
water

Article

Effect of Land Use/Cover Change on the Hydrological
Response of a Southern Center Basin of Chile

Rebeca Martínez-Retureta 1,2,*, Mauricio Aguayo 1,2,*, Alejandra Stehr 1,2 , Sabine Sauvage 3 ,
Cristian Echeverría 4 and José-Miguel Sánchez-Pérez 3

1 Environmental Sciences Center EULA-Chile, University of Concepción, 4070386 Concepción, Chile;
astehr@udec.cl

2 Faculty of Environmental Science, Territorial Planning Department, University of Concepción,
4070386 Concepción, Chile

3 ECOLAB, Université de Toulouse, CNRS, INPT, UPS, 31326 Auzeville-Tolosane, France;
sabine.sauvage@univ-tlse3.fr (S.S.); jose-miguel.sanchez-perez@univ-tlse3.fr (J.-M.S.-P.)

4 Faculty of Forest Sciences, Landscape Ecology Laboratory, University of Concepción, Millennium Nucleus
Center for the Socioeconomic Impact of Environmental Policies (CESIEP), 4070386 Concepción, Chile;
cristian.echeverria@udec.cl

* Correspondence: rebecmartinez@udec.cl (R.M.-R.); maaguayo@udec.cl (M.A.)

Received: 8 November 2019; Accepted: 14 January 2020; Published: 20 January 2020
����������
�������

Abstract: Several impacts over ecosystem services have been produced by land use/cover changes,
placing it as one of the main factors driving global environmental change. In the present study,
the SWAT model was used to assess the effect of land use/cover changes on the hydrology response
in the Andalien river basin from the south-central zone of Chile. Three land use/cover scenarios
(LU_1986, LU_2001, and LU_2011) were compared over a period of 30 years (1984–2013) to remove
the effect of climate variability on hydrology. The results show a significant decrease in total annual
flows among the three LU scenarios. The greater differences in the annual flows of 25.05 m3/s were
observed between LU_1986 and LU_2011 scenarios. The hydrological cycle dynamics in the basin
show an increasing trend of evapotranspiration and surface flows with a significant decrease in
percolation and lateral flow on a monthly and seasonal scale. This behavior can be explained by the
increasing percentage of the basin area covered by exotic plantations, from 35.22% to 63.93% during
the period. The evidence of these changes and the evaluation of their effects are particularly relevant
for the long-term sustainable management of water resources.
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1. Introduction

The land use/cover change is considered one of the main driver factors forcing global environmental
change with a significant impact on water resources. It can induce strong impacts in processes
that support several ecosystem services such as water regulation, provision, and storage [1,2].
In recent decades, agricultural and livestock borders, forest plantations, and urban areas have
been expanded accompanied by a large increase in energy, water, and agrochemical consumption,
leading to considerable losses of biodiversity [3]. Most of the impacts have been caused by the loss
and/or transformation of forest ecosystems and natural grasslands into lands enabled for agricultural,
livestock, forestry, and urban/industrial development [4]. Such changes in land use, have allowed
humans to take possession of Earth’s resources [5], affecting the ecosystem’s ability to support food
production and to influence relevant environmental aspects such as water provision and regulation,
climate regulation, and air quality [3].
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Water flow and its regulation are key components in human wellness. Regulation is determined
by the influence that natural systems have on the control of hydrological flows [6,7]. In this sense,
the capacity of water regulation corresponds to the proportion of rainfall that can be stored in a
river basin and, subsequently, contribute to the constant surface water flow over time [7–9]. Then,
the existence of a close link between water regulation and provision becomes obvious. Provision will
depend on the storage mechanisms of a basin, also determined by key hydrological factors such as
soil cover, edaphological characteristics and relief. Adequate capacity for water regulation allows the
generation of spatial and temporally well-distributed ecosystem services within a basin [10]. In this
way, in a context of low regulatory capacity, the flow of water from rainfall drains rapidly into water
bodies, increasing the provision in a short time period, reducing, however, its availability during the
dry season. The link between regulation and provision acquires greater relevance here. The storage
mechanisms of a basin generate flows in periods where rainfall decreases.

Soil cover is closely related to water resources quantity and its distribution. It determines the water
flow between the soil and the atmosphere through processes like interception, evapotranspiration,
surface runoff, and subsurface flows [11,12]. Surface water balance and rainfall partition within the
processes of evaporation, runoff, and groundwater flow changes in soil cover, could be significantly
modified through various land-use practices. The amount, space–time quality and distribution of
water in the river system can be also affected [3,13]. Thereby, the change of land use/cover is a main
aspect for water resources management. The process of surface runoff and flow regimes could be
significantly affected by any modification of the territorial structure of a basin [14].

In the central-southern zone of Chile, the main water supply sources correspond to surface water
courses whose recharge depends on the rainfall regime. Several watersheds that give rise to these
water bodies have undergone intense land-use change processes, including loss of native forests and
the development of agricultural activities. In the recent decades, massive afforestation with forest
exotic plantation species has been conducted. This activity has been strongly subsidized by the Chilean
state and regulated by Decree Law No. 701 since 1974 [15–20].

Forest plantations expansion in Chile has not only led the replacement of agricultural land, but also
the replacement and loss of native forests. Several research reports [15,21–25] have documented this
situation. Although the highest deforestation rates occurred in the last century [18], the degradation
process and, subsequently, the loss of native forests remain a constant trend [16,21,22,24,26,27].

