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Abstract: Since 2010, Chile has experienced one of the most severe droughts over the last century, the
so-called mega-drought (MD). The MD conditions, combined with intensive agricultural activities
and the current water management system, have led to water scarcity problems in Mediterranean
and Semi-arid regions of Chile. An emblematic case is the Petorca basin, where a water crisis is
undergone. To characterize this crisis, we analyzed water provision by using tree-ring records, remote
sensing, instrumental data, and allocated water rights within the basin. Results indicate that the
MD is the most severe dry period over the last 700-years of streamflow reconstruction. During the
MD, streamflow and water bodies of the upper parts of the basin have been less affected than mid
and low areas of this valley, where consumptive withdrawals reach up to 18% of the mean annual
precipitation. This extracted volume is similar to the MD mean annual precipitation deficits. The
impacts of the current drought, along with the drier climate projections for Central Chile, emphasize
the urgency for faster policy changes related to water provision. Climate change adaptation plans
and policies should enhance the current monitoring network and the public control of water use to
secure the water access for inhabitants and productive activities.

Keywords: drought; conflicts for water; streamflow reconstruction; water access; water scarcity;
water management; climate change
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1. Introduction

Chile is amongst the countries with highest risks of being affected by water stress in America [1].
Also, due to the effects of climate change, an increase in extreme drought events is projected for
the country, especially for the second half of the 21st century [2]. Due to Chile’s condition of high
vulnerability to climate change [3], important impacts on agriculture and rural communities are
expected [4–6], with economic and social environmental losses that could reach 1.1% of national gross
domestic product (GDP) by the year 2100 [7].

Starting in 2010 and up to date, a mega-drought (MD) has affected Central Chile (CC, 32–37◦ S),
with a persistent multi-year condition that has been assessed as unusual in the context of the last
century [8]. Approximately 25% of this climatic condition has been attributed to anthropogenic climate
change [9]. Central Chile, characterized by a semi-arid climate, where most of the population lives [10]
and most of the agriculture is developed [11], is also considered the most affected area by the MD.
Garreaud et al. [8] indicate that this MD could be considered as an advance of the future climate
conditions in Chile, as model-based projections do not show a significant recovery of the mean annual
precipitation over the following decades [12].

Regarding water resources management, the water allocation system in Chile is regulated by a
water use rights market, where water rights are initially assigned by the estate to private users, in
perpetuity and at no cost. Private owners can trade their water rights at pricings following market
rules. Under this system, public regulatory and supervisory mechanisms are quite limited [13], which
has increased the inequalities in water accessibility [14,15].

The unprecedented MD conditions, combined with intensive irrigated agriculture and the current
water management system, have led to water scarcity problems in different locations of Central Chile.
In particular, the Petorca river basin (between 32◦ and 32◦20’ S) has been critically affected by water
supply shortages. With a population of around 10,000 inhabitants and localities predominantly rural,
this basin is considered highly vulnerable to natural disturbances and anthropic activities involving
water consumption [16,17]. Agriculture is the main sector in water consumption within the basin [18],
an activity that coexists with other economic activities, such as small mining, goat farming, subsistence
agriculture, recreation areas and populated centers [19]. During the last decades, an intense advance on
fruit plantation has been developed [17], with avocado and citrus fruits as the main planted items [20].

The Petorca river flow has undergone a general reduction during the last decades, reaching zero
flow in some sections and leaving the riverbed dry for years [20,21]. This has led to a water crisis,
characterized by water access problems, reductions of agricultural productivity, including avocado
and other fruit crops, and potential ecological damages [17,22]. Unlike most headwater basins with
intensive agriculture in Central Chile, the Petorca basin does not have glaciers in its Andean mountain
section. Therefore, water availability within the basin depends exclusively on precipitation and
snowfall in winter. This basin was declared a Restriction Area in April 1997 and then declared a
Prohibition Area in July 2018, because the levels of extraction surpass the long term sustainable water
supply [23].

