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Climate change (CC) along with Land Use and Land Cover Change (LULCC) have a strong influence in water
availability in already fragile Mediterranean ecosystems. In this work the Soil and Water Assessment Tool
(SWAT) was implemented for the 2006-2018 period in a rainfed catchment of central Chile (36°) to test the
hypothesis that adaptive plantation strategies could mitigate the impacts of climate change and increase
- . streamflow. We also hypothesize that afforestation with exotic tree plantations will reduce water availability in
Exotic plantations . L. . . . . .
Native shrubland Mediterranean catchments, acting in synergy with climate change. Five LULCC scenarios are analyzed: i) current
SWAT long-term national Forest Policy (FP), ii) extreme scenario (EX) with large afforestation surfaces, both including
Hydrological response the replacement of native shrublands with Pinus radiata; iii) adaptive plantation management scenario (FM), with
SDGs lower planting density, iv) forced land displacement scenario (FLD), where plantations at the headwaters are
moved to lowland areas and replaced with native shrublands, and v) pristine scenario (PR), with only native
vegetation. Each LULCC scenario was run with present climate and with projections of different CMIP5 climate
models under the RCP 8.5 scenario for the period 2037-2050, and then compared against simulations based on
the present land cover and climate. Simulations with the five LULCC scenarios (FP, EX, FM, FLD and PR) with
present climate resulted in variations of —2.5, —17.3, 0, 2.3 and 10.9% on mean annual streamflow (Q), while
simulations with the current land cover and CC projections produced a 32.1% decrease in mean annual Q. The
joint impact of CC and LULCC leads to changes in mean annual Q ranging from —46.2% (EX) to -23.3% (PR).
Afforestation with exotic pines will intensify the reduction in water yield, while conservative scenarios focused
on native forests protection and restoration could partially mitigate the effect of CC. We make a strong call to
rethink current and future land management strategies to cope with lower water availability in a drier future.

Keywords:
LULCC

1. Introduction increase in air temperature of about 0.18 °C/decade for the Central

Depression for the 1979-2006 period (Falvey and Garreaud, 2009). The

Societies already affected by water scarcity are struggling to devise
effective ways to mitigate the negative impacts of global change on
water availability, both for human beings and ecosystems (Rossing,
2010). Mediterranean regions are particularly prone to droughts given
observed and projected reduction of precipitation due to climate change
(CC) (Polade et al., 2017; Rojas et al., 2019). Central Chile (30-39°S) has
undergone a negative precipitation trend of approximately 4% per
decade between 1960 and 2016 (Boisier et al, 2018), accompanied by an

current decade is the warmest of the last 100 years, and during the last
nine years, the so called Chilean megadrought stands out as the longest
and most extended dry period on record, causing higher evaporation
rates in water bodies, larger evapotranspiration (ET) from crops and
natural vegetation, and an accelerated melting of snow. The hydrolog-
ical response of catchments has also been affected, causing an important
reduction in streamflow (Q), and shortages on drinking water for rural
communities (Alvarez-Garreton et al., 2018; Garreaud et al., 2017). A
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more severe effect is expected in the near future, with projected re-
ductions in precipitation of up to 30%, leading to runoff reductions of
about 40% under RCP8.5 (Bozkurt et al., 2018; Valdés-Pineda et al.,
2014).

Land use and land cover change (LULCC) is the other main driver of
global change, with important impacts at global and local scale. One of
the most important changes in land use is afforestation with commercial
exotic tree plantations, which increased from 167.5 to 277.9 million
hectares worldwide between 1990 and 2015. Temperate zones (such as
Mediterranean regions) represent 56% of this area (Payn et al, 2015).
South America is currently experiencing the rapid expansion of exotic
species of commercial tree plantations (Jones et al., 2016). In particular,
Chile stands out as the fifth largest producer of roundwood in the world,
on the basis of fast-growing monoculture plantations of Pinus radiata and
Eucalyptus spp. with (short) rotations of 18 and 10-12 years, respectively
(Jirgensen et al., 2014). This timber industry is the second largest
commercial export sector in Chile after mining (Salas et al., 2016), and it
was consolidated in mid-1970’s with the implementation of state sub-
sidies to encourage private sector participation in the expansion of forest
plantations as a basis for the development of the private forest industry
and exportations (Lara & Veblen 1993). Thus, planted area grew from
375,000 to 1.7 million hectares between 1970 and 1994 (Niklitschek,
2007), and to 2.3 million hectares in 2015 (INFOR, 2015), concentrated
mainly in the area located between 34° and 41°S, specifically in the
coastal mountain range (Armesto et al., 2010). This area is intended to
increase under the current 2015-2035 Chilean Forest Policy to
contribute to the country’s economic and social development (MINA-
GRI, 2015). Absorption and sequestration of CO2 by forests also play a
significant role in Chile’s commitment to carbon neutrality by 2050, and
is part of the country’s Nationally Determined Contributions (NDC), to
fullfil international climate commitments defined in the ratification of
the Paris Agreement (Government of Chile, 2020).

Worldwide, several studies support the hypothesis of a strong
negative impact of forest plantations on water yield when they replace
other covers (e.g., grasslands, shrublands), since they modify transpi-
ration, interception and evaporation processes within a catchment
(Calder, 2007; Farley et al., 2005; Garmendia et al, 2012; Zhang et al.,
2011, 2017). In Chile, some studies highlight this evidence at different
scales: in experimental plots and small-scale catchments, forest planta-
tions have been associated with higher consumption of soil water
compared to grasslands, producing high ET rates and low percolation
(Huber et al., 2008). P. radiata plantations have been related to the high
interception of canopy precipitation, while actual ET is fed exclusively
by edaphic water during summer (Huber et al., 2010). Consistent results
were obtained using satellite observations through an energy balance
model over a landscape of south-central Chile, where forest plantations
showed higher ET rates during spring (Olivera-Guerra et al., 2014). In
addition, Lara et al. (2009) reported a negative correlation between
(annual and summer) runoff and the forest plantation area in small
coastal catchments of southern Chile (c. 40° S), while a positive corre-
lation was found between runoff and the area of native forest cover
during the dry season. At a larger scale, a decrease in summer runoff was
reported in response to the increase in the area of P. radiata plantations
at the expense of native forest in the period 1975-2000 in two catch-
ments of south-central Chile (252 and 650 km?) (Little et al., 2009). In
southern catchments of similar size, decreasing flows during summer
were found when afforestation was introduced using a statistical model
(Iroumé & Palacios, 2013). Recently, a study comprising 25 large
forested catchments in south-central Chile showed a general decrease in
Q when shrublands, pastures or native forest are replaced by exotic
forest plantations, using a statistical regression between precipitation
and spatially distributed land cover data (Alvarez-Garreton et al., 2019).

On the other hand, there is a wide range of studies that analyze
changes in the hydrological cycle due to changes in land cover and/or
climate (Garmendia et al., 2012; Lu et al., 2015; Molina-Navarro et al.,
2016; Stehr et al., 2010), which have provided useful insights for water
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resources management (Gassman et al., 2014). However, only few
studies (Serpa et al., 2015; Carvalho-Santos et al., 2016) proposed to
disentangle the joint effect of CC and LULLC, especially on the hydro-
logical regime of Mediterranean forested catchments. Process-based
hydrological models are some of the tools commonly used to evaluate
changes in individual components of the hydrological cycle (Devia et al.,
2015). The Soil and Water Assessment Tool (SWAT) model was devel-
oped to predict the impact of land management practices and their use
on water resources in large and complex catchments, considering
different soil types, land use, topography and management practices
(Arnold et al., 2012).