This accelerated afforestation process has strongly raised the perception that forest exotic
plantations lead to a water production decrease with rainfall in river basins. The reduction of
water availability, associated with large-scale afforestation, has been generating growing concern in
the population [28–30]. Water supply problems are increasingly frequent in basins that provide this
resource to rural communities [28,31].

In spite of the above described, most of the studies assume the hydrographic basin to be a
single unit of analysis, obtaining aggregate results of increase or decrease of flows at its closing point.
However, for proper basin management, it is essential to understand how hydrological processes occur
inside, identifying and analyzing the spatial configurations of landscape components that control the
regulation of water flows [32,33]. From the perspective of landscape ecology, the spatial pattern of land
use/cover changes plays a main role in the determination of processes such as infiltration, water storage,
and surface runoff [32]. In this context, spatially distributed hydrological models have the capability
to analyze the synergistic effects of land use/cover change and climate change in small hydrological
response units with relatively homogeneous conditions. It is possible to identify the relevance of each
territorial unit in the hydrological process based on its characteristics and location within the basin.
Such models become a suitable tool for making early decisions in water scarcity scenarios [14].

The soil and water assessment tool model (SWAT) is a continuous-time, physical-mathematical
hydrological model [34] designed to predict flow, soil, and nutrient losses in a basin. Unfortunately,
although several previous studies showed promising results using SWAT as a hydrological model in
different environmental conditions [35–43], its application in Chile has been limited [44–48], focused



Water 2020, 12, 302 3 of 21

mainly on the effect of climate change on snow production. Additionally, besides the study from
Aguayo and Stehr [25], there is a lack of scientific reports making reference to the hydrological response
of a basin against future scenarios of forest expansion [25]. For this reason, it is important to conduct
studies about the land use/cover change effect, especially in watersheds with low environmental
data availability. Determining changes and assessing their effects become particularly relevant for
sustainable management of water resources in the long term. The current research aims to determine
the effect of the change in land use/cover on the hydrological response in the last 30 years for a basin
located in the South Center of Chile through hydrological modeling. These results could aim to
understand the complex interactions among soil, land use, and water provision/regulation, and support
decision-making from a scientific-technical perspective in the integrated management of river basins
for the country.

2. Materials and Methods

2.1. Study Watershed

The Andalien basin is located in the Biobío Region, VIII Region of Chile, in the coastal mountain
range, between 36◦82′ south latitude and 72◦80′ west longitude. The hydrographic basin, with 742 km2

of area, is part of the coastal basin located between the Itata and BioBio rivers in central-southern Chile.
The area is composed of metamorphic rocks, partially superimposed by tertiary marine sediments,
with moderate slopes [49], and elevations ranging from 27 to 613 m above sea level. The area is
dominated by temperate-mediterranean climatic conditions and precipitations around 1250 mm annual,
with a dry southern summer (December, January, February) of 64 mm and a rainy southern winter
(June, July, August) of 664 mm, approximately. These conditions allow the direct relationship with
the productive use of the territory, currently dominated by a large area of exotic forest plantations
(Figure 1).
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In the Biobío region, Pinusra diata plantations predominate with more than half of the regional
total area (59%), followed by Eucalyptus globulus (27%) and Eucalyptus nitens (12%) [50]. Very basic
management practices are applied, consisting of clearing the place where the plantation will be carried
out, plowing the soil, applying weed killers and fertilizers to stimulate growth. Wood harvesting is
done through a rudimentary method called “clearcutting”. For such activities, the environmental
regulations in Chile allow deforestation or cutting up to 500 ha at once. The forestry law forces
reforestation of the site after two years from harvesting.

Most of the wood consumption for industrial use occurred in the pulp industry, of which
participation reaches 36.8% of the total, followed closely by wood for construction with 34.8%. Some
other products consist of items such as barkless splinters (17%), boards and sheets (10.2%) and finally
posts and poles (0.7%); the difference of 0.5% corresponds to export pieces. These five items constitute
the primary Chilean forest industry [50].

2.2. SWAT Model Description

The SWAT model allows simulating several physical processes of the hydrological cycle at different
time scales. In this work, a monthly time scale and the sub-basin scheme derived from the digital
elevation model (DEM) were used. The sub-basin configuration preserved the channels and the natural
flow path. First, the water courses were defined, choosing the minimum area threshold established
automatically by SWAT as criteria to create them. This method aims to obtain a rigorous representation
of the channels.

Hydrological Response Units (HRUs) were obtained considering soil type, land use, and the
landscape slope. This discretization method accurately reflects the spatial variability concerning the
process of rain into runoff transformation, as well as the water routing in each HRU, improving the
simulation accuracy [51,52].

SWAT modeling also considers daily climatic information, specifically precipitation, and maximum
and minimum temperatures for the determination of the main processes concerning the hydrological
cycle. The Hargreaves method was used to calculate the potential evapotranspiration (PET).

2.3. Input Data

2.3.1. Topography, Soil, Meteorological and Flow Data

The landscape slope was divided by the SWAT model in three categories, according to the
information obtained from DEM (Figure 2a, Table 1). DEM used for the watershed delimitation was
obtained by processing Alos-1 Palsar images of 12.5 m spatial resolution (Table 1).
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Table 1. Input variables used for SWAT modeling.

