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SUMMARY

There is a need for a better understanding on how biodiversity and ecosystem services are spatially related and assess to what extent 
the conservation of biodiversity will ensure the provision of services. In the Río Cruces watershed (Chile) the spatial congruence 
between biodiversity and water supply, erosion control and soil accumulation services was assessed using spatially explicit models, 
geographically weighted regression and overlap analyses. Biodiversity registered a positive spatial relationship with the three 
ecosystem services. The local R2 value explained up to 95 %, 68 % and 37 % of the variance for soil accumulation, water supply 
and erosion control, respectively. High spatial congruence (> 67 %) was registered between biodiversity and ecosystem services 
hotspots. Our study recommends that decision makers develop plans and share efforts for conservation of biodiversity and ecosystem 
services in 43 subwatersheds, which are 16.4 % of the subwatersheds studied. We suggest that these efforts must be an integral part of 
environmental policies that need to be generated by the Chilean government.   
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RESUMEN

Existe la necesidad de generar una mejor comprensión sobre cómo la biodiversidad y los servicios ecosistémicos se relacionan 
espacialmente y evaluar en qué medida la conservación de la biodiversidad asegura la provisión de servicios ecosistémicos. En la 
cuenca del río Cruces, en el sur de Chile, la congruencia espacial entre biodiversidad y los servicios ecosistémicos provisión de 
agua, control de erosión y acumulación de suelo fue evaluada usando modelos espacialmente explícitos, regresiones geográficamente 
ponderadas y análisis de superposiciones. La biodiversidad registró una positiva relación especial con los tres servicios ecosistémicos. 
El valor de R2

 local explicó hasta un 95 %, 68 % y 37 % de la varianza para los servicios acumulación de suelo, provisión de 
agua y control de erosión, respectivamente. Alta congruencia especial (> 67 %) se registró entre biodiversidad y los hotspots de los 
tres servicios ecosistémicos. Este estudio recomienda a los tomadores de decisiones desarrollar planes y esfuerzos compartidos de 
conservación para la biodiversidad y los servicios ecosistémicos en 43 subcuencas, las cuales comprenden el 16,4 % de las subcuencas 
estudiadas. Además, es necesario que los esfuerzos compartidos de conservación sean parte integral de políticas ambientales, las 
cuales deben ser generadas por el gobierno de Chile.

Palabras clave: paisajes antrópicos, paisajes cambiantes, bienestar humano, capital natural, modelos espacialmente explícitos.

INTRODUCTION

Biodiversity, broadly defined as the richness and abun-
dance of genes, species and ecosystems (Díaz et al. 2006), 
is intrinsically related to ecosystem services, which are the 
benefits provided by ecosystems that contribute to making 
human life both possible and worth living (MA 2005). Bio-
diversity underpins most ecosystems and their services, 

which has justified the efforts of biodiversity conservation 
because of its importance in sustaining human livelihoods 
(Díaz et al. 2006). The degradation and unsustainable use 
of biodiversity and ecosystem services around the world 
now threatens the health and livelihood of many people 
(MA 2005). Accordingly, there is an urgent need to con-
serve these two resources (Turner et al. 2007). In the last 
decade, the protection of ecosystem services has been used 
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to justify the efforts of biodiversity conservation (Turner et 
al. 2007). The adoption of this perspective may contribute 
to the optimization of conservation strategies (MA 2005). 
However, several authors have highlighted the need for a 
better understanding of how ecosystem services are spatia-
lly related to biodiversity (Turner et al. 2007, Onaindia et 
al. 2013) and to what extent biodiversity conservation will 
ensure the provision of multiple services (MA 2005, Díaz 
et al. 2006).  

One of the challenges for conservation scientists and 
decision makers is to get a better understanding of the 
spatial relationships between biodiversity and ecosystem 
services (Vihervaara et al. 2010), as the spatial congruen-
ce between these two resources may allow simultaneous 
conservation efforts (de Groot et al. 2010). These relation-
ships have not been extensively studied (Bai et al. 2011, 
Onaindia et al. 2013). Some studies have registered a high 
correlation and spatial congruence between biodiversi-
ty and ecosystem services (Chan et al. 2006, Egoh et al. 
2009). Other studies have reported a moderate correlation 
and spatial congruence between them (Turner et al. 2007, 
Bai et al. 2011), whereas others have registered low corre-
lations and spatial congruence between priority areas for 
biodiversity conservation and different ecosystem services 
(Chan et al. 2011, Onaindia et al. 2013). The ambiguity 
of these findings suggests there is a need to extend inves-
tigation into new regions that have not been extensively 
researched (Egoh et al. 2009), as this would provide a 
better understanding of the spatial relationship between 
biodiversity and ecosystem services (Onaindia et al. 2013) 
and an opportunity for efficient conservation planning by 
government decision makers (Turner et al. 2007).

