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Abstract Because ecosystem services are generally not
produced and used in the same place, their assessment
should consider the flows of services from ecosystems to
users. These flows depend on the characteristics and spatial
distribution of ecosystems and users, the spatial relation-
ships between them, and the presence of filters or barriers
between ecosystems and users. The objective of this paper
is to map the ecosystem services provided to the Costa
Rican and Nicaraguan hydroelectric sectors, which are
crucial sectors for national sustainable development and
depend directly on hydrological ecosystem services. The
paper presents an approach for modelling the flows of
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multiple services from diverse ecosystems to diverse users
through different kinds of filters in a landscape. The
approach uses expert knowledge and fuzzy numbers to
handle uncertainties. The analyses for Costa Rica and
Nicaragua show how the approach helps identify priority
areas for the conservation and restoration of forests for the
services they provide to the hydroelectric sector. As such, it
is a useful tool for defining spatially targeted policies for
the conservation of ecosystem services and for involving
the users of ecosystem services in ecosystem management.

Keywords Watershed services - Hydroenergy -
Hydrology - Landscape - Forest

Introduction

People depend on services provided by ecosystems, which
can be classified as provisioning services (e.g., fibre, fuel
wood, or genetic resources), regulation services (e.g., cli-
mate, disease, or water regulation), and cultural services
(e.g., recreation, education, or heritage) (Costanza et al.
1997; Daily 1997; Millennium Ecosystem Assessment
2003, 2005). The extensive degradation of ecosystems
caused by human activities over the past 50 years has
placed increasing importance on ecosystem conservation
and management to sustain the supply of services (Kremen
2005; Millennium Ecosystem Assessment 2003).

Despite their importance for human well-being, eco-
system services are often underrepresented in policy deci-
sions, mainly because of market failures and lack of
awareness. Valuation studies, monetary or not, can dem-
onstrate the worth of ecosystem services to policymakers
deciding on land use and natural resource management
(Meyerson et al. 2005; Tomich et al. 2004; Troy and
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Wilson 2006). Furthermore, identifying the ecosystems that
provide services to communities or economic sectors may
promote investment in ecosystem conservation and man-
agement by service users (Gren et al. 2010; Naidoo and
Ricketts 2006).

The supply of ecosystem services is often unevenly dis-
tributed in a landscape. It is therefore important to consider
spatial heterogeneity in the targeting of policy interventions
(van der Horst 2006; van Jaarsveld et al. 2005; Wiinscher
et al. 2008). Knowing the spatial distribution of service
supply may also facilitate comparison with other land use
priorities or opportunity costs for evaluating conflicts or
synergies (Troy and Wilson 2006). Maps of ecosystem ser-
vices can also be associated with maps of ecosystem vul-
nerability to human pressures and climate change for
targeting adaptation policies or evaluating the effects of
environmental changes on ecosystems and society (Metzger
et al. 2008; Metzger and Schréter 2006).

Previous studies have mapped the spatial distribution of
ecosystem services (e.g., Ferraro 2004; Hein et al. 2006;
Troy and Wilson 2006; Yang et al. 2003). For instance,
Eade and Moran (1996) conducted a spatial valuation of
the Rio Bravo Conservation Area in Belize, taking into
account the heterogeneity of ecosystem characteristics
(e.g., soils and vegetation for hydrological services or
biomass for carbon sequestration). In addition to the spatial
distribution of ecosystems, the characteristics of service
users must be considered for generating maps of ecosystem
services that go beyond mapping their functions (Egoh
et al. 2007).

Because most ecosystem services are often not produced
and used in the same place, assessment studies should
consider the flows of services from ecosystems to users
(i.e., social groups and economic agents benefiting from
ecosystem services) in the space where services are
delivered. Naidoo et al. (2008) emphasized the need for
maps representing where ecosystem services are produced
and where they benefit nearby and distant users. The flows
of ecosystem services to population or economic agents
depend on the physical nature of services. For instance,
global climate regulation by carbon sequestration in any
place benefits the world population; flood protection ben-
efits only downstream populations or activities located near
rivers or floodplains; and pollination services flow in a
small radius around the ecosystem (Daly and Farley 2004;
van Jaarsveld et al. 2005). Previous studies have dealt with
flows of services; for instance, Guo et al. (2000) assessed
water regulation services in a river basin through a spatially
explicit hydrological model that considered the flows of
services from the ecosystems to a hydroelectric dam.