Input Data Description Source

Meteorological
Data

Extreme
temperatures

Minimum and maximum daily
temperatures. Period 1981–2013.
Spatial resolution (30 × 35 km)

CFSR global base. Available at
https://globalweather.tamu.edu/

Precipitation Daily precipitation. Period
1981–2013 (0.05 spatial resolution)

CHIRPS database. Available at
http:

//chg.geog.ucsb.edu/data/chirps/

Spatial Data

DEM Digital elevation model (12.5 m
resolution)

Alos-1 Palsar Sensor. Available at
https://vertex.daac.asf.alaska.edu/

Soil type Agrological studies of the Biobío
region (1:70,000 spatial resolution) CIREN 1999

Land use Soil use map 1986, 2001, 2011
(1:30,000 spatial resolution) (Heilmayr) in 2016 [20]

The soil map from the Natural Resources Information Center [53] was used to represent the soil
types present in the study area and their associated properties. Additional information required to
complete the SWAT input database was obtained through the Agrological Studies of the VIII Region
conducted by the Natural Resources Information Center (CIREN) in 1999 [53] (Figure 2b, Table 1).

Daily precipitation and temperature data were obtained from the Global Climate Hazards
Group Infra Red Precipitation with Station database (CHIRPS) and from the Climate Forecast System
Reanalysis database (CFSR), respectively (Figure 2c, Table 1). Used data were previously validated
through geospatial and statistical analysis, using information from real stations of the General Direction
of Water (DGA), Meteorological Direction of Chile (DMC), and the National Institute of Agricultural
Research (INIA), located in the South Center of Chile [54,55].

The flow station named “Rio Andalien Camino a Penco”, operated by the General Direction of
Water (DGA) in Chile, was selected as the monitoring point used in the present study. This point was
defined as the basin closure point because it is an important flow station within the study watershed,
with daily information since 1961 to the present without interruption (Figure 2c).

2.3.2. Land Use

Heilmayr et al. [20] analysis and quantification of land use/cover changes for 1986, 2001, and 2011
from satellite images processing were used in this paper. Processing was carried out through a historical
regression process. Landsat images were used as the main data source for remote sensing analysis
for the three decades. Data processing included radiometric, geometric, and topographic corrections.
Land use categories were derived from a supervised classification using the maximum likelihood
statistical method. This classification included the following categories: (1) adult native forest, (2) exotic
plantation of adult forest (12–22 years), (3) exotic plantation of young forest (<12 years), (4) arborescent
scrub, (5) scrub, (6) agricultural land, (7) grassland, (8) urban, (9) wetland, (10) agricultural bare
ground, (11) permanent bare ground, (12) plantation felling, and (13) stumpy. In order to analyze data,
some of the related categories were grouped (for example, young plantation and adult plantation,
arborescentscrub and scrubland, agricultural lands and agricultural bare soils). The final maps
were developed and incorporated into a Geographic Information System using ArcGis 10.4. Table 1
summarizes the input information used for SWAT modeling.

2.4. SWAT Sensitivity Analysis, Calibration and Validation

The model was calibrated and validated on a monthly scale using the total flows at “Río Andalien
Camino a Penco” station as reference values. A 30-year period (1984–2013) was used, including three
years for model warm-up. The parameters calibration was mostly performed manually; however,
some parameters were calibrated using the SWAT calibration and the uncertainty procedures software

https://globalweather.tamu.edu/
http://chg.geog.ucsb.edu/data/chirps/
http://chg.geog.ucsb.edu/data/chirps/
https://vertex.daac.asf.alaska.edu/
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SWAT_CUP, developed by Abbaspour et al. [56]. According to previous studies [36,53,54], 17 sensitive
hydrological parameters were chosen for analysis (Table 2). The relative change of the parameters was
controlled within 20%. Besides, absolute change was analyzed according to literature and theoretical
documents [51,57–59].

Table 2. Parameters used for the SWAT_CUP model sensibility analysis.

Parameter Description

EPCO Plant uptake compensation factor.
GW_REVAP Groundwater “revap” coefficient

CNCOEF Plant ET curve number coefficient
SURLAG Surface runoff lag time.

CN2 SCS runoff curve number f.
SLSUBBSN Longitud media de la pendiente (m)

OV_N Manning’s “n” value for overland flow
SOL_AWC Available water capacity of the soil layer

FFCB Initial soil water storage expressed as a fraction of field capacity water content
LAT_TIME Lateral flow travel time
GW DELAY Groundwater delay (days)
ALPHA_BF Baseflow alpha factor (days)
GWQMN Threshold depth of water in the shallow aquifer required for return flow to occur (mm)

RCHRG_DP Deep aquifer percolation fraction
TRNSRCH Fraction of transmission losses from main channel that enter deep aquifer.

CH_N1 Manning’s “n” value for the tributary channels
CH_N2 Manning’s “n” value for the main channel

A global sensitivity analysis was performed to obtain the relative and absolute sensitivity.
Sequential uncertainty adjustment algorithm version No 2 (Sufi-2) was implemented [60] in order to
identify the higher sensitivity parameters, according to the model response. Parameter ranges were
determined according to values obtained by manual calibration. Several iterations were performed,
each one considering 500 simulations with reduced parameter ranges in subsequent calibration rounds.
Time series graphs and statistical methods were used to evaluate the model performance in the total
flow simulations.

The p-factor and the r-factor were estimated to assess the degree of uncertainty in the calibration
and validation of the model according to the classification of Abbaspour et al. [56], where it determined
that a p-factor ≥0.75 and r-factor ≤1.5 are desirable for flow estimation.