Land-use change and land-use intensification (e.g., 
agricultural and commercial plantations) have been iden-
tified as the main global change drivers worldwide (MA 
2005). Land-use change and land-use intensification can 
generate impacts on biodiversity (Myers et al. 2000). In 
this sense, the highest impacts on biodiversity have oc-
curred at the habitat level, such as reduction and loss of 
habitat (Díaz et al. 2006), generating important changes 
in the provision of ecosystem services in different regions 
of the world (MA 2005). The impacts on biodiversity and 
ecosystem services have occurred due to the increase of 
human population (Vihervaara et al. 2010), which has en-
tirely transformed natural landscapes into anthropogenic 
landscapes in the last decades (Bai et al. 2011). The need 
to conserve biodiversity and ecosystem services within 
anthropogenic landscapes has been recognized by practi-
tioners (Vihervaara et al. 2010); this conservation would 
help to ensure the maintenance of multiple benefits for hu-
man populations that inhabit them (Vihervaara et al. 2010). 
Therefore, studying the spatial relationship between biodi-
versity at the habitat level and the provision of ecosystem 
services in anthropogenic landscapes will contribute to the 
development of alternatives for conservation planning and 
policy and decision-making (Turner et al. 2007).

The forest landscape of southern Chile, which includes 
Valdivian Temperate Forest, has been identified as a high 
priority area for biodiversity conservation in the world 
(Myers et al. 2000). This landscape supports the provision 
of key ecosystem services, such as water supply, which 
is essential not only for human life but also for agricultu-
ral and aquaculture activities (Oyarzún et al. 2011); and 
erosion control and soil accumulation services, which 
are important for soil productivity and conservation of 
the ecosystem integrity (de Groot et al. 2010). The forest 
landscape of southern Chile has undergone a progressive 
anthropization in recent decades due to intense and pro-
gressive land-use change and land-use intensification, 
such as pasture expansion for cattle grazing and commer-
cial plantations (Echeverría et al. 2006). These land-use 
changes have generated important impacts on biodiversity, 
such as changes in plant species composition (Rodríguez-
Echeverry et al. 2015), and the provision of water supply 
and erosion control services in different watersheds (Oyar-
zún et al. 2011). 

The Río Cruces watershed in southern Chile is a lands-
cape that has registered an increasing conversion of native 
forest habitat to commercial plantations in the last four de-
cades (CONAF 2006). In recent years, it has been reported 
that various impacts derived from the forest industry have 
led to significant loss of wildlife (Di Marzio and McInnes 
2005) and significant increase in the export of sediment in 
different affluents of the watershed (Oyarzún et al. 2011). 
The foregoing impacts have been the focus of discussion 
among government environmental organizations, forestry 
companies and the general public, which have highlighted 
the need to implement effective conservation strategies for 
biodiversity and ecosystem services (Di Marzio and McIn-
nes 2005). In this context, studying the spatial relation-
ship between biodiversity and ecosystem services would 
provide relevant information for the understanding of the 
relationship, resulting in better planning for conservation 
of these resources.

We assessed the spatial relationship between biodiver-
sity and the provision of the following ecosystem servi-
ces: water supply, erosion control and soil accumulation 
in the Río Cruces watershed in southern Chile. These 
services were selected due to their importance in the stu-
dy landscape (Oyarzún et al. 2011) and their relevance 
to conservation planning (CONAF 2006). This study is 
based on a systematic methodology that identifies areas 
where biodiversity and ecosystem services should be pro-
tected. The study aims at answering the following ques-
tions: (i) how much of each service is generated in the 
landscape?, (ii) to what extent does biodiversity correlate 
with each service across the landscape? and (iii) to what 
extent does biodiversity overlap with ecosystem servi-
ces? We hypothesize that the biodiversity and ecosys-
tem services are spatially related, and in consequence 
the conservation of biodiversity ensures the provision of  
multiple services.
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METHODS

Study area. The Río Cruces watershed is located in Los 
Ríos Region, in southern Chile (figure 1). It is located bet-
ween the cordilleras of the Andes and the coast (39º17´S 
and 39º50´ S) north of the city of Valdivia. The watershed 
(3,640 km2), characterized by a temperate climate, has a 
maximum elevation of 826 m, mean temperature of 12 ºC 
and annual rainfall of 2,293 mm (DGA 2004). In the wa-
tershed, the grassland, native forest habitat, exotic species 
forest plantations, shrubland and other uses (wetlands, bare 
soil, urban area and bodies of water) account for 31 %,  
29 %, 21 %, 16 % and 3 % of the total area of landscape, 
respectively. The watershed has a human population of ap-
proximately 206,000, which is equivalent to a population 
density of 46 people km-2 (DGA 2004). The main econo-
mic activities in the watershed are forestry, agriculture and 
livestock farming (DGA 2004).

Each of the 262 subwatersheds, ranging 500 – 4,000 ha 
in size, was defined as the spatial unit of analysis. The deli-
mitation of the subwatersheds and all spatial analyses in the 
study was carried out using the ArcGIS 9.3 (ESRI 2009).  

