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Abstract: Several studies have focused on why the Aculeo Lagoon in central Chile disappeared,
with a recent one concluding that a lack of precipitation was the main cause, bringing tremendous
political consequences as it supported the argument that the government is not responsible for
this environmental, economic, and social disaster. In this study, we evaluated in detail the socio-
economic history of the watershed, the past climate and its effects on the lagoon’s water levels
(including precipitation recycling effects), anthropogenic modifications to the lagoon’s water balance,
the evolution of water rights and demands, and inaccurate estimates of sustainable groundwater
extraction volumes from regional aquifers. This analysis has revealed novel and undisputable
evidence that this natural body of water disappeared primarily because of anthropogenic factors
(mostly river deviations and aquifer pumping) that, combined with the effects of less than a decade
with below-normal precipitation, had a severe impact on this natural lagoon–aquifer system.

Keywords: lake hydrology; central Chile; Aculeo; Mediterranean climates; land use planning; water
management; anthropogenic effects; sustainable water resources management

1. Introduction

Lakes and similar surface water bodies represent an important part of the hydrologic
cycle of many watersheds around the world, providing not only water resources for human
activities, but also recreation and ecosystem services, among others [1]. However, many
lakes worldwide are drastically disappearing in recent years due to a combination of
excessive withdrawals and/or climate change effects. In fact, large natural surface bodies
of water such as the Aral Sea in Central Asia, Chad Lake in Africa, Figuibine Lake in Mali,
Poopo Lake in Bolivia, Assal Lake in Djibouti, and Urmia Lake in Iran, among many other
cases, have gone dry during the last decade, resulting in dramatic economic, social, and
ecologic consequences (e.g., [2,3]).
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The Aculeo Lagoon in central Chile is among the above-mentioned increasing group
of hydrological events. Its name comes from the Mapudungun dialect Acum-Leu, which
means “where the rivers end”. In fact, many small direct tributaries historically used to
recharge the lagoon every winter (rainy) season, with the Pintué River being the most
important direct affluent to the body of water, followed by Las Cabras Creek. All the
relevant tributaries are currently deviated upstream or simply dry due to the decrease in
local water tables.

Unsustainable watershed management practices led to an accelerated population
growth and land use changes that largely impacted the water balance of this small lagoon–
aquifer system, which went completely dry in early 2018. Though there have been many
studies focusing on the Aculeo watershed during the last few decades (e.g., [4–13], among
many others), the anthropogenic modifications applied to the watershed and their impact
on water resources have only been a topic of discussion in recent investigations [14–17].
Herein, we have included a detailed socio-economic history of the Aculeo watershed, the
history of past climate and its effects on the lagoon’s water levels, the strong precipitation
recycling effects that this small body of water used to experience, and a history of anthro-
pogenic modifications to the lagoon’s water balance, ending with a detailed section on
how water demands and the allocation of water rights have increased over time; all of the
above show that the impact to the lagoon cannot be exclusively attributed to a persistent
reduction in rainfall, but most importantly to the anthropogenic factor and its role in
accelerating the drying process. Although Alaniz et al. [14], Venegas-Quiñones et al. [15],
and Valdés-Pineda et al. [16] concluded that human activities were the main factor leading
to the disappearance of this important body of water, Barría et al. [17] concluded that a
reduction in annual rainfall produced this hydrological, ecological, and social disaster,
bringing serious political consequences as the Government of Chile was assumed to be
non-responsible for the problem after that study. This investigation aimed to clarify several
important factors that Barría et al. [17] did not consider in their evaluation, including a
series of analyses never conducted before, to provide undisputable scientific evidence of
the causes that led to the complete disappearance of this unique natural ecosystem.

2. Materials and Methods
2.1. Case Study

The Aculeo Lagoon was located about 50 km southwest of Santiago (33◦50′ S–70◦54′

W), in the Paine District of the Metropolitan administrative Region. The lagoon’s wet
surface used to be situated at around 356 m.a.s.l., between the inner foothills of the La
Costa Mountain range. As previously mentioned, the reasons leading to the complete
disappearance of this important body of water continues to be highly controversial in Chile,
with two main theories currently being considered: (1) the lagoon dried out because of a
decrease in annual precipitation (as concluded by Barría et al. [17]); and (2) land use changes
that resulted in dramatic increases in water consumption depleted the lagoon–aquifer
system deep enough to set water table levels below the lagoon’s bottom (as concluded
by previous studies [14–16]). Though both variables act in combination in each scenario,
Aculeo represents an important case study because similar situations are occurring in most
aquifers in central and southern Chile, i.e., uncertainty related to diversions or pumping
of natural streams and aquifers, and land use changes responsibilities on water levels
depletions. Herein, we considered natural climatic tendencies and anthropogenic actions to
determine without any doubt who played the main role in the disappearance of the Aculeo
Lagoon, serving as a methodological example to be applied to other aquifers undergoing
similar processes in central Chile.

2.2. Data Gathering and Methods

An aerial view of the lagoon’s wet surface taken in 2007 is shown in Figure 1. The same
Figure shows the most relevant rain gauges with their corresponding historic average an-
nual precipitation accumulation, including Rangue from Chile’s Meteorological Directorate
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(DMC, #33060), Laguna de Aculeo from General Water Directorate (DGA, #05716005-5),
and Angostura DGA (#05716004-7) stations. Annual precipitation accumulation differ-
ences among those rain gauges were compared to detect possible precipitation recycling
effects. Note that complete annual records after 2002 are not available for Hacienda Aculeo
(DMC#330037); therefore, they do not include the current megadrought that central Chile
has been experiencing during the last decade (e.g., [18]), not being the case for all other
rain gauges shown in the Figure. For instance, Rangue DMC and Hacienda Aculeo DMC
have an average annual accumulation of 627.49 and 580.10 mm, respectively, considering
all the matching records between 1963 and 2002, even though the longest records were
documented at the former rain gauge (1913 to date).
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#330156 station and Pintué Campground’s personal station) and wet surface, the latter 

Figure 1. Aerial view of Aculeo Lagoon in April of 2007 with the currently active rain gauges
and their corresponding historic average annual precipitation accumulation. Note that complete
annual records after 2002 are not available for Hacienda Aculeo (DMC); therefore, they do not
include the megadrought effect as recorded in all other gauges. For instance, Rangue (DMC) and
Hacienda Aculeo (DMC) had an average annual accumulation of 627.49 and 580.10 mm, considering
all matching records between 1963 and 2002, even though the longest records were documented at
the former rain gauge (1913 to date). The map also includes the pumping wells, the stream network,
the irrigation channels (2014), and the available roads (2019) in the background.

Figure 1 also includes the stream network (affluents, all of them being currently
deviated for anthropic reasons, as previously mentioned), irrigation channels (2014), roads
(2019), and data obtained from the corresponding public institutions that generated the
products in the background.

Monthly streamflow records at Pintué Creek were obtained from DGA station #05716003-
9, to compare them with the lagoon’s water levels (using El Castaño DGA #330156 station
and Pintué Campground’s personal station) and wet surface, the latter being calculated using
Landsat 8. After the drying occurred on 2018, aquifer levels were estimated using a DGA
monitoring well (DGA #05716014-4) installed right next to the lagoon’s lowest topographic
point at the northern portion of the water body. In particular, a recession analysis of instan-
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taneous streamflow records of Pintué River (2003 through 2010) was compared to rainfall
information to detect patterns and the occurrence of upstream deviations.

