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SUMMARY

Different studies on land use-cover change (LUCC) have revealed substantial loss of native forests in south-central Chile in the last
decades. However, little information exists about LUCC in drinking water catchments (DWC) affected by water scarcity. We analyzed
the LUCC in 25 catchments that supply water to urban and rural communities in the coastal range of south-central Chile, between
1986 and 2011. Results showed that 21 DWC exhibited an increase in intensity of land uses, from native forest and shrublands to
forest plantations of exotic species. A higher rate of deforestation was observed in unprotected catchments (2.7 % + 1.5 year') than
in catchments protected by the State (0.5 % + 0.4 year"). Our spatio-temporal assessment of LUCC at the catchment scale reveals the
high degree of pressure in land condition in critical DWC. It is urgent to develop a landscape planning strategy to conserve drinking
water source areas in changing landscapes.
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RESUMEN

Durante las ultimas décadas numerosos estudios sobre cambio de cobertura y uso de suelo (CCUS) han reportado una significativa
pérdida de bosque nativo en la zona centro sur de Chile. A pesar de esto, existe poca informacion sobre el CCUS en cuencas
abastecedoras de agua para consumo humano emplazadas en zonas de escasez hidrica. Fue analizado el CCUS acontecido entre los
afios 1986 y 2011 en 25 cuencas proveedoras de agua a comunidades rurales y urbanas de la zona costera del centro sur de Chile. Los
resultados evidenciaron un fuerte CCUS en 21 de las cuencas analizadas, con una marcada trayectoria de cambio desde bosque nativo
y matorrales a plantaciones forestales de especies exoticas. En este contexto, se registrd una alta tasa anual de deforestacion en aquellas
cuencas que no se encuentran oficialmente protegidas (2,7 % =+ 1,5 afio™!), caso contrario al observado en cuencas emplazadas dentro
del Sistema Nacional de Areas Silvestres Protegidas del Estado (SNASPE) (0,5 % + 0,4 afio™"). Asi, la evaluacion espacio-temporal
del CCUS revelo la existencia de un alto grado de presion sobre areas criticas para el abastecimiento de agua para consumo humano,
siendo urgente impulsar estrategias de planificacion para la conservacion de cuencas criticas inmersas en un paisaje cambiante.

Palabras clave: provision de agua, cobertura y uso de suelo, bosque nativo, plantaciones forestales.

INTRODUCTION infrastructure such as dams and reservoirs (MOP 2013)

though not on understanding the attributes of catchments

The United Nations established access to drinking
water as a fundamental human right in 2010 (UN 2010).
However, changes in socioeconomic, political, and cultural
driving forces and climatic conditions are causing a subs-
tantial imbalance between water availability and demand
(Alcamo et al. 2007). In Chile, the National Strategy for
Water Resources (2012-2025) considers water a unique,
scarce and strategic resource essential for human life and
the preservation of the environment (MOP 2013). Despite
this, current efforts in water resource management in Chi-
le have been concentrated on the design and operation of

that support water supply.

It is widely recognized that land use-cover (LUC) is
an important attribute of a catchment (Brown et al. 2005,
Huber et al. 2010). A clear understanding of the influen-
ce of the LUC is key in identifying the probable impacts
that it may have on water supply (NSW 2010). Research
conducted on catchments in south-central Chile has identi-
fied a strong relationship between runoff and forest cover
types (Lara et al. 2009). Catchments dominated by well-
conserved native forests tend to maximize and ensure high
standards of water supply (Nufiez et al. 2006). Accordin-
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gly, some countries have promoted public policies on LUC
compatibility in public drinking water source areas (NSW
2010). Changes in LUC have the potential to increase the
pressure on water balance (Iroumé and Palacios 2013), es-
pecially in areas where water scarcity has not been solved.

The coastal range of south-central Chile has been as-
sociated with recurrent summer-autumn water shortages
(MOP 2016). Additionally, intense land use-cover change
(LUCC) associated with loss in native forest cover over
the last decades has been reported in this part of Chile
(Echeverria et al. 2006). Despite the need to ensure water
supply in this part of the country, there is no clear unders-
tanding of the current trend in LUCC in drinking water
catchments (DWC) in a landscape seriously affected by
human pressures.

In this note, we analyzed the LUCC (rates, trajectories
and spatial patterns) in catchments that supply water to ur-
ban and rural communities in the coastal range of south-
central Chile (35° — 38.5° S). This assessment of LUCC
at the catchment scale will inform about the pressures cu-
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rrently affecting critical DWC embedded in an intensely
transformed landscape. We hypothesize that DWC exhibit
a lower proportion of natural forest than other uses as a
result of a historical shift from native forest and shrublands
towards more intensive human-related land uses, being
this shift higher in magnitude in unprotected catchments.