Analysis of biodiversity. We analyzed the diversity of nati-
ve forest habitats as a proxy for biodiversity at the landsca-
pe level. This diversity was determined by the variety and 
abundance of native forest habitats. The different types of 
habitats were determined by the presence of native forest 
in different vegetation levels, climatic zones and soil or-
ders present in the study area. Vegetation levels are areas 
characterized by plant communities that have specific phy-
siognomy and species dominance (Luebert and Pliscoff 
2004). Climatic zones determine the presence of plant spe-
cies in the landscape. These zones are defined by variables 
such as precipitation, moisture and temperature (Schlatter 

Figure 1. Location of the Rio Cruces watershed, Chile.
 Ubicación de la Cuenca del río Cruces, Chile.

et al. 1995). Soil orders determine the establishment and 
development of the types of plant species, due to physical-
chemical properties and morphological characteristics of 
the soil (CIREN 2003). Native forest habitats mapping 
was carried out using the following maps: 1) Map of native 
forest, which was extracted from land-use maps, was de-
rived from Landsat satellite image (TM) for the year 2011 
(Heilmayr et al. 2016). In this map, the following catego-
ries of land-use were identified: native forest, exotic spe-
cies forest plantations, shrubland, grassland, wetland and 
other uses (bare soil, urban area and water bodies); 2) Map 
of vegetation levels by Estudio de Clasificación de Pisos 
de Vegetación (Study of Flats Vegetation Classification) 
(Luebert and Pliscoff 2004). In this map, ten vegetation 
levels were identified (table 1); 3) Map of climatic zones 
provided by Sistema de Ordenamiento de la Tierra (Orde-
ring System from the Earth) (Schlatter et al. 1995); 4) Map 
of soil orders provided by Estudio Agrológico de Suelos 
de Chile (Chile Agrological soil study) (CIREN 2003). 
The map of native forest habitats was derived from the 
calculation from the overlap of these maps. Diversity of 
the native forest habitats were assessed through Shannon 
diversity index, which is a landscape metric that relates 
the variety and abundance of different habitat types. The 
Shannon diversity index was used as a measure of relative 
amount of each habitat type in each unit of analysis. The 
index is expressed by the following formula [1] (Mcgari-
gal et al. 2002): 

[1]

Where: Pi = proportion of landscape occupied by habitat 
type “i”. 

The analysis of Shannon diversity index was carried 
out using FRAGSTATS (Mcgarigal et al. 2002). The map 
of native forest habitats was entered into FRAGSTATS 
and values of the Shannon diversity index were obtained 
for each subwatershed. All maps used in the study (input 
and output) had a spatial resolution of 30 x 30 m pixels, 
which is a resolution appropriate for the spatial analysis 
(Mcgarigal et al. 2002). 

N-Spect model and ecosystem services. The N-Spect soft-
ware (No Point Source Pollution and Erosion Comparison 
Tools) was used to map and analyze the provision of the 
ecosystem services water supply and erosion control. N-
Spect software was developed to analyze and predict soil 
erosion through the amount of sediments exported and the 
potential impacts on water quality from nonpoint sources 
of pollution (NOAA 2009). N-Spect is a spatially expli-
cit model that uses spatial elevation data to calculate flow 
direction and flow accumulation throughout a watershed. 
This software uses data on land cover, types of soils and 

𝐻𝐻 = −∑(𝑝𝑝𝑝𝑝 × ln 𝑃𝑃𝑝𝑝)
𝑠𝑠

𝑖𝑖=1
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precipitation to estimate runoff volume obtained after the 
filtering and retention water. N-Spect also uses the Revised 
Universal Soil Loss Equation to calculate erosion. The out-
puts of this software are maps that register the estimates of 
cumulative runoff and amount of sediment (NOAA 2009).  

The parameterization of N-Spect was carried out ta-
king into account the following inputs: 1) Digital elevation 
model (DEMs) 30 x 30 m, which was obtained from the 
Shuttle Radar Topography Mission (SRTM); 2) Map of 
land-use, in which the following land-use categories were 
identified: native forest, exotic species forest plantations, 
shrubland, grassland, wetland and other uses (bare soil, ur-
ban area and water bodies); 3) Maps of annual precipitation 
and rainfall erosivity (R factor), which combine the effect 
of duration, magnitude and intensity of each rainfall event. 
The average annual rainfall erosivity was calculated from 
daily rainfall data registered in 18 meteorological stations 
located in the study area, using the method and formula [2] 
proposed by Angulo-Martínez and Beguería (2009):

 [2]

Where: er and vr are, respectively, the unit rainfall energy 
(MJ ha-1 mm-1) and the rainfall volume (mm) during a time 
period r, and I30 is the maximum rainfall intensity in a 30 
min period during the event (mm h-1). 

The unit rainfall energy (er) is calculated for each 
time interval by the following formula [3] Angulo-Martí-
nez and Beguería (2009):

[3]

Where: ir = rainfall intensity during the time interval (mm h-1). 

These annual averages were spatialized using geosta-
tistical method of topoclimatological interpolation (Angu-
lo-Martínez and Beguería 2009); 4) Values of vegetation 
cover (C factor), which reflects the effect of different crops 
and management practices on erosion rates. These values 
were estimated on the basis of map of land-use and values 
proposed by Wischmeier and Smith (1978); 5) Coefficient 
of soil erodibility (K factor), which depend on the texture, 
structure and content of organic matter presented by the 
soil series. These coefficients were calculated using in-
formation from CIREN (2003), using the equation of the 
nomogram proposed by Wischmeier and Smith (1978); 6) 
Values for hydrological groups for each soil series; these 
values are related to the number curve method that is based 
on the permeability of different soil series (NOAA 2009). 
The values from the hydrological groups were estimated 
from soil texture data (CIREN 2003). Information on the 
different soil series that form part of the study area was 
entered into a map, which was provided in CIREN (2003). 