As recommended by different researchers [38,51], hydrological and meteorological data sets were
divided into three sub-databases: (i) 1984–1992, (ii) 1994–2002, and (iii) 2008–2013 as different land use
scenarios (LU). The first scenario, related to the 1986 LU (LU_1986), was determined for the calibration
of the model; hydroclimatic data from 1984 to 1992 was used for this step. The hydrological and
meteorological data base from 1994–2002 was assigned to the second scenario considering the LU of
2001 (LU_2001). Finally, the third scenario, established by the LU of 2011 (LU_2011) contains data from
2005 to 2013. The LU of 2001 and 2011 were considered as the hydrological model validation periods.

During the model validation, the same values adjusted in the calibration were used, considering
different data sets of observed values to demonstrate that the model has a satisfactory precision
range [61].

2.5. SWAT Model Performance Evaluation

Model performance was evaluated using statistic tests such as Nash Sutcliffe Efficiency of (NSE),
percentage bias (PBIAS), and the determination coefficient (R2) to examine the representation of the
modeled process to real biophysical conditions. NSE is a standardized statistical method that determines
the relative magnitude of the residual variance compared to the measured data variance (Equation (1)).
Theoretically, NSE value varies from −∞ to 1; NSE value 1 corresponds to a perfect match between the
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observed and simulated values [62]. PBIAS (Equation (2)) measures the estimation bias of the model.
PBIAS value can be positive or negative indicated underestimation and overestimation, respectively;
zero value represents the best simulation performance of the model [62]. The R2 (Equation (3)), is
used to measure the consistency of the simulated and observed data of the model. Value of R2 varies
between 0 and 1; less error variance is indicated by higher values [62].

NSE = 1−

∑n
i=1

(
Qobs

i −Qsim
i

)2

∑n
i=1

(
Qobs

i −Qobs

)2 (1)

PBIAS =

∑n
i=1

(
Qobs

i −Qsim
i

)
∗ 100∑n

i=1 Qobs
i

(2)

R2 =

∑n
i=1

(
Qobs

i −Qobs

)(
Qsim

i −Qsim

)
√∑n

i=1

(
Qobs

i −Qobs

)2
√∑n

i=1

(
Qsim

i −Qsim

)2
(3)

where Qobs
i and Qsim

i represent observed and simulated flow during ith day. Qobs and Qsim are the
average observed and simulated flows, respectively.

2.6. Evaluation of the Land Use/Cover Change (LUCC) Effect on the Hydrological Response

For the evaluation of LUCC on the hydrological response in the Andalien basin, the SWAT model
was executed in the threeLU (LU_1986, LU_2001, and LU_2011) for the period of time from 1984 to
2013. The water discharge of 124 sub-basins was calculated. Flow values measured at “Rio Andalien
Camino a Penco” station, located at the closing point of the basin, were used to compare the runoff

calculated by the model.
Parameters obtained during model calibration and validation steps were used for this evaluation.

In this way, the suitability of the fixed parameters in the different LUCC scenarios was verified.
The hydrological impacts of LUCC were determined by changing the LU while keeping all parameters
constant during the study period.

Student’s t-distribution analysis for related sampled was carried out, in order to determine
significant differences among the simulated monthly flows for the different LU. This was also
applied for quantifying the impact of the land use/cover scenarios over the total flow during the
before-mentioned period for the Andalien basin. Additionally, statistical (t-tests) and trend analysis
were performed between first and later LU scenarios (LU_1986 and LU_2011) to evaluate the behavior of
the components of the hydrological cycle such as evapotranspiration (ET), percolation (PERC), surface
flow (SURQ), lateral flow (LAT_Q), groundwater (GW_Q), and water yield (WYLD). This analysis was
carried out on annual, monthly, and seasonal scales during the last 30 years.

3. Results

3.1. Land Use/Cover Change (LUCC)

Exotic forest plantations as the prevailing land use in the river basin was the one with the highest
increasing percentage—28.64% between 1986 and 2011. It showed a spatial distribution of increasing
occupation from the lowest areas during 1986 up to the higher basin lands in 2011. This behavior could
be caused bythe proximity to Concepción City. The main companies related to the commercialization
of this raw material (cellulose and construction industries) are located in this urban center.

On the other hand, the native forest and scrubland areas were dispersed throughout the basin for
LU_1986, LU_2001, and LU_2011, with the largest percentage of native forests located in the Nonguen
national reserve. The native forests and scrublands had a decreasing behavior for all LU, showing a
reduction of 13.47% from 1986 to 2001 and a 30.70% decrease from 1986 to 2011. However, it can be
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seen that agriculture was dominant upstream and in the middle of the basin. An irregular behavior
in the different scenarios was observed: a small decrease of 1.92% occurred during the period from
1986–2001, with slight recovery from 2001 to 2011 at 2.61% (Figure 3, Table 3).Water 2020, 12, x FOR PEER REVIEW 8 of 21 
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Table 3. Percentages of land-use area for the LU_1986, LU_2001, and LU_2011 scenarios and their
relative changes.