This research aims to provide evidence for policy recommendations
on land management strategies required to cope with lower water
availability in Mediterranean catchments where tree plantation affor-
estation is under discussion. We hypothesize that adaptive plantation
strategies could mitigate the impacts of climate change and increase
streamflows. Additionally, we hypothesize that afforestation with exotic
tree plantations will reduce water availability in the Mediterranean
catchments, acting in synergy with climate change. To test these hy-
potheses, we selected the Cauquenes catchment (620 kmz), located in
the Mediterranean south-central Chile, as a case study. This catchment
was selected because large areas of native vegetation have been replaced
by exotic tree plantations in the last decades, and the current Chilean
Forest Policy threatens to exacerbate this trend. In addition, this
catchment is highly vulnerable to the impacts of climate change, due to
high poverty (Pino et al., 2015), and the presence of native ecosystems
in danger of extinction (Alaniz et al., 2016). Hence decision on future
land use change should consider addressing several objectives at the
same time, as is the call under the UN 2030 Agenda of the Sustainable
Development Goals (SDGs).

2. Methodology

The general framework of the methodology is displayed in Fig. 1,
where we can distinguished four main themes: i) The SWAT imple-
mentation (center), with a general description of the hydrological
modelling procedure (e.g. calibration method); ii) the CC and LULCC
scenarios (upper and lower part of the figure); iii) analysis of SWAT
simulations of spatio-temporal patterns of three hydrological compo-
nents (to the left), considering the Hydrological Response Units (HRUs)
behavior during dry and normal years under present and CC periods; iv)
analysis of the relative differences of Qs between the present condition
and the five LULCC; the 24 CC-models; and the joint effect of LULCC and
CC-scenarios (to the right).

2.1. Study area

The study area corresponds to the headwaters of the Cauquenes
River catchment (620 kmz), a tributary of the Maule river, located on the
eastern slope of the Coastal mountain range in south-central Chile
(Fig. 2). This catchment has a warm-summer Mediterranean climate
(Csb) in the Koppen-Geiger classification, and it is water-limited ac-
cording to Budyko’s dryness index (Mcvicar et al., 2012). The annual
precipitation is 814 mm, concentrated from April to September, with
strong inter-annual variability, while the annual average temperature is
14.7 °C according to a historical weather station located downstream
with records since 1976. The catchment has no nival contribution, so its
hydrological regime is strictly rainfed, with the highest flows during
winter (JJA), and the lowest water levels during summer (DJF). In July,
streamflows reach values above 20 m® s ! 50% of the time, while during
summer 100% of the time streamflows are below 2 m® s!. Elevation
ranges from 150 to 750 m a.s.l., with an average of 317 m a.s.l. and an
average slope of 17% (Fig. 2a). The catchment provides ideal conditions
to study the effect of land use on different components of the hydro-
logical cycle for two main reasons: i) irrigation can be neglected, since
the anthropogenic activities are mainly rainfed crops or forest
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Fig. 1. Methodological scheme of assessment of global change impacts on catchment streamflows.
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Fig. 2. Study Area. (a): Topography of South-Central Chile with the Maule River Basin displayed (b): Cauquenes catchment with the subcatchments defined by
SWAT. Drainage network, meteorological stations, streamflow station and urban areas are also depicted.

plantations; ii) it has little hydraulic infrastructure, such as irrigation
channels and reservoirs; and iii) it has a mosaic of land use classes with
different water consumption rates, which can be used for evaluating
LULCC impacts on Q. It is important to note that the downstream area of
the Cauquenes river is of utmost importance for human activities such as
agriculture, recreational purposes and drinking water for rural and
urban areas.

2.2. The SWAT model

The Soil and Water Assessment Tool (SWAT) is a process-based,

catchment scale semi-distributed hydrological model. In SWAT each
sub-catchment is divided into hydrological response units (HRUs),
which consists of homogeneous areas in terms of soil type, land cover,
slope and water management practices (Neitsch et al., 2011). In this
work HRUs representative of the two main land cover types (native
shrublands and exotic forest plantations) are used to study the evolution
of individual components of the hydrological cycle (precipitation, actual
evapotranspiration and water yield). Surface runoff is estimated with
the modified “SCS curve number” method, while potential ET was
computed with the Hargreaves equation, both chosen based on input
data availability. The variable storage method was selected to route
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water through the drainage network. For further details of the equations
used to represent hydrological processes, see the theoretical documen-
tation of the model in Neitsch et al., (2011). The QSWAT software was
used as an interface (Dile et al., 2016) to prepare the input data used to
run SWAT 2012 rev637.

2.3. Input data

2.3.1. Topography and catchment delineation

We used the 12.5 m TanDem-X Digital Elevation Model of the
German Aerospace Center and EADS Astrium. To define the subcatch-
ments, we used the Strahler method with a threshold of 12.5 km? to
define the minimum drainage area, resulting in 26 subcatchments. HRUs
are obtained considering slope bands of 10, 20, 30 and > 30%, and a
minimum size of 2.5% of the corresponding subcatchments, resulting in
233 HRUs.

2.3.2. Land use land cover data

Land cover was generated using a supervised classification based on
Landsat OLI satellite data for February 2016, following the methodology
of Chuvieco (2008). The overall accuracy (OA) was 86.5% and the
Kappa coefficient was 0.81, considered almost perfect (Landis & Koch,
1977). The largest uncertainty corresponded to agriculture and pas-
turelands with baren areas, which were confused by the classifier with
shrublands. A 7x7 filter and a 3x3 grouping were applied, reallocating
isolated and anomalous pixels to achieve a sharper spatial distribution of
the categories. Then, the classified land covers were assigned to existing
vegetation categories in SWAT according to Table 1. The area covered
by the different land use/land cover classes are: forest plantations
(43%), shrublands (43%), barren areas (including clearcuts) (10%),
native forests (3%), urban areas (town of Quirihue 0.5%) located in the
southern portion of the catchment, and agriculture and pasturelands
(0.4%) (Fig. 3).

2.3.3. Soil data

Soils of Cauquenes are classified as lithosols (I-Lc.c) (CIREN, 1997),
and soil data was available as orthophotos at a 1:20,000 scale. In
addition, we introduced physical properties measured in situ from the
database of Soto et al., (2019) (details of the data in Supplementary
material I) following Chen et al. (2016). Soil depth was fixed to 2 m for
all land uses, based on the average depth of the catchment according to
global gridded soil information (Hengl et al., 2017), but P. radiata
plantations and native forest were fixed to 3 m according to their ca-
pabilities to extract water from deeper horizons (Sand & Nambiar, 1984;
Teskey & Sheriff, 1996; Huber et al., 2010).

2.3.4. Climate data

Daily precipitation (P) and air temperature were obtained from three
rain gauges, three weather stations from public institutions for the
2006-2018 period and three rain gauges located in high elevation for

Table 1
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the 2018-2019 period (Fig. 2 and Supplementary material II). For each
subcatchment, SWAT uses the closest climate and rain gauge station.
Quality assessment of P data was performed using a double-mass curve
analysis. Gap filling was done using regressions with the nearest station
(less than 3% of missing data). For temperature, an exploratory analysis
was used to verify anomalous data, while gap filling was performed with
linear regression with the nearest station (on average less than 10% of
missing data). Three virtual rain gauges were included to represent
topographic effect, as previously reported for Chilean coastal range
(Garreaud et al., 2016). The daily 5-km resolution CR2MET precipita-
tion dataset (http://www.cr2.cl/datos-productos-grillados), was used to
provide three virtual rain gauges to represent high elevation rainfall.
This product was verified according to a point-to-pixel analysis against
three rain gauge stations (HOBO Rain Gauge RG3-5) installed during the
2018-2019 period (Supplementary material II). Satisfactory results
were obtained, with correlations ranging from 0.6 to 0.68 at daily scale
and 0.93 to 0.98 at monthly scale.

2.3.5. River discharge data

Daily observations were obtained from the “Rio Cauquenes en el
Arrayan” discharge station (Supplementary material II). Gap filling was
not performed (it has 95% data in the period). In addition, possible
anthropogenic modifications to the measurements and data consistency
were verified through the method of double-mass curves with two
streamflow stations: Rio Cauquenes en Desembocadura (35° 54°S, ’72°
03’0) and Rio Purapel en Sauzal (35° 45’S, 72° 04 "W).