Land uses at the Aculeo watershed during different years (1955, 1977, 2012, and 2019)
were analyzed and compared. This information was obtained from the National Military In-
stitute through their HYCON Flight (1955_R-5_F-755), the National Aero-Photogrammetric
Service through their National Aero-Photogrammetric Flight (CH_60_1977), and Landsat 7
and 8. Additionally, land use and socio-economic changes at the Aculeo watershed were
evaluated through an extensive literature review that included the period between the
mid-1800s and the present days. Such review considered scientific journal publications,
undergraduate and graduate theses, and government reports, as well as testimonials from
locals born and raised in the area.

The above literature review also considered a palaeoclimatological analysis, including
regional climate variability in the Southern Westerly Wind Belt, with the intention of
briefly describing the climatic history of the watershed for the last 9500 cal yr B.P. and
find out whether this body of water went dry before, as it did in early 2018. Other
important climatic variables considered in this study included a time series of Sea Surface
Temperature (obtained from the ENSO 3.4 area), monthly precipitation accumulation with
each yearly cycle to determine month and accumulation of maximum annual 24-h rainfall.
Similarly, monthly evapotranspiration was calculated using the Hargreaves method [19]
and estimated for managed versus native lands within the Aculeo watershed. Instantaneous
Enhanced Vegetation Index (EVI) and Evapotranspiration (EVT) for managed and native
lands within the Aculeo watershed were obtained from MODIS. Drought classifications for
3, 6, and 12 months were determined using the Standardized Precipitation Index (SPI) and
the Standardized Precipitation Evapotranspiration Index (SPEI). Both drought indices were
calculated using the previously mentioned available precipitation and evapotranspiration
records.

Moving accumulated precipitation for 5-, 10-, 15-, and 30-year periods was calculated
using Rangue DMC’s annual records, identifying drought events that occurred in central
Chile during the last century. This analysis included uncertainty bands, determined using
two standard deviations calculated over the whole time series of 5-, 10-, 15-, and 30-year
rainfall accumulation.

An “Impulse Response Function, or IRF” (cross-correlation based) between monthly
average streamflow at Pintué River versus the lagoon stages was built to determine the
response time (months) of the lagoon stages. Similarly, a correlation between annual
precipitation accumulation (Rangue DMC) and the lagoon’s minimum and average water
levels was developed to identify differences in linearity between the two variables before
and after major land use changes and river deviations occurred.

Monthly long-term groundwater levels from DGA’s monitoring wells and shallow
pumping wells measured during 2017 were included in this analysis based on previous
reports, to evaluate the temporal evolution of the aquifer and compare them with the
lagoon’s water levels, identifying seasonal variations (fluctuations) and drying anomalies.

Finally, the allocation of surface and groundwater rights over time in the Aculeo water-
shed were obtained from DGA’s database. This analysis included a historical evaluation of
regional and local groundwater management and aquifer planning. Similarly, the number
of wells in the area was obtained from the 2017 National Census (Polygons). Groundwa-
ter levels in the Aculeo valley were obtained from all 55 pumping and monitoring wells
registered by DGA.

3. Results

Land uses at the Aculeo watershed during 1955, 1977, 2012, and 2019 are shown in
Figure 2. The areas on the right side of each photograph represent six hotspots (H1 to H6)
surrounding the lagoon’s area, which have revealed important land use changes during
recent years (see Appendix A).
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Figure 2. Land use at the Aculeo watershed during 1955, 1977, 2012, and 2019. The images of 1955
were obtained from the National Military Institute through their HYCON Flight (1955_R-5_F-755).
The images of 1977 were obtained from the National Aero-Photogrammetric Service through their
National Aero-Photogrammetric Flight (CH_60_1977). The images of 2007 and 2019 were obtained
from Landsat 7 and Landsat 8, respectively. The areas on the right side of each photogram represent
six hotspots (H1 to H6) surrounding the lagoon’s area, which have revealed important land use
changes (see Appendix A).

Figure 3 illustrates: (a) a time series of Sea Surface Temperature in the ENSO 3.4 area;
(b) the annual precipitation accumulation differences between Rangue DMC and Aculeo
DGA rain gauges (blue dots), as well as between Rangue DMC and Angostura DGA (red
dots); (c) (right-axis) the monthly precipitation accumulation (mm/month) for the Aculeo
DGA rain gauge with each yearly cycle showing the month and accumulation of maximum
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annual 24-h rainfall; (left-axis) monthly evapotranspiration (green bars) estimated for
managed (red markers) versus native (green markers) lands within the Aculeo catchment;
(d) the drought classification for 3, 6, and 12 months (SPI and SPEI), based on precipitation
and evapotranspiration records presented in (c); (e) the streamflow records (m3/month)
at Pintué Creek (blue bars), and the lagoon’s water levels (red bars) and wet surface (red
crosses); (f) the accumulated allocation of water rights (left-axis) and allocated water rights
over time (right-axis) in the Aculeo Lagoon; and (g) the EVI (left-axis) and EVT (right-axis)
for managed and native lands within the Aculeo catchment.
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Figure 3. (a) Time series of Sea Surface Temperature in the ENSO 3.4 area; (b) Annual Precipitation
Accumulation differences between Rangue DMC rain gauge (DMC #33060) versus Aculeo DGA
rain gauge (DGA #05716005-5) (blue dots), and versus Angostura (DGA #05716004-7) (red dots); (c)
(right-axis) Monthly Precipitation Accumulation (mm/month) for Aculeo DGA rain gauge (DGA
#05716005-5) with each yearly cycle showing the month and accumulation of maximum annual 24-h
rainfall; (left-axis) Monthly Evapotranspiration (green bars) calculated using Hargreaves (Hargreaves
and Allen, 2003) method and estimated for managed (red markers) versus native (green markers)
lands within the Aculeo catchment.; (d) Drought classification for 3, 6, and 12 months using the
Standardized Precipitation Index (SPI), and Standardized Precipitation Evapotranspiration Index
(SPEI). Both drought indices were calculated using the precipitations and evapotranspiration records
presented in (c); (e) Streamflow records (m3/month) at Pintué Creek (blue bars), and the lagoon’s
water levels (red bars) and wet surface (red crosses). Aquifer levels from Aculeo monitor well (DGA #
05716014-4) were used to represent levels after the drying occurred in 2018; (f) Accumulated allocation
of water rights (left-axis) and allocated water rights over time (right-axis) in the Aculeo Lagoon; and
(g) (left-axis) Instantaneous Enhanced Vegetation Index (EVI) and (right-axis) Evapotranspiration
(EVT) for managed and native lands within the Aculeo catchment.

Figure 4 shows the moving accumulated precipitation for the 5-, 10-, 15-, and 30-year
periods. The years marked with arrows represent the drought events that occurred in
central Chile during the last century.
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annual records. The years marked with arrows represent the drought events that have occurred in
Central Chile during the last 100 years. The uncertainty bands were calculated using two standard
deviations calculated over the whole time series of 5-, 10-, 15-, and 30-year rainfall accumulation.

Figure 5 illustrates: (a) the instantaneous streamflow records at Pintué River and the
daily rainfall accumulation from the Aculeo DGA rain gauge (the closest rain gauge to the
Pintué Stream gauge with available daily records), between 2003 and 2013. Hydrographs (b)
through (i) show streamflow recession curves generated from eight peak streamflow events
recorded at Pintué’s vehicular crossing bridge (a total of ten events recorded between 2003
and 2010). The Figure also includes the two-week antecedent accumulated precipitation
(blue), the duration of streamflow recession in days (red), and the accumulated precipitation
during the recession period (green).

