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Summary

Creating landscapes with connectivity is vital for protecting biodiversity and meeting the
environmental targets embedded in the United Nations Sustainable Development Goals,
with connectivity specifically mentioned in Target 11 of the Convention on Biological
Diversity Aichi Targets. Costa Rica created the National Biological Corridor Program
(NBCP) in 2006 to enhance connectivity among protected areas. Targeted investments of
payments for environmental services (PES) are the main tools used within the designated
biological corridors. We conducted spatially explicit analyses to determine whether Costa
Rica’s NBCP, using PES, enhanced landscape connectivity within the Paso de las Nubes
Biological Corridor. We conducted landscape modelling in order to determine the connectivity
held within PES’s properties by developing connectivity resistance surfaces and electrical cur-
rent models. The results indicate that PES properties established after the NBCP contributed
more to areas with intermediate values of connectivity and less to areas with high connectivity
values as compared to properties before the NBCP. Although overall connectivity within the
corridor has decreased since NBCP establishment, our results confirm the importance of
PES properties for landscape connectivity, but emphasize the need for spatially targeted PES
in order to improve viable paths of landscape connectivity among protected areas. Future
targeted PES investments could contribute greatly to meeting connectivity goals.

Introduction

Landscape connectivity is vital to protecting biodiversity and to achieving the targets established
by the United Nations Sustainable Development Goals, and it is also specifically mentioned in
Aichi Target 11 of the Convention on Biological Diversity (Woodley et al. 2012, Reed et al.
2015). Connectivity is critical to protected areas systems due to it enhancing ecological processes
and functions across a landscape (Taylor et al., 1993, Convention on Biological Diversity 2011).
Accomplishing connectivity goals requires managing areas outside the boundaries of protected
areas in order to go beyond land-sparing techniques, and when achieved, it supports conserva-
tion of protected area networks (DeFries et al. 2007). Biological corridors, helping to support
land-sharing conservation measures, are an effective means of achieving landscape connectivity
by creating connections between protected areas. When strategically employed over large areas,
corridors can benefit biodiversity conservation (Schippers et al. 2015). Managing landscape
features and economic activities within corridors requires coordination between policies and
local landowners in order to enhance connectivity while providing appropriate economic
and other incentives. Enhancing connectivity in biological corridors is a challenging feat,
as these areas are often multiuse, private and public lands that form a network connecting
protected areas.

Connectivity can be defined in several contexts, including landscape, habitat, ecological and
evolutionary processes (Supplementary Text 1, available online) (Lindenmayer & Fischer 2006,
Worboys et al. 2010). During policy decision-making processes, all levels of connectivity are
important. A variety of corridor designs may be used to enable each level of connectivity, includ-
ing linear features, lattice networks or steppingstones, with some designs addressing potential
climate change impacts (Williams et al. 2005, Saura et al. 2014, Townsend & Masters 2015).

Costa Rica corridors

Costa Rica’s National Biological Corridors Program (NBCP) was created in 2006 to enhance
connectivity between protected areas and was deemed an official conservation priority in
2008 (Supplementary Text 2) (MINAE 2006, 2008). A primary goal of Costa Rica’s NBCP is
to improve connectivity via the creation of landscape corridors (Gilbert-Norton et al. 2010).
Since the 2006 establishment of the NBCP, Costa Rica has increased its commitment to land-
scape connectivity by targeting payments for environmental services (PES) payments within
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biological corridors (MINAE 2008). In the priority criteria assess-
ment for PES site selection, properties within biological corridors
were provided with an additional number of points, giving them a
better chance of selection (MINAE 2014). The National System
of Conservation Areas (SINAC) definition specifies landscape,
habitat and ecological connectivity (SINAC 2009), identifying eco-
logical connectivity as a strategic objective, with the goal of strength-
ening protected areas and their connections (Supplementary Text 3)
(SINAC 2009).