Assessing ecosystem services at a fine resolution is
relevant for decision-making but requires a good repre-
sentation of spatial flows (Strayer et al. 2003). Three
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important factors have to be considered in the assessment
of ecosystem services and their spatial flows at fine reso-
lution: (1) the characteristics and spatial distributions of
ecosystems and users, (2) the spatial relationships between
them (i.e., which ecosystems provide services to a user and
which users receive services from an ecosystem), and (3)
the presence of filters or barriers between ecosystems and
users (for instance, a lake in the case of hydrological ser-
vices) (van Noordwijk et al. 2004). In studies at coarser
resolutions, flows are not an issue because ecosystems and
users are assumed to be in the same region, as in the case of
the Advanced Terrestrial Ecosystem Analysis and Model-
ling project (ATEAM) for Europe (Metzger et al. 2008;
Metzger and Schréter 2006).

Because of the complexities of economic and ecological
systems, it is very costly, and sometimes impossible, to
quantify the level of service provision by an ecosystem or
the well-being generated by the service (Carpenter and
Turner 2000; Chee 2004; Freeman 2003; Limburg et al.
2002; Polasky et al. 2005). Even if the focus is on only one
economic sector in a country, mapping ecosystem services
is complex because it involves diverse types of ecosystem
services, ecosystems, and users of services. For example,
developing hydrological and economic models for all of a
country’s catchments and water users (e.g., drinking water
facilities, agro industry, and hydroelectric plants) is diffi-
cult in a context of scarcity of data on hydrological regimes
and the production functions of the economic agents. The
use of hydrological models in ungauged basins is a
promising approach to overcome data scarcity problems
(e.g., Mwakalila 2003), but the extrapolation of informa-
tion from gauged to ungauged basins remains challenging
in a context of diverse climates, landscapes, and ecosys-
tems (Wagener et al. 2004). In addition, assessing hydro-
logical ecosystem services also requires developing
economic models of water users and coupling them to
hydrological models, which is also challenging (Kragt et al.
2010). For identifying hotspots of ecosystem services at the
scale of a country, simpler approach can be used.

In this paper, the focus is on hydrological services and
the hydroelectric sector. In many countries, hydroenergy
presents both great potential and challenges for sustainable
development (Frey and Linke 2002). The hydroelectric
sectors are directly dependent on hydrological ecosystem
services, such as the regulation of water quantity and the
reduction in soil erosion and sedimentation (Kaimowitz
2005). Mapping the priority areas of ecosystem services for
hydroelectricity production (i.e., places where ecosystem
degradation can affect negatively or ecosystem restoration
can affect positively the sectors) can foster investment in
ecosystem conservation or restoration by the energy sector.

The objectives of this paper are (1) to develop a method
for mapping ecosystem services provided to the
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hydroelectric sector at the national scale and (2) to apply
the method for determining the priority areas for ecosystem
conservation and restoration and analysing synergies
between conservation efforts (protected areas) and the
provision of ecosystem services to the hydroelectric sector
in Costa Rica and Nicaragua. The method considers the
spatial modelling of flows of multiple services produced by
diverse ecosystems and benefiting diverse users. As
judgement is inevitable in a context of data scarcity and
uncertainties (Heal et al. 2004), the method uses expert
knowledge elicitation and fuzzy numbers. The elicitation
of stakeholder values or expert knowledge has already been
used for mapping ecosystem services (e.g., Raymond et al.
2009; Kragt et al. 2010). Bayesian network modelling
techniques have been applied for integrating knowledge
about hydrological, ecological, and economic aspects of
catchment management (Kragt et al. 2010). In this paper,
fuzzy techniques are used for handling mathematically
ambiguous data (Lawry 2006; Phillis and Andriantiatsa-
holiniaina 2001; Zadeh 1965) and have already been
applied to formalizing expert knowledge on hydrology
(e.g., Droesen 1996).