Figure 6 (left) shows the Impulse Response Function (cross-correlation based) between
the monthly average streamflow at Pintué River and the lagoon stages. The peak streamflow
observed at Pintué River leads the response of Aculeo Lagoon stages from one to four
months. Figure 6 (right) illustrates the most significant two-month correlation between
streamflow at Pintué River and stages at the lagoon, represented by a power function. The
marker-color gradient represents the monthly dates used for the construction of the IRF,
which are displayed on the color bar.

Figure 7 illustrates the correlation between annual precipitation accumulation (Rangue
DMC) and the lagoon’s minimum (left) and average (right) water levels (documented at
Pintué Campground, a personal station), for (a and b) the 1998–2017 period (all available
data merged), (c and d) the 1998–2009 period (before major land use changes and river
deviations occurred), and (e and f) the 2010–2017 period (after major land use changes and
river deviations occurred), respectively.
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Figure 5. (a) Instantaneous streamflow records at Pintué River, and daily rainfall accumulation from
Aculeo DGA rain gauge (closest rain gauge to Pintué’s stream gauge with available daily records)
between 2003 and 2013. The hydrographs (b–i) show streamflow recession curves generated for from
eight peak streamflow events recorded at Pintue’s bridge (total of ten events recorded between 2003
and 2010). In blue is the 2-week antecedent accumulated precipitation; in red is the number of days of
streamflow recession duration; in green is the accumulated precipitation during the recession period.
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Figure 6. (Left): Impulse Response Function (cross-correlation based) between monthly average
streamflow at Pintué River versus Aculeo Lagoon stages. The peak streamflow observed at Pintué
River leads the response of Aculeo Lagoon stages from one to four months. (Right): The most
significant two-month correlation between streamflow at Pintué and stages at Aculeo Lagoon is
represented by a power function. The marker-color gradient represents the monthly dates used for
the construction of the IRF, which are displayed on the color bar.

Finally, the water rights (L/s) assigned in the Aculeo District and number of wells
are shown in Figure 8 (top). The polygon divisions observed over the lagoon’s area corre-
spond to pumping wells located in areas surrounding the water body. The same Figure 8
(bottom) shows the groundwater levels in Aculeo from all 55 pumping and monitoring
wells registered by DGA. Each well included in the Figure provides the groundwater levels
documented at specific dates.

The monthly long-term groundwater levels from DGA’s monitoring wells (Asen-
tamiento Vertientes, San Francisco de Aculeo, and Laguna Aculeo), and the monthly
groundwater levels from shallow pumping wells measured during 2017 [20] are shown
in Figure 9, with the red markers representing the lagoon’s water levels, the blue bands
representing the seasonal variation (fluctuation), and the red bands representing the drying
anomalies. Additionally, Table 1 shows the history of technical reports and legal resolutions
involved in the process of regional aquifers identification, including the Aculeo watershed.

Though uncertainty is always a factor, we are confident that our results are scientifically
reliable.
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Table 1. History of technical reports and legal resolutions included in the process of identification
of regional aquifers present, including the Aculeo watershed. The groundwater storage volume
management in each regional aquifer, including Aculeo Lagoon, has been limited by a lack of specific
hydrogeologic studies defining the aquifer properties and the storage volumes required to develop a
sustainable groundwater management in the long-term.

Institution/Unit Date Type Number Mater
Groundwater

Storage Volume
(m3/year)

DGA/SDT 01/05/2002 Technical
Report 133

Definition of Hydrogeologic Sectors for the
Metropolitan Region. Santiago Sur (1896 km2)
was defined as one regional aquifer south of

Metropolitan Region including Aculeo
Watershed and many others.

N/A

DGA/SDT 01/06/2004 Technical
Report 171

Definition of aquifer properties and
groundwater rights availability for all aquifers
(including Santiago Sur ˆ) defined by Technical

Report 133. Results were obtained from
Regional Groundwater Modelling.

630,089,280 ˆ

DGA/SIT 01/01/2007 Technical
Report 119

It defined maximum allowable withdrawals
from Santiago Sur ˆ Aquifer. The aquifer was

divided into four regional sub-aquifers. El
Monte * aquifer (664.1 km2) was defined as the
regional aquifer including Aculeo watershed.

Results were obtained from Regional
Groundwater Modelling.

97,979,198 *

DGA 09/24/2008 Resolution 277
Declared restriction of groundwater extractions
for El Monte Aquifer and established provisional

groundwater rights to control extractions.
+12,803,076 P

DGA 02/04/2010 Exempt
Resolution 248

Modification of DGA’s Resolution 277.
Provisional groundwater rights were increased

by about 52%.
+24,494,800 P

DGA/DARH 08/24/2011 Technical
Report 346

Re-evaluation of groundwater availability in the
Metropolitan Region aquifers, including a

re-evaluation of El Monte Aquifer.
N/A

DGA 10/11/2011 Exempt
Resolution 3121

Revoked DGA’s Exempt Resolution 248 that had
previously established increased provisional

groundwater rights in El Monte Aquifer
N/A

DGA 10/13/2011 Exempt
Resolution 234

Based on DGA’s Technical Report 346, a new
provisional maximum allowable groundwater

extraction volume was established. The volume
was reduced by about 43%.

+14,117,775 P

DGA/DARH 05/17/2018 Technical
Report 89

The hydrogeological delimitation of El Monte
Aquifer was updated taking into consideration
the conclusions provided by DGA’s technical

reports 133 and 119. The sustainable
groundwater extraction volume and current

demands (up to May 2018) were defined for the
new sector named as El Monte Nuevo ** aquifer

(206.1 Km2). The report also attributed the
reduction in groundwater levels to natural and

anthropogenic factors.

88,518,398 **

DGA 05/23/2018 Exempt
Resolution 1430 Approved the conclusions established in the

Technical Report DARH-89.

DGA 06/22/2018 Exempt
Resolution 12

Modification of DGA’s Resolution 277.
Declaration of Aculeo Watershed (Aquifer) as

area of restriction for new groundwater
extractions. This resolution also established new
provisional groundwater rights over El Monte

Nuevo **.

+1,361,831 **,P

ˆ Santiago Sur aquifer; * El Monte aquifer; ** El Monte Nuevo aquifer; P Provisional groundwater rights; +

Additional allocation of groundwater rights.
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Figure 7. Correlation between annual precipitation accumulation (Rangue DMC) and lagoon’s
minimum (left) and average (right) water levels (documented at Pintué Campground) for (a), (b) the
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Figure 8. Top: Water rights (L/s) and number of wells in the Aculeo watershed and surrounding
areas. Bottom: Groundwater levels in Aculeo from all 55 pumping and monitoring wells registered
by DGA. Each well included in the map provides groundwater levels recorded at certain dates.
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Figure 9. Monthly long-term groundwater levels from DGA’s monitoring wells (Asentamiento
Vertientes, San Francisco de Aculeo, and Laguna Aculeo), and monthly groundwater levels from
shallow pumping wells measured during 2017. The red markers represent the lagoon’s water levels
with a blue band representing the seasonal variation (fluctuation), and a red band representing the
drying anomalies.