The Petorca water crisis has become an iconic case of water access inequalities, with contradictions
between the water management system and the socio-ecological system [17,24], and violation of water
access human rights [25–27]. This crisis has revealed critical flaws in the current water management
system. In order to improve the allocation system, a better understanding of the historical water
variability in the territory, and a more detailed assessment of drought effects on ecosystems and water
resources are necessary [28].

Addressing this challenge, we analyze the multi-year MD in Petorca basin by focusing on different
time and spatial scales. We aim at providing a robust diagnostic of the combined MD and water
management effects on hydrologic response within the Petorca basin. First, we assess how unusual has
been the river flow in the basin during the MD with respect to long-term hydroclimatic variability.
Up to date, the long-term historical characterization of the MD has only been done with respect to
meteorological conditions (i.e., analyzing precipitation reconstructions). In this work, we complement
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previous studies by analyzing a multi-centennial streamflow reconstruction of the Petorca river
developed using tree-rings records. Then, we analyze the historical allocation of water rights within
the basin over the last decades and relate them with water supply in different sections of the basin.
To further characterize the spatial patterns of the MD effects within the basin, we analyze data from
irrigation dams and natural lagoons retrieved from satellite imagery. The analysis of this pool of
multi-scale evidences provides information to support water planning for climate change adaptation
in Chile.

2. Data and Methods

2.1. Study Area

The Petorca River basin (32◦23′14” S 71◦22′31” W) is located in a transition zone from a Semi-Arid
to a Mediterranean climate. The basin covers an area of 1.986 km2, extending around 90 km from
the Andes mountain range to the coast, with an average width of 20 km [29] (Figure 1). It is born at
3.880 m above sea level, with two main tributaries, Sobrante and Pedernal rivers, which join to create
the Petorca River. Water use within the basin is dominated by agricultural crops, which is consistent
with the abundant number of irrigation channels for such a small watershed [29,30].
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The streamflow records selected for the reconstruction was Sobrante en Piadero (32°13’30” S 
70°42’43.2”W), located in the upper part of the Petorca Basin (Figure 1) and classified by [32] as a 

Figure 1. (A) Study area comprising the Petorca basin and its four sub-basins: (1) Petorca
river-Longotoma, (2) Petorca river-Hierro Viejo, (3) Pedernal river-Tejada and (4) Sobrante river-Piadero.
Location of streamflow gauges (yellow) and water bodies (blue) considered in this study are also shown
where PL = Petorca en Longotoma, PHV = Petorca en Hierro Viejo, SP = Sobrante en Piadero, PT = Rio
Pedernal en Tejada while RO = reservoir Ossandon brook, RC = reservoir Colorado brook, SL = El
Sobrante lagoon. (B) Mean annual precipitation (mm) and (C) mean annual temperature (◦C) for the
period 1979–2016 obtained from CR2MET [31].
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2.2. Streamflow Reconstruction

The streamflow records selected for the reconstruction was Sobrante en Piadero (32◦13’30” S
70◦42’43.2” W), located in the upper part of the Petorca Basin (Figure 1) and classified by [32] as a basin
with a low human intervention degree (i.e., considered here as a natural basin). The period used for the
reconstruction were the months January to May, period with the lowest flow during the year, and thus
the most affected by water stress. A stepwise multiple regression model was used to reconstruct the
Sobrante river streamflow using tree-ring records (Table 1). For the reconstruction only one predictor
was used, a tree-ring chronology named El Asiento (32◦39.073’ S, 70◦48.857’ O) (Figure 1), located
50 Km south of Sobrante en Piadero, being the only one able to provide a multi centennial ring-width
record in proximal regions.

Table 1. Characteristics of the tree-ring data used for the Petorca basin streamflow reconstruction.

Site Name and
Code Coordinates Elevation Dating Tree Ring

Series
Series

Intercorrelation

El Asiento
(ELA)

32◦39.073’ S,
70◦48.857’ W 1700–1900 451–2017 222 0.691

The explained variance between observed and predicted values was assessed by the coefficient of
determination adjusted for loss of degrees of freedom (R2adj). We computed the reduction of error
(RE) statistics [33,34] to account for the relationship between the actual value and its estimate. The
root mean square error (RMSE; [35]) and the Durbin–Watson test (DW [36]) were used to assess the
robustness of the reconstruction [37,38].