In order to promote corridor connectivity, the NBCP uses a PES
scheme as a tool to enact change within the corridor network
(SINAC 2009). Since 1997, this scheme has offered various types
of contracts to landowners, providing payments for areas under
agroforestry, forest protection or reforestation. Payments are
targeted towards the maintenance and creation of forested land-
scapes (Daniels et al. 2010, Wood et al. 2017). PES contracts are
5-year contracts that provide annual payments per hectare for
a designated parcel, with options for renewal. Prior to 2000, PES
programme applications were accepted on a ‘first come, first
served’ basis. Over the programme’s lifetime, the number of
applicants has exceeded the number of available contracts, despite
payments often being less profitable than alternative land uses
such as livestock grazing or ornamental plant production (Wood
et al. 2017).

The effectiveness of PES along with its additionality has been
studied at length over the years, and studies argue for both sides
(Engel et al. 2009, Muradian et al. 2013, Chan et al. 2017). More
recently, various criteria for assessing PES programmes have
been created in an attempt to understand how to reduce negative
impacts, improve spatial coordination and minimize leakage,
among other themes (Engel 2016). While the efficacy of Costa
Rica’s PES programme is much debated, often citing only small
environmental gains, the use of other metrics to assess ecological
efficacy, such as connectivity of landscapes irrespective of PES pro-
gramme functionality is often not considered (Börner et al. 2017).
PES used to promote connectivity and corridors is underrepre-
sented in the literature, and more information is needed in order
to understand this, with PES programme success often being rep-
resented by the number of participants, parcels and hectares
enrolled over a given period of time; however, these metrics do
not necessarily provide meaningful insights into the degree to
which landscape connectivity is achieved.

Within corridors, connectivity and its utility to wildlife is deter-
mined by habitat patch configuration and the landscape matrix in
which PES properties are embedded (Baum et al. 2004). Our paper
focuses on landscape connectivity in order to understand vegeta-
tion changes in biological corridor systems. We used SINAC’s des-
ignation of increased natural cover to mean an increase in forested
areas, using this as a metric to measure changes in the landscape
connectivity component of the NBCP.

Conservation investments are expensive, and there is an increased
emphasis on clarifying objectives and evaluating programme effec-
tiveness (Ferraro & Pattanayak 2006, Wunder 2015). Options
available to test intervention effectiveness include counterfactuals,
reference frames, comparison to fixed baselines and biodiversity tra-
jectories (Bull et al. 2014). Landscape-level interventions, however,
are rarely amenable to prior experimental testing as they lack
true controls or non-biased comparisons (Margoluis et al. 2009).
As NBCP was implemented nationally, there were no in-country
controls to enable experimental testing at national scales. We specifi-
cally test whether PES location before NBCP and PES location selec-
tion after NBCP equates to differences in landscape connectivity

within biological corridors. The baseline is level of connectivity
present in the corridor prior to implementation of NBCP, based
upon biodiversity trajectory models (Bull et al. 2014). In this case,
we consider counterfactual baselines to be static (Wunder 2005) since
non-directed placement of PES locations without regard to enhance-
ment of connectivity should result in no increased connectivity
in priority corridors. However, given ongoing restoration activities
in Costa Rica, there is the chance for ‘false positives’ if areas within
corridors are reforested without PES support (Supplementary
Fig. S1). Because PES and NBCP are embedded in a complex land-
scape, it is impossible to know exactly what caused the witnessed
changes, but we can test whether the broader NBCP goals are being
achieved within biological corridors.

Our study evaluates progress towards the first two goals of
the NBCP: maintenance and restoration of connectivity, demon-
strated by an increase in natural land cover (MINAE 2006).
We aim to understand the usefulness of corridor and connectivity
programmes and tools, and specifically PES as a connectivity tool.
Through spatial modelling, we measured trends in forest cover
aligned with two government programmes: (1) NBCP; and
(2) PES.We assessed the effectiveness of the PES-NBCP in increas-
ing connectivity after programme implementation (2008) and
6 years into the programme (2012) using electrical current model
theory (McRae et al. 2008, 2013). Additionally, we used a least-cost
path analysis in order to identify important, highly connected
pathways, as well as narrow and fragmented areas at risk of
isolation.

