified as best areas for forest 
restoration those units on the edges of already existing forest patches, 
regardless of the current land use and following a scattered pattern 
across the corridor. The Homog, Heter30, Heter50 and Heter100 
scenarios identified key areas for forest restoration those placed across 
the central parts of the corridor, connecting already existing forest 

patches from North to South; these include already existing forest 
plantations that did not contribute to the overall achievement of ESS 
targets but mostly to increasing forest connectivity but also, and most 
importantly, coffee plantations and pastures in lowlands in the north-
central parts of the corridor (Fig. 1). 

4. Discussion 

Our restoration planning approach addresses recent calls for 
increasing the cost-efficiency of forest restoration programs by using 
spatially-explicit systematic planning approaches (Gourevitch et al., 
2016; Strassburg et al., 2019); these allow to identify areas where 
restoration programs have the potential to maximize benefits in terms of 
biodiversity recovery and ESS provision at minimum costs. One of the 
main differences between solutions across scenarios considering op-
portunity costs and those of the Equal scenario were that the later 
suggested the restoration of croplands and pasturelands in the highest 
parts of the corridor as the most efficient way to achieve the ESS targets 
(lower number of restoration units needed), whereas the former did not 
select those areas as a priority. However, the croplands in the highest 
parts of the corridor are highly productive compared to those in the 
lowlands, being the type of crops grown in those areas (e.g., potatoes 
and onions) strongly demanded at the national and international level 
(Vallet et al., 2016). The productivity of dairy pasturelands at higher 
altitudes is also higher and it is mostly oriented to the production of 
Turrialba cheese which has a Protected Designation of Origin by the World 
Trade Organization since 2012, recognizing cheese characteristics 
linked to this specific geographical location and its artisanal way of 
production. This makes the Equal scenario not only the most expensive 
in terms of total opportunity cost (Fig. 3) but also, the scenario in which 
forest restoration would be less feasible to achieved in reality, having the 
largest consequences in terms of loss of cultural heritage among all 
tested scenarios (i.e. loss of cultural services and relational values; 
Chapman et al., 2020; Daniel et al., 2012). On the other hand, our study 
demonstrated that accounting for opportunity costs (scenarios Homog, 
Heter30, Heter50 and Heter100) does not translate into loss of con-
nectivity or ESS provision values, as the later scenarios were equally 
effective at achieving targets. Therefore, we found little trade-offs be-
tween avoiding socio-economic conflicts and promoting restoration for 
increasing ESS provision and connectivity across the corridor, the main 
objectives pursued by this conservation tool. 

Fig. 3. Estimated forest restoration costs in Millions of Colons (Costa Rican 
currency) across scenarios and targets. To ease comparison between scenarios, 
costs were calculated by summing up the current land opportunity costs of the 
selected restoration units in the Marxan’s best solutions for each scenario (i.e., 
taking the costs of the Homog scenario as reference to compare opportunity 
costs across all scenarios). 
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Accounting for opportunity costs when designing landscape-scale 
forest restoration plans is critical to design realistic interventions. The 
estimates of opportunity costs that we used were based only on the 
current revenues farmers get from the goods they produce, without 
considering any potential changes in market demands and product pri-
ces or accounting for other intangible benefits. Given the impacts that 
opportunity costs had on the selection of priority areas for restoration, 
the selection of adequate estimates of these values deserves special 
attention. For example, Marxan best solutions of the Homog, Heter30, 
Heter50 and Heter100 scenarios selected more frequently coffee 
plantations over croplands for restoration (Fig. 2), because currently, 
the revenue generated by coffee plantations per ha at the corridor is 25 
times lower than from croplands (Appendix S2; Vallet et al., 2016). 
However, these opportunity costs are temporally dynamic (e.g., 
dependent on market prices fluctuations) and can be estimated in 
different ways (i.e., using current land prices, using productivity values 
per ha, etc.), which would translate into changes in the spatial distri-
bution of priority areas for restoration. Ideally, opportunity costs should 
also account for the intangible contributions of land uses; for example, 
coffee agroforestry systems support greater levels of biodiversity 
compared to other crops and other coffee management systems (e.g., 
coffee monocultures). Likewise, coffee agroforestry also promote func-
tional connectivity of forest-dependent bird species which in turn pro-
vide supporting and regulating services such as seed dispersal and pest 
control (Chain-Guadarrama et al., 2019; De Leijster et al., 2021). Sus-
tainable certified production in agroforestry systems is also eligible for 
incentives for premium products. If all these ecological benefits and the 
potential premium prices over sustainable certification were considered, 
opportunity costs of coffee agroforestry plantations across the VCTBC 
would probably exceed by large those of pastures or vegetable crops, 
completely changing the forest restoration solutions presented here. 