Materials and methods
Study area

The study was conducted at the national scale in two
Central American countries: Costa Rica and Nicaragua (see
maps in Fig. 6). The Central American climate is tropical—
equatorial with many areas receiving more from 2,000 to
3,000 mm of rainfall per year (Griesinger and Gladwell
1993) but with droughts affecting frequently some areas of
the region, especially in the Pacific watershed. Water
resources are crucial to the sustainable development of the
region. For instance, major economic sectors, such as
agriculture and energy, depend heavily on water avail-
ability. Watershed management has been promoted in the
region and innovative mechanisms have been imple-
mented, such as payment for ecosystem services (Kaimo-
witz 2005).

In Central America, hydroelectricity is a major source of
energy and large investments are at stake. In Costa Rica,
hydroenergy production has increased by 82% since 1995
(CEPAL 2006). In 2005, the hydroelectric sector repre-
sented a total capacity of 1,304 MW (66% of the country’s
capacity for energy production) and 80% of the actual
production. In Nicaragua, the production has not increased
since 1995 and hydroelectricity represented only 104 MW
(14% of the country’s capacity for energy production) and
14% of the actual production in 2005 (CEPAL 2006).
Nicaragua had only two operating plants in 2007 but

started promoting the development of hydroenergy in order
to reduce its dependence on imported fossil fuels. As a
result, 40 plants are currently under design and were
included in this study.

The basic spatial units of the study are microcatchments
with a mean area of 1.3 km?. Costa Rica and Nicaragua
were divided into 43,000 and 103,000 microcatchments,
respectively, using a detailed topographic map to set their
boundaries and hydrological networks (TNC 2007).

Eliciting expert knowledge

Nineteen Central American experts were interviewed: six
from hydroelectric companies and 13 from research centres
and universities (six working on ecology and seven on
hydrology). All interviews followed the same guidelines.
Initial discussions dealt with the research objectives. Sub-
sequent discussions dealt with appropriate typologies of
ecosystems, ecosystem services, filters, and service users. It
was agreed that five types of ecosystems should be con-
sidered: cloud forests, lowland and low hill forests,
woodlands (ecosystems with low tree density, including
wooded savannas, agroforestry, and silvopastoral systems),
grasslands (including savannas and pastures), and crop-
lands. Cloud forests were distinguished from other forests
because of their hydrological particularities (Bruijnzeel
2004) and their significant areas in the two countries
(Mulligan and Burke 2005). For mapping ecosystems,
existing land use and ecosystem maps were used (ITCR
2004; MagFor 2002; Mulligan and Burke 2005).

The experts identified three relevant ecosystem services:
the conservation of total water yield, the conservation of
base flow (i.e., conserving water flows during the dry
season), and the reduction in soil erosion (i.e., avoiding
downstream siltation by protecting soils against soil ero-
sion). They defined three types of filters (i.e., landscape
elements that affect the flow of ecosystem services from
ecosystems to users): dams, lakes, and major superficial
water intakes (e.g., pumping stations and canals for irri-
gation). Experts agreed that dams and lakes are important
filters as they affect base flows and can trap sediments, thus
making downstream users less directly influenced by the
ecosystems upstream of filters. Experts proposed to include
water intakes if monthly extraction exceeded 25% of the
river base flow, estimated roughly as the average upstream
water balance (precipitation minus evapotranspiration)
during the six driest months of the year. Data on the
location and extracted volumes of water intakes (for irri-
gation, industrial, commercial, and domestic uses) were
retrieved from consultations with national institutions.’
The water balance was estimated from WorldClim climate

! AyA, ITCR, ICE, INEC.
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data (Hijmans et al. 2005), with a spatial resolution of one
square kilometre, which is similar to the resolution of the
microcatchment map (1.3 sq km).

Regarding the typology of service users (i.e., companies
in the hydroelectric sector), the experts proposed to dis-
tinguish two types of plants managed by these users:
hydroelectric dams (reservoir-type projects) and run-of-
river plants (with little or no storage capacity). Other kinds
of hydroelectric plants defined by Egré and Milewski
(2002), e.g., pumped-storage projects, were considered
irrelevant for Costa Rica and Nicaragua. Information on the
location, type, and capacity of hydroelectric plants was
retrieved from documents and databases of energy com-
panies or ministries.’