This methodological approach allows for a meaningful mea-
surement of connectivity, which is not well represented in area
or land cover descriptions. Connectivity is cited as a major objec-
tive and indicator within the NSBP of Costa Rica for 2016–2025
and is measured through land cover and a resistance index
(MINAE et al. 2018, SINAC 2018). This approach identifies
connectivity loss or gain, but does not spatially identify areas of
improved or reduced connectivity.

Methods

Study area

We tested landscape connectivity changes during the NBCP and
PES programmes in the Paso de las Nubes Biological Corridor
(CBPN) (Fig. 1). This corridor covers an area of c. 40 000 ha located
at 10.343392 latitude, –84.540478 longitude, northwest of San José
in the Tilaran and Central mountain ranges of Alajuela Province,
Costa Rica. CBPN was chosen as a study site due to its important
connection role for the central mountain and because previous
research found forest loss occurring at higher rates inside CBPN
than areas directly outside the corridor, indicating a need for fur-
ther understanding of change within corridors (Wood et al. 2017).
CBPN is an essential connection point for protected areas, provid-
ing the only conservation lands linking the Pacific and Caribbean
slopes in the northern half of the country. Natural vegetation in the
corridor includes closed canopy forests, premontane rainforest,
premontane wet forest, lower montane moist and rain forest
and tropical wet forest (Hartshorn 1983). Primary land uses
include private forests, dairy farms, ornamental plant agriculture,
tree plantations, urban areas and agroforestry. The CBPN’s eastern
border is Poas National Park and Juan Castro Blanco National
Park, which function as the headwaters for five major rivers.
The CBPN western border includes Alberto Manuel Brenes
Biological Reserve, the Children’s Eternal Rainforest and Arenal
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National Park, holding important tracts of high-biodiversity cloud
forest containing both Pacific and Caribbean slope vegetation across
the continental divide (Fig. 1). Our analysis also covered areas just
outside the corridor to the north and south in order to understand
whether targeted PES within the corridor had an effect as compared
to areas outside of the corridor (Supplementary Fig. S1).

Resistance surfaces

We analysed connectivity by creating cost surfaces, which model
movement resistance across the landscape, and we combined
three environmental variables in order to construct these: land
use, slope and road network. The land cover surface was created
through object-orientated classification of Terra Advanced
Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) imagery, produced by NASA with 30-m resolution
(Wood et al. 2017). We created cost surfaces for 2008 and 2012,
with 2008 representing the second year of NBCP implementation
and 2012 representing 6 years after implementation (Supplementary
Texts 4 & 5 & Table S1).

We assigned land uses a value pertaining to potential for land-
scape connectivity. Land uses with high permeability included
areas of native vegetation, and less permeable land uses included
non-native vegetation, such as pasture. Urban areas and roads were
deemed the most impermeable of surfaces. We also tested the
sensitivity of variations on the surface weightings, and while small
differences were found based on rating criteria, they did not
vary greatly overall (Supplementary Texts 6 & 7 & Fig. S2)
(Koen et al. 2012).

Circuitscape

The connectivity model was created using Circuitscape, an open-
source ArcGIS extension (McRae et al. 2013). This tool uses circuit
theory, with landscape cost surface representing a conductance
surface, and high and low resistance being dependent on the cost
surface value. The tool utilizes a network of nodes with different

resistance values (McRae et al. 2013). Results from Circuitscape
modelling scenarios were classified using equal interval classes in
ArcGIS representing percentage electrical current density (Watts
et al. 2008,McRae et al. 2016).We created two electrical currentmaps
using satellite imagery and land use classification maps in order to
represent the following: Scenario A on connectivity in 2008; and
Scenario B on connectivity in 2012, showing changes to landscape
connectivity post-implementation of NBCP. In each scenario,
we reported electrical current density, with higher density indicating
areas more suitable for landscape connectivity and lower current
densities indicating less suitable areas. We reported the cumulative
current for each scenario, defined as the sum of current values within
all nodes across all iterations (McRae et al. 2013). We weighted
cumulative currents as percentages in order to allow comparability
across scenarios. Pinch points are shown as linear features with high
electrical current density, designating areas where connectivity was
funnelled into a narrow region.