4. Discussion
4.1. Land Use and Socio-Economic Changes of the Aculeo Watershed
4.1.1. The Agrarian Reform Triggering Land and Water Use Transformations

The economic, social, and ecologic relevance of the Aculeo Lagoon have already been
described by many other authors (e.g., [16]). However, it is important for readers to know
in detail that the watershed’s land use and water balance have gradually changed since the
Agrarian Reform (in Spanish, Reforma Agraria, a process that expropriated and subdivided
large pieces of land between 1962 and 1973, to pass them over to small-scale farmers) [21],
but more intensively since the early 2010s, when an unprecedented combination among
(1) intensified land-use changes that resulted in increased surface and groundwater with-
drawals, and pumping directly from the lagoon; (2) anthropogenic diversions of affluents
that historically contributed significant volumes of water to recharge this small lake–aquifer
system (e.g., [20,22]); and (3) below-normal precipitation (in most years during the last
decade after 2010), accelerated the lagoon’s natural drainage process (see details in [16],
including a complete water balance).

To understand this drying process, it is important to recognize that the contemporary
socio-economic history and land use of the watershed has been marked by the following two
main processes: (1) Inquilinaje (1860–1968), in which the agricultural production (irrigated
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using flooding methods) was based on local man power, being the levels of productivity
marked by the natural cycle of precipitation, plants, and animals [21]; and (2) Decomposition
(1968–2012), which is the period starting with the previously mentioned Chilean Agrarian
Reform [23,24], where the expropriation of land, together with the absence of technical
and financial support for small-scale farmers (cultivating annual crops), resulted in locals
selling their land, mostly for large-scale fruit plantations and summer homes [22,25]. The
latter are commonly known as parcelas de agrado (in Spanish), which are land divisions
regulated by the 3516 Decree Law (DL) that allows plots with a minimum size of 0.5
hectares. Most summer homes are owned by residents of Santiago, the nearby country’s
capital [21,22]. This local growth resulted from increased touristic activity between 1985
and 2017, with an accelerated expansion of 1157 hectares of summer homes, of which
675 hectares (58%) occurred during the last decade (2009–2017) [22]. The economic value
of rural properties during this period quadrupled due to a rising demand for land and
its proximity to Santiago [22]. In this regard, when analyzing the evolution of land use
between 1955 and 2019, it is clear that all the main valleys around the lagoon passed from
annual crops (see for example 1955 and 1977 in Figure 2, or even as late as January of 2005
on Appendix A, when the watershed was still used mostly by local farmers for annual
crops) to summer homes and fruit tree plantations (see years 2012 and 2019 in Figure 2, and
Appendix B).

An important fact related to the massive establishment of summer homes is that
each one historically had around half a hectare of lawn irrigated with sprinklers (a very
inefficient irrigation method) and commonly a family size swimming pool (see example on
Appendix B). The water used for lawn irrigation and swimming pool filling was obtained
either directly from the lagoon or from pumping wells; in both cases, the water was obtained
from the same lagoon–aquifer system (see details on [16]). In April of 2020 (two years after
the disappearance of the lagoon), nearly 200,000 m2 of lawn were remotely sensed on the
valleys surrounding the ex-body of water. However, it must be considered that due to a
significant depletion of water tables in the area, most summer homes gradually stopped
irrigating their green areas years before 2020, meaning that the total area covered by lawns
was much bigger during the last decade (this can be easily confirmed using remote sensing
products). The amount of water used every year for irrigating lawns at summer homes
during the last decade is currently unknown; however, probably tens of millions of m3

of water (see for example [26,27]) were extracted from the lagoon–aquifer system every
year, as most parcels were irrigated continuously all day long to maintain a green cover.
Considering a hypothetical scenario with an irrigation requirement of 5 L per m2 per
day between September and March (211 days) for a decade, the uptake is approximately
between 3.3 and 5% of the total amount of water stored in the Aculeo Lagoon (assuming
a total volume ranging between 40 and 60 million m3) [16]. In addition, many summer
homes still have family size swimming pools (see Appendix B), which also contribute to
annual water consumption (see for example [28,29]).

4.1.2. Evolution of Large-Scale Agriculture in the Watershed

Though water usage from summer homes was significant but gradually decreased
after 2010, the opposite occurred for large-scale agriculture. The area of irrigated annual
crops was censed at the Aculeo District in 2007, totalizing 529.4 hectares. Fruit trees were
mostly dominated by orange, avocado, and cherry species, representing an area of 234.3
hectares [30]. In their WEAP modelling study (comparing the periods 1997–2006 and
2010–2018), Barría et al. [17] considered 143.06 hectares of fruit trees for the first period,
and only 197.36 hectares of fruit trees for the second period. These underestimated areas
were used by the authors to calibrate and run simulations for the Aculeo watershed. Most
importantly, the annual water consumption considered by Barría et al. [17] for annual
crops and fruit tree plantations were 11.5 and 1.72 million m3 (1997–2006), and 10.6 and
2.9 million m3 (2010–2018), respectively. These water consumption values are far from
reality because the surface of traditional annual crops was gradually replaced by fruit
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tree plantations or summer homes (or simply abandoned), reaching insignificant values
within the last decade. This rapid land use change was accelerated when local farmers no
longer had access to water once the lagoon–aquifer system (i.e., lagoon and shallow wells)
depleted to very low levels. Barría et al. [17] stated that annual crops decreased by just over
30%, which is obviously not the case. These differences represent an additional missing
demand for the water balance performed for the watershed, since it is well known that
fruit trees are the type of agricultural land use with the highest water consumption (even
with dripping irrigation systems), as trees need to obtain enough water to produce healthy
fruits according to international trading standards (e.g., [31]).

Since there was an abundance of water in the area before 2010, flooding methods were
traditionally used to irrigate annual crops, which might not be the most water efficient
option for agriculture, but research has shown that most of the flooded water can be
percolated (recycled) back to the local aquifer (e.g., [32–36]). This hypothesis is most
likely the truth in many valleys of Mediterranean Chile, where shallow subsurface water
fluxes from irrigation channels, ponds, crops, and plantations can represent an important
contribution of return flow for surface and groundwater systems. This is a clear explanation
for why most of the valley being occupied with annual crops did not significantly affect
the lagoon–aquifer interaction and water levels before 2010. Annual crops were irrigated
with water withdrawn directly from the lagoon–aquifer system, through shallow wells or
directly from the lagoon (as previously mentioned), and a large pumping station (more
than a century ago) located in the southeastern boundary of the lagoon. Later on, a new
pumping station was established on the southern border of the water body around 2010,
exclusively to irrigate newly established fruit tree plantations.

The encountered differences on agricultural land use can be easily propagated to the
calibration of any water balance model, e.g., through the amount of water needed by annual
crops and fruit trees. In fact, the correct definition of those can play a significant role when
simulating the water balance of Aculeo or any other small watershed with similar hydrology.
For example, considering eight months of annual irrigation on fruit tree plantations, the 2.9
million m3 used by Barría et al. [17] is a value difficult to fit in the real world, keeping in
mind that the demands of the sector are so high that all affluents were deviated, a series
of deep wells that pump water 24/7 were drilled, and the previously mentioned second
powerful pumping station was built to extract water directly from the lagoon. It is also
important to add that the most recent National Census (not published yet) will provide
updated conditions of irrigated land and agricultural uses in the Aculeo District (see some
updated information in [30]). Preliminary results of the National Census will be available
within the next few months, and final results in the second half of 2022. The updated land
use information for Aculeo must be included in any future water management strategy
aimed to recover the lake–aquifer interaction for the watershed.