2.4. Model implementation

Thirteen years of simulation period was chosen (2006-2018) for flow
evaluation when land use changes are modified. This period represents a
compromise between a sufficient extensive time series of streamflow
data and the stable landscape of the catchment represented by the cur-
rent land cover reference scenario. The model was run at the daily time
step, using 2006-2007 and 2008-2014 as warming up and calibration
periods, respectively. The verification period considered years 2015 to
2018.

2.4.1. Parameter identification

To reduce the number of parameters to be calibrated, a sensitivity
analysis was carried out for 15 parameters selected based on literature
review. The sensitivity analysis was carried out using a variance-based
global sensibility analysis technique (Sobol) (Sobol, 2001; Saltelli
et al., 2010). This method provides an efficient and effective way to
assess parameter sensitivity across a full range of parameter values.
Model parameters were selected to represent the following hydrological
processes: runoff (CN2, CH_N (1), SURLAG and OV_N); groundwater
(GW_DELAY, RCHRG.DP, GWQMN, ALPHA BF, REVAPMN and
GW_REVAP); evapotranspiration (EPCO and ESCO); and water routing
(CHN (2), CHXK (2), ALPHA BNK). Physical ranges used for the

Description of the land cover / uses present in the watershed based on the supervised classification. Land cover names and equivalent code are presented in SWAT, its

area in km? and its% with respect to the catchment.

Land Cover Field description SWAT cover name SWAT area area
code km? %

Barren areas Zone without vegetation Barren BARR 68.17 11

Native Forests Deciduous forest of Nothofagus glauca and N. obliqua Oak OAK 16.67 2.69

Agriculture and Cutivated zones, natural and managed pasturelands Dryland, cropland CRDY 2.96 0.48

pasturelands and pastures
Forest Plantations Forest Plantations, mainly Pinus radiata Forest evergreen FRSE 265.96 42.91
Shrublands Scaterred bush vegetation (25-50% cover) Acacia caven, Baccharis sp, Schinus polygamus and Shrubland SHRB 264.44 42.66
species of sclerophyll forest such as Quillaja saponaria y Lithrea caustica
Urban Urban land with medium density Urban medium URML 1.62 0.26
density
Total 619.81 100
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Fig. 3. Spatial representation of Land Use and Land Cover scenarios: current land cover with actual management (2016) (CLC); and under a less intensive forest
management (FM); forest policy 2015-2035 (FP); extreme expansion of forest plantations (EX); forced land displacement of plantations from headwaters (FLD); and

restoration strategy with native vegetation (PR).

sensitivity analysis were obtained from the SWAT manual (Arnold et al.,
2012; Neitsch et al., 2011), with the exception of SURLAG, GW_DELAY,
and REVAPMN, which ranges were obtained from Brown et al. (2015);
Heathman et al. (2009); Stehr et al. (2010); Van Liew et al., (2007). The
meaning of the parameters is explained in the Supplementary material
III.

2.4.2. Vegetation parameters

The management and phenological cycle of Forests Plantations
(FRSE) and Shrublands (SHRB) were represented with parameters ob-
tained from the literature for similar local conditions obtained, as
described in (Table 2).

Table 2

2.4.3. Calibration and verification

Calibration process was carried out with the default configuration of
hydroPSO global optimization algorithm (Zambrano-Bigiarini & Rojas,
2013), using the Nash-Sutcliffe goodness-of-fit index (NSE) as objective
function. The Nash-Sutcliffe efficiency (NSE), the percentage of bias
(Pbias), and the ratio between the mean square error and the standard
deviation of the data (RSR) were used as goodness of fit measures for
calibration and verification. In general, monthly simulations are
considered satisfactory when they satisfy: NSE > 0.50, RSR < 0.70, and
PBIAS = 4 25% (Moriasi et al., 2007).

Crop modified parameters. In brackets the default SWAT value is shown and on the left the modified values based on the literature: 1(Alvarez et al., 2012); [ (Raab
et al., 2015); ¥ (Rook & Corson, 1978); ! The growth range is very wide and varied, however 14° was used since at this average temperature new shoots were
observed in the bushes (in the field); [5] (Ovalle, et al., 1990).

CPNM CROPNAME BLAI FRGRW2 CHTMX T_BASE ALAI_MIN
FRSE Forest-Evergreen 3.7 (4) 0.5 (0.25) 20 (10) 101 (0) 2511 (0.75)
SHRB Shrublands 1.6 (2) 0.25 2551(1) 144 (12) 0.2"21 (0)

CPNM is a code to represent the land cover/plant name in SWAT; CROPNAME is the crop name in SWAT; BLAI is the Maximum potential leaf area index; FRGRW2 is
Fraction of the plant growing season; CHTMX is Maximum canopy height in meters; T_BASE is the maximum base temperature for plant growth in °C and ALAI_MIN is
Minimum leaf area index for plant during dormant period (m?m~2).
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2.5. Global change scenarios

2.5.1. Land use change scenarios

Six LULCC scenarios are analyzed (Fig. 3 and Table 3): the current
land cover (CLC); two describing an increase in forest plantation area
(FP, EX); one emulating a forest plantation management strategy (FM);
and two conservative scenarios (FLD, PR). The effect of these scenarios
on Q are analyzed for present and future CC periods. These scenarios
represent the whole range of possible land cover modifications in the
catchment and are described in the following paragraphs.

- Forest Policy Scenario (FP): This scenario represents one of the
goals of the strategic axis “Productivity and economic growth” of
Chilean government, where afforestation of half a million of hect-
ares, preferably in forestry land belonging to small and medium-size
owners, has to be done by 2035 without replacing native forest
(MINAGRI, 2015). Low-quality soils available to establish forest
plantations were identified based on the soil aptitude map of CIREN
(1997). The small and medium-sized owners (200 ha or less) were
identified with the cadastral map of rural properties CIREN (2001).
The current land cover map (2016) was used to identify all the areas
covered by shrublands, which were selected as the non-native forest
land cover to be transformed into exotic forest plantations, keeping
all other coverage constant. Finally, a unique map was generated
that integrates the previous criteria of land use modification through
map algebra performed in QGIS 2.6. 9.8% of the current shrubland
land cover that fulfill the three criteria described before were con-
verted to P. radiata plantations.

Extreme Scenario (EX): This scenario represents the replacement of
all the existing native shrublands with exotic forest plantations. We
decided to include this extreme scenario given the current discussion
about Chile’s strategies to fulfill the NDC’s commitments (Govern-
ment of Chile, 2020), with massive afforestation being discussed as a
possibility. Although this scenario seems extreme, a similar trans-
formation already occurred in the past, when the national forest
policy, afforestation subsidies, and the expansion of the forest in-
dustry increased the surface planted with exotic trees in the region
exponentially (Echeverria et al., 2006). In addition, shrubland eco-
systems do not have a protection law that can avoid their conversion
into forest plantations (Alaniz et al., 2016). The total area of
shrubland (42.7% of the catchment) was converted to plantation.
Present land use with Forest Management (FM): This scenario
represents a CC adaptation strategy, where forestry companies use a

Table 3
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less intensive forest stand management to address current and pro-
jected water scarcity. To emulate this situation, we maintained the
current land cover area but with lower density of tree plantations,
reducing the maximum leaf area index (LAI) in the SWAT model. We
proposed a LAImax = 3.1 (instead of 3.7) calculated by subtracting
60% of the standard deviation of LAI measurements obtained from
13P. radiata plots under similar site conditions described in Alvarez
et al. (2012).

Forced Land Displacement (FLD): This CC adaptation strategy is
analyzed to protect water yield as a key ecosystem service. In this
scenario exotic plantations are moved from headwaters into lower
land areas, as an ecological strategy leaving their original area to be
replaced by native shrublands. This scenario considered natural
regeneration of vegetation and is likely probable that shrublands will
be established in the 2037-2050 period because future CC conditions
would limit the development of actual native forest, in terms of
structure and composition, due to its low rate of growth, the increase
of stressors like droughts, change of seasonal phenology, and insect
herbivory (Xie et al., 2015; Yu et al., 2016; Estay et al., 2019; Huang
et al., 2020). The scenario considered natural regeneration of vege-
tation and according to ecological conditions is likely to similar
scenarios have been proposed by other studies to quantify the effect
of a technocratic-like political decision into the provision of an
ecosystem service (Manuschevich et al., 2019). 2800 ha of P. radiata
were displaced to lowlands and were replaced by shrublands from
the lowland area.