Once typologies were agreed upon, the 19 experts were
asked to rate the production of each service by each eco-
system type, the utility of each service to each user type
(i-e., the ability of a service to satisfy one or more needs or
wants of the user), and the effect of each filter type on the
flow of each service. Experts expressed their degree of
agreement with statements such as “Ecosystem X con-
tributes to conserving base flows”. All experts answered all
questions. The answers were collected using a five-level
Likert scale (strongly disagree, disagree, neither agree nor
disagree, agree, strongly agree). Experts’ opinions were
converted into fuzzy triangular numbers in the interval
[0,1]. A fuzzy number is represented by a function showing
a degree of membership u (Fig. 1): a degree of zero means
that the value is not in the set of possible values, whereas a
degree of one means that the value is completely in the set
(Cox 1994). The two end-points of the fuzzy interval were
the lower and upper quartiles of experts’ answers, and the
peak point was the median value.

Mapping ecosystem services and priorities
for conservation and restoration

The flows of ecosystem services were mapped using the
conceptual framework shown in Fig. 2, where the variables
production, flow, and utility are fuzzy numbers derived
from experts’ knowledge and the variables area and
presence are spatial data. The level Q,(s, p,) of ecosystem
service s received by the destination spatial unit p,; depends
on the production of services by ecosystems in the
upstream catchments and the capacity of services to flow
from the ecosystem to the destination spatial unit (Eq. 1).

2 In Nicaragua: CNE (Comisién Nacional de Energia), Ingenieria y
Ciencia Ambiental, INE (Instituto Nicaragiiense de Energia). In Costa
Rica: ICE (Instituto Costariciense de Electricidad), ITCR (Instituto
Tecnoldgico de Costa Rica).
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Degree of membership ( p)

X

Fig. 1 Representation of fuzzy numbers (in this example, the degree
of membership of 0.3 in the set of value is zero, which means that it is
impossible that x equals 0.3, whereas it is partially possible that
x equals 0.5 and totally possible that x equals 0.6)

> >~ area(p,,e) . production(e,s) . flow(s, pa, po)

Q ( ) Do € upstream(py) €

S =
(8, Pd Z Zarea(pg,e)
Po € upstream(py) €

(1)

where

e O,s, py is the level of ecosystem service s received by
the destination spatial unit p ;

e upstream(p;) is the set of origin spatial units p,
providing services to the destination spatial unit p;

e area(p,, e) is the area of ecosystem type e in the origin
spatial unit p, (each unit can be occupied by different
ecosystem types);

e production(e, s) describes the capacity of ecosystem
type e to produce service type s;

e flow(s, ps p,) describes the capacity of service type s to
flow from p,, to a downstream spatial unit p,. It equals 1
if there is no filter in the path between p, and p,.
Otherwise, it equals (1-filter(s, p,, p4)) where filter(po,
pd) is the capacity of the filters between p, and p, to
affect the flow of service s, as expressed by the experts.

The utility U of all ecosystems in the country for the
whole hydroelectric sector was then calculated, assuming
that, for one service and one user of this service, the utility
is proportional to the level of service received, the utility of
the service for the user, and the presence of the user
(measured as the production capacity of the hydroelectric
plant) (Eq. 2).

U= Z ZZpresence(u,pd) - utility(s,u) . O, (s, pa)
Pd u N
(2)
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Fig. 2 Representation of the Ecosystems Services Filters Services Users
flows of ecosystem services in a

landscape: ecosystems, filters, Ot'_'i%in " Destination
and users spatial unt e S Sy | uy \\spatlal unit
Po < J P
€2 S Sz | Uz
/ /

------- P cm—mc— P mmmmm——em—mm P ——e—e—n P ———————
Land cover. Production(e,s)= Flow(s, po, pa)= Utility(s,u)= Presence(u,pq)=
Area(po,e)= capacity of capacity of utility of service s number or size

area of ecosystem e service s for user u of users u
ecosystem e to produce services  to flow from p, to py in spatial unit py

in spatial unit po

Ecosystem: Ecosystem: Ecosystem: Ecosystem: Ecosystem:
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Production of services by ecosystems