Model validation was carried out with the data regis-
tered in four precipitation and sediment stations of the 
General Directorate of Water present in the study area. 
The goodness of model fit was assessed by the method of 
quantitative assessment of “relative efficiency” proposed 
by Thanapakpawin et al. (2007). The relative efficiency is 
expressed by the following formula [4]:  

[4]

Where: Ci = observed discharge, C´i = simulated dischar-
ge, Ĉ = mean observed discharge, and N = total number 
of samples. 

Erel measures the goodness of model fit by comparing 
the volume of the discharge. The difference between si-
mulated and observed values was quantified using relative 
deviations instead of absolute values (Thanapakpawin et 
al. 2007). 

Water supply. This ecosystem service is the volume of 
water produced (m3 ha-1) per subwatershed (de Groot et 
al. 2010). This service is the water potentially available 
to humans (Chan et al. 2006). Water supply refers to the 
runoff volume obtained after filtering and retention water 
(de Groot et al. 2010). Filtering is mainly performed by the 
vegetation cover and soil. Retention capacity depends on 
topography and subsurface characteristics of the landsca-
pe. This ecosystem service was modeled by N-Spect using 
precipitation, land cover, soil and digital elevation model 
as parameters.

Erosion control. This ecosystem service is the ability of na-
tural vegetation to curb erosion by holding onto soil (Egoh 
et al. 2009), which is measured as the amount (Mg ha-1) of 
sediment exported from each subwatershed (de Groot et 
al. 2010). Soil erosion removes nutrients and reduces fer-
tility (de Groot et al. 2010), and may generate sedimenta-
tion and eutrophication of nearby rivers (Egoh et al. 2009). 
Therefore, areas where vegetation holds the soil need to be 
managed to allow continuous delivery of multiple services 
(de Groot et al. 2010). In this study erosion control servi-
ces were modeled using the amount of sediment exported. 
These ecosystem services were modeled by N-Spect using 
the Revised Universal Soil Loss Equation.  

Soil accumulation. This ecosystem service is directly 
linked to the accumulation of organic matter in the soil 
(Egoh et al. 2009). Experts in this area have registered a 
positive correlation between soil depth and vegetation co-
verage with the organic matter present in the soil (Egoh et 
al. 2009). Accordingly, these two variables have been used 
for modeling soil formation. In this study, the soil depth 

𝐸𝐸𝐸𝐸 = 𝐸𝐸𝐸𝐸30 = (∑ 𝑒𝑒𝑟𝑟𝑣𝑣𝑟𝑟

0

𝑟𝑟=1
) 𝐸𝐸30 

 

𝑒𝑒𝑟𝑟 = 0.29[1−0.72−0.05𝑖𝑖𝑟𝑟] 
 

𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟 = 1 −
∑ (𝐶𝐶𝐶𝐶 − 𝐶𝐶𝐶𝐶́

𝐶𝐶𝐶𝐶 )𝑁𝑁
𝑖𝑖=1

2

∑ (𝐶𝐶𝐶𝐶 − �̅�𝐶
𝐶𝐶 )𝑁𝑁

𝑖𝑖=1

2  
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and coverage of different native forest habitats were used 
as proxies for soil accumulation. Values of depth of the soil 
series were obtained from CIREN (2003). The thresholds 
of depth ≤ 1 m (slightly depth) and > 1 m (depth) were used 
in the modeling; these thresholds were based on literature 
(CIREN 2003). The values of coverage of different native 
forest habitats were obtained from the map of native forest 
habitats. This ecosystem service was modeled using the 
index of soil accumulation (Egoh et al. 2009). This index 
was calculated for each subwatershed from the weighting 
of the areas of vegetation coverage in the areas of the di-
fferent soil series that registered different thresholds of 
depth. Subsequently, the weighted areas were summed and 
the value obtained was divided into the total area of the 
subwatershed. The index of soil accumulation was spatia-
lized for each subwatershed through the ArcGIS. 

Ecosystem services hotspots. The term ecosystem service 
hotspot refers to areas that provide large proportions of a 
particular service, and do not consider measures of threat 
or endemism (Egoh et al. 2009, Bai et al. 2011, Onaindia et 
al. 2013). The hotspot mapping for each ecosystem servi-
ce was carried out using the maps of continuous variables 
obtained in the modeling. Each map was divided into five 
classes, with the highest value considered as the ecosystem 
service hotspot.  The classes were determined in each map 
using the Jenks Natural Breaks classification in ArcGIS 
(Onaindia et al. 2013). Natural Breaks classes are based on 
natural groupings inherent in the data. Class Breaks iden-
tifies the best group of similar values and maximizes the 
differences among classes (Onaindia et al. 2013). 

Evaluating spatial congruence. Geographically weighted 
regression and the overlap analysis were used in our re-
search to evaluate the relationship and spatial congruence 
between biodiversity and provision of ecosystem services.