Connectivity: PES area and current density

In order to determine connectivity change before and after PES
prioritization within the NBCP (with new properties included in
the programme each year), we conducted a connectivity analysis
using electrical current densities from Scenario B (Supplementary
Fig. S2). PES area under the various PES categories of forest protec-
tion, reforestation and agroforestry, and changes between the two
scenarios, can be found in Wood et al. (2017) (Table 1). In order
to understand connectivitywithin PES properties, we calculated areas
under PES designation and the percentage electrical current density
values. We grouped PES properties into three categories: (1) prior to
PES-NBCP being established in 2003–2006; (2) after NBCP was
established in 2007–2010; and (3) after NBCP was established in
2011–2014. We selected PES property areas from the Scenario B
Circuitscape electrical current density map and recorded electrical
current densities in those selected areas, grouping them into 10%
intervals. If the selected areas had higher connectivity after NBCP

Fig. 1. The Paso de las Nubes Biological Corridor study site
is located in Costa Rica and bordered by the Children’s
Eternal Rainforest, Arenal Volcano National Park, Alberto
Manuel Brenes Biological Reserve and Juan Castro Blanco
National Park.
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enactment, we would expect to see more high-current density areas
within Categories 2 and 3 as compared to Category 1. Areas with
higher electrical density currents, and hence higher landscape con-
nectivity, were represented in red and orange (51–100%); intermedi-
ate areas were represented in yellow and green (31–50%); and low
areas were represented by blue and dark blue (0–30%). A least-cost
path was also created in order to identify important locations within
the corridor (Supplementary Text 8).

Results

Circuitscape connectivity model

Across all scenarios we found no north to south connections. This
is partially due to the absence of large forest patches and protected
areas north or south of the biological corridor, replaced instead by
agriculture and urban expansion. All connections for the models
are therefore reported from east to west, as the circuit model is
rooted in forest patches within the protected areas.

In 2008 (Scenario A), the north-western portion of the corridor
supported higher connectivity capacity compared to the eastern
side of the corridor (Fig. 2, map A, box 1). This is a result of greater
forest areas and a less extensive road network in the western sector
of the CBPN. Many pinch points were found along this route, with
some regions being only one pixel wide (130 m), including one
strong eastern electrical current path precariously connecting to
areas to the west across the entirety of the corridor in the north/
central half of the CBPN (Fig. 2, map A, box 2). Other areas of
connectivity include northern routes outside the CBPNnear a large
urban centre.

In 2012 (Scenario B), 6 years after NBCP inception, there was
higher connectivity on the western side of the CBPN. Additionally,
potential connectivity paths to the north, outside the CBPN, were
still present. The north-western region of the corridor (Fig. 2, box 1)
shows stability in connectivity during the study period due to the
high level of forest cover in that area; however, there was a decrease
in 61–70% electrical current density in 2012, indicating a slight loss
of suitability in the region. The strong electrical current pinch point
in Scenario A (Fig. 2, delineated in red and orange in box 2) showed
a reduction in width, with new breaks (Fig. 2, box 2). This decline
in electrical current occurred after initial construction of the San
Carlos highway between 2008 and 2012, which passes directly
through that area, creating forest breaks. Additionally, we found
two 500-m breaks with currents lower than 40% (Fig. 2, map B,
box 2). The south-central area of the corridor showed an increase
in current density in 2012, indicating connectivity was concen-
trated into that region (Fig. 2, map B, box 3).