In order to detect changes in extreme streamflow years within the reconstruction, and analyze the
potential changes in the recurrence of dry years similar in magnitude to the year which compound
the MD period, we estimated for the entire reconstruction the recurrence rate of drought and pluvial
events utilizing a kernel estimation technique with a Gaussian function and 50-year bandwidth. This
procedure allows for detection of nonlinear and nonmonotonic trends without imposing parametric
restrictions, and a smooth kernel function produces more realistic estimation of low and high discharge
events. We calculated a confidence interval at the 95% level based on 1000 bootstrap resampling
steps [39] to estimate bias and variance properties of low and high flow recurrence intervals in the
reconstruction. The kernel estimation, bandwidth selection, and bootstrap algorithm were computed
in the free R Project platform software [40]. The Kernel estimation was computed using the 20th
percentile and 80th percentile as threshold on the variability of the streamflow reconstruction. The
Multi-Taper Method (MTM; [41]) was used to identify significant cycles that explained proportions of
common variance between the instrumental and reconstructed streamflow records. Additionally, in
order to assess the occurrence of low and high streamflow event, we calculated the moving average of
the flow anomaly, considering 1, 5, and 10 consecutive years, and ranked them (from 1 to 5) to identify
the five highest and five lowest runoff periods. The length of the analyzed windows was defined to
provide a wider context for the occurrence of droughts and pluvial events of different durations.

2.3. Hydrology and Water Allocation

Hydrometeorological data, including streamflow records, catchment scale precipitation and
temperature, and granted water rights within the basins defined by the four streamflow gauges located
within the Petorca basin (Figure 1), were obtained from CAMELS-CL dataset [32]. Table 2 shows the
main characteristics of each sub-catchments in the Petorca basin.
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Table 2. Characteristics of the four studied catchments in the Petorca Basin used for hydrological analyses.

Name Area km2
Outlet

Elevation
m a.s.l.

Catchment Mean
Elevation

m a.s.l.

Mean Slope
m/km

Annual
Precipitation

mm

Petorca en Longotoma 1969.5 9 1296 206.3 285
Petorca en Hierro Viejo 947.2 412 1782 216.1 304

Pedernal en Tejada 56.1 1454 1625 186.4 284
Sobrante en Piadero 241.1 1312 2610 226.2 389

To explore the relation between surface water supply and water allocation within the basin, we
first characterized the mean response of different sections of the catchment to climatic conditions.
This was done by analyzing the hydrologic regimes at different elevations, and by computing annual
rainfall-runoff coefficients (ratio of annual runoff to annual precipitation) for each sub-basin. Annual
rainfall-runoff coefficients represent how the different parts of the catchment respond to precipitation.

Then, we compare the temporal changes of streamflow records and the water rights granted in
the high, mid and low elevations of the basin. To explore whether the catchment runoff generation
has been affected by water extractions, we relate the annual rainfall-runoff coefficients with the total
volume of granted surface and groundwater rights for the corresponding years.

2.4. Time Series of Water Bodies Surface Area from Landsat Data

We used the entire 1986–2019 Landsat satellite catalog to study temporal changes in area of the
main water bodies area of our study area (Figure 1): the Ossandon brook reservoir (RO), the Colorado
brook reservoir (RC), and the Sobrante lagoon (SL). Landsat imagery has 30 m spatial resolution and a
revisit period of 16 days. Specifically, we used atmospherically corrected Landsat Surface Reflectance
(SR) data from Landsat 5 and 8, Collection 1 Tier 1 corresponding to the highest radiometric and
positional quality, with precision terrain processing and inter-calibration across the Landsat sensors.
A total of 1890 scenes from three Path/Rows (001/082–233/082–233/083) were analyzed covering the
three water bodies of the Petorca basin. The analysis was developed in Google Earth Engine (GEE),
a cloud-based platform for planetary-scale geospatial analysis [42]. Based on the Landsat quality flags,
we remove all pixels flagged as clouds, clouds shadows, or other atmospheric artifacts, following the
Landsat 8 and Landsat 4–7 Surface Reflectance Product Guide, available at the USGS Earth Explorer
portal [43]. For water body delineation, we calculated the Normalized Difference Water Index [44]
using the spectral bands of the Landsat images and identified pixels corresponding to water by simple
thresholding (>0.01 NDWI). Landsat scenes where the water bodies were completely or partially
covered by clouds were neglected. Finally, we calculated the area per date to construct a time series of
the area for the three water bodies.