Geographically weighted regression model. The geogra-
phically weighted regression is an extension of the tradi-
tional standard regression framework by allowing local, 
rather than global parameters, to be estimated (Fothe-
ringham et al. 2002). It is a type of local statistics that can 
produce a set of local parameter estimates that show how 
relationships vary in space, and allows examination of 
the spatial pattern of the local estimates for better unders-
tanding of hidden possible causes of this pattern (Fothe-
ringham et al. 2002). In contrast, the traditional regression 
method, such as Ordinary Least Squares, is a type of glo-
bal statistics that assumes the relationship under study is 
constant over space. The geographically weighted regres-
sion model can be expressed by the following formula [5]:

                                                                                                           
[5]

Where: uj and vj are the coordinates for each location j, β0 
(uj, vj) is the intercept for location j, βi (uj, vj) is the local 
parameter estimate for independent variable xi at location j. 

The geographically weighted regression is calibrated 
by weighting all observations (values of biodiversity and 
ecosystem services) around a sample point or zone cen-
troid using a distance decay function, assuming the ob-
servations closer to the location of the sample point have 
higher impact on the local parameter estimates for the 
location. The weighting function can be stated using the 
following formula [6]:

[6]

Where: wij = weight of observation j for observation i, dij 
= distance between observation i and j, b = kernel band-
width. 

When the distance is larger than the kernel bandwidth, 
the weight rapidly approaches zero. Both, fixed and adap-
tive kernel bandwidth, can be chosen for geographically 
weighted regression. Fixed kernel has a constant band-
width over space, while adaptive kernel can adapt band-
widths in size to variations in data density so that band-
widths are larger in the locations where data are sparse, 
and smaller where data are denser. We used adaptive ker-
nel bandwidth in this study, as the sample density varies 
over the study area. The optimal bandwidth was determi-
ned by minimizing the corrected Akaike Information Cri-
terion (Fotheringham et al. 2002).  

In order to compare the ability to deal with spatial auto-
correlation of geographically weighted regression models, 
global Moran’s I was calculated for the residuals. Moran’s 
I is a commonly used indicator of spatial autocorrelation. 
The value of Moran’s I ranges from −1 to 1. A value of 1 
means perfect positive spatial autocorrelation, a value of 
−1 suggests perfect negative spatial autocorrelation, and 
a value of 0 indicates perfect spatial randomness (Fothe-
ringham et al. 2002). If significant spatial autocorrelation 
exists in the model, then this violates the assumption of 
randomly distributed and independent residuals in regres-
sion models. The efficiency of the model is therefore sus-
pect. In addition, the residuals may contain some geogra-
phic information that the model does not include (Fothe-
ringham et al. 2002).

The spatially varying relationships between biodiver-
sity and provision of ecosystem services were analyzed in 
all spatial units of analysis using geographically weighted 
regression. The provision of ecosystem services was used 
as dependent variables, while biodiversity was the inde-
pendent variable. All the geographically weighted regres-
sion analyses, Moran’s I values and mappings were con-
ducted using ArcGIS 9.3 (ESRI 2009).

𝑦𝑦𝑖𝑖 = 𝛽𝛽0(𝑢𝑢𝑗𝑗, 𝑣𝑣𝑗𝑗) +∑𝛽𝛽𝑖𝑖
𝑝𝑝

1=1
(𝑢𝑢𝑗𝑗, 𝑣𝑣𝑗𝑗)𝑋𝑋𝑖𝑖𝑗𝑗 + 𝜀𝜀𝑗𝑗 

 

𝑊𝑊𝑖𝑖𝑖𝑖 = 𝑒𝑒𝑒𝑒𝑒𝑒 (−𝑑𝑑𝑑𝑑𝑑𝑑
2

𝑏𝑏2 ) 

 



Overlap analysis. Spatial overlap expresses the area sha-
red between two services as a percentage of the area of 
the service with a smaller total area (Egoh et al. 2009). 
Proportional overlap was used to measure overlap between 
ecosystem services hotspots and biodiversity. The area of 
each ecosystem service hotspot and biodiversity was mea-
sured using respective maps. The map of each ecosystem 
service hotspot and biodiversity was overlaid using geo-
graphic information system. The area of ecosystem servi-
ce hotspot that overlapped with biodiversity was estimated 
and expressed as a percentage of total area of hotspot. 

RESULTS

Model accuracy. The modeling of the ecosystem services 
carried out in the N-Spect software registered high accura-
cy. The modeling of the service water supply registered an 
efficiency of 0.93, and that of the service erosion control 
registered an efficiency of 0.95. These results are a reliable 
representation of hydrologic processes and sediment loads. 
The models accuracy reveals that N-Spect is a versatile 
software that integrates multiple environmental variables 
that can support the effective watershed management.

Biodiversity. In the landscape studied, ten types of native 
forest habitats were recorded (table 1 and figure 2). These 
were determined by the presence of the Valdivian Tempe-
rate Forest in ten vegetation levels, two climatic zones and 
two soil orders (table 1). The ten types of native forest ha-
bitats had an area that ranged from 83 to 9,624 ha (table 1  
and figure 2). In the 262 subwatersheds, which represent 
the spatial units of analysis, the Shannon diversity index 
ranged from 0.4 to 1.7. 