Land Use
LUCC (%) Relative Changes (%)

LU_1986 LU_2001 LU_2011 1986–2001 2001–2011 1986–2011

Native forest 18.72 12.04 5.34 −6.68 −6.69 −13.38
Plantation 35.22 49.92 63.86 14.70 13.94 28.64

Scrub 28.58 21.79 11.26 −6.79 −10.53 −17.32
Agriculture 16.56 14.64 17.25 −1.92 2.61 0.69

Other 0.92 1.62 2.28 0.70 0.66 1.36
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The LUCC time series analysis between 1986 and 2011 indicates an expansion of the plantations
with a reduction in agricultural, scrubland, and native forest use (Table 3). Native forests, thickets,
and forest plantations were the land covers with major changes in their percentages with respect to
the total area of 1986. This result can be explained by the felling of native forests and scrublands
between 1986 and 2011, with a 35% decrease with respect to the area occupied by this land use in 1986.
Meanwhile, during the same period, forest plantations had a positive trend with a 55% increase with
respect to the forest plantation area during 1986 (Figure 3, Table 3).

3.2. Sensitivity Analysis

According to the sensitivity analysis, seven parameters significantly affect the modeled surface
flow of the Andalien basin, such as manning’s “n” value for the tributary channels (CH_N1), average
slope length (SLSUBBSN), fraction of transmission losses from main channel that enter deep aquifer
(TRNSRCH), and other parameters related to surface runoff (SURLAG, CNCOEF) and groundwater
(ALPHA_BF, GW_DELAYMM, GWQMN) (Table 4). Such parameters were calibrated to fit the real
water balance, based on literature information [63].

Table 4. Sensitive parameters in surface flow calculations, calibrated values.

Parameter Parameter Description
Calibration Values

Adjusted Value Minimum Value Maximum Value

CH_N1 Manning’s “n” value for the
tributary channels. 27.7 11.1 30

CNCOEF Plant ET curve number
coefficient. 1.4 1 2

ALPHA_BF Baseflow alpha factor (days) 0.9 0.45 1
GW_DELAY Groundwater delay (days). 159 0 273.7

SURLAG Surface runoff lag time. 11.6 1 17.4

GWQMN
Threshold depth of water in the

shallow aquifer required for
return flow to occur (mm).

1408 1351 4058

SLSUBBSN Average lenght of the slope (m). 111.7 49.9 129.9

The present study shows that the weighting coefficient for the ET (CNCOEF) is a sensitive
parameter for the geographical physical conditions of the basin. By increasing the CNCOEF from 1 to
1.4, a better adjustment in the runoff parameters is obtained. Taking this into consideration, the daily
CN estimation as a function of the plants ET could give results less dependent on the soil storage based
on the preceding climate [51].

If compared to default values, the ALPHA_BF parameter was increased in the model to facilitate
the water flowing from the aquifer to the river, increasing the base flow. GWQMN and GW_DELAY
parameters were also augmented, increasing the surface flows and consequently decreasing the
groundwater flow. The remaining parameters related to hydrological processes were calibrated in
order to adjust the base and peak flows (Table 4).

3.3. SWAT Model Calibration and Validation

Acceptable estimates were obtained by uncertainty factors in the semi-automatic calibration and
validation of the model according to the classification of Abbaspour et al. [56]. During the calibration
period (LU_1986), the model showed satisfactory uncertainty with a p-factor of 0.89 and an r-factor of
1.24. Meanwhile, for the validation periods LU_2001 and LU_2011, a satisfactory uncertainty level was
obtained with a p-factor of 0.89 (0.84) and an r-factor of 1.36 (1.44), respectively.

Figure 4a,b shows the correlation for the model with proportional bias (y = z). On one hand,
Student’s t-test correlation for non-calibrated data shows a p-value of 9.46 × 10−9, indicating significant
differences between the observed versus non-calibrated values. Unsatisfactory statistics were obtained
with a Nash–Sutcliffe efficiency index (NSE) of 0.18 and a percentage bias (PBIAS) of 49.43% (Figure 4a,
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Table 5). On the other hand, as the model was manually calibrated and validated, the values did
not show significant differences, recording excellent correlation values with a p-value ≥0.05 among
observed values when compared to the calibrated and validated values (Figure 4a,b, Table 5).
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Figure 4. Relationship between uncalibrated and calibrated values against observed values (a) and
validated values against observed values (b) for a model with proportional bias (y = z). Calibration
and validation of the total monthly flow of LU_1986, LU_2001, and LU_2011 for the time periods of
1984–1992 (c), 1994–2002 (d), and 2005–2013 (e).

Table 5. Correlation between calibration and validation periods for “Rio Andalien Camino a Penco”
station.

Statisticians Without Calibration
(1984–1992)

Calibration
(1984–1992)

Validation
(1994–2002)

Validation
(2005–2013)

R2 0.80 0.77 0.75 0.69
NSE 0.18 0.77 0.74 0.69

PBIAS 49.43% 5.67% 0.91% −1.18%

Statistical results to evaluate the performance of the model showed a very good level in the NSE
(0.77) for calibration. Meanwhile, a good level was obtained for the determination coefficient (0.77) and
PBIAS (5.67%) according to the classification of Moriasi et al. [62] (Figure 4c, Table 5). The model was
validated to demonstrate the suitability of the calibrated values in the LU_2001 and LU_2011 scenarios
(Figure 4d,e, Table 5). Adjustment between the observed and validated flow of the two scenarios
reached a good level for an R2 of 0.75 and 0.69, with NSE values of 0.74 and 0.69, respectively. A very
good classification was obtained for PBIAS, with values of 0.91% and −1.18, respectively.
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3.4. Land Use and Flow Relationship in the Andalien River Basin

The SWAT model was executed for the LU_1986, LU_2001 and LU_2011 scenarios. In this way,
the effect of LUCC on the total monthly flow for the study period (1984–2013) at the “Rio Andalien
Camino a Penco” river station was evaluated (Figure 5). Student’s t-test for paired samples showed
significant differences among the flows obtained with all the land use/coverage scenarios with a 95%
confidence interval.
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Figure 5. Simulated monthly flow between 1984–2013 for different land use/coverage scenarios
(LU_1986, LU_2001, and LU_2011).