3. Results

3.1. Multi-Year Mega-Drought in a Multi-Centennial Context

The streamflow reconstruction using El Sobrante en Piadero gauge is presented in Figure 2.
Our reconstruction was able to capture more than 55% of the total variance using the instrumental
record (R2adj = 0.56, Figure 2a). Spectral properties expose significant cycles between 2 and 6 years of
periodicity detected in our reconstructed and instrumental streamflow time series. Two significant
cycles between 10 and 17 years were also found in the reconstructed record, demonstrating than
inter-annual and inter-decadal modes control the discharge dynamics in the Petorca basin (Figure 2b).
On the other hand, our reconstruction presents a clear long-term streamflow reduction from 1830 to
present days, with high peak flows only observed prior to 1950 (Figure 2c). However, we identified
that the MD period is the driest 5-year period of the entire reconstruction (Table 3).
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Table 3. Ranking of the five extreme annual, 5 year and 10 year periods of low and high streamflow for
the Sobrante river streamflow reconstruction.

Annual Quinquennial Decadal

Low High Low High Low High

Year [m3/s] Year [m3s−1] Period [m3s−1] Period [m3s−1] Period [m3s−1] Period [m3s−1]

1344 0.0575 1468 4.0499 2011–2015 0.2068 1466–1470 2.6681 2006–2015 0.2716 1463–1472 1.9753
1547 0.0614 1827 3.4060 1300–1304 0.2126 1653–1657 2.1828 1570–1579 0.2917 1836–1845 1.6650
1863 0.0639 1593 3.1976 1341–1345 0.2313 1825–1829 2.1049 1337–1346 0.3237 1897–1906 1.5509
1304 0.0680 1655 3.1801 1547–1551 0.2378 1834–1838 2.0941 1622–1631 0.3545 1652–1661 1.5224
1924 0.0697 1374 3.1381 1456–1460 0.2432 1898–1902 1.8331 1965–1974 0.3653 1588–1597 1.3674

In Table 3 we summarize the ranking of the extreme events for one single year, and periods of five
and ten years. Notably, the reconstruction shows that during the last seven-hundred years, the river
bed never went dry in the upper part of the Petorca basin.

From the analysis of the extreme events (Table 3), we found that none of the MD years classify as
extreme low single-year. No high single year peak was also recorded within the last century. According
to the results presented in Table 3, the 5-year and 10-year lowest dry spells on record correspond to the
MD years, which are only followed by the 1570–1579 and the 1337–1346 10-years droughts (Table 3).

The percentiles (Figure 2) and the ranking of extreme values (Table 3) illustrate the unusualness
of the MD period, corroborating the tight range of water availability that the Petorca basin is
currently facing.

In order to evaluate changes in the occurrence rate of water extremes, we calculated the occurrence
rate given by a kernel-based estimation (see Methods). The results are displayed in Figure 3, identifying
that low flows increase to the present, contrary to the high peak flows. The drought occurrence rate
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has become more frequent to present days, from a long-term mean value around 6 years (average of
the last centuries), to values around 2 years in the present (Figure 3).
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Figure 3. Changes in the occurrence rate of water extreme events based on the streamflow reconstruction,
and calculated for the period 1300–2015. The 20th percentile (0.38 m3s−1) was used to identify dry
years, while for wet years the 80th percentile value threshold (1.07 m3s−1) was used. The confidence
band at 95% confidence level is shown around the Kernel-based curves, and was obtained using 1000
bootstrap simulations.