Pristine Native Vegetation (PR): This scenario replaces all the
current exotic forest plantations with native forest and shrublands, as
part of a massive ecological restoration strategy to protect local en-
dangered biodiversity. It is created using the potential native vege-
tation belt proposed by Luebert and Pliscoff (2018) as the maximum
area to represent the potential area cover by native forest and
shrubland. Three vegetation belts are described for the catchment,
the deciduous forest of Nothofagus glauca, the sclerophyll forest of
Lithraea caustica and Peumus boldus and the thorny forest of Acacia
caven and L. caustica, where the last two belts are defined as shrub-
land. Forest plantations were replaced by native forest and shrub-
lands, reaching a total of 26.8 and 61.4% of the total catchment area,
respectively.

2.5.2. Climate change scenarios

A dataset of 26 global circulation models (GCM) from the Coupled

Model Intercomparison Project (CMIP5) was used to evaluate the effect

Area of categories of land cover / uses in: present situation (CLC); present land cover with forest management (FM), future forest policy (FP); and extreme increased of
forest plantations (EX); forest management (FM); forced land displacement (FLD) and pristine scenario (PR) expressed in km? and% with respect to the total watershed.

Scenario  Description Pine plantations Native shrublands Native forest
km? % change (%) km? % change (%) km? % change (%)
CLC Present day land cover 266 429 - 264 427 - 17 27 -
FM Forestry companies use a less intensive forest stand management 266 429 - 264 427 - 17 27 -
FP Projected result of forest policy 2015-2035, where there is a 327 52.7 +9.8 204 329 -—98 17 27 -
partial replacement of shrubland by exotic forest plantation
EX Replacement of all the existing native shrublands with exotic 530 85.6 +429 0 0 — 429 17 27 -
forest plantations
FLD Exotic plantations are switched with shrubland from headwaters 264  42.7 -0.2 266 429 +0.2 17 27 -
to lower land areas
PR Replacement all the exotic forest plantations with native forest - - -100 381 61.4 +18.7 166 26.8 +24.1

and shrublands according to potential vegetation belts

CC-MM Climate change from the median of 24 model projections for P
and T

CC-DH Climate change hot and dry. Based on the mean delta of the 8
models that projected the largest change in P and T

CC-ww Climate change wetter and warmer. Based on the mean delta of
the 8 models that projected the least warming and drying, and
even a small increase in precipitation

These climate scenarios are combined with the LULCC scenarios(CLC-CC, FM-CC, FP-CC, EX-CC, CC-
FLD. CC-PR)
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of future climate change. The simulations correspond to future pro-
jections following the Representative Concentration Pathway 8.5
(RCP8.5) -high emissions- scenario. We decided to use this pessimistic
scenario because it seems to be the business as usual and it represents a
useful tool for quantifying physical climate risk, especially over near- to
midterm policy-relevant time horizon (Schwalm et al., 2020). Precipi-
tation was first biased-corrected and interpolated to a 25x25km grid,
using the methodology implemented in Bozkurt et al (2018). Monthly
rainfall and the average temperature of the 26 GCMs were compared
against data from the three weather stations during the period
2006-2018 with respect to the annual cycle and interannual variability.
The results of the comparison indicated a good representation of the
monthly climatology for all the models (Supplementary material IV),
except for MIROC5 and FGOALS_g2, which were discarded of the sub-
sequent analysis. Projected climate data were obtained using the Delta
method (Quilbé et al. 2008), where future minimum and maximum
temperatures are constructed by adding to the present day station data
the AT difference from the 24 GCMs between the periods (2006-2018)
and (2037-2050, see Supplementary material V). In the case of precip-
itation, future precipitation is obtained by multiplying present day
precipitation by the rP change between the two time periods. The as-
sumptions behind the Delta method include that the effect of climate
change is temporarily homogeneous during each month, and the
occurrence of rainfall remains the same as local data.

2050 2018
_ 2037TCC(Svm7y) 2006TCC(57m7Y)
AT () = -

13 13

w0,
2\72037 cclsmy)
13

s, !
szouc cclsmy)
13

rP(.x,m) =

TA cctsim) = TApresent(sim) + AT m)

Ppccisimy = PPoresent(s,im) “TPP(sm)

where T = temperature, P = precipitation, s = weather station
location, m = month, y = year, i = day and CC = climate change.

2.6. Evaluation of the impact of global change on water yield

To reduce the number of hydrological simulations, only three future
climate change scenarios were created for each LULCC scenario: dry and
hot climate change (CC-DH), climate change multi model median (CC-
MM), and wetter and warmer climate change (CC-WW), representing
the first, second (median) and third quartiles, respectively, of the P and T
factors (AT, 7P of the selected 24 CC models. CC-DH was constructed by
adding to the baseline climate for each month the mean delta of the 8
models that simulated the largest change in precipitation and temper-
ature, hence the driest and hottest case. The CC-MM was constructed by
adding the multi model median for both variables, and the CC-WW by
adding the 8 models with the least changes for each month, i.e., the least
warming and drying, and even a small increase in precipitation. These
three scenarios are used as a sort of multi-model low, median and high
climate scenarios (Mishra et al., 2018), see Supplementary Material V
for exact values). The relative differences of Q between the present
condition (2006-2018) and different scenarios of global change were
analyzed with the following equation:

s s

Relative%differences = (M %100

present

where Q,,.;, are streamflows simulated for scenarios (LULCC and
CC) and Q; are streamflows simulated during the present period
(2006-2020). Relative percentage differences were calculated for the
five LULCC scenarios, the 24 CC models, the CC-DH, CC-MM and CC-
WW scenarios and the joint effect of LULCC and CC-scenarios (Fig. 1).

resent
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2.7. Spatio-temporal analysis of HRUs hydrological components

A detailed evaluation of the changes in actual evapotranspiration
(ETa), Available Soil Water Content (ASWC) and Water Yield (WY) was
carried out for the 206 HRUs representing Forest Plantations (98) and
Shrublands (108) considering the hydrological year (April to March).
Both cases were analyzed through monthly boxplots for a dry and a
normal year during the megadrought. The 2016 was the driest year of
the simulation period during the megadrought period (2010-2018),
when annual recorded P was 464 mm and mean Q of in the Cauquenes
river was 1.5 m® s, In the absence of wet years during the simulation
period, the 2015 year was considered as normal, despite being placed
within the megadrought, as its annual P was 790 mm and mean annual Q
of 8.1 m® 571, which were like the average hydrometeorological con-
ditions (886 mm of P and 8.9 m® s'lof Q) for the 1976-2009 period. To
compute the hydrological components of HRUs during the CC period,
only the CC-MM scenario was chosen. In addition, the spatial distribu-
tion of the hydrological components during these periods were also
analyzed for shrubland and forest plantation HRUs, by calculation of
annual means during the dry and normal years.

3. Results
3.1. Calibration and verification

We calibrated 11 parameters based on results of the Sobol sensitivity
analysis. The most sensitive parameter was the curve number (CN)
corresponding to tree plantations and shrublands, where the calibration
range was set to 63-77 and 71-86 and, the final calibrated values were
82 and 77, respectively. The water routing parameter (CH_K) was also
sensitive. The “best” parameter values obtained with the hydroPSO al-
gorithm are summarized in Supplementary material IIl. In general,
simulated Q were able to represent observed flows, except during
highest winter events, when model simulations underestimate peaks
greater than ~ 80 m® s™! at a daily scale (Fig. 4a and Fig. 4b).