The greatest difference in total flows was obtained between most extreme scenarios (LU_1986 and
LU_2011), with a decrease of 25.05 m3/s per year. This change was characterized by the replacement of
native forests and scrubland with forest plantations (28.64%) and a 0.69% increase in agricultural land
percentage. Besides, when comparing LU for 1986 with 2001 and LU_2001 versus LU_2011, total flow
reductions of 3.87 and 21.19 m3/s per year, were respectively observed. The trend obtained, indicating
a progressive flow reduction, could be explained by the LUCC behavior that took place in the basin
during the period. The 3.87% reduction in the total flow from the LU_1986 to LU_2001 scenarios was
determined by a 14.70% increase in forest plantations, dominating almost half of the basin area for
LU_2001 scenario. Besides, a 13.47% reduction of native forest and scrubland areas together with a
1.92% of agricultural area reduction took place. In the same way, the decreasing flow from LU_2001
when compared to the LU_2011 scenario occurred, accompanied by an increase in 13.94% of forest
plantations during 2011, occupying 63.86% of the basin area, together with a 17.22% of native forests
and scrublands area reduction and an increase of 2.61% of agricultural lands (Figures 3 and 6, Table 3).
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Figure 6. Seasonal average: summer (January, February, March) (a), autumn (April, May, June) (b),
winter (July, August, September) (c), and spring (October, November, December) (d) of the parameters
of the hydrological cycle (evapotranspiration (ET), percolation (PERC), surface flow (SURQ), lateral flow
(LAT_Q), groundwater (GW_Q), and water yield (WYLD)), for the LU_1986 and LU_2011 scenarios.

3.5. LUCC Impacts on the Hydrological Response

Figure 6 shows the seasonal averages from 1984 to 2013 of ET, PERC, SURQ, LAT_Q, GW_Q, and
WYLD for LU scenarios LU_1986 and LU_2011, simulated using SWAT. On one hand, ET and surface
flows had increasing trends in all seasons, reaching the highest values in the autumn and winter season,
where the highest rainfall occurs. On the other hand, PERC values presented a negative trend for every
season mainly due to the change in land cover. This trend becomes higher in autumn, which coincides
with the humid period beginning. Besides, a direct correlation can be observed between GW_Q and
the total flows of the basin in all the seasons. During winter and spring seasons, a sharp decreasing
trend can be observed for GW_Q and the total flows due to the transition between the coldest and
rainiest month and the beginning of the spring, which is a high contribution of the water accumulated
in the subsoil. Conversely, during summer and autumn seasons, a very slight growing trend occurs
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due to the transition from the driest month to the autumn, forcing less water consumption and weak
growth activity by forest plantations (Figure 6).

The effect of land use/cover change (Figure 2) over the average monthly values of the hydrological
variables and their relative changes from 1984 to 2013 are depicted in Figure 7a and Table 6 for scenarios
LU_1986 and LU_2011. General increasing trend prevailing in monthly ET values can be observed;
relative variation from −7.38% in January to 8.16% in October was obtained, recording a yearly average
increase of 4.21% (Table 6, Figure 7a). The significant increase in the absolute annual percentage ET
value (25.32 mm) can be attributed to the increase in forest exotic plantation species by 28.61% between
the analyzed periods (Table 4).

 

Figure 7. Monthly averages and relative changes of (a) ET, (b) PERC, (c) SURQ, (d) LAT_Q, (e) GW_Q
and (f) WYLD for scenarios LU_1986 vs. LU_2011.



Water 2020, 12, 302 14 of 21

Table 6. Monthly relative change of ET, PERC, SURQ, LAT_Q, GW_Q, and WYLD; scenario LU_1986
vs. LU_2011.

Monthly Relative Changes (%)

MONTH ET PERC SURQ LAT_Q GW_Q WYLD

January −7.38 −24.66 6.42 −11.03 2.95 2.07
February 2.20 −20.59 5.18 −10.01 9.63 8.04

March 7.27 −32.08 3.70 −9.55 16.57 13.47
April 4.23 −28.09 0.06 −11.54 20.85 12.14
May 4.53 −8.40 −0.29 −17.09 8.18 1.99
June 4.31 −3.64 2.28 −17.33 −11.57 −2.63
July 5.19 −3.13 2.35 −15.06 −16.86 −7.84

August 5.44 −3.44 3.17 −15.01 −17.62 −9.38
September 7.14 −6.81 4.31 −13.84 −16.25 −12.13

October 8.16 −13.07 4.02 −13.50 −12.81 −10.25
November 7.58 −21.04 5.00 −13.36 −8.35 −7.49
December 1.92 −21.82 5.00 −12.51 −3.11 −3.27

Annual average 4.22 −15.57 3.43 −13.32 −2.37 −1.27

On a monthly scale, for the period between LU_1986 and LU_2011, a slightly increasing trend in
the relative changes of SURQ was observed for almost every month of the year. Monthly variations
range from −0.29% in May to 6.42% for June, with an annual average increase of 3.43% (Table 6,
Figure 7c). On the opposite way, the LAT_Q registered a decreasing behavior for all the months of the
year, with relative changes ranging from −17.33% in June to −9.63% during March with an annual
average decrease of 13.32% (Table 6, Figure 7d). In addition, the values obtained for PERC had a
significant decreasing trend for all months, with relative changes ranging from −28.09 in April to
−3.13% in June, registering a relative annual change of −15.57% (Table 6, Figure 7b). Such PERC
decrease of 28.86 mm (annual average) caused the reduction in the water availability from the bottom
of the soil profile to the shallow aquifer, producing a negative impact in the GW_Q availability which
reduction average recorded 31.82 mm per year. The GW_Q values experienced relative monthly
changes from 2.95% increase during January to −17.62% in August, recording a relative annual average
change of −2.37%, with monthly increases from January to March of 11.63% and negative values from
June to December for the period analyzed (Table 6, Figure 7e).