3.2. Hydrological Response over the Last Decades

In Figure 4 we show the hydrologic regimes of the study basins, with mean monthly values of
basin-averaged precipitation, basin-averaged temperature and runoff (streamflow normalized by basin
area). The upstream part of the catchment, defined by the Sobrante en Piadero stream gauge, with
higher elevations, higher precipitation and lower temperatures (Figure 4a,b), is mainly dominated by
snowmelt processes. On the other hand, the lower parts of the catchment are mainly dominated by
pluvial processes (Figure 4c).
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Figure 4. Hydrologic regimes within Petorca basin. (a) Mean monthly precipitation, (b) mean monthly
temperature, and (c) mean monthly runoff for the four sub-catchments. Panel (d) shows the annual
rainfall-runoff relationship for each sub-basin.

The plot in Figure 4d indicates that, for a same amount of annual precipitation, streamflow at the
catchment outlet is significantly lower in the downstream gauges, which is consistent to the higher
water consumption towards mid and lower parts of the basin, where population and agricultural lands
are located.

Complementing the long-term historical context provided in Section 3.1, Figure 5 illustrates the
evolution of hydro-meteorological variables within the Petorca basin over the last 4 decades, where the
MD starting in 2010 stands out with its prolonged precipitation deficits and high temperatures, which
in turn leads to extremely low runoff across the complete Petorca basin.
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Figure 5. Time series of hydro-meteorological variables: (a) Annual precipitation, (b) annual
temperature and (c) annual runoff for each sub-catchment. Panel d shows the volume of accumulated
granted rights (both surface and groundwater rights) and panel e shows the same volumes normalized
by mean annual precipitation of the corresponding sub-basin. To make them comparable with
precipitation and runoff, we normalized the annual granted volume (d) and (e) by the corresponding
catchment area. Panel (f) shows the annual rainfall-runoff coefficient (annual runoff normalized by
annual precipitation) related to the accumulated volume of granted rights for the corresponding year
for Petorca en Hierro Viejo sub-basin.

Although climatic conditions directly affect runoff generation, water use within the basin also
affects the available water at the river. To illustrate this, we present the evolution of water allocation
within Petorca. The plots in Figure 5d shows that water allocation started around 1990 in the lower
part of the catchment (Petorca en Longotoma) and in 2000 in the middle part (Petorca en Hierro
Viejo), consistently increasing up to date, reaching up to 18% of the mean annual precipitation of the
catchment (Figure 5e).

To explore how the water allocation may affect streamflow generation, Figure 5f presents the
annual runoff coefficients (a good indicator of ‘catchment water productivity’) as a function of granted
water rights at one of the downstream gauges. Based on the allocation dates within the Petorca en
Hierro viejo catchment (Figure 5d), only years after 2000 are plotted. There is a high correlation
between allocated water and water availability at the river stations (significant decrease in runoff

generation from a given precipitation, for larger volumes of allocated water), which is expected given
the associated higher agricultural-induced evapotranspiration rates.

Finally, the comparison of the water bodies in the basin, including natural lagoons and small dams,
shows the highest area reduction in the RO dam, located in the lower part of the basin (Figure 6c),
followed by the RC dam which was a little less affected by area reduction during MD (Figure 6b), and
an almost non apparent reduction during the MD in the high elevation natural lagoon (SL) analyzed
(Figure 6a). In the three water bodies the summer season shows lowers areas, which is especially
clear in the case of the RC and RO dam, located in the mid and low section of the basin, respectively
(Figure 6).
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Figure 6. Mean winter (June-July-August) and summer (January–February–March) area of the three
main water bodies of the Petorca basin between 1986 and 2019, for (a) El Sobrante lagoon (SL),
(b) Colorado brook dam (RC), and (c) Ossandon brook dam (RO). Shaded area corresponds to the
MD period.