Scenario A held the maximum cumulative current for all
scenarios, with a cumulative current of 100%,whereas themaximum
cumulative current for 2012 decreased to 94%. In Scenario A, 98.2%

of pixels held an electrical current below 50% and 2.8% held an elec-
trical current above 50% (pale orange to red pixels).
In Scenario B, 99.5% of pixels held an electrical current below
50%, and only 0.5% held an electrical current above 50%, showing
a decrease in available connectivity routes. Current differences
showed both positive and negative changes between the two scenar-
ios by subtracting the 2012 density current map from that of 2008
(Supplementary Fig. S4).

Connectivity: PES area and current density

After the NBCP PES prioritization in 2006, there was an increase in
overall PES property area, with the largest total area in Category 3
(PES 2011–2014) (Fig. 3). Immediately after the implementation of
NBCP, there was an increase in PES properties holding low current
density areas (0–10%) at 4.65 km2 in 2007–2010, compared with
0.27 km2 in 2003 (Fig. 3). There were increases in PES areas with
40–50% current densities (6.96 km2 in 2003–2006; 14.47 km2

in 2007–2010; 17.71 km2 in 2011–2014), and 50–60% current
densities (4.31 km2 in 2003–2006; 9.85 km2 in 2007–2010;
9.84 km2 in 2011–2014). Areas with high connectivity (70–100%)
showed decreases over time, from 6.07 km2 (2003–2006), to
4.82 km2 (2007–2010) to 1.50 km2 (2007–2014).

Connectivity: least-cost path and overall corridor connectivity

The least-cost path showed many linkages across western portions
of the corridor, while eastern regions held one linear connection
(Fig. 2, map C; Supplementary Text 8). While there were no large
loss in overall connectivity, there was also no creation of additional
wider corridors to prevent future losses of connectivity, the pri-
mary goal of NBCP. Portions of connectivity paths were only
130 mwide, and in 2012, two new 500-m forest breaks were created
for the San Carlos highway.

Of particular concern was the absence of any strong north–
south connectivity within the corridor, equating to little or no
within-habitat connectivity, particularly in mountainous areas.
As life zones within the biological corridor run from northwest
to southeast, there will be limited dispersal pathways for habitat
specialists tied to specific elevational bands (Townsend &
Masters 2015).

Discussion

Our research shows that the PES occurs in some spatially impor-
tant areas for landscape connectivity and forested corridors;
however, the spatial scale at which the programme targets pay-
ments could be further focused in order to ensure the protection
of vulnerable core connection regions, including pinch points
where movement is restricted to narrow areas (Pelletier et al.
2014). Along those same lines, another scenario could be a deterio-
rating corridor baseline associated with highway construction and
a number of other factors, with PES contributing to positive gains,
but with overall gains lacking given the lowering of the baseline.
However, the highway is expanding the road network that was pre-
viously in place, so the central part of the corridor already has
reduced connectivity due to roads, as well as the expanded develop-
ment along transportation corridors. The highway is extending
those impacts, but at the time of the study, the incremental decline
in the baseline would not have been large. Overall, because the
number of applicants exceeds funds for PES, priority should
be given to applicants in these focal areas within the biological
corridor. Dairy production and ornamental plant farms are two

Table 1. Percentage of land cover within a 1 km buffer of the least-cost path
(LCP) compared with regional values and the Paso de las Nubes Biological
Corridor (CBPN) values.

Land cover Entire region
2012 (%)

CBPN
2012 (%)

Inside 1-km LCP
buffer (%)

Forest 61 59 56
Urban 4 3 3
Low vegetation 20 24 26
Pasture 6 9 8
Bare ground 8 6 6
Water 0 0 0
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Fig. 2. Electrical connectivity using Circuitscape models across the Paso de las Nubes Biological Corridor. The colours represent the percentages of current density across all
of the scenarios, with warmer colours representing areas of concentration of current and potential bottlenecks and pinch points within the corridor. Map A represents 2008
connectivity. Map B represents 2012 connectivity. The boxes (1–3) zoom in on particular regions discussed in the text. Map C represents all of the least-cost paths – east to west
in yellow and west to east in orange – between eastern Juan Castro Blanco, and western Monteverde and Alberto Brenes protested areas represented in grey, with the bi-directional
least-cost path represented in red.