Spatial distribution. Biodiversity and ecosystem service 
hotspot showed important differences in spatial distribu-
tion. Biodiversity registered 85 % of their distribution in 
Cordillera (figure 3). The hotspots of water supply and soil 
accumulation services reported 97 % and 95 % of their dis-
tribution in Cordillera, respectively (figure 3). In contrast, 
the hotspot of erosion control service registered 72 % of 
their distribution in the flat areas of the watershed.  

Spatial relationships. The set of local regression results 
showed important differences in the spatial relationships 
between biodiversity and provision of ecosystem service 
(figure 4). The local parameters estimates are positive for 
provision of the three ecosystem services in some subwa-
tersheds and negative in other subwatersheds (figure 4). 
The positive relationships between biodiversity and water 
supply, erosion control and soil accumulation were regis-
tered in 97 %, 85 % and 74 % of the subwatersheds stu-
died, respectively (figure 4). 

Regarding local R2 value, biodiversity can explain up 
to 95 %, 68 % and 37 % of the variance in the provision 
of soil accumulation, water supply and erosion control, 

respectively; and 23 %, 15 % and 12 % of the subwaters-
heds studied (figure 4). Standardized residuals for the three 
models ranged from -1.60 to 3.4 (figure 4). The results of 
Moran´s I statistics were 0, -0.08 and -0.06 (P < 0.05) for 
water supply, erosion control and soil accumulation, res-
pectively. These results show there is no significant spatial 
autocorrelations in the residuals. Therefore, the geographi-
cally weighted regression model is efficient.

The study landscape registered important differences 
in the size of the ecosystem service hotspot (table 2). The 
hotspot of erosion control and soil accumulation services 
reported the largest areas in the landscape, 58 % and 36 %,  
respectively (table 2). Important spatial overlaps were re-
gistered in the landscape studied (table 2). Biodiversity re-
gistered high overlap with hotspots of water supply (77 %),  
erosion control (69 %) and soil accumulation (67 %) (ta-
ble 2). Among services, the highest overlap occurred bet-
ween the hotspot of erosion control and soil accumulation  
(68 %) and erosion control and water supply (59 %) (table 2).  
The study landscape registered an important number of 
subwatersheds (nearly 50 %) with spatial overlaps between 
biodiversity and ecosystem services hotspots (figure 5). 

DISCUSSION

N-Spect model accuracy. The high accuracy of the mo-
del (> 0.93) shows that N-Spect is a powerful tool for the 
spatial evaluation of the provision of ecosystem services. 
The N-Spect software model integrated a variety of in-
formation from the physical environment, and based on 
those data an innovative analysis on ecosystem services at 
landscape level was performed. This study demonstrates 
that N-Spect has the potential to provide references to eco-
logy planners and local stakeholders to address landscapes 
issues at different spatial scales. Since the validation of 
N-Spect models was carried out with data recorded in the 
four precipitation and sediment stations present in the stu-
dy area, the validation may have a little inaccuracy. There-
fore, it is necessary that future studies use a larger number 
of stations to obtain superior accuracy in the modeling.    

Geographically weighted regression models. The geogra-
phically weighted regression technique provides a simple, 
though powerful, tool to explore the spatial variation of the 
relationship among biodiversity and water supply, erosion 
control and soil accumulation. The benefits obtained from 
using the geographically weighted regression are to help to 
identify the spatial patterns of the spatial relationship and 
to prioritize conservation areas. This study has demons-
trated that the geographically weighted regression has the 
potential to provide references to ecological planners and 
local stakeholders to address landscapes issues at different 
spatial scales. 

Spatial congruence. Our results indicate that biodiversi-
ty co-occurs with the ecosystem services, which suggests 
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Table 1. Types of native forest habitat and their area in the Río Cruces watershed.
 Tipos de hábitat de bosque nativo y sus áreas en la Cuenca del río Cruces, Chile.

Habitat type
Variables Area of the 

habitat type
Native
forest Vegetation levels Climatic zone Soil orders (ha)

I VTF ‡ Andean temperate deciduous forest of Nothofagus 
alpina and Dasyphyllum diacanthoides Zone 2, district 0 Andisol 2,013

II VTF Andean temperate deciduous forest of Nothofagus 
alpina and Nothofagus dombeyi Zone 2, district 0 Andisol 836

III VTF Temperate deciduous forest of Nothofagus obliqua 
and Laurelia sempervirens Zone 1, district 0 Andisol 771

IV VTF Temperate deciduous forest of Nothofagus obliqua 
and Laurelia sempervirens Zone 1, district 0 Ultisol 4,714

V VTF Temperate deciduous forest of Nothofagus obliqua 
and Laurelia sempervirens Zone 2, district 0 Andisol 7,990

VI VTF Temperate deciduous forest of Nothofagus obliqua 
and Laurelia sempervirens Zone 2, district 0 Ultisol 9,624

VII VTF  Temperate laurifolio forest of Nothofagus dombeyi 
and Eucryphia cordifolia Zone 1, district 0 Andisol 83

VIII VTF  Temperate laurifolio forest of Nothofagus dombeyi 
and Eucryphia cordifolia Zone 1, district 0 Ultisol 1,227