The greatest contribution to WYLD wascaused by surface and underground flows. The decreasing
trend of GW_Q exceeded the positive effect on the basin WYLD, resulting in a 1.27% decrease in the
relative annual average yield during the period studied, with relative monthly variations from 13.46%
in March to −12.12% during September. These results lead to a 30.03 mm decrease in the annual
average WYLD for the Andalien basin (Table 6, Figure 7f).

4. Discussions

4.1. Hydrological Modeling Response

SWAT is one of the most widely used models when simulating water balance within a basin [64,65].
However, the software has some limitations related mostly to the large number of input parameters.
Sometimes, several parameters must be obtained or estimated from global databases, equations, or other
computer software [66,67]. In this study, the rain information from CHIRPS was used as a climatic
database for the model input. This conduced to a satisfactory representation of the total flow behavior
in the basin once the model was calibrated for the different land use/coverage scenarios. The obtained
results gives validation to CHIRPS global database to be used within the SWAT model for basins
located in the south central zone of Chile. However, the results did not properly represent the extreme
rainfall values, overestimating the precipitation in the study area. Such results suggested the use of
calibration and validation procedures in the present study. The results agree with Zambrano et al.’s [55]
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findings, showing that CHIRPS database overestimates the precipitation in the mountain range of the
south-central coast of Chile. However, it was also stated that, by performing good calibration, CHIRPS
products can be used with satisfactory results, as was verified in the present study.

SWAT has experimented with continuous development in its geospatial structure in order to
represent the physical characteristics of the landscape as realistically as possible [68–71]. The error
metrics for calibration and validation periods at the closing point of the Andalien basin range from
“good” to “very good” categories according to Moriasi et al. [62]. Related to the performance
qualification of the model, the fact of considering one calibration database and two long validation
periods allowed a better simulation of the different hydrological cycle components on monthly, seasonal
and annual scales for the three land use/cover scenarios.

4.2. Hydrological Response and LUCC

The study shows that LUCC that occurred from 1986 to 2011 in Andalien river basin were
characterized by a substantial increase in forest cover. Native forests and scrublands were replaced
partially by exotic plantations. The remarkable impact of LUCC directly affects the behavior of the
hydrological cycle components. In this study, the ET presents the greatest variations, with impacts
over the basin flow production. According to Moran-Tejeda et al. [72], the ET is the key element
in understanding the effect of change in land use on water production. In this basin, the increase
of 25.21 mm per year of ET between LU_1986 and LU_2011 could be caused by the increase in
forest plantations. During 1986, forest plantations occupied 35.22% of the basin area; meanwhile
in 2011, the percentage of these exotic plantations was almost doubled, occupying 63.93% of the
basin surface. This phenomenon caused an increase in the leaf area, favoring the interception of the
rain, radiation, and the area available for evapotranspiration. Such results agree and complement
Neitsch et al.’s [73] statements, showing that the SWAT model calculates the ET based on the evaporation
of water intercepted by the canopy, the maximum plant transpiration rate, and the maximum soil
evaporation rate.

Olivera-Guerra [74] compared the rates of ET for different land cover, showing that the lowest
values were estimated for grassland and thickets compared to native forests covers and plantations
of species.This fact is reflected in the study area by comparing the forest plantation increase with
the reduction in the native forest and scrubland areas between LU_1986 and LU_2011 scenarios. For
the LU_1986 scenario, 63.80% of the total area of the basin was covered by scrublands and forest
plantations; meanwhile, for the LU_2011 scenario, 63.93% of the total area was covered solely by forest
plantations. The 28.61 % increase in the forest plantation area has caused an annual increase in the ET
rates and SURQ of 4.22% and 3.43%, respectively. Subsequently, a decrease in PERC (15.57%), LAT_Q
(13.32), GW_Q (2.37%), and in the WYLD (1.27%) is produced. In the south-central zone of Chile,
similar results were reported [75] that agree with the reduction in PERC and a high water consumption
due to ET of forest plantations compared to pastures and shrubs.

The trend towards a decrease in total flows due to the increase in forest cover in Chile has been
reported for small-scale basins [29,75,76] and meso-scale basins [28,30,77]. Lara et al. [29] conducted a
study in experimental basins. They determined higher average annual runoff coefficients in basins
covered mainly by native forests if compared with basins dominated by exotic plantations. It was also
observed that an important reduction of the total flows related to the increase in the exotic plantations
area. Besides, Iroumé and Palacios [28] observed significant reductions in the flow rates of large
pluvial basins located in the south-central zone of Chile. The increase in the forest area was higher
than 16% of the total basin area. Additionally, Alvarez-Garreton et al. [78] demonstrated that annual
runoff always decreases with the increase of forest plantation area. However, the magnitude of the
changes depends on several factors, including the initial percentage of the land covered within the
basin, the land use/cover type replacement, and the basin area and its type (dry or wet basins).