Fig. 3. Percentage electrical current densities,
by area, represented in square kilometres, held
within payment for ecosystem services (PES)
properties. PES properties are grouped into
three categories: (1) PES established before
the National Biological Corridor Program
(NBCP) from years 2003 to 2006; (2) PES estab-
lished after the NBCP from years 2007 to 2010;
and (3) PES established after the NBCP from
years 2011 to 2014. The current densities are
reported in 10% intervals and the current values
were calculated from Circuitscape Scenario B
(2012).
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of the most important economic industries in this region. In order
to encourage participation of priority applicants across a diversity
of economic backgrounds, payments may need to increase so as to
provide sufficient financial incentives that compete with alterna-
tive land uses (Zbinden & Lee 2005, Gené 2007).

The methods used in this paper highlight the utility of connec-
tivity modelling in assessing landscape connectivity with a focus on
spatial targeting, which can be incorporated as a tool to comple-
ment national efforts to measure the effective management of
biological corridors (Canet-Desanti et al. 2008, Chen et al. 2010,
SINAC 2018). The applications of these approaches are far-reaching
as, connectivity and landscape-level policies are becoming increas-
ingly important. Evaluating the success of policies achieving
landscape objectives could help us to develop effective, ecosystem-
based approaches to address the future impacts of climate change
and forest loss (Bellard et al. 2012, McGuire et al. 2016).

Along with within-habitat connectivity, specificity of land cover
and PES type should be incorporated into the decision-making
process for selecting the most appropriate interventions in areas
at risk of connectivity loss. Although the area under PES has
increased dramatically over the duration of this study, important
connectivity areas with 60% or greater electrical current density
declined and overall connectivity decreased (Fig. 3). Most of the
PES area increases have occurred in properties with 50% current
density or less. This suggests that the placement has occurred in
areas not meeting the objective of increasing landscape connectivity,
indicating that payments should be targeted or prices augmented to
encourage more strategic investments. These issues illustrate the
need for a more targeted and focused approach (Ezzine-de-Blas
et al. 2016). Without mitigation measures, changes could cause
the CBPN to become a non-functioning corridor landscape.

Contributing to the lack of additional connectivity within the
CBPN, there could be a social-scale mismatch between the conser-
vation programme, land use policies and ecological components.
Scale mismatches among policy objectives and landscape out-
comes can lead to unattainable ecological goals (Cumming et al.
2006). Conservation programmes often function at the landscape
scale and encompass a range of ecological gradients and processes,
whereas policy mechanisms enact changes at the individual prop-
erty level. Within the CBPN, this mismatch arises when PES are
targeted at the local property scale; however, the objective of the
corridor programme, particularly connectivity, functions at the
landscape scale. At the property level, landholders and managers
are responsible for making bottom-up changes, while regional
policies are directed top-down and executed by multiple actors,
including governmental and non-governmental organizations
(Muñoz-Rojas et al. 2015). While landowners are often successful
at making bottom-up property changes, the scale of change is not
spatially appropriate to lend itself to landscape processes. Due to
this mismatch, bottom-up property approaches alone will not con-
tribute to large enhancements at the landscape level. The challenge
of ecological and policy mismatch in corridor implementation has
been illuminated in several case studies (Aryal et al. 2012, Jain et al.
2014, Muñoz-Rojas et al. 2015). There is a need for more scale-
appropriate, corridor-focused goals and actions of conservation
policies (Woodley et al. 2012), and one option is to use PES in a
strategic manner to enact major changes. Reforestation properties
provide opportunities for forest creation, which can close gaps in
order to mitigate fragmentation and barriers. Forest protection can
provide additional vigilance and control in high forest risk areas,
including private forests neighbouring highways and remote,
unpatrolled forests near protected areas.