IX VTF  Temperate laurifolio forest of Nothofagus dombeyi 
and Eucryphia cordifolia Zone 2, district 0 Andisol 1,319

X VTF  Temperate laurifolio forest of Nothofagus dombeyi 
and Eucryphia cordifolia Zone 2, district 0 Ultisol 4,507

Characteristics of climatic zones (Schlatter et al. 1995) and soil orders:

•	 Climatic zone 1, district 0: Total annual precipitation (mm): 1,900 min - 2,000 max.  Annual moisture index 2.0 min. - 2.5 max. Dry period 1 - 2 
months/year. Frost-free period 200 - 250 days/year. Total number of frost 10 - 20 days/year. Estival moisture index 0.5 min - 0.6 max. Average 
relative humidity in January 70 % - 80 %. Annual absolute temperature min -6 °C, frequency of occurrence 1 month/year.

•	 Climatic zone 2, district 0: Total annual precipitation (mm): 1,900 min - 3,000 max.  Annual moisture index 2.0 min. - 2.5 max. Dry period 1 - 2 
months/year. Frost-free period 120 - 200 days/year. Total number of frost 20 - 30 days/year. Estival moisture index 0.5 min - 0.6 max. Average 
relative humidity in January 65 % - 70 %. Annual absolute temperature -6 °C, frequency of occurrence 2 month/year.

•	 Andisol order: Soil derived from volcanic ash. These soils in Chile correspond to Trumaos and Ñadis soils. Andisol soils have excellent physical 
and morphological conditions, whereby can be grown easily. These soils have large amounts of phosphorus, though it is retained in the soil in a 
form that is not available to plants. Therefore, these soils require large amounts of phosphatic fertilizations to obtain high yields.

•	 Ultisol order: Soils with B Horizon well expressed due to an increase of clay in the A horizon. These soils are highly leached. Consequently, it has 
low levels of nutrients. These soils require large amounts of fertilization to obtain reasonable yields.

‡ Valdivian Temperate Forest
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Table 2. Extent and proportional overlap between biodiversity and ecosystem services hotspots in the Río Cruces watershed.
 Extensión y superposición proporcional entre biodiversidad y hotspots de servicios ecosistémicos en la Cuenca del río Cruces, Chile.

Proportional overlap Area

Biodiversity Water supply Erosion 
control

Soil 
accumulation

% of study area covered by the 
ecosystem service hotspot

Biodiversity 100 55

Water supply 77 100 20.3

Erosion control 69 59 100 58

Soil accumulation 67 53 68 100 36



Figure 2. Spatial distribution of native forest habitat types in the Rio Cruces watershed, Chile. Table 1 shows features of each habitat type.
 Distribución especial de los tipos de hábitat de bosque native en la Cuenca del río Cruces, Chile. En el cuadro 1 se presentan las caracterís-
ticas de cada tipo de hábitat.

Figure 3. Spatial distribution of biodiversity and ecosystem services hotspots in the Rio Cruces watershed. The “high class” corres-
pond to the hotspots.
 Distribución especial de la biodiversidad y hotspots de servicios ecosistémicos en la Cuenca del río Cruces, Chile. La “clase alta” corres-
ponde a los hotspots.
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Figure 4. Spatial patterns of local R2, standardized residuals (StdResid) and local parameter estimates obtained from geographically 
weighted regression biodiversity models for water supply, erosion control and soil accumulation services.
 Patrones espaciales de R2

 local, residuos estandarizados y estimación de parámetros locales obtenidos desde modelos de regresiones geográ-
ficamente ponderadas entre biodiversidad y los servicios provisión de agua, control de erosión y acumulación de  suelo.

Figure 5. Spatial congruence between biodiversity and ecosystem services hotspots in the Rio Cruces watershed, Chile.
 Congruencia espacial entre biodiversidad y hotspots de servicios ecosistémicos en la   Cuenca del río Cruces, Chile.
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that opportunities exist to use ecosystem services as an 
additional rationale for biodiversity conservation. These 
opportunities exist mostly in the Cordillera areas where 
large distribution of the hotspots of soil accumulation and 
water supply services could be used to justify biodiversi-
ty conservation. Although the areas of ecosystem services 
hotspots are moderately small, there is a high percentage 
of these areas in Cordillera, which indicates the importan-
ce of the Cordillera areas in service delivery. The positive 
spatial relationship between biodiversity and ecosystem 
services may justify opportunities for the biodiversity con-
servation in an effort to protect the provision of services 
(Turner et al. 2007). In addition, our result shows that the 
positive spatial relationship between biodiversity and the 
three ecosystem services (nearly 97 % of the subwater-
sheds studied) justifies the use of these two services in 
biodiversity conservation. Conversely, the subwatersheds 
with a negative spatial relationship identify a conflict area 
that does not provide an ecosystem service as an additio-
nal rationale for biodiversity conservation. Therefore, we 
suggest that the conservation in these areas should be fo-
cused on a single goal.

Our study shows that the relationships between biodi-
versity and ecosystem services vary spatially due to avai-
lability of these resources in the landscape. This availa-
bility is determined by the abundance and variety of the 
native forest habitats and different abiotic factors, such as 
soil, topography and regional climate. Thereby the avai-
lability and interaction among these variables determine 
the distribution and strength of the relationship between 
biodiversity and ecosystem services.