Fig. 3 Fuzzy numbers expressing expert knowledge on the production of services by ecosystems (u is the degree of membership described in the
“Materials and methods” section)

marginal utility of existing forests in this unit and the

priority for forest conservation (Eq. 3). Second, croplands

» presence(u, pg) describes the presence (here, in terms of  and grasslands were converted into forests (cloud forests or
production capacity) of user type u in the destination  Jowland forests, depending on the location®), to determine
spatial unit py; the marginal utility of potential forests and the priority for

e utility(s, u) describes the utility of service s for user u; forest restoration (Eq. 4).

e QO,(s, py) is the level of ecosystem service s received by
the destination spatial unit p,.

where

Forest_Conservation_Priority(p) = U — Ugeforested_p ~ (3)

) o . o Forest_Restoration_Priority(p) = Utestored_p — U 4
The marginal utility of each spatial unit (i.e., the change (») et )

in utility caused by a change in the services provided by = where

this unit) was then assessed by modifying the ecosystems

in this spatial unit in two ways. First, in each spatial unit,

one by one, forests (cloud and lowland) were converted 3 The climate envelope of cloud forests was delimited using the

into a mix of croplands and grasslands, to determine the  current distribution of these forests.
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®  Uleforested_p 18 the utility of all ecosystems to the whole
hydroelectric sector, with forests in the spatial unit
p being replaced by croplands and grasslands;

®  Uesiored_p 18 the utility of all ecosystems to the whole
hydroelectric sector, with the croplands and grasslands
in the spatial unit p being replaced by forests.

Initial data and final results were pre-processed and
visualized in ArcMap (ESRI); calculations were carried out
in Matlab 2008 (Mathworks). The equations were applied
using fuzzy arithmetic operators (Hanss 2005). Finally, the
results were defuzzified using the centre of gravity method
(Wang and Luoh 2000) and ranked for each country sep-
arately. The location of priority areas (defined as the 25%
top-priority areas in each country) was analysed, for
instance their location in protected areas. The location of
protected areas was taken from existing maps (MagFor
2002; ITCR 2004).

Results and discussion
Eliciting expert judgement

Expert judgement on the production of services by eco-
systems (Fig. 3) was in line with scientific analyses on the
role of forests in hydrological cycles (Andreassian 2004;
Bonell and Bruijnzeel 2005; Bosch and Hewlett 1982;
Bruijnzeel 2004; Calder 2002; Locatelli and Vignola
2009; Sahin and Hall 1996). Contrary to popular belief,
the total water yield is generally lower in a forested
catchment than in a catchment under other land uses,
because of the high evapotranspiration of forests
(Bruijnzeel 2004). This was recognized by the experts
(Fig. 3b compared to 3c or 3d). Cloud forests have a
different effect on total water yield to other natural forests
because of their capacity to intercept horizontal precipi-
tation from the clouds, as pointed out by the experts
(Fig. 3a) and in the literature (Bruijnzeel 2001). Regard-
ing the conservation of base flow, experts gave low values
to grasslands and croplands because of their lower infil-
tration rate of water in soil, compared with forest eco-
systems (Ilstedt et al. 2006) (Fig. 3f—j). However, the
literature reports uncertainties regarding the effect of
forest on base flow, as this effect results from two com-
peting processes: high transpiration by forests, contribut-
ing to a low base flow, and high infiltration under forests,
contributing to soil water recharge and high base flow
(Calder 2002; Bruijnzeel 2004). The effect of ecosystems
on the reduction in soil erosion was assumed to be high
under forests and low in croplands, with intermediate
values for woodlands and grasslands (Fig. 3k—o0), in line
with the literature (e.g., Bruijnzeel 2004).
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Fig. 4 Fuzzy numbers expressing expert knowledge on the utility of
services for users (u is the degree of membership described in the
“Materials and methods” section)

Expert judgement confirmed that the different ecosys-
tem services do not have the same utility for the different
hydroelectric plants, as concluded by other authors (e.g.,
Guo et al. 2000; Mufioz and Sailor 1998; Southgate and
Macke 1989). The consulted experts recognized that a dam
depends more on total water yield than on water regularity
because of its storage capacity (Fig. 4b, d). They also
argued that reducing erosion is highly relevant to dams
(Fig. 4f), because sediment load in water reduces the
storage capacity of dams, clogs generator intake, and wears
out turbines (Veloz et al. 1985). Conversely, the experts
said that the preservation of base flow is crucial for
run-of-river plants, because of the absence of storage
capacity (Fig. 4c). Sediment load can also represent a cost
for these plants but, according to the experts, to a lesser
extent than for dams (Fig. 4e). Regarding filters, the experts
considered that significant water intakes strongly affect base
flows and, to a lesser extent, total water (Fig. 5a, d) and that
lakes and dams trap sediment (Fig. 5h, 1).