Daily and monthly model efficiencies during calibration and vali-
dation period were similar. Nash-Sutcliffe efficiencies obtained during
calibration and verification were 0.75 and 0.72 at daily time scale, and
0.88 and 0.88 at monthly scale, respectively, while the PBIAS and RSR
were below 12.6% and 0.53, respectively for daily and monthly time
scales (Table 4). Therefore, we consider our results as an acceptable
representation of the hydrological processes occurring within our study
area. In particular, a monthly time scale was considered for the further
scenario analysis, since it was classified as “very good” in the calibration
and verification period, in terms of NSE and PBIAS (Moriasi et al., 2007).

3.2. Climate change projections

Factors obtained through the Delta method show an increase of
Tmax and Tmin for all months and all models, as well as a decrease of
precipitation for most months and models, although some models and
for some months project an increase in P (Fig. 5 and Supplementary
material V). The construction of the three CC projections used to force
the SWAT model show an average increase of 0.95 °C (CC-MM) for the
period (2037-2050) with respect to (2006-2018), the CC-DH and CC-
WW projections are on average 1.1 °C and 0.85 °C warmer, respec-
tively. All three simulations (CC-MM, CC-DW and CC-WW) show largest
warming in summer (DJF, 1.06 °C, 1.25° and 0.89 °C, respectively) and
smallest warming in winter (JJA, 0.81 °C, 0.92 °C and 0.51 °C, respec-
tively). Tmin are also projected to increase during all months and all
models, but in a smaller amount. In the annual mean the CC-MM, CC-DH
and CC-WW simulations increase 0.79 °C, 0.94 °C and 0.62 °C, respec-
tively. Again, smallest increases are found for winter (0.61 °C, 0.72 °C
and 0.47 °C, respectively), and largest for summer or autumn. For pre-
cipitation, in the CC-MM scenario the average monthly Delta factor is of
0.91, which represents a decrease in P in the order of 9%. The largest
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Table 4

Performance indices of the SWAT model simulations compared to the observed
flow data. Calibration considered the 2008-2014 period, and verification the
2015-2018 period. The NSE, RSR and Pbias (%) are shown daily and monthly for
the calibration and validation periods.

Calibration Verification

Daily Monthly Daily Monthly
NSE 0.75 0.88 0.72 0.88
RSR 0.5 0.36 0.53 0.34
Bias (%) 2.8 -2 12.4 12.6
KGE 0.78 0.86 0.81 0.85

NSE is the Nash-Sutcliffe goodness-of-fit index, RSR is the relationship between
the mean square error and the standard deviation of the data, and Bias (%) is the
percentage of bias.

decreases are projected for summer (DJF, 14%) and smallest in autumn,
of only 1%. Only six models showed delta values larger than 1 for P,
depicting an increment in the annual mean (e.g., CSIRO_Mk3_6_0 with
an average delta of 1.6). However, most of the models (i.e., 18) showed

delta values lower than 1 for P, with the lowest value of 0.66 for the
IPSL_CM5A_LR. The scenarios CC-DH and CC-WW correspond to annual
mean P changes of 19% decrease and 4% increase, respectively. Note
that although the CC-WW corresponds to a scenario with an overall
increase of P, summer and spring do not show a change and autumn and
winter show a 4% and 5% increase with respect to (2006-2018),
respectively.

3.3. Flow impact assessment

For the current climate period (2006-2018), Fig. 6a and Supple-
mentary material VI) show the relative differences of mean annual Q
between present Land cover and the LULCC scenarios. A decrease of 2.5
and 17.3% of mean annual Q is observed for the FP and EX scenarios,
and the decrease is accentuated in June, with a median decrease of 4.5
and 31.8%, respectively. Practically no changes in Q were detected for
the FM adaptive management scenario. The FLD scenario showed a
general increase in flow with a mean annual increase of 2.3%, and mean
monthly values ranging from —0.1% in September to 4.1% in April. The
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Fig. 5. Monthly values of precipitation and temperature for the dry and hot climate change (CC-DH), climate change multi-model median (CC-MM) and the wetter
and warmer climate change (CC-WW) scenarios for the period 2037-2050 and present precipitation and temperature data (2006-2018) in the El Alamo and the
Coronel de Maule weather stations, respectively.
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largest increase was observed for the PR scenario, with a 10.9% increase
in mean annual Q, with positive values in all months, the lowest increase
in April (3.9%) and highest increase in December (15.2%).

Hydrological simulations driven by the 24 climate change models
and by the three future climate change scenarios (CC-DH, CC-MM, CC-
WW) with the current land cover are displayed in the CLC-CC scenario of
Fig. 6b and Fig. 7, respectively. A general reduction of Q is observed
when analyzing the 24 CC models individually, according to monthly
median reductions ranging from 17.1% in March to 57.4% in May.
However, large spread in Q simulations is also observed according to the
size of the monthly boxplots which ranges up to 100% in July, depicting
positive values of relative difference in Q for all months. In CC-MM a
general decrease of 32% is found for Q, with largest decreases simulated
for autumn (MAM) of about 35% and lowest in summer (DJF) of 27%. In
CC-DH a sharp decrease of 61.5% is found, with largest decreases
simulated for winter (JJA) of about 63% and lowest in summer of 58%.
In CC-WW an increase of 9% is found, with largest increases simulated
for winter (JJA) of about 20% and decreases in spring of 1%.

The combined effects of LULCC and CC scenarios on Q are displayed
in Fig. 7. When calculating streamflow differences with the CC-MM, Q
decreases, regardless of the land use scenario used. Effects are largest for
the EX simulation with a decrease of 46.6%, followed by the FP and
current land cover scenario (CLC) with decrease of 34 and 32%,
respectively. Adaptive management scenarios showed Q decreases of
31.7, 29.5 and 22.3% for FM, FLD and PR scenarios, respectively
(Supplementary material VI). When analyzing the effect of LULCC under
CC-DH scenario on Q, a similar hierarchy of Q decrease was found, with
a sharp decrease for EX, FP and CLC, with values of 72, 63 and 62%,
respectively. Adaptive scenarios showed a lower decrease on Q with
values of 62, 60 and 56% for the FM, FLD and PR scenarios, respectively.
The CC-WW scenario depicted a decrease on Q only for EX with a value
of 8%. Increases on Q were found for the rest of LULCC scenarios with
values of 9, 7, 9, 12 and 24%, for CLC, FP, FM, FLD and PR, respectively.
Increases on flow are consequent with the projected precipitations
which on average increases about 8% with respect to the P over the
2006-2018 period. Seasonal trends of Q are similar than annual trends,
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however summer Q showed lower decreases than the rest of the seasons
for the CC-MM and the CC-DH scenarios. This is especially visible for PR,
with decreases on Q of 50 to 14% for CC-DH and CC-MM. Winters Q also
followed a different trend for the CC-WW scenario, with larger increases
for the CLC, FP, FM and FLD with respect to other seasons (Fig. 7).

3.4. 3.4 Impacts on hydrological processes

Fig. 8 shows boxplots with the monthly values of actual evapo-
transpiration (ETa) for the HRUs (Fig. 8a, b), Available Soil Water
Content (ASWC) (Fig. 8c, d), and Water Yield (WY) (Fig. 8e, f), of exotic
forest plantations (FRSE) and native shrublands (SHRB), for a normal
and dry year both under present (-P), and projected climate conditions
(—CCQ). For the normal year under the present climate conditions, ETa
(Fig. 8a) showed a marked seasonal dynamic, especially for P. radiata,
(FRSE) with an increasing trend from August to December, where the
maximum values are reached. Then, a sharp decrease in ETa throughout
the summer months (DJF) until reaching the lowest levels in February.
Shrublands (SHRB) showed a lower ETa dynamic, with similar season-
ality throughout the year, and the maximum values reached in October.
They present lower amounts of ASWC (Fig. 8c) than exotic plantations
during winter. However, a sharp decrease starts in October for exotic
plantations and extends until completely deplete it in January, while
shrublands keep ASWC during the whole year. Regarding water yield
(WY) (Fig. 8e), it showed a visible seasonality for the two land covers,
with high values in winter and practically zero values in summer for
both land covers. A large spread is also observed in July and August
(winter), with higher variability for shrublands.