In short, since the Agrarian Reform (and more intensively after 2010), an unsustainable
socio-economic transformation of land use for summer homes and large-scale agriculture in
the Aculeo valley has been dominant until the present days, agreeing with the conclusions
by several authors [13–16,22], and disagreeing with Barría et al. [17]. The combination of
poor water resources management and land use planning led by governmental authorities
placed Aculeo in an extreme hydrologic condition that ended up affecting the capacity
of this small watershed to cope with the current drought (or megadrought), as it did in
the past (see next Section for details). In fact, locals and most scientists involved with
this small watershed agree that both unsustainable water management and inappropriate
land use planning are the primary factors that impacted the ecosystem services historically
provided by the lagoon [14–16]. The impacted ecosystem services were identified as those
mainly related to water regulation and water supply (see details in [13]), and they caused
a disruption of the lagoon–aquifer interaction with steady reductions in the water levels
historically observed on the watershed, as shown in other sections further down.
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4.2. Regional Climate Variability in the Southern Westerly Wind Belt and Paleoclimatology of
Aculeo

Previous research reconstructed Austral summer (DJF) temperatures, revealing sub-
decadal- to centennial-scale climate variability for central Chile (30–40◦ S) back to 850
A.D. [37]. The interannual, interdecadal, and multi-decadal variability of annual rainfall, on
the other hand, is characterized by a well-defined annual cycle, with a peak of precipitation
accumulation in the Austral winter and much lower values during the rest of the year [38].
This strong seasonality of precipitation results from the winter retreat of the South-East
Pacific Anticyclone (SEPA), which allows a low-level Southern Westerly Wind Belt (SWWB)
carrying frontal systems into central Chile. Additionally, the climate (rainfall) variability
over this region is controlled at different timescales by ocean–atmosphere teleconnections
linked to warming in the Pacific and Atlantic oceans. For instance, the most important
warming interactions are dominated by El Niño Southern Oscillation (ENSO) (see Fig-
ure 3a), the Pacific Decadal Oscillation (PDO), the Antarctic Oscillation (AO), the Atlantic
Multidecadal Oscillation (AMO), and the Madden and Julian Oscillation (MJO), among
others [38–44].

Being a small (206-km2) watershed with a surface body of water surrounded mostly
by mountain ranges with elevations that can reach up to about 1300 m.a.s.l. [45], Aculeo
lies at the northern boundary of the Southern Westerly Wind Belt (SWWB) and, therefore,
it is dominated by a steep precipitation gradient [9]. Previous palaeoclimatological in-
vestigations indicate an arid early-to-mid Holocene period (about 9500–5700 cal yr B.P.)
with an increase in annual rainfall after 5700 cal yr B.P., increasing even more (to modern
conditions) to around 3200 cal yr B.P. [9–12]. Scientific evidence shows that this body of
water has not naturally disappeared for thousands of years [9,10] (a fact confirmed by one
of the authors from the former study, as they always found lake-related diatoms in the
sediment core extracted from the bottom of the lagoon), making it hard to believe that a
decade of below-normal precipitation (including a few wet years, as detailed further down)
under modern humid conditions would be the main variable leading to the complete
disappearance of the lagoon, as concluded by Barría et al. [17]. Moreover, as explained in
other sections, the Aculeo watershed did not actually experience a megadrought during
the analyzed time period.

4.3. Understanding Precipitation Recycling Effects in Aculeo

There is enough evidence to suggest that the strong precipitation gradient produced by
SWWB generates a high spatio-temporal variability of annual accumulation over the Aculeo
watershed. This gradient generally translates into more annual precipitation accumulation
over rain gauges located inside the watershed that encloses the lagoon, compared to those
located to the east (Pintué River watershed), west, and north of Aculeo (see Figure 1).
Moreover, comparative analysis of two rain gauges, Aculeo DGA (used by Barría et al. [17]
as the main input information to build their WEAP model, located in the easterly neigh-
boring Pintué watershed and not “within the Aculeo Lake catchment”, as stated in their
publication) and Angostura DGA, revealed important differences on annual precipitation
accumulation compared to the Rangue DMC rain gauge, the only rain gauge located within
the Aculeo watershed, with yearly data available between 1913 to date, being a government
station between 1962 and 2016 (a period of which daily records are available). As men-
tioned by Barría et al. [17], the “Laguna de Aculeo” DGA station has rainfall information
from 1960 to date, but the authors only considered information from 1970 for some of their
analyses, excluding the important great drought of 1968–1969.

It is also important to add that there are several other additional rain gauges man-
aged by locals and government institutions inside the neighboring Pintué watershed (see
Figure 1), but neither of those were considered by Barría et al. [17]. The fact that some of
these records are not collected by a government agency does not mean that they cannot
be used for research purposes. In fact, there are countless studies that have conducted
remarkable investigations based on personal or family owned rain gauges (e.g., [46–51]).
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Therefore, considering government and/or personal rain gauges closer to the lagoon is very
important for the development of modeling strategies because of the strong precipitation
recycling effects observed in water bodies along Chile [52], which can be enhanced during
ENSO warmings. For example, the differences between Rangue DMC and Aculeo DGA
(used by Barría et al. [17]) reached up to more than 200 mm in the strong 1992 ENSO and
more than 100 mm in the 1997 ENSO (Figure 3b). The annual accumulation gradient is
much more noticeable when comparing Rangue DMC and Angostura DGA rain gauges
(see Figure 1 for location references), where the differences in annual accumulation reached
up to more than 700 mm in the 1997 ENSO (Figure 3b). Moreover, from 58 years of available
data for this comparison (1960–2018), there is an additional total rainfall depth of 3155.1
mm documented at the Rangue DMC station (compared to the Aculeo DGA station used by
Barría et al. [17]), which represents a total catchment volume of about 11–16 times the total
volume of water stored by the lagoon [16]. In fact, the additional rainfall captured at the Ac-
uleo watershed over the 1960–2018 period represents, on average, between 19 to 28% of the
annual volume of water stored in the lagoon (see details in [16]). These striking differences
have to do with the location of rain gauges within the Maipo–Aculeo domain. For example,
the Angostura DGA rain gauge is located north of the northern Aculeo mountain range
boundary. Therefore, it could be largely affected by orographic blocking of the SWWB.
However, it is likely that strong precipitation recycling effects [53–58] were enhanced over
Aculeo when the lagoon was an active body of water. This recycling pattern observed at
the Aculeo watershed has been previously studied along Chile by Pizarro et al. [52], who
concluded that gauges located closer to water bodies register storms with much higher
rainfall intensities compared to rain gauges located away from them. This contribution of
local evapotranspiration to precipitation depends on the characteristics of the land surface
and climate [57] and it can produce more annual precipitation accumulation compared to
surrounding areas, as clearly shown for the case of the Aculeo watershed. For example, in
the Amazon basin, the contribution of evapotranspiration to local precipitation (recycling
fraction) has been estimated to range from 25 to 35% [54,55], while studies carried out in
China have stated that the recycling fraction depends on the seasonal and inter-annual
climatic variations. In fact, a range of variation between 14.1 and 22.8% was found in
northern China for the same month (May) under different hydrologic conditions (wet
versus dry years, respectively) [59]. In Australia, contributions from precipitation recy-
cling varied from 11% in winter up to 21% in summer [58]. All these studies (and many
more) have revealed the relevance of precipitation recycling effects on the precipitation–
evapotranspiration patterns of local and continental landscapes, together with the presence
of water bodies, which help enhancing this physical interaction between hydrological
fluxes. Therefore, any estimation of the water balance on the Aculeo watershed should
consider the relevance of these spatio-temporal patterns in the amount of water stored
in the watershed (see next section for details). Since Barría et al. [17] fed their WEAP
model using only one rain gauge located in the neighboring Pintué watershed, the authors’
analysis should be re-evaluated using local rainfall records, as presented in this study.