Along with PES and NBCP mechanisms, there are other
existing mechanisms within Costa Rica’s environmental policies
that could provide opportunities to align landscape-level processes
with policy enactment to improve the NBCP. Drawing on pro-
posed corridor ideas presented by Townsend and Masters
(2015), the lattice corridor design in the CBPN may provide
positive gains in conservation programme connectivity goals.
The CBPN could prioritize areas identified by Forestry Law
Number 75757, which prohibits deforestation along riparian cor-
ridors. Incorporating riparian corridors explicitly within the NBCP
may provide opportunities for the restoration of historically
degraded habitats through reforestation. The western side of the
CBPN holds large tracts of forest that maintain elevational connec-
tivity; however, there are no horizontal altitudinal bands (defined
as horizontal connections within one elevational level) of forests on
either side of the corridor. Enhancements to elevational connectiv-
ity on the eastern side are more difficult to implement due to exten-
sive dairy production. These bands may be incorporated into the
eastern landscape by creating wider windbreaks on farms, which
could benefit connectivity and landholders by providing wind
shelter and forage for cattle, as well as timber (Ferber 1958,
Harvey 2000, Murgueitio et al. 2011). With slight modifications,
application of current conservation policies could better enact con-
nectivity within corridors, especially within targeted reforestation
projects or with the use of an agglomeration bonus linked to PES
property selection so as to coordinate payments in order to spa-
tially link private conservation lands, promoting cooperation
among landholders (Parkhurst et al. 2002, Parkhurst & Shogren
2007, Fagan et al. 2016).

While modification of current policies and programmes may
enhance connectivity, new strategies and policies should be con-
templated. One method to enhance connectivity is to establish
PES for natural regeneration; natural regeneration is ubiquitous
throughout Costa Rica and much of the tropics (Chazdon &
Guariguata 2016). These payments could increase the quality
and size of existing forest patches (Saura et al. 2014). Another
cost-effective option is reducing the impacts of hard barriers
(McRae et al. 2012). Bypassing barriers through the use of
underpasses or overpasses can enhance landscape connectivity
(Gloyne & Clevenger 2001, Kleist et al. 2007). Without barrier
mitigation, conservation spends funds that pool efforts on either
side of a barrier.

Our study presents evidence that PES properties generally
benefit landscape connectivity; however, overall connectivity has
decreased within the study corridor over the initial years of the
programme. Pressure to complete the highway, compounded by
recent government commitments to fast-track construction, makes
mitigation for connectivity very timely (Arias 2015). The highway
was an ever-present and changing factor in the corridor, although
the route was decided prior to this study and thus was never
eligible for PES selection during that timeframe. The highway
likely impacted connectivity throughout all of the study time peri-
ods as construction progressed, although given the narrowwidth of
the highway, actual construction itself will not be as impactful as
the likely larger future impacts associated with development
around the highway. The importance of the highway for dairy pro-
duction could lead to future pressure to increase livestock grazing
(Wood et al. 2017).

National policy goals are aligned with connectivity; however,
policy adaptations need to ensure that actions are implemented
at appropriate regional and local levels in order to enable ecological
and landscape connectivity. Given the establishment of PES
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properties as tools used for connectivity in the NBCP, we recom-
mend PES be used to enhance landscape connectivity aligned with
scales of ecological processes. As policy-makers and landmanagers
acknowledge the importance of corridors to produce viable eco-
logical landscapes and to promote climate adaptation, it is neces-
sary to adopt an objective-driven approach in order to target
conservation interventions in areas at risk of connectivity loss.
Conservation interventions may provide beneficial enhancements,
including increased forest cover; however, conservation objectives
such as landscape connectivity require spatially explicit strategies
in order to target conservation interventions for effective conser-
vation planning.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/S0376892920000016
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