4. Discussion

4.1. The 700 Years of Petorca River Streamflow Reconstruction and the Current MD

The present work exposes the Petorca river reconstruction spanning the years 1300–2015, the
longest streamflow reconstruction of South America at present day. This reconstruction offers a
new long-term perspective for the entire Mediterranean region in Chile. A relevant feature of our
reconstruction is the retained variance, having the highest explained variance of any streamflow
reconstruction in South America (56% of total variance), and contrasting previous river reconstructions
carried out in several South American rivers by authors as: Mundo et al. [45], Lara et al. [46,47],
Urrutia et al. [48], Ferrero et al. [49], Muñoz et al. [37], Barria et al. [13,50], and Fernandez et al. [51].
In statistical terms, the RE of the reconstruction was 0.53 considered good and a little higher than
the other streamflow reconstructions in South America. This calibration statistic was assessed as a
rigorous measure of the relationship between observed and estimated values. The theoretical limits
of the RE range from a maximum of 1 to negative infinity. Any positive value indicates that the
model has some predictive capacity [52,53]. As a measure of reconstruction uncertainty, we computed
the root-mean-square error (RMSE), obtaining values within the range of previous reconstruction
in Chile [37,51]. Residual autocorrelation was evaluated using the Durbin–Watson test [35]. The
Petorca streamflow reconstruction presented values close to 1, confirming the non-autocorrelation of
the residuals.

Even when the Petorca reconstruction exposes cycles associated to periodicities between 2 to 5
and 10 to 17 years, most of the temporal variability is related to El Niño Southern Oscillation (ENSO).
Such a strong relation with ENSO was also found in the reconstruction of the Maule river [48], located
in central Chile domain. If we compare the relationship between our reconstruction and El Niño 3.4
index from May to September months during 1870–2015, we obtain a significant relationship (r = 0.30;
P < 0.001; Figure S1a). In addition, our results support the idea that ENSO is the most important
climate forcing in the Mediterranean region, on an interannual scale. The high influence of ENSO on
the hydroclimate of Mediterranean region in Chile, was also identified by González-Reyes et al. [54]
analyzing streamflow instrumental records between 30◦–37◦ S. The cycles identified in the Petorca
streamflow reconstruction are also similar to the precipitation reconstructions in the Mediterranean
region of Chile [55,56] and demonstrate the important influence of ENSO in the hydroclimate of central
Chile at different time scales. In this context, the MD stands out by changing the historical pattern of
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higher annual precipitation associated with El Niño phase of ENSO. During the MD, El Niño years
have not represented wet years as was the pattern in the past [8]. We support this finding comparing
the ENSO variations, given by El Niño 3.4 index, and the Petorca streamflow reconstruction, obtaining
a decay in Pearson correlation terms between both variables during the MD using 5 and 7 year periods
running mean (Figure S1b). Based on our results, we hypothesize that MD could be related to decadal
to multidecadal mechanisms that occurred in the sea surface temperature across the Pacific Ocean. A
current study performed by Garreaud et al. [12] shows relations between Central Chile precipitation
variability and extra-tropical patterns near New Zealand coasts, within the Pacific Ocean domain.

Regarding the severity of the MD-induced hydrological drought, the streamflow in Petorca
headwater basin appears as the driest five-years period of the last seven hundred years. This new
long-term hydroclimate record also confirms a higher occurrence of high flows in the river in previous
centuries and the climatic absence of these events in the last 170 years, approximately since 1830
(Figure 2c). This period is the beginning of the current decreasing precipitation trend, also described by
Le Quesne et al. [55] and Garreaud et al. [8] using precipitation reconstructions. Despite the extremely
dry year 2019, that given the timing of this analysis was not included in the reconstruction, one
characteristic of the MD is the lack of extreme dry years, confirmed by the absence of extreme low flow
years in the extreme events ranking (Table 3). This corroborates previous findings (e.g., [8]), where the
MD is described as extraordinary by its multi-year duration rather than by the drought severity of
single years. Nonetheless, in both quinquennial and decadal periods of the ranking, the MD has been
the driest average low flow of the reconstructed seven hundred years (Table 3).

The current MD unusual climatic phenomenon of consecutive dry years aggravates the increasing
pattern of yearly drought recurrence (i.e., low flows) observed since the nineteenth century, which
has also been documented for other rivers in South-Central Chile [37,51]. This illustrates the large
geographical effects that threatens water supply in diverse types of territories and climates of Chile.