In comparison to the normal year, the dry one present a similar
seasonality and magnitude of ETa and ASWC for shrublands, which is
not the case for P. radiata where an important reduction and an earlier
decrease are observed (Fig. 8b, d). Total yearly ETa was reduced from
709 to 623 mm for exotic plantations. Extremely low values of WY are
observed for both land cover all along the year, especially for exotic
plantations (Fig. 8f). The latter situation agrees with the precipitation
(464 mm) and streamflow (1.5 m® s 1) levels of this year (2016).
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yearly and seasonal scale. CLC-MM: is current land cover represented with the climate change Multi Model Median (CC-MM); FP: Forestry Policy; EX: Extreme
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Fig. 8. Boxplots of the Pine plantation (FRSE) and Shrubland (SHRB) HRUs for a normal year and a dry year for the variables: (a) ETR (mm), (b) Soil Water (mm) and
(c) Water Yield (mm) plotted for the present situation and with climate change represented by CC-MM.

Considering the projected CC scenarios in a normal year, a similar
seasonality and magnitude is observed for ETa and ASWC for both land
covers in comparison to the present climate (Fig. 8a, and Fig. 8c). This
was not the case for WY where an important decrease is projected. Under
drier future projections, a reduction of ETa and ASWC is estimated for
both land covers, especially for P. radiata, where yearly ETa diminished
from 683 to 518 mm (Fig. 8b, c). Earlier decrease is also estimated with
ASWC depletion in November. Finally, Fig. 8e shows a sharp decrease in
WY for both land covers in winter (JJA) months, where the total yearly
WY did not exceed 32 mm for pines.

The present spatial distribution of hydrological components is dis-
played in Fig. 9, for a normal and dry year, respectively. A clear spatial
relation between precipitation and ETa is depicted, with high values
located at the high-elevation lands in the western part of the catchment
(Fig. 2). This relation was consistent during normal and dry years. The
eastern part of the catchment, where abundant forest plantations are
present (Fig. 3), exhibited relatively high values of ETa ranging from
605 to 658 mm of ETa under normal years (Fig. 9b), however this sit-
uation changed for the dry year where the same area showed much
lower values, ranging from 446 to 507 mm of ETa (Fig. 9e). WY showed
a different spatial pattern, with high values in normal years located in
the high-elevation areas of the northwestern and central part of the
catchment (Fig. 9¢). Lower values of WY are observed for the western
and southeastern part of the catchment, where most of the exotic forest
plantations are located (Fig. 9c and Fig. 3). During the dry year, WY a
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considerable reduction in WY magnitudes was observed (e.g., maximum
range fall from 717 mm to 214 mm). The western area, mainly cover
with exotic plantations, showed a marked decreased in WY, moving
from 300 to 400 mm in normal year to 50-100 mm in a dry year. (Fig. 9f
and Fig. 3).

4. Discussion
4.1. Impact of LULCC

The decrease in Q observed with the expansion of exotic forest
plantations (FP and EX scenarios) is in agreement with different reviews
and meta-analysis documenting that afforestation with non-native spe-
cies have reduced water yield in different regions of the world, and that
this decrease is enhanced under dry conditions (e.g. Farley et al., 2005;
Scott & Prinsloo, 2008; Filoso et al., 2017; Zhang et al., 2017; Ferraz
et al., 2019).

Several studies report the negative effect of the expansion of forest
plantations on streamflow in Mediterranean areas. In an Australian
catchment with an ET/PP ratio similar to our study, the conversion and
replacement of 10 to 50% of the pasture area with plantations, gener-
ated a decrease in Q between 1 and 3.6% (Nguyen et al., 2017). This is
like the 2.5% decrease in Q reported in our catchment, when 10% of the
area originally covered with shrublands is replaced by plantations, but
less than the —17.3% change in Q, when 43% of its area covered with
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Fig. 9. Spatial representation of yearly values of Precipitations (P) Actual Evapotranspiration (ETa) and Water Yield (WY) in mm yr_1 for HRUs. Panels a, b and c,
represent a normal year (2015) according to average hydrometeorological conditions of P and Q. Panels d, e and f, the represent the dry year 2016 which is one of the

driest year of the current Mega-Drought period according to its P and Q.

shrubland is replaced by pines. These differences could be explained by
the size of the catchments, since Cauquenes is three times bigger than
the one studied by Nguyen et al., (2017), and this could amplify the Q
decrease in our study (Pilgrim et al., 1982; Gallo et al., 2015). In spite of
these differences, similar results have been reported by Carvalho-Santos,
et al., (2016) in a Mediterranean catchment in Europe, with a decrease
of 7% when introducing 63.5% of eucalyptus plantation.

In the southern portion of the temperate Mediterranean region of
Chile (38°-39° S), with a mean annual precipitation of 1650 mm, and a
dry season of five months, Stehr et al., (2010) reported a reduction of
10.6% in Q for a scenario of 96% increase in exotic forest plantations for
the Vergara catchment (133 krnz) at the expense of shrublands and
agricultural lands. Their estimate is lower compared to the 17.3% esti-
mated in Q for our EX scenario with a 43% increase in forest plantations
area. Higher precipitation and a different soil pedogenesis; with deeper
volcanic soils, in contrast to the Lithosols present in Cauquenes, which
are shallower and with a higher bulk density and lower water storage
capacity (Soto et al., 2019), may explain differences in the magnitude of
streamflow reduction. Alvarez-Garreton et al. (2019) carried out a
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regression model in 25 Chilean catchments to assess the impact on Q
from the replacement of several land cover classes with exotic tree
plantations. Their study considered Cauquenes catchment as one of the
13 drier catchments (aridity indices ranging from 0.17 to 1.5, and they
found a 3%decrease in Q after a replacement of 6000 ha of shrublands in
this catchment. These results were like the change obtained for our FP
scenario (-2.5%) in which 5600 ha of shrublands were replaced by
P. radiata. The consistency of the decrease in Q obtained by this statis-
tical approach and our process-based modelling results reinforce the
confidence in the robustness of our analysis. Another study done at the
Cauquenes catchment, documented forest plantation area increased
from 20 to 42% (22%) from 1990 to 2000 and estimated a 31.9%
reduction in summer streamflow for the period 1991-2000 compared to
1981-1990 using a linear model from the changes in runoff (Q/P) re-
siduals (Little et al., 2009). Their estimate is higher than the 17.3%
decrease in Q for our EX scenario, where forest plantations increased by
43%. Despite using different methods and reference periods, differences
between both estimates might be explained by the steep reduction of
streamflow during the first rotation of plantations when they were not
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only expanding but actively growing with similar age classes before the
first clear-cut. Conversely, the model built in this study estimated the
water yield of plantations compared to other land uses for the
2006-2018 period, when plantations formed a mosaic of age classes and
development stages after two or three 16-18 year rotations that are
commonly used for pines in Chile. This becomes clear since total area of
plantations was estimated in 42% for 2000 (Little et al., 2009), which
remains stable (43% in 2016 estimated by us), indicating this shifting
mosaic of age classes that buffers the effect of plantations on reducing
streamflow, as they age in short rotations (Farley et al., 2005). This
indicates that streamflow for the FP and especially for the EX scenario
might probably reach a much lower value when all the plantations are in
their first rotation in the next 15-20 years (i.e. in 2033-2038) than the
one we estimated for the 2037-2050 period.

Adaptive scenarios (FM, FLD, PR) showed positive to neutral re-
sponses, highlighting the role of native vegetation and possible resto-
ration strategies. The less intense stand plantation management scenario
(FM in Fig. 6a), represented with a decrease in maximum LA, did not
produce important changes in Q. This was a counterintuitive result given
the evidence about the importance of this variable in the use of water in
tree plantations (Barrientos & Iroumé, 2018). The sensitivity of this
parameter in the SWAT model seems to be misrepresented under certain
forest ecosystems (Yang and Zhang, 2016). Nonetheless, the FLD sce-
nario showed an increase (+2.3%) in Q, resulting in a partial mitigation
of the impact of tree plantations. Results regarding the strategy proposed
in our FLD scenario highlights that protection of headwaters with native
ecosystem seems to be able to favor infiltration and hence water avail-
ability downstream (Buttle, 2011).