METHODS

Study area. We assessed 25 catchments (1.5 - 96.7 km?)
that provide drinking water to urban (22) and rural com-
munities (3) in the coastal range of south-central Chile
(35°—-38.5°S). The water withdrawal points, granted for
surface water rights by the Chilean General Direction of
Waters (DGA), were used for the delimitations of the study
catchments. Four of these catchments are located within
the Nonguén National Reserve, a protected unit owned by
the State’s National System of Protected Areas (SNASPE)
while the rest of the catchments are not officially protected
(figure 1). The annual precipitation in the area ranges bet-
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Figure 1. Drinking water catchments analyzed in the coastal range of south-central Chile (35°— 38.5° S). NNR shows the catchments
located within the National System of Protected Forest Areas (Nonguén National Reserve).

Cuencas proveedoras de agua para consumo humano estudiadas en la zona costera del centro sur de Chile. La sigla NNR identifica las
cuencas emplazadas dentro del Sistema Nacional de Areas Silvestres Protegidas del Estado (Reserva Nacional Nonguén).
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ween 890 and 1120 mm year', and the mean temperature
varies from 10.7 to 13.5 °C. The fragmentation and con-
version of native forests have led to the creation of mosaics
where native forests coexist with shrublands, agricultural
and pasturelands and forest plantations of exotic species,
as well as invasive species (Echeverria et al. 2006).

Land use-cover change. Delimitations of the study cat-
chments were conducted using ArcGIS 10.2 software
(ArcHydroTools) and a digital elevation model (DEM)
generated at a 30-m spatial resolution (Shuttle Radar To-
pography Mission SRTM, ASTER GDEM). Catchment
delimitation was validated using spatial data generated by
the General Water Directorate of Chile and field-based ve-
rification points.

In the study catchments, we analyzed the spatial arran-
gement of LUC types, based on Landsat satellite scenes
(Path 233, Row 088) acquired for the years 1986 and
2011. Scene selection considered the total cover of the
study area, cloudiness levels, and the summer season. The
selected images were corrected geometrically, radiome-
trically and topographically. The ENVI program 4.5 was
hence used with maximum likelihood and training points
to classify the images based on field training points (880
points for 1986 and 615 points for 2011) and validation
points for the accuracy assessment using aerial photogra-
phy and Google earth imagery for areas of difficult access
(409 points for 1986 and 536 points for 2011). The types
of LUC were defined based on the National Vegetation
Resources Mapping categories (CONAF ez al. 1999). The
following LUC were used: native forest, forest plantation
of exotic species (forest plantations, invasive species),
shrublands, agricultural and pasturelands, bare soil and
water. The native forest cover considered old growth and
secondary forests.

Changes in LUC between 1986 and 2011 were analy-
zed using IDRISI Land Change Modeler (Clark 2006). We
identified major trajectories of LUCC and their contribu-
tions to these changes. In addition, the rate of deforestation
of native forests was estimated (Echeverria et al. 2007a)
and spatial patterns of all LUC types were analyzed using
FRAGSTAT 3.3 software (McGarigal et al. 2002). Since
the variables were not normally distributed, a nonparame-
tric Wilcoxon signed rank test was used to determine if the
LUCC between time intervals were significantly different
(P < 0.05). The analysis was performed using the statisti-
cal software SPSS version 19.0.

RESULTS

We obtained a global accuracy of 86.4 % for the 1986
scene and 88.7 % for the 2011 scene (table 1). The highest
precision was obtained by forest plantations (1986: 91.2 %
and 2011: 96.6 %), followed by agriculture and pasture-
land (1986: 87.5 % and 2011: 92.4 %). The lowest accura-
cy was obtained by shrublands in 1986 (76.7 %) because
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this LUC showed a spectrum very similar to that shown by
young forest plantations (table 1).

The spatial and temporal patterns of LUCC showed
that most of the study catchments exhibited a substantial
increase in the area covered by forest plantations in 2011
(figures 2 and 3). These areas covered by forest plantation
were previously occupied by native forest and shrublands
in 1986 (figures 2 and 3). These patterns of LUCC were
also observed in the buffer area of the study catchments (fi-
gure 4). In 24 of the 25 study catchments, we found loss of
native forest at a mean annual rate of 2.4 % + 1.6, with va-
lues higher than 2.5 % in more than half of the catchments
(figure 3). The total native forest area significantly decli-
ned from 27.4 % to 19.2 % for all the catchments (Z: -4.211
P < 0.001). Similarly, shrublands significantly decrea-
sed from 14.5 % in 1986 to 8.15 % in 2011 (Z: -3.673
P <0.001). Conversely, the areas covered by forest plan-
tations significantly increased (Z: -4.372 P < 0.001) from
53.8 % in 1986 to 70 % in 2011 in the 25 catchments. Most
of the catchments presented an increase in forest planta-
tion higher than 30 % (figure 3). Agricultural land did not
present significant changes (P < 0.775).