4.4. Climate Records Used for Water Balance Simulations in Aculeo

As seen in the previous section, the appropriate selection of precipitation records is a
key decision for modeling strategies because this flux is more important than temperature,
both being dominant fluxes needed to perform reliable hydrological modelling strategies.
For example, rainfall in this area normally occurs during winter months, when most plant
species are dormant, and irrigation (agriculture and lawns) is practically absent. In this
regard, an analysis of the temporal dynamics of vegetation evapotranspiration and vigor
revealed a periodic pattern in both managed lands (which includes summer homes, annual
crops, and fruit tree plantations) and native lands (which includes the surrounding native
vegetation) (see Figure 3c,d). From this analysis, the highest evaporation and evapotran-
spiration rates in managed lands were found during summer months, which is the season
when most irrigation occurs. This evaluation suggests that managed lands produce higher
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evapotranspiration rates, but at the same time, there is no evidence of a significant change
or trend on evapotranspiration rates over time (at least not before the lagoon disappeared
in 2018), as suggested by Barría et al. [17], who assumed that precipitation decreases were
produced by evapotranspiration rates’ enhancement because of a significant increase in
the annual daily average temperature. However, evapotranspiration rates are seasonal,
being negligible during winter months and higher during summer seasons. During the
dry season (Austral summer), evapotranspiration rates are mostly a function of the water
used for the irrigation that is applied to crops, fruit trees, lawns, or swimming pools,
primarily obtained from the local lagoon–aquifer system (either directly from the lagoon
or through pumping wells/stations), and/or from the rivers and creeks that used to flow
most of the hydrologic year. In other words, an increase (or decrease) in annual rainfall
accumulation (during winter) would not necessarily generate a direct increase (or decrease)
in evapotranspiration rates observed in the Aculeo watershed during growing seasons
(as suggested by Barría et al. [17]), since both fluxes have their peaks at different seasons
within a hydrologic year.

To test how the hydrologic partition of precipitation and evapotranspiration occurs
in the Aculeo watershed, two of the most popular hydrological drought indices (SPI
and SPEI) (see details in [60–65]) were calculated using Laguna de Aculeo DGA rainfall
and temperature records (Figure 3e). The long-term pattern analysis (1990–2020) only
revealed severe drought conditions (6 months) in the December of 1998 (strong La Niña
conditions) and moderate drought conditions (also 6 months) in the June of 2015, despite
the presence of a strong ENSO, with these two being the most extreme events. During recent
years (2015–2019), the drought indexes fluctuated within the range of mild-to-moderate
drought conditions (probably due to the higher rainfall accumulation observed in 2016),
meaning that streams, reservoirs, or water tables on wells could be lower, but no significant
impacts on natural hydrologic systems should be expected. The original classification of
each drought index was used to determine the hydrologic partition based on rainfall and
evapotranspiration records. This finding revealed that higher evapotranspiration rates
suggested by Barría et al. [17] were not the primary driver of the natural water balance of
the Aculeo watershed and its lagoon, at least not anywhere near the drying extent observed
in 2018.

Barría et al. [17] also indicated that, due to interannual variability, annual rainfall only
ranges between 435 and 850 mm per year. However, the observed annual precipitation
accumulation variability for Aculeo DGA is 84.5 (drought of 1968–1969), and 1160 mm
per year during the 1997 ENSO year. Furthermore, according to Rangue DMC records
(1913–2019), the annual rainfall variability in the Aculeo Lagoon watershed is stationary
(as revealed in several tests performed in this analysis), ranging between 77 mm recorded
during the drought of 1924 (the great drought of 1968 recorded 88.5 mm) and 1309 mm
(wet year of 1926). The historic mean annual precipitation accumulation for these records
is 572.1 mm (603.9 mm per year for the 1960–2009 period, and 418.84 mm per year for the
2010–2018 period). Barría et al. [17] also indicated that local effects of the central Chile’s
megadrought are noticeable because the annual average rainfall from Aculeo DGA station
between 1960 and 2009 was 544 mm and then dropped in the 2010–2018 period to 355
mm (deficit of approximately 38%.) Using this comparison, the authors argued that a
reduction in the multi-year mean is due, in part, to the absence of very wet years that
punctuated previous decades. This statement is not correct because a comparison of the
long-term average for two different periods is not enough to detect long-term changes
on precipitation accumulation. In this regard, the calculation of long-term precipitation
averages or accumulation for different moving windows (i.e., 5, 10, 15, 30 years, etc.) offers
a much better way to visualize and detect long-term patterns of dry and wet periods, and
it can also better reveal how low-frequency signals control the long-term hydrological
memory of the watersheds (see [44]). For instance, our analysis of long-term annual
precipitation accumulation (using Rangue DMC records) revealed that below-normal
conditions were prevalent between 1945 and 1983 on 10- and 15-year accumulated moving
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windows, respectively. However, on the 30-year multi-decadal signal, dry conditions were
prevalent between 1956 and 1986 (see Figure 4). After this period, there was a marked wet
cycle (above-normal conditions) that peaked before 2010, and since then there has been
a negative trend that became “below-normal” in 2017 (30-year), 2015 (15-year), 2012 (10-
year), and 2011 (5-year). From this analysis, it is important to add that the 30-year moving
window shown in Figure 4 represents a clear example of why the concept of “megadrought”
is not the primary factor for the disappearance of the lagoon. For example, accumulated
dry conditions were more intense in previous decades over the Aculeo watershed (i.e., the
great drought of 1968–1969), and the lagoon did not disappear or significantly decrease
its levels (personal communication from Alfonso Ortiz, a local 74-year-old farmer born
in the watershed). In short, comparing two short-term rainfall periods (1960–2009 and
2010–2018) to drive conclusions, ignoring decades of previous data (as performed by Barría
et al. [17]) does not reflect reality and only represents part of the past climate in the area
(see Section 4.5 for details).

4.5. Anthropogenic Diversions and the Lagoon’s Water Balance

As previously mentioned, the available literature provides diverse studies that have
been carried out in the Aculeo watershed and its lagoon during the last few decades.
However, the anthropogenic modifications applied to the watershed and its water balance
have only been a topic of discussion in recent studies [13–16,22]. All these studies agree
that strong land use transformations, increased lake and groundwater consumption, and
the diversion of surface tributaries are currently the most important environmental and
hydrological problems in the Aculeo watershed (see Section 4.1 for details). These well-
recognized anthropogenic modifications occurred at the end of a 30-year wet cycle (see
Figure 4 and Section 4.4) that started around 1998 and peaked in 2009. This most recent
30-year wet cycle started decreasing since then and reached normal-like conditions during
2017–2018. However, the rate of this latter decreasing wet cycle trend (2019–2020) is about
three times higher than the rate of the 30-year dry cycle decreasing trend observed between
1954 and 1975. Interestingly enough, the previous dry cycle lasted for longer time (22 years
versus 9 years in Barría et al.’s [17] analysis) and the lagoon barely decreased its levels nor
disappeared, even during the great drought of 1968–1969, as it did in 2018, even though the
valley was completely covered by annual crops back then (see Figure 2 and Appendix A).