Some answers differed significantly in correlation with
the expertise of the respondents (p < 0.01). When asked
about the capacity of ecosystems to conserve total water
yield, experts in the hydroelectric sector perceived higher
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Fig. 5 Fuzzy numbers Filter: Water intake Filter: Dam Filter: Lake
expressing expert knowledge on H | B
the effect of filters on the flows " 1 1 1
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capacity for cloud forests, and lower capacity for grass-
lands and croplands, than did experts in ecology or
hydrology. Experts in the hydroelectric sector placed more
importance on conserving total water yield for run-of-river
plants than did experts in ecology or hydrology.

Mapping ecosystem services and priorities
for conservation and restoration

Priority areas for forest conservation and restoration for the
hydroelectric sectors are concentrated around a few nuclei,
as only 13% of the country area in Costa Rica and 28% in
Nicaragua are located upstream of hydroelectric plants
(Figs. 6 and 7). In Costa Rica, the river basins upstream of
the plants are smaller than in Nicaragua, in part because of
the steep terrain and the location of many hydroelectric
plants in the mountains in Costa Rica.

In Costa Rica, the forest conservation priority areas for
the hydroelectric sector are located in the mountain range
in the centre of the country, especially the upper parts of
the Reventazon river basin and the tributary basins of the
San Juan river, namely Rio Zapote, Rio San Carlos, and
Rio Sarapiqui (Fig. 6). Around 31 and 24% of the priority
areas for forest conservation are located in the upper parts
of the Reventazon and San Juan river basins, which host,
respectively, 27 and 25% of the hydroelectric capacity of
the country (Table 1). Within the three river basins with

Effect of filters on services

the highest priority for conservation (Reventazon, San
Juan, Terraba), priority areas are located at high altitudes
(from 930 to 2,330 m). In Costa Rica, almost all forests in
priority areas for conservation are cloud forests. Regarding
restoration in Costa Rica, around 26% of the priority areas
are located in the Reventazon river basin and 23% in
Tarcoles, the second most important river basin for resto-
ration (Table 1 and Fig. 7). In the Reventazon river basin,
the restoration priority areas are at lower altitudes (from
1,160 to 1,840 m) than the altitudes for conservation pri-
orities (1,220 to 2,330 m).

In Nicaragua, the priority areas for forest conservation
are located in the central north, especially in the Rio
Grande de Matagalpa river basin, which hosts 49% of the
planned national hydroelectric capacity (Fig. 7). Around 65
and 27% of the priority areas for forest conservation are
located in the mid-parts of the Matagalpa river basin (most
of them between 230 and 350 m) and the upper parts of the
San Juan river basin (above 740 m) (Table 1 and Fig. 6).
Priority areas have both cloud forests and lowland forests
(59 and 41%, respectively). Regarding forest restoration in
Nicaragua, around 77 and 17% of priority areas are located
in the Matagalpa and San Juan river basins, respectively
(Table 1).

In each country, one river basin emerges as a major
priority for both conservation and restoration. In Costa
Rica, the Reventazon river basin hosts 31 and 26% of the
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Fig. 6 Major river basins and 87w
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priority areas for conservation and restoration, respec-
tively, even though it covers only 6% of the country. This
importance and the different altitudes for the two priorities
can be explained by the economic activities and land use
patterns in the river basin, especially the presence of large
hydroelectric plants, the dominance of agriculture and
livestock breeding at low and mid-altitudes, and the large
areas of cloud forests at high altitude. In Nicaragua, the
Matagalpa river basin holds 65 and 77% of the priority
areas for conservation and restoration, respectively. The
distinction between conservation and restoration priority
areas in terms of altitude is not as clear as in the Revent-
azon (Table 1). The central part of the river basin is more
suitable for conservation as it is covered by forests,
whereas restoration priorities are more in the southern part.