In addition, it is important to highlight that the spatial 
variation and availability of these resources can also depend 
of the land-use change and land-use intensification, which 
have increased in recent decades due to progressive pastu-
re expansion for cattle grazing and commercial plantations 
(Echeverría et al. 2006). In this sense, we highlight the need 
to undertake multi-scale research, which allows understan-
ding the influence of different abiotic factors and land-use 
change and land-use intensification on the strength of the 
relationship between biodiversity and ecosystem services.  

Our findings show high synergies (nearly 70 %) among 
ecosystem services hotspots, which indicate that protec-
ting these areas of multiple benefits would therefore be the 
most efficient conservation option. As such, the conserva-
tion of erosion control hotspots can protect 68 % and 59 
% of the provision of soil accumulation and water supply 
hotspots, respectively. Our results are similar to those re-
gistered in other threatened landscapes, such as in the Litt-
le Karoo region, a semiarid biodiversity hotspot in South 
Africa (Reyers et al. 2009) and the Baiyangdian watershed, 
China (Bai et al. 2011), where high synergies offer options 
to optimize the conservation. Finding areas of synergy 
may have some benefit, however the continuous provision 
of services will require appropriate targets for ecosystem 
services that will ensure the continuous provision. These 

targets should consider threats facing each service as is the 
case for biodiversity where critically endangered features 
are given priority.     

Our results indicate high spatial congruence between 
biodiversity and ecosystem services hotspots. Spatial con-
gruencies recorded in this study are similar to those regis-
tered in other biodiversity hotspots (Chan et al. 2006, Egoh 
et al. 2009). The congruence between biodiversity and 
ecosystem services differs among landscapes according 
to the spatial characteristics of each ecosystem (Turner et 
al. 2007). The landscape studied registered an important 
presence of biodiversity and provision of ecosystem ser-
vices. Consequently, our study indicates that conservation 
of 68 % of the area that registers highest biodiversity can 
protect the following ecosystem services hotspots: 77 % of 
erosion control, 69 % of water supply and 67 % of soil ac-
cumulation (figure 5). However, our study highlights that 
there may be conflicts between the needs of biodiversity 
conservation and the management actions needed to main-
tain it in an area, and the management actions that would 
promote a given ecosystem services in the areas that show 
spatial congruence. Therefore, it is necessary to undertake 
detailed studies that allow identifying and understanding 
the compatibility between conservation efforts and mana-
gement actions for biodiversity and ecosystem services in 
the study area.  

The differences in the level of congruence between 
ecosystem services hotspots and biodiversity indicate that 
the services are driven by different variables; each should 
be considered separately in conservation assessments. Our 
results also suggest that no single biodiversity level can 
be used to evaluate the spatial relationship with ecosystem 
services. Congruencies between biodiversity and services 
may vary from service to service depending on the biodi-
versity data used and the scale of study. Therefore, our re-
sults should be interpreted with caution until congruence is 
examined within an exhaustive list of ecosystem services 
and biodiversity at different levels.   

Our findings indicate that 43 subwatersheds (nearly 20 %  
of the subwatersheds studied) exhibit the most important 
strength in the positive relationship between biodiversity 
and ecosystem services and spatial congruence between 
these resources (figure 6). Therefore, these subwatersheds 
are the areas of the landscape in which it is recommended 
to perform simultaneous conservation efforts. Previously, 
the management of most existing conservation areas in the 
landscape studied was mainly concerned with biodiversity 
(Myers et al. 2000, CONAF 2006) and largely ignored the 
protection of ecosystem services. Our results provide key 
knowledge that can be used to perform simultaneous conser-
vation strategies and to assist in practical decision making.

CONCLUSIONS

Our study constitutes the most extensive analysis of 
spatial relationship between biodiversity and ecosystem 
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services conducted in Chile. The results demonstrate, at 
landscape scale, the different spatial relationships and 
identify the areas where simultaneous conservation of the 
biodiversity and ecosystem services can be realized. Our 
study highlights that the inclusion of ecosystem services 
in conservation planning has a great potential to provide 
opportunities for biodiversity protection. This research 
contributed to a better understanding of the spatial rela-
tionship between ecosystem services and biodiversity and 
the extent to which the conservation of biodiversity would 
ensure the provision of multiple services.

About suggestions for planning conservation, we re-
commend carrying out simultaneous conservation efforts 
in 43 subwatersheds (nearly 20 % of the subwatersheds 
studied) that exhibit the superior strength in the positi-
ve relationship between biodiversity and ecosystem ser-
vices and spatial congruence between these resources. 
These simultaneous conservation efforts will allow the 
optimization of conservation strategies and capital inves-
tment. Furthermore, we suggest that these conservation 
efforts be complemented with land-use planning and 
supported in a framework of environmental policies ge-
nerated by the Chilean government. Currently, planning 
and management of biodiversity and ecosystem services 
are carried out by different organizations of the Chilean 
government. We want to emphasize that successful ma-
nagement of ecosystem services and biodiversity requi-

res the engagement of multidisciplinary teams and rela-
ted stakeholders.  
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