The unprotected catchments exhibited a substantial re-
placement of native forest by forest plantation (figure 3).
In 1986, 13 catchments were mainly covered (> 50 % of
the area) by forest plantation; in 2011, as many as 20 cat-
chments were dominated by this land use. Conversely, in
1986, native forest was the prevailing land cover in seven
catchments; in 2011, only four catchments presented na-
tive forest as the main land cover. These four catchments
were located in the SNASPE (figure 3).

The landscape metrics showed a tendency toward the
formation of a mosaic dominated by human-related land
uses in unprotected catchments (figures 3 and 5). In these
catchments, the largest patch index of native forest decli-
ned sharply from 1986 until 2011, representing by the end
of this period less than 1 %. The juxtaposition index for
these unprotected catchments increased between 1986 and
2011. Conversely, the protected catchments showed a low
adjacency between patches of native forest and anthropic
land uses in both study years (figure 5).

DISCUSSION

Worldwide, there is growing concern regarding water
security (Alcamo et al. 2007). In Europe, approximately
50 % of catchments will present water scarcity by 2030
(EC 2012). This scenario has been primarily related to va-
riations in magnitude and distribution of rainfall (droughts
and extreme events), and LUCC among other variables
(Sun et al. 2008). Our results reveal that in the coastal ran-
ge of south-central Chile (35° — 38.5° S) DWC are also
exhibiting an increase of human-related land uses with
significant loss of native forest and shrublands. Additiona-
lly, the catchments show an increase in the area of forest
plantations from 1986 to 2011, becoming the dominant
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Table 1. Confusion matrices of 1986 and 2011 Landsat scenes. NF: native forests; FP: forest plantation of exotic species; SHR: shrub-
lands; APL: Agricultural and pasturelands; UA: urban areas.

Matrices de confusion para las escenas Landsat de los afios 1986 y 2011. NF: bosque nativo; FP: plantaciones forestales exoticas; SHR:
matorrales; APL: agricultura y praderas; UA: areas urbanas.

Reference data (number of points) Error User
Image Classified data commission  accuracy
NF FP  SHR APL  UA  Total (%) (%)
NF 74 9 5 0 0 88 15.9 84.1
FP 7 93 2 0 0 102 8.8 91.2
SHR 2 10 59 0 0 71 16.9 83.1
APL 0 0 11 119 6 136 12.5 87.5
1986 UA 0 0 0 12 63 75 16.0 84.0
Total 83 112 77 131 69 409
Error omission (%) 10.8 17.0 23.4 9.2 8.7
Producer’s accuracy (%) 89.2 83.0 76.6 90.8 91.3
Overall classification accuracy: 86,4 %
NF 95 20 5 0 0 120 20.8 79.2
FP 5 170 1 0 0 176 3.4 96.6
SHR 5 16 69 0 0 90 233 76.7
APL 0 0 8 127 3 138 8.0 92.0
2011 UA 0 0 0 5 75 80 6.3 93.8
Total 105 206 83 132 78 536
Error omission (%) 9.5 17.5 16.9 3.8 3.8
Producer’s accuracy (%) 90.5 82.5 83.1 96.2 96.2
Overall classification accuracy: 88,7 %
1986 2011

6.8% (-1095 ha)

Native forest » Shrubland

(16076.5 ha)

Agriculture and
pasturelands

Shrublands
(7649.2 ha)

Agriculture and 48.9% (-1743 ha) Exotic forest
pasturelands plantation
(3565.4 ha)

Figure 2. Major change trajectories and their contributions to the net change of the respective land use-cover type in 1986.

Principales trayectorias de cambio y sus contribuciones a la variacion neta del respectivo tipo de cobertura y uso de suelo del afio 1986.

206



BOSQUE 38(1): 203-209, 2017
Land cover change in drinking water catchments

B Forest plantation B Agricultural and pasturelands @ Shrublands O Native forest & Others

100%

80%

60%

40%

20%

Land use-cover 1986

N

0%

100%

80%

60%

40%

Land use-cover 2011

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

20%

0%

Drinking water catchments

Figure 3. Land cover change (1986 and 2011) for 25 drinking water catchments in the coastal range of south-central Chile. The class
“Others” corresponds to bare soil and water bodies. The catchments numbers 1, 2, 3 and 6 are located within the National System of
Protected Forest Areas. Catchments are arranged according to the increase of anthropic land uses (forest plantation of exotic species
plus agricultural and pastureland).