@ Springer

In Costa Rica, top-priority river basins for conservation
and restoration have similar patterns: conservation priori-
ties for the upper parts, restoration priorities for the middle
parts. This can be explained by the topography and human
activities, as most hydroelectric dams are located in or
around the central mountains, where agriculture and live-
stock breeding are highly developed at low and medium
altitudes and forests have not been preserved at high alti-
tudes. In Nicaragua, no clear differences can be observed
between conservation and restoration in terms of altitude,
because of non-altitudinal patterns of land uses and human
settlements.

In Costa Rica, spatial congruence was observed between
protected areas and the priority areas for the conservation
of ecosystem services provided to the hydroelectric sector
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Fig. 7 Major river basins and 87°W
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(Table 2 where the kappa coefficient is 0.32 and chi-square
test results in p < 0.001). This can be explained by the fact
that many Costa Rican protected areas are located upstream
of hydroelectric plants, partly because of institutional fac-
tors. For instance, in the 1960s, the major Costa Rican
hydroelectric company was involved in the creation of
national parks in upstream river basins.* No spatial con-
gruence was observed between protected areas and priority
areas in Nicaragua.

4 Personal communication of Manuel Corrales, former executive of
ICE (Instituto Costarricense de Electricidad).

Conclusion

In this paper, a method was presented for mapping eco-
system services provided to hydroelectric sectors at the
national scale. This method considers that different eco-
systems have different capacities to produce distinct eco-
system services and that different services have different
utility to distinct service users. In addition, it focuses on the
spatial relationships between ecosystems and service users,
as well as the presence of filters in the flows of services
from ecosystems to service users. As data scarcity made it
difficult to model hydrological processes in all the catch-
ments of each country or to study the production function
of all hydroelectric plants, expert knowledge was used to
represent the production of services by ecosystems, the
effect of filters on service flows, and the utility of the
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Table 1 River basins with high-priority areas for the provision of ecosystem services to hydroelectric sectors

River basin Percentage of national

Priority areas for forest conservation

Priority areas for forest restoration

hydroelectric capacity -
Percentage of conservation

priority areas in the country

Altitude range
(in metres asl) (*)

Percentage of restoration
priority areas in the country

Altitude range
(in metres asl) (*)

Costa Rica
Reventazon 27 31
San Juan 25 24
Bebedero 16 1
Terraba 11 23
Tarcoles 11 4
Others 10 17

Nicaragua
Matagalpa 49 65
San Juan 13 27
Escondido 11 3
Coco 5 3
Others 22 2

1,220-2,330 26 1,160-1,840
930-1,510 17 700-1,480
470-720 11 300-620
1,430-2,290 8 1,240-2,030
1,120-1,830 23 670-1,410
1,220-1,980 15 1,280-1,850
230-350 77 280-480
740-1,060 17 600-1,030
210-280 170-230
900-1,070 950-1,070
70-470 0 -

(*) Lower and upper quartiles of the altitudes of the priority areas

Table 2 Areas with high and low priority inside and outside the
protected areas in Costa Rica

Areas (in km* and percentage Inside Outside
of the total area of the country) protected protected
areas areas

High-priority areas 590 km? 330 km?
for conservation (1.2%) (0.6%)
(25% top priority)

Low-priority areas for 350 km? 770 km?
conservation (25% (0.7%) (1.5%)

bottom priority)

services to users. Because of the ambiguities associated
with these variables, the approach used fuzzy numbers for
making qualitative judgements explicit and handling them
mathematically.

The application of this approach to Costa Rica and
Nicaragua identified priority areas for conservation and
restoration of forests for the services they provide to the
hydroelectric sector. As such, it is a useful and cost-
effective approach for defining spatially targeted policies
for the conservation of ecosystem services and facilitating
the involvement of the users of ecosystem services in
ecosystem management. In addition, the approach involves
experts from the concerned sectors, which may increase the
research’s impact on decision-making.

Compared to hydrological and economic modelling, an
approach based on expert knowledge and fuzzy numbers
requires less data but does not allow drawing conclusions
on the economic consequences of conservation and resto-
ration. It does not allow either studying the economic

@ Springer

trade-offs between different land use and the ecosystem
services they provide to economic agents. As a prioritiza-
tion tool, the approach can help identifying river basins
where data collection and detailed analysis, based on
hydrological and economic modelling, can be conducted.
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