Regarding the lagoon’s water balance, it is important to indicate that up to 2010, the
lagoon used to be fed by many important tributaries such as Pintué, Las Cabras, Aculeo,
and Huiticalán tributaries, among others (see Figure 1). All these inflows (but mainly Pintué
and Las Cabras) represented a significant surface water contribution to the lagoon–aquifer
system, as they used to run during most of the winter and spring every year. As indicated
by many locals (e.g., Alfonso Ortiz, personal communication), Pintué River used to run
all year round, with impressive volumes during winters and springs and even during
summers, and Las Cabras could even run up to summer months (see Appendix C for
details), and not exclusively “during storm events”, as stated by Barría et al. [17]. These
rivers are currently dry (except for Pintué, which has had a permanent but insignificant
flow since 2010) [66], because they were completely deviated upstream for agricultural
irrigation purposes (mostly fruit tree plantations), a process that started in the mid-1990s
and became much more unsustainable around 2010 (see Figure 5 for details).

Instantaneous streamflow records of Pintué River were documented by DGA between
2003 and 2010 (Figure 5a). Our analysis of recession curves revealed clear patterns of
upstream deviations at Pintué River that ended up affecting the environmental flows of
this important affluent to the lagoon. For example, there was a streamflow recession that
lasted for more than 200 days in 2003, having antecedent conditions of about 62 mm of
rainfall accumulation (2 weeks before the event was registered at the closest Laguna de
Aculeo DGA station), and peak flows between 1.5 and 2 m3/s (see Figure 5b). These natural
hydrologic recession conditions can be also observed in 2004 (Figure 5c), with much lower
antecedent precipitation accumulation. Between 2005 and 2006 (Figure 5d,e), on the other
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hand, higher 2-week antecedent rainfall accumulation (~168 and 212 mm, respectively)
generated higher peak flows (~9 and 11 m3/s, respectively), but much shorter streamflow
recessions (96 and 118 days, respectively), most likely due to partial streamflow deviations
that started around this period. Based on this hydrological evidence, the anthropogenic
modifications carried out at Pintué River reached a peak between 2007 and 2010, a period
in which it is very clear that similar precipitation accumulation generated similar peak
flows with much shorter recessions (see Figure 5f–h). The most critical situation started
in 2010 (Figure 5f), when, despite an antecedent rainfall accumulation of ~144 mm in the
watershed (2-to-5 times higher than that that occurred in 2003 and 2004), there was no
streamflow response, and it can be inferred from the hydrograph records that most of the
water was deviated upstream, as there was no characteristic recession curve (it is important
to mention that Barría et al. [17] assumed a significant river flow contribution from Pintué
in their model until as late as 2018, which is not the case, as previously discussed). The
negative variation of water volumes in the main tributaries translated into a decrease in the
water stored in the Aculeo watershed because of a gradual temporal loss of the interaction
between surface and groundwater systems (due to upstream diversions, together with the
increasing pumping volumes previously discussed). The environmental flows of Pintué
River were so low that a levee was built in 2005 at the lagoon’s natural surface drainage (at
the Santa Marta stream, which used to drain the lagoon’s excess water during wet years).
The levee was built by a non-profit named CAVA (In Spanish, Corporación de Adelanto del
Valle de Aculeo, a local organization that seeks to recover the lagoon’s water levels) to direct
the Pintué’s surface water flows into the lagoon.

An impulse response function (IRF) distributed over twenty monthly time steps
showed that Pintué flows were strongly related to the lagoon’s water levels, agreeing with
Meneses [66], who found that it created a subsurface hydrological barrier that prevented
the lagoon from underground draining. Additionally, monthly records revealed that Pintué
flows can significantly lead the lagoon’s water levels for up to two months (see Figure 6,
left). For example, a peak streamflow event generated from intense rainfall storms can
provide instantaneous recharge to the lagoon (see lag zero at IRF on Figure 6, left), but
there is also a slower groundwater recharge component that is significant and clear from 1
to 4 months (see example for significant two-month correlation in Figure 6, right). This is
additional strong evidence of the high relevance of surface and groundwater sources for a
sustainable long-term water balance of the Aculeo Lagoon.

The above evaluation provides sufficient proof of streamflow deviations upstream of
the Pintué River (added that there is substantial evidence to say that Las Cabras Creek was
completely diverted in the 1990s, as shown in Appendix D), and it is another important
component that invalidates the analysis conducted by Barría et al. [17], as they should have
considered it for their WEAP model’s implementation and the water balance estimated for
the Aculeo watershed. It is also important to mention that Barría et al. [17] did not give
much relevance to the groundwater factor in their model (herein proven to be extremely
important), as they assumed it was negligible based on a report developed by a consulting
firm [67].

4.6. A Long-Term Natural Relationship between Precipitation and Water Levels

As previously mentioned, the lagoon’s water levels were documented at the following
two locations: (1) Laguna de Aculeo en Los Castaños (DGA station, used by Barría et al. [17]
for their analysis), located in the south-east border of the lagoon, in which monthly values
between 2006 and part of 2013 were recorded using an electronic datalogger. However,
QA/QC analysis of records indicate a malfunction of the device during part of 2006 and
2007, and most of 2011 (see Appendix E), leaving no choice but to discard such information
in our study; and (2) Administrative staff at Pintué Campground (located at the north-
east border of the lagoon) measured the distance between their duck and the lagoon
levels almost every Monday from 1999 until the duck went dry in 2017. Since a strict
correlation existed between both measuring locations before the 2011 malfunction of the
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former station (see Appendix E for details), the latter personal station was considered to
evaluate the natural long-term relationship between annual precipitation accumulation
documented at Rangue (DMC) and Aculeo (DGA) rain gauges, and the lagoon’s water
levels. Considering the whole period with the available data (i.e., 1999 through 2017), no
apparent correlation exists between the two hydrological variables (see distribution and low
R values in Figure 7a,b). However, knowing that most land use changes, river deviations,
and increases in water consumption occurred around 2010, the previously mentioned
long-term relationship between annual precipitation accumulation and lagoon water levels
was strictly linear before such period (with R values of 0.69 and 0.86 for minimum and
average water levels, respectively), i.e., the more it rained in a single year, the higher the
lagoon’s water levels became, and vice versa (Figure 7c,d), because of sustained seasonal
surface and groundwater recharge and low water consumption in general. This relationship
supports one of the hypotheses by Barría et al. [17], who suggested a strong relationship
between precipitation and the lagoon’s water levels. However, it is clear that after 2010
such correlation was strongly impacted by anthropic factors because annual rainfall was
no longer a variable affecting the lagoon’s water levels, and no matter how much it rained
in a single year, the lagoon (aquifer) levels kept decreasing until disappearing (see negative
R values and vertical distribution in Figure 7e,f). In other words, if a persistent climatic
drought was the main responsible for the lagoon’s depletion (as concluded by Barría
et al. [17]), the relationship between annual precipitation and lagoon’s water levels would
have still been linear after 2010, since there were more than two wet years documented
at both Rangue DMC and Laguna de Aculeo DGA rain gauges within the 2010–2018
period (see Appendix F). This presents undisputable evidence that the accelerated and
excessive water consumption applied to the watershed played a main role in the lagoon’s
disappearance, making it impossible for this small watershed to maintain its long-term
natural water balance, which was historically dominated by seasonal winter precipitation
and several sources of water recharge.