Cambio de cobertura de suelo (afios 1986y 2011) en 25 cuencas proveedoras de agua para consumo humano ubicadas en la zona costera del
centro sur de Chile. La clase Otros contiene las superficies de suelo descubierto y cuerpos de agua. Las cuencas niimero 1, 2, 3 y 6 se emplazan dentro
del Sistema Nacional de Areas Silvestres Protegidas del Estado. Las cuencas se encentran ordenadas respecto al incremento de usos de suelo antrépicos
(plantaciones forestales de especies exoticas mas superficies agropecuarias).
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Figure 4. Ratio between native forest cover and anthropic land uses (forest plantation of exotic species plus agricultural land) at the
buffer-stream scale (90 m). The catchments numbers 1, 2, 3 and 6 are located within the National System of Protected Forest Areas.
Catchments are arranged according to the increase of anthropic land uses (see figure 3).

Relacion entre las coberturas de bosque nativo y usos antropicos (plantaciones forestales exoticas y superficies agropecuarias) a escala de
las zonas riparianas (90 m). Las cuencas niimeros 1, 2, 3 y 6 se emplazan dentro del Sistema Nacional de Areas Silvestres Protegidas del Estado. Las
cuencas se encuentran ordenadas respecto al incremento de usos de suelo antropicos (ver figura 3).
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Figure 5. Landscape metrics from 1986 to 2011 for five catchments representative of the deforestation rate of the 25 study catchments.
LPI: native forest largest patch index; JI: juxtaposition index. The numbers show the unprotected catchments (8, 12, and 19) and cat-
chments located within the National System of Protected Forest Areas (1, 6) (see figure 3).

Meétricas de paisaje calculadas para los afios 1986 y 2001 en 5 cuencas representativas de las tasas de deforestacion estimadas en las 25
cuencas de estudio. LPI: indice del parche mas grande de bosque nativo; JI: indice de yuxtaposicion. Los niimeros indican las cuencas emplazadas fuera
(8,12, 19) y dentro (1, 6) del Sistema Nacional de Areas Silvestres Protegidas del Estado (figura 3).

land use type in most of the DWC. This pattern was asso-
ciated with an increase in the degree of adjacency between
patches of native forest and different anthropic land uses,
mainly forest plantations.

In south-central Chile, evidence shows that after 30
years of replacing native forest by plantations of exotic
species, a decline in runoff was observed along with an
alteration of downstream water users (Iroumé and Palacios
2013). This may be of particular concern in drinking-wa-
ter catchments where increase in evapotranspiration rates
could lead to a decline in water availability for human con-
sumption. Stand-based studies located in the coastal range
in southern Chile show a higher total evapotranspiration
(EVPT) in forest plantations of exotic species (45-48 %)
than that shown by native forest (30 %) for the same study
area and year (Huber and Trecaman 2004, Echeverria et
al. 2007b). Higher EVPT rates (80 %) have been reported
in forest plantations located in the coastal range of south-
central Chile (Huber and Trecaman 2004), near the study
area of the present study, where water scarcity is a recu-
rrent situation (MOP 2016).

Some countries have established strict regulations to
protect and conserve DWC (NHMRC 2011). For instance,
Western Australia’s Water Resources has developed plans
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and guidance that establish LUC compatibility criteria for
public drinking water source areas (NSW 2010). In Chile,
this kind of strategy has been rarely applied. The Nonguén
National Reserve is one of the few exceptions, where wa-
ter supply for human consumption has been ensured by the
State (> 32,000 inhabitants). However, most of the DWC
studied here are not protected by the State and are affected
by the same intense dynamics of LUCC to those reported
for the entire landscape (Echeverria et al. 2006). A high rate
of deforestation was observed in unprotected catchments
(2.7 %=+ 1.5 year'), while in the Nonguén National Reserve
it was only 0.5 % + 0.4 year'. According to our results, na-
tive forest cover in un-protected catchments is decreasing
at a high rate, while there is an increment in fast-growing
exotic forest plantations as well as invasive species.

Our spatio-temporal assessment of LUCC at the catch-
ment scale reveals that there is a high degree of pressure
in land condition in critical DWC. Therefore, it is urgent
to develop a landscape planning strategy to ensure adequa-
te drinking water supply for the communities living on or
near these catchments. This strategy should ideally consi-
der large-scale restoration programs to recover ecosystem
processes that are essential to secure a long term and more
resilient water supply for these communities. Furthermore,



we suggest the creation of a monitoring network for these
DWOC that could provide robust continuous information to
support scientifically based decisions for a proper manage-
ment of water resources.
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