The present study agrees with the results above-described by presenting a significant decrease in
annual total flows among the three land use/cover scenarios studied. However, on a monthly scale,
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a slight increase of the total flows in summer and autumn months was observed with a significant
decrease in winter and spring months for the 30 years studied. This result differs from that stated by
Lara et al. [29] as they observed a 20.4% in reduction in summer runoff for every 10% increase in forest
plantations for six small watersheds.

On the other hand, Little et al. [30] also noticed that replacing native forests with fast-growing
forest plantations has led to a decrease in summer flows by 42.7% and 31.9% in two meso-scale
basins. However, previous research shows comparisons of land use dominated by forest plantations
with native forest covered basins. The current study presents a land use/cover dominated by forest
plantations in three different scenarios (LU_1986, LU_2001, and LU_2011), where the native forests
represent only 18.72%, 11.50%, and 5.33% of the total basin area, respectively. The baseline scenario,
with 35.22% of the basin area covered by forest plantations and the percentage of the replaced type of
use/cover, creates a seasonal scale-up effect on groundwater and the WYLD during the driest months
(summer). Not so for the winter season, characterized by the highest rainfall, this and the 28.64%
increase in forest plantations increased the loss rates due to the interception and evapotranspiration,
which causes less water storage in the soil.

Benra et al. [79] found that exotic plantation expansion in Chile could have only slight effects
on water regulation. However, the water regulation, as analyzed by Benra et al. [79], is based on
the methodology used by Jullian et al. [80]. Such a study analyzed the changes in water regulation
under different land use scenarios in the Panguipulli commune of the southern region of Chile. The
methodology was based on the curve number (CN) method developed by the United States Department
of Agriculture [81]. This method estimates the precipitation proportion that will be retained and
evapotranspirated, and the part that will become surface runoff for different soil types. During the
validation of the CN values proposed by the United States Department of Agriculture [82] for areas
located in the northern hemisphere, several experts from hydrology and edaphology specialties were
consulted. It should be noted that USDA [82] does not report CN values for forest plantations. In the
present study, the used method was a physically based and spatially semi-distributed hydrological
model (SWAT). This method allows us to relate the climate of the study area (rainfall, temperatures)
with its biophysical characteristics (topography, soil and land use), analyzing the different hydrological
processes at any point. This methodological approach substantially improves the calculation of the
water flows circulating within the basin. Such values are validated with data observed in the available
flow stations in the basin.

In effect, Benra et al. [79] recognize that it is possible to improve their analysis, particularly in
topics regarding water regulation, including more detailed data of complex variables such as ET and
crop coefficient. Additionally, they point out that water regulation was the least affected ecosystem
service because forest expansion was incipient, that mean, of reduced extension. On the other hand,
in the study area of the present work, the forest plantation expansion is the main force for land use
changes, becoming the dominant use of the basin.

The results of the present investigation could have relevant contribution to environmental
governance and planning. According to Jullian et al. [80], planning can be very difficult in these
dynamic landscapes, especially when landscape change processes are not regulated. In the case of rural
areas in Chile, most of the policy instruments are indicative and not normative. Therefore, effective
planning of plantation expansion to avoid negative impacts will most likely require a combination,
on the one hand, of market incentives (e.g., forest certification) and the appropriate application of
compensation for transforming land uses towards exotic monoculture plantations. There is a need to
evaluate the commitments associated with the conversion of land uses to forest plantations. On the
one hand, the social value of the ecosystem services provided by native forests and other types of
land cover that are being replaced should be considered. Besides, private owners involved in the
establishment of plantations should be monitored to avoid or reduce negative environmental impacts.
This is essential for integrated landscape management.
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The present study provides scientific evidence to address future water availability problems as the
growing demand for water resources faces future scenarios of temperature increase and precipitation
decrease [83,84]. This is particularly important for the south-central zone of Chile, which climate
projections in the coming decades (2011–2030) estimate that temperatures could increase between 0.5
and 1.5 ◦C and rainfall could decrease between 5% and 20% [83].

5. Conclusions

The SWAT model is a powerful tool for predicting the impacts of land use/cover changes on the
hydrological response of coastal basins located in the south-central zone of Chile, even with little data
availability. This semi-distributed hydrological model allows the determination of the hydrological
cycle components’ behavior such as ET, PERC, SURQ, LAT_Q, GW_Q, and the WYLD.

The total flow of the Andalien basin had significant changes for the 30-year period studied (from
1984 to 2013) with 95% reliability on a monthly scale. These results could be explained by the continuing
increase in the area occupied by exotic plantations from 35.22%, 49.92%, and 63.86% of the total area of
the basin in the LU for 1986, 2001, and 2011, respectively. In one hand, the increase of forest plantations
area by 28.64%, between LU-1986 and LU_2011 scenarios, resulted in an annual increase in ET rates
(4.22%) and SURQ (3.43%), subsequently producing a decrease in PERC (15.57%), LAT_Q (13.32%),
GW_Q (2.37%), and WYLD (1.27%)

The results of the current study can be used in public policy and decision making discussions
involving changes in land cover, as they provide tools with a scientific basis, quantifying the impacts
caused over water resources during the past thirty years, mainly as a result of the substitution of native
forests by forest plantations. It can also be an important basis for future research including projections
of land use change combined with climatic change effects.
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