Implementing any of the landscape-scale forest restoration solutions 
identified by the most cost-efficient scenarios will inevitably require the 
involvement of the people living in the landscape (Chazdon et al., 2017; 
Holl, 2017) as well as finding adequate financial incentives to land-
owners (Brancalion et al., 2012). In this regard, forest restoration ac-
tions across the VCTBC could benefit from the Payments for 
Environmental Services (PES) scheme of Costa Rica directed to promote 
forest protection and recovery across the country (GGGI, 2016). This 
scheme, pays private landowners who own forests or who promote 
forest recovery in their land, in recognition of the ESS provided (Liagre 
et al., 2021; Sánchez-Azofeifa et al., 2007). It subsidizes land-use man-
agement practices leading to forest protection, forest management in 
primary and secondary forest, and sustainable management of agrofor-
estry systems among other interventions (Sánchez and Navarrete, 2017). 
The scheme gives a strong emphasis on the potential social impact of 
those interventions (e.g., prioritizing subsidies to small landholders and 
to indigenous lands; Molina Murillo et al., 2014) and facilitates private 
investments when possible. Forest restoration across the corridor could 
benefit from a combination of PES options depending on the location 
and current use of the land. For example, both low- and highland pas-
tures located in steep slopes have already been subsidized in different 
pilot projects across the corridor to spare land and promote regrowth of 
secondary forests with the ultimate goal of reducing soil loss and sedi-
ment transport and prevent negative impacts on downstream 

(caption on next column) 

Fig. 4. Frequency of selection of restoration units in best solutions across all 
tested targets (24) in the two most contrasting planning scenarios a) Equal 
Opportunity Cost (Equal) and b) Heterogeneous Opportunity Costs 
(Heter100). The map in panel c) highlights the differences in frequency of 
selection of restoration units between the Heter100 and the Equal scenario, 
with areas in yellow indicating restoration units that are selected with the same 
frequency in both scenarios. See Appendix S8 for comparative results for the 
Homog., Heter30 and Heter50 scenarios. See Appendix S9 for best solutions for 
targets 1, 5 and 10. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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hydroelectrical plants (under the “water resource protection” PES 
scheme; Estrada-Carmona and DeClerck, 2012). 

Passive restoration following natural regeneration of secondary 
forest could represent an interesting cost-effective landscape-scale forest 
restoration measure to apply across the corridor (Holl and Aide, 2011). 
In this regard, all Marxan solutions presented here suggest areas where 
this restoration option could be facilitated to a great extent by the 
presence of seed dispersers (i.e., frugivorous birds). However, in Costa 
Rica, forest expansion due to the regrowth of secondary forests has been 
hampered by several factors including the existence of a strong forest 
law that bans land use change over forested land, the lack of knowledge 
by landowners of financial mechanisms to support the management of 
secondary forests (option only contemplated and fully developed in 
Costa Rica legislation in 2016 Decreto 399952 - MINAE) as well as the 
lengthy and complex bureaucracy and administration processes to ac-
cess them (e.g., an officially approved forest management plan is 
mandatory to access incentives for forest management; Reyes et al., 
2018). In fact, the PES funds directed to natural afforestation and forest 
management during the period 2006–2017 represented less than 4% and 
0.5% of PES funds granted to forest protection, respectively (FONAFIFO 
stats 2018; www.fonafifo.go.cr). Forest plantations can also be 
contemplated as an option to increase forest extent and structural con-
nectivity across the corridor and, as such, have been recurrently selected 
in the best solutions of scenarios accounting for land opportunity costs 
(Figs. 2 and 4; Appendix S5, S8). Forest plantations are eligible for 
financial mechanisms besides the PES scheme (e.g., the carbon credits 
market through the UN REDD + program), making them currently 
attractive for owners of marginal land. They can be used as a pathway to 
forest recovery (Alexander et al., 2016) and have proven useful to 
trigger ecosystem recovery in other areas of Costa Rica (e.g., Guana-
caste; Pringle, 2017). However, they do not represent a universal solu-
tion: monoculture plantations can maximize carbon sequestration at 
high costs to the provision of other services and ecological functions 
(FONAFIFO et al., 2012; Zhang et al., 2021). In this regard, private 
companies in the carbon market are increasingly interested in paying for 
carbon sequestration which is ‘bundled’ to other ecosystem and social 
benefits (Estrada-Carmona and DeClerck, 2012; FONAFIFO et al., 2012; 
GGGI, 2016) and thus, a multi-objective spatial prioritization protocol as 
the one presented here can prove key to identify areas where to maxi-
mize such investments. 

5. Conclusions 

We have demonstrated how to identify priority areas for forest 
restoration for multiple objectives (promote ESS provision, increase 
forest connectivity and minimize impacts on local livelihoods), by using 
a freely available spatial planning tool. When planning blindly to op-
portunity costs, our results suggest that landscape-scale forest restora-
tion plans could lead to potential socio-economic impacts and 
management conflicts. Careful consideration of potential constraints to 
the implementation of restoration is, therefore, crucial to ensure that 
restoration recommendations arising from planning exercises will 
encounter less local opposition. We also showed that the reduction in 
opportunity cost can be achieved at no expenses of other objectives, such 
as increasing ESS provision or connectivity. Our approach to restoration 
planning is suitable for other landscape-scale restoration plans else-
where, where multiple-objectives are pursued and where potential 
conflicts between these could arise, being a useful tool to foster optimal 
restoration interventions. 
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