Recent climatic evidence indicates that this low precipitation pattern will continue in the next
decades [12], pushing water planning in search of new ways to administer this vital resource. Recently,
the intensity of the social conflicts for water in Petorca have transcended the local scale, placing Petorca
crisis in a spotlight at national level. In this context, the current exportation and agricultural model,
along with the water market model have been criticized, with demands ranging from revisions up to
derogation of the Water Code and Constitution [17]. Furthermore, current Chilean social demands
include the water law as one of the most important changes required to increase equality in the country.

4.2. Hydrological Changes, Water Allocation, and Water Crisis

Hydrological records over the last decades also show important changes, starting in the middle
of the twentieth century in most rivers of central Chile, and many other rivers fed by the Andes in
South America [57]. As previously stated, the Petorca river recharge is fully dependent of precipitation
and snowfall in winter, due to the lack of glaciers in the higher elevations of the basin. The river
shows a decrease in streamflow, partly due to the reduction of precipitation in Central Chile [8] and the
decreasing trends of snow persistence in the Andes at this latitude [58], and in particular a decreasing
trend in snow cover in Petorca [59].

Given the near natural conditions of headwater catchments (SP and PT, Figure 1) in Petorca basin,
supported by the absence of granted water rights within those basins (Figure 5d), streamflow deficits
in SP and PT during the MD can be exclusively attributed to the meteorological conditions of the MD
(consecutive years of lower precipitation and higher temperature). At lower locations however, the
changes in hydrology are due to a combination of meteorological conditions and anthropic intervention,
particularly, water extractions for irrigated agriculture.

In this way, the low elevation gauges show higher reductions than the gauges located in the upper
part of the basin (Figure 5c). Regarding groundwater sources, the water levels recorded at wells located
in the mid and low elevations areas of Petorca basin have indicates reductions of up to 300% during the
MD years compared on the water levels of the previous decade [60]. Because of these strong reductions,
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in 2014 the Chilean Water Directorate (DGA) decided to limit water extractions of provisional granted
water rights in the Petorca Basin, in order to reduce the water deficit in the area and to lower the
impact on permanent water rights. It was established that the reduction corresponded to a permanent
deficit and not to temporal effects [23]. From our analysis, we show a clear relation between granted
water rights and a higher streamflow reduction within the basin (Figure 5f), where allocated water
rights reach up to 18% of the mean annual precipitation of the catchment (Figure 5d,e). To put this
extraction amount into context, we can assume basins under natural conditions and considering an
additional 18% deficit in MD meteorological conditions. Given that the recorded mean precipitation
deficits during the MD in the area are around 20% [8], adding water extractions implies to double the
severity of MD in Petorca. Further, considering the water crisis undergone in the basin, unauthorized
surface and groundwater extractions may exists, which would increase these human-induced deficits.

As is discussed by Panes-Pinto et al. [17], the National Institute of Human Rights [20], despite
the depletion of water resources in the basin, the DGA granted 1362 water rights in the province of
Petorca, most of them underground.

Even when Central Chile is facing unprecedented multi-year precipitation deficits, the water
crisis in Petorca appears to be particularly related to water repartition and the location in the basin.
This is clear when we analyze water accessibility from social organizations in rural areas (i.e., APR:
Agua Potable Rural), where only two out of the twenty APRs in Petorca basin have access to water
sources [61] (Figure A1). The most affected communities are those located far away from the river
course (Figure A1), deepen even more the territorial inequality to water access. Eleven of these
communities need permanent external water supply, four of them receive water intermittently, and
other seven communities have frequent interruption in water supply [61].

At present, the Municipality of Petorca has recorded more than 2.000 people depending on water
supply by cistern trucks, corresponding to 20% of the total population of the Petorca basin [61]. These
numbers are larger in summer, given the higher water consumption rates from people and agriculture.
Consistently, in summer season the dams located in mid and low elevation show an important decrease
in the water area associated to the increase in water demand during the MD (Figure 6 b,c), opposite
to the high elevation lagoon (SL), which represent near-natural conditions and shows only a slight
decrease in its water area (Figure 6a). The extreme reduction of water bodies located in mid and low
elevation areas during the MD can be observed from satellite images (Figure A2). The same pattern
was reported by Garreaud et al. [8] analyzing one of the biggest water reservoirs used for irrigation
in Central Chile (La Paloma Dam). More recently, some of the natural bodies used for irrigation and
traditional use by human communities in central Chile have been documented completely dry, as the
Aculeo lagoon in the Metropolitan region [62], or the Matanza lagoon in the Valparaiso region [63],
confirming the generalized problem of water bodies affected by water scarcity in Chile.