The pristine (PR) scenario showed an 11% increase in annual Q for a
change in native area cover from 2.7% in 2018 to 26.8% (24.1% in-
crease). This increase is like the 14.1% rise in summer streamflow for
each 10% increase in native forest area estimated for the temperate
region of Chile (40° S, 1700-2500 mm annual precipitation, Lara et al
2009). It is interesting the similarity between both estimates despite
their different methodology in which Lara et al. (2009) used a linear
model that considered six 55-1460 ha catchments, and native forests
covered between 20 and 90% of each catchment with the reminder
represented by forest plantations and shrublands (Lara et al., 2009). The
increase in Q from the restoration of native forests documented for the
PR scenario might revealing a likely better ecosystem response to dis-
turbances such as the current megadrought and its consequences. For
example, the 2017 mega-fire, that affected the region (Bowman et al.,
2019), could have been less severe under improved soil conditions and
water content (e.g. Soto et al., 2019) that might be enhanced by the
restoration of native forests. Given these positive results on Q, it would
be of interest to analysis them also in the context of other benefits
related to the UN Sustainable Development Goals (SDGs, UN, 2015), like
reduction of poverty (SDG1), access to clean water (SDG 6) and Life on
Land (SDG15) for example.

4.2. Impact of climate change

During the period 2010-2018 precipitation and streamflow have
decreased a 33% and 46%, respectively, in comparison to the period
1976-2009. The climate change scenarios used in this study, project a
further precipitation and streamflow decrease of around 15% and 32%
respectively, as well as a 0.95 °C of warming. From the relative differ-
ences in Q, it can be inferred that climate change is the greatest driver of
the decrease in Q (Fig. 7). The reduction in P and the increase in at-
mospheric demand triggered by higher air temperatures are the main
drivers that explain those trends in Mediterranean catchments (Brown
et al.,, 2015; Molina-Navarro et al., 2016). Regarding the magnitudes of
change obtained in this study (-32% at yearly scale, ranging from + 9 to
—63% for the CC-WW and CC-DH simulations, respectively), similar
results have been reported with simulations carried out with the Vari-
able Infiltration Capacity (VIC) hydrological model for the Maule
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catchment (which contains the Cauquenes catchment), which projected
an annual runoff decrease of approximately 20%, ranging from 5% in-
crease to 60% decrease for the medium term (2040-2069) and under the
RCP8.5 scenario (Bozkurt et al., 2018). The pluvial nature of the Cau-
quenes catchment could explain the sharp decrease on median flows
(-32.1%) (Fig. 7) as compared to Maule catchment, which has more
nival contribution (Fig. 2). A sharper decrease of Qs would be obtained
(not shown), if a longer historical climate period (1979-2006) would be
chosen instead of the current one (2006-2018). This later period in-
cludes the mega-drought, which as mentioned above has already seen a
46% decrease in Q with respect to the historical period. Hence, the
climate change effect must be considered with caution since it already
includes the current mega-drought effects.

4.3. Impact of the combined effect of CC and LULCC

The combined effect of CC and LULCC have strong synergies, with
decreases in Q ranging from 22 to 47%. These results depict a much
stronger reduction in Q than previous studies in Mediterranean catch-
ments of Europe. For example, a study of two catchments in Portugal
showed Q reduction ranging from 13 to 18% (Serpa et al., 2015). In
these catchments, the decrease in Q was largely dominated by the CC
effect, and the drier catchment present a larger decrease of Q. Another
study from the Vez catchment also in Portugal under more humid
climate, showed a reduction of 9% annual water yield (Carvalho-Santos
et al., 2016), while the effect of CC only reduced water yield from 1 to
2%, being larger the effect of afforestation with exotic plantations. In
this study the CC effect is greater than the one from afforestation, which
could be explained by the more severe RCP scenario chosen (8.5 instead
of 4.5) and more severe projections of precipitation reductions for
central Chile than for south western Europe (Collins et al., 2013; IPCC,
2013). In the European catchments, a sharp decrease of summer Q was
reported, which is not case in our study for FP and EX scenarios. A
possible explanation is related to differences in the history of land use
changes. In Cauquenes large afforestation has already happened in the
past (Little et al., 2009) and currently 43% of the area is covered with
exotic forest plantations, meanwhile in the Vez European catchment,
native shrublands and forests dominate the area. This idea is reinforced
when analyzing the adaptive scenarios, since in both, summer Q are
increased for CC projections (Fig. 7).

The Pristine (PR) scenario allowed an important mitigation of the
impact of CC on Q reduction, even with streamflow increases for the CC-
WW simulations. This highlights the importance of preserving and
restoring native forests for the recovery of water provision as a key
ecosystem service, stressing the need to consider both actions in the
National Strategy for the Adaptation to CC in Chile (Little and Lara,
2010; Lara et al., 2013). The increase in Q observed during summer for
the FLD and PR scenarios are especially important, since they represent
the only possible source for drinking water and irrigated agriculture,
therefore, strengthening the relationship between local water and food
security. These human primary necessities can be crucial in this terri-
tory, affected by a structural poverty condition (Pino et al., 2015). The
positive impact of these LULCC scenarios should be evaluated under
their broader co-benefit and synergies to fulfill several SDGs.

4.4. Impacts on hydrological processes

Yearly simulated ETa values during the present climate (626 to 751
mm) for P. radiata were in agreement with those found in southern
Australia, where transpiration values ranging from 500 to 612 mm were
obtained with two different formulations of a process-based ecosystem
model (Sheriff et al., 1996). Other studies in Chile estimated values of
545 to 654 mm of yearly ETa, using a residual water balance approach,
in an area with slightly higher rainfall (between 846 and 1056 mm,
including areas with clay-rich soils) (Huber and Trecaman, 2004). With
respect to direct measurements of ETa using Eddy covariance systems,
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values between 399 and 488 mm were registered in New Zealand for a
young 8-year-old plantation established at high density (Arneth et al.,
1998), consequently higher amounts are expected for mature pines.
Similarly, Putuhena & Cordery (2000) evaluated components of the
water balance in P. radiata plantations, obtaining an annual ET/Pp ratio
of 68% on average, being similar to the 65% obtained in our study area.
These results allow us to accept our yearly simulations of ETa for
P. radiata as reasonable enough to draw conclusions about the effect of
land cover replacement on Qs. Simulated ETa on shrublands was like
those reported by Meza et al., (2018), for which, ETa/P ratio of 0.64 was
measured by an eddy covariance system in a much drier area of central
Chile (200 mm of annual precipitation). Discrepancies in terms of ETa
magnitudes (506 mm in Cauquenes compared to 128-139 mm in the
study of Meza et al. (2018), could be explained by the larger water stress
condition of shrublands reported in the study of Meza et al. (2018). In
this sense, shrublands in our study area are taller, with higher density
and vigor, and with more pastures in the surroundings, which suggests
that their water consumption should be greater. In addition, the
shrubland composition often includes species of mid to late successional
stage of the sclerophyll forest such as Lithraea caustica (Luebert and
Pliscoff, 2018), which has higher water requirements than the A. caven
shrubland (Bown et al., 2018).