Regarding water management, the water code in Chile has received many critics and woken up
opposition from different sectors because of the territorial inequalities that it generates, [14–18,24,25].
One of the key problems of this code and the Chilean water management system, is related to the
control and inspection of granted water rights. This issue is particularly important in Petorca, a basin
declared as depleted in 1997, but where only in 2008 the DGA started to control its water extractions.
In the period 2008–2018, the DGA has received 241 formal complains about illegal use of water in
Petorca [61]. On the other hand, the National Institute of Human Rights [20], indicate that the DGA has
processed around 447 files for illegal extraction of waters only between 2010 and 2014 [17,20]. The rise
of the water conflicts has been manifested in “legal protection resources” presented by communities
and families of the Petorca basin, most of them related with the impossibility to access drinking water,
and many others related with the amount of water received by person in the cistern trucks, in most
of the cases less than 100 liters/person/day, which is indicated by the Chilean law as the minimum
by person following the World Health Organization (WHO) recommendation [61]. In December of
2019, the Chilean courts emitted the first dictation in favor of 181 people from different communities of
Petorca, arguing that the Chilean state has not guaranteeing the minimal water consumption amount
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by person in Petorca [64]. As this case, there are many other legal cases being analyzed by the Chilean
courts related with Petorca and other territories in Chile. Some of these cases can be found in webpages
such as the Social Water Conflicts Portal [65] and specific literature developed from these environmental
issues [24,26,66,67].

Today and as a consequence of massive demonstration claiming for reducing inequalities, the
Chilean parliament is discussing laws to create more equal chances for people who use water for
different objectives. Two important opportunities arise to achieve this. One instance is the plebiscite to
change the constitution, which will occur in April 2020, where the water code and the right to access
water for human consumption could be modified. Another instance is the Climate Change project law,
which is currently being discussed, where water security is one of the main challenges declared in
this project. Further, Chile is currently facing a socio-political crisis, which exploded in October 2019
and has raised social demands including education, health, retirement pension, and the right to water
access. Water crisis is thus part of the social crisis, as one of the main topics that the people declare
necessary to create a less unequal country.

5. Conclusions

The mega-drought (MD) period has been the driest period ever registered in the Petorca basin
within the last 700 years, and together with the unsustainable water use rates have propitiated water
scarcity conditions and triggered a social water crisis. An urgent response of the national authorities
and the local stakeholders to improve the water management is needed in order to provide short- and
long-term solutions to the current water crisis and the projected water scarcity. Climate projections
for most of the territories located in the subtropical Mediterranean-like climate regions indicate
strong precipitation reductions for the following decades [68–70], and the learnings obtained from the
analyses of the water crisis experienced in the Petorca basin could be valuable information for regions
characterized by an agricultural tradition and similar water management systems, such as south of
Africa, Australia, and the California region of the United States, among others. These learnings are
particularly relevant under the considerations indicated by the United Nations and the IPCC report on
climate change and terrestrial ecosystems [71], which highlighted that is highly likely that the planet
will face strong water scarcity by the end of the century.

According to the analyses presented in this article, the unusual low runoff-measured at the Petorca
river during the MD cannot be fully explained by the meteorological conditions; the water extractions
within the period for intensive agriculture, with the associated higher evapotranspiration rates also
play an important role in the water scarcity crisis. Attribution studies based on hydrological models
are necessary to disentangle the role of the water consumption by agriculture and human communities,
from the climatological factors. This is especially important for climate change adaptation processes
to be conducted in Chile and other territories of the world, where the dry signal is very consistent
and expected to persist. Therefore, the current MD offers an opportunity for Chile to improve and
strengthened the water management policies for the future.
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Figure S1: Relationship between the Petorca Streamflow reconstruction and El Niño 3.4 index.
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