Hydrological components for the two land cover classes analyzed in
this study allow us to conclude that there is a distinctive response in
water yield during drier or wetter years. Our results showed that WY is
much lower during the dry year than during the normal year, especially
for HRUs with P. radiata, explained by the reduction in ASWC (Fig. 8d)
while keeping high rates of ETa (Fig. 8b). Despite this situation, our
results showed a 12% decrease in ETa for P. radiata under drier condi-
tions, which was exacerbated in our CC scenarios, with larger decreases
(27%) compared with a normal year without CC. The consequences
could not only affect local water yield and Q, but also forest plantations
growth (Alvarez et al., 2012; Navarro-Cerrillo et al., 2018), thereby
increasing susceptibility to wildfires (Bowman et al., 2019), diseases
caused by insects Anderegg et al. (2015), and especially water stress for
young pine plantations (which are especially susceptible due to their
undeveloped rooting systems) (Yang et al., 2018). These effects indicate
a low ecological resilience of P. radiata plantations to drier conditions,
which has been reported for other planted pine species of Spain (Guada
et al., 2016). This could threat the sustainability of the current forestry
model and the international commitments towards carbon neutrality
(NDC). In contrast, our simulations suggested a better ecological
response of shrublands during dry periods, because they maintained a
low ETa rate, preserving ASWC and hence more water yield at the HRU
scale. This eco-hydrological behavior was measured for Acacia caven
shrubs, where the soil water beyond 100 cm deep was not used, leaving
the remaining water for the following year as a reservoir (Sepulveda
et al., 2018). Policy strategies based on massive afforestation to mitigate
the impacts of climate change on water resources should be revised,
considering that in a drier future, carbon allocation would not be
granted by exotic forest plantations, which can suffer from severe pro-
ductivity restrictions in Mediterranean-like catchments. Of particular
interest was the shrublands response, which seems able to better manage
reductions in water availability, as demonstrated by the similar ETa
rates during both dry and normal years, which could be an indication of
a stable carbon sequestration.

The spatial distribution of hydrological components in normal and
dry years depicts an expected pattern for P and ET, with higher levels in
elevated areas where more water as P is available (Fig. 9b). Similar
spatial patterns for ETa under normal years was previously reported for
the same study area (Olivera-Guerra et al., 2014), derived from a surface
energy balance model based on satellite observations, reinforcing the
confidence in the results of our simulations. Of particular interest is the
low ETa rate reported in the lowland eastern zone, dominated by forest
plantations during dry years, probably an indication of water stress. The
low levels of water yield and available soil water content (data not
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shown) in the same area confirm a possible situation of growth limita-
tion, affecting carbon sequestration and productivity (Ojeda et al.,
2018). Another interesting result is the substantial change in WY mag-
nitudes in the headwaters covered with pine plantations when
comparing the normal and dry years. This area maintained their ETa but
considerably reduced WY. This could have consequences since this WY is
critical to provide drinking water to downstream population and to
sustain subsistence farming, which is common in this area due to local
poverty levels (Pino et al., 2015). Some remnants of one of the most
diverse forest ecosystems of the Chilean Mediterranean hotspot with a
high degree of endemism (Mittermeier et al., 2004) are also located in
this area. Therefore reduced water yield could seriously push it to the
risk of collapse, according to its endangered present situation (Alaniz
et al., 2016). This condition will be stressed under CC according to our
simulations (data not shown), highlighting the current and future
vulnerability of the territory. The FLD scenario was built to alleviate this
situation, however only a slight increase in Q was observed in this sce-
nario. Conversely, in the PR scenario an important increase in Q was
observed, suggesting that more substantial actions regarding protection
and restoration of native forests should be taken to cope with water
scarcity under climate change (Lara et al., 2013).

4.5. Simulation limitations

Estimation of water use by the different vegetation types when the
default SWAT parameterizations are used for our study area, could lead to
unrealistic representation of the carbon fluxes pathways (eg. radiation
use efficiency), especially nonagricultural land covers classes (Yang and
Zhang, 2016). Another issue is the real capability of water extraction by
the roots of forest species, since P. radiata and A. caven species are capable
of extracting water from the soil below the conventional permanent
wilting point thresholds (Huber et al., 2010; Meza et al., 2018). In this
sense, forest covers also can extract water from the coarse fraction of soil
which is not considered in the SWAT parameterization (Algayer et al.,
2020). Those issues could lead to an underestimation of the real capa-
bility of water extraction by the roots affecting ETa estimations, espe-
cially during dry periods. Therefore, simulations regarding ETa dynamics
should be taken with caution, even if reasonable yearly values were ob-
tained. Another limitation frequent in Q simulations at the catchment
scale is the amount and quality of soil information. In our case this could
remain highly uncertain, even introducing local measurements of soil
depth, given large differences in soil physical properties according to
land use (Soto et al., 2019). Finally, spatial variation of P, especially with
elevation, could affect the daily and monthly water balances. Even if we
used a grid of P correctly validated by our local rain gauges, heavy rainfall
events can occur at high elevations, as the episode of July 2019, where
more than 150 mm d™! (exceptionally high) were recorded at the head-
waters. This is not represented by the P grid used in this study and could
lead to underestimation of Q, especially at daily scale.

Adequate simulations of Q under CC scenarios largely depend on the
availability of local CC models. In our study we used a simple but robust
approach to represent the future climate conditions at the regional scale,
however, more sophisticated methods do exists to cope with temporal
variability of projections (Bozkurt et al., 2018; Piani et al., 2010).
Finally, another important issue not addressed in this study is the po-
tential effect of increased atmospheric CO5 concentrations on water use
efficiency that could buffer the effect of a dyer climate on forests and
other vegetation (Swann et al., 2016), therefore affecting all compo-
nents of the water balance.

5. Conclusions

The study confirms a general decrease of water availability under
global change scenarios, which include five LULCC scenarios and
climate change projections, for a rainfed Mediterranean catchment
mainly covered with exotic industrial plantations of Pinus radiata and
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native shrublands mainly covered by Acacia caven.

LULCC scenarios related to the replacement of shrublands by pine
forest plantations under present climate, showed a decrease of annual Q
of 2.5 and 17.3% for the scenarios Forest Policy 2015-2035 (FP) and
extreme (EX), respectively. Adaptive scenarios showed a positive to
neutral response, highlighting the role of native vegetation and the need
of including them in future restoration strategies. The Forced Land
Displacement (FLD) scenario, where plantation located in headwaters
were moved downstream within an ecological restoration scheme,
resulted in an average increase of Q of 2.3%, while in the Pristine sce-
nario we got and estimated increase of 10.9%. The latter highlights that
protection of headwaters with native ecosystems seems to be able to
favor infiltration and hence water availability downstream.

Climate change alone leads to a reduction in P of 15% and in increase
in air temperature of 0.95 °C in our study area, directly affecting po-
tential ET. This situation amplifies the effect on Q, with a sharp decrease
of 32.1% in annual values with respect to current climate (2006-2018).
Although, when considering all 24 CC future projections, variations in
future Q could be positive (10% increase for low warming and winter
and spring precipitation increases). The latter is with respect to a base
period that includes the mega-drought period, where Q has already
decreased over 40% in the study region, which provides a strong support
for expecting drier future condition with respect to the historical period
in this Mediterranean region.

The combined effect of CC and LULCC leads to a negative synergy,
with decrease in mean annual Q ranging from 46.2% (EX), to 23.3%
(PR). Adaptive scenarios partially reduce the negative effect of CC in
streamflows, especially during summer months when no other water
resources are available, strengthening the relationship between local
food and water security. This finding highlights the importance of pre-
serving and restoring natural vegetation to alleviate the negative im-
pacts of CC on water resources.

We found a low resilience of forest plantations to drier conditions in
comparison to native shrublands, as shown by an earlier depletion of soil
water content and a reduction in actual ET. The tradeoff between the
water and carbon cycle imposes limitations to carbon sequestration,
therefore compromising the Chilean carbon policy adopted to cope with
climate change. A redesign of current and future land management
strategies and the implementation of ecological restoration at catchment
scale is urgently required to cope with the decrease in water availability
imposed by climate change in south-central Chile. Decisions on future
land management should include co-benefits analysis to fulfill several
Sustainable Development Goals at the same time.

We expect the results presented in this study might have clear policy
implication for Chile and other countries where the allocation of state
subsidies for the expansion of exotic plantations competes against the
conservation and restoration of native vegetation. The streamflow im-
pacts of different land covers classes should be an important component
of the discussions in this regard.
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