4.7. Increased Water Demands and Allocation of Water Rights

Together with the reported deviations of surface flows at Pintué and Las Cabras
tributaries, and the consequent reduction in the lagoon’s static water levels (and its surface
area) (Figure 3f), the legal water demands and water rights allocation also dramatically
increased over time (Figure 3g), resulting in the growing pumping of groundwater resources
(illegal extractions were not quantified in this study, though several authors agree that
it represents a growing problem in the area [13–16,22]). Before 2000, there were only
144 L/s of groundwater rights allocated in the Aculeo watershed (not including the Pintué
watershed), a value that was doubled between 2004 and 2008 (145.8 L/s more). During
the late 2014–2020 period, an additional 90.9 L/s on water rights were allocated in the
watershed, with about 50% of those rights occurring after the complete disappearance of
the lagoon in 2018 (Figure 3g). Currently, the total DGA’s official water rights allocated in
the Aculeo watershed are around 381 L/s (Figure 9), i.e., more than 12 million m3 per year
(which is between 20 and 30% of the lagoon’s total volume, considering perpetuity and
continuity in groundwater extraction), with most of them destined to large-scale agriculture.
Again, Barría et al. [17] indicated that the demands associated with fruit tree plantations
are just below three million m3/year, a value that is very far from reality.

Moreover, the previously discussed lawn irrigation and swimming pool fillings in
summer homes (most of them having their own wells) makes things even more complicated,
as current water laws in Chile allow the following three very special cases for groundwater
use rights: (1) drink and domestic uses; (2) waters found in mining activities; and (3) lit
waters in the exercise of geothermal energy concessions [68]. According to (1) (Article
56, Incise 1◦ of Chile’s Water Code), anyone can drill wells in their own soil for drinking
and domestic uses without permission. The Chilean regulation specifies that the notion of
“drinking and domestic use” corresponds to the water that a person or family withdraws
from a well for the purpose of drinking, personal hygiene, and growing fruit and vegetable
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products indispensable for their subsistence, without economic or commercial purposes [68].
The problem with this exceptional case resides in the fact that most summer homeowners
in Chile consider that water used to irrigate lawns or filling up swimming pools is part of
their domestic use. This led to increased drilling of an unknown number of shallow and
deep wells within the Aculeo watershed. For instance, the National Census of 2017 [30,69]
reported 1602 houses in the Aculeo district (~52% of residence in Aculeo). By the time
of the census, Aculeo residents indicated that their main source of water was from the
public network (a low coverage of only 59.7%, though local public water supply also comes
from the same aquifer). On the other hand, 36.3% of residents indicated that their main
water source was from pumping wells, and only 3.3% had alternative water sources such
as distribution by water trucks or direct consumption from creeks or springs up in the
mountains. Only considering people using water from non-registered pumping wells,
there are about 304 pumping wells reported by the National Census in the Aculeo district
(Figure 8). These wells are additional to those legally registered by DGA (only 34 active
pumping wells out of 54 with water rights within the Aculeo watershed) (see Figure 8).
Additionally, by the time of the census, nobody was in most of the summer homes (as the
majority of owners live in Santiago); therefore, a lot of information in regard to private wells
was lost. Therefore, there is no clue about historic extractions and how water is currently
being used in the watershed, or even in the whole country. Only a few monthly time
series of water levels from DGA and local shallow monitoring wells (measured in 2017) are
available for the whole watershed (see Figure 9). The long-term records of groundwater
levels clearly show a regional aquifer depletion, which is evident within the watershed but
also from wells located outside the area, being also under tremendous extraction pressure
(e.g., Asentamiento Las Vertientes monitoring well) (Figure 9).

The difference between the number of wells legally registered at DGA and those
reported by the National Census of 2017 is an additional source of discharged water
volume that should have been considered by Barría et al. [17], since this component is most
likely a very significant flux that needs to be added to any modelling strategy implemented
for Aculeo, and for any watershed. The uncertainty added from these extractions is also
related to the fact that most people are not aware that the legal right of exceptional uses
only applies if any other access to water to satisfy their basic needs such as the coverage of
drinking water or sanitation, is not viable (both in urban and rural areas), with a lack of
inspection from DGA being a commonly known problem in Chile. At the same time (as
known by locals), the two pumping stations discussed in previous sections, hundreds of
summer homes, and several condominium-type gated communities pumped water directly
from the lagoon, a process that continued even while the lagoon was retreating (this can be
easily verified with remote sensing tools).

4.8. Regional Aquifers and Groundwater Storage Volumes

The clearly unsustainable water management and inappropriate land use planning
(both led by the government) applied to Aculeo, as shown in the previous sections, was also
the result of poor identification and management of regional aquifers and their groundwa-
ter levels (see Figures 8 and 9), and storage volumes. For example, El Monte Nuevo aquifer
(206.1 Km2), which is the most recent common sector of groundwater use for Aculeo, was
recently identified [70], though the identification of aquifers in the Metropolitan Region
of Chile started back in 2002 to understand the hydrogeology of large-scale groundwater
resources [71]. The Santiago Sur aquifer (1896 Km2) was the first identified hydrogeologic
system, which included Aculeo within its domain (see Table 1). The maximum sustain-
able groundwater extraction for this aquifer was estimated at 630 million m3/year [72].
However, an updated hydrogeologic identification was carried out in 2007, and the Santi-
ago Sur aquifer was divided into four sub-aquifers, with Aculeo being included in the El
Monte aquifer (664.1 km2), the main regional system with an estimated total sustainable
groundwater volume extraction of about 98 million m3/year [73]. Though this aquifer was
declared under restriction of additional groundwater extractions in 2008 [74], provisional
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water rights of almost 13 million m3/year were also included together with this legal
resolution, as shown in Table 1. In 2010, the provisional water rights at the El Monte aquifer
were increased to more than 24 million m3/year [75], a legal resolution being revoked in
2011, when the volume of provisional groundwater rights was decreased to 14 million
m3/year [76].

The most recent identification of the El Monte Nuevo regional aquifer was associated
with a sustainable groundwater volume extraction of 88.5 million m3/year [70], which is
only 9% less volume compared to the original El Monte aquifer. Nevertheless, the capture
area of this aquifer is about three times larger than the El Monte Nuevo regional aquifer.
Even though storage volumes were largely increased for this new regional sub-aquifer, the
total allocated demand was set at over 246 million m3/year [70], which is more than three
times the estimated volume stored underground. Therefore, when the lagoon disappeared
in 2018, there was a serious water unbalance in the regional aquifer that was of government
knowledge. The total allocated demand was adjusted in 2018 using a sustainability ratio
(demands/availability) of the neighboring Buin aquifer, suggesting that the demand for the
El Monte Nuevo aquifer could be up to 2.8 times the availability [77].

With the above discussion, new provisional groundwater rights of 1.3 million m3/year
were allocated for the El Monte Nuevo aquifer. With these new additions, the maximum
allowable groundwater extractions were established at almost 248 million m3/year in
2018 [77]. This most recent legal resolution also established that Aculeo’s local aquifer is
a new restriction area for additional groundwater extractions. This legal restriction was
only applied in June of 2018, after the complete disappearance of the lagoon, revealing
that the Chilean Government never anticipated the disaster due to a lack of appropriate
technical studies and specific knowledge about the regional hydrogeology present in the
area. Despite the above, new groundwater rights were allocated in 2020, as mentioned
in other sections of this document. This analysis suggests that another important reason
leading to the disappearance of Aculeo was a lack of regional hydrogeological knowledge,
together with the previously mentioned inappropriate water resources management and
land use planning conducted by national and regional government decision makers.

5. Conclusions and Recommendations

Though land use on the watershed was dominated by annual crops until as late as
2005 (according to remote sensing information), such practice did not affect the hydrologic
balance of the Aculeo Lagoon–aquifer system much, as they were irrigated with flooding
methods, which might be an inefficient practice, but it is well known to recycle most of the
water back to the aquifer through percolation. However, annual crops literally disappeared
from the area, being gradually (but not entirely) replaced by summer homes, characterized
by their highly demanding lawn surfaces and swimming pools, though green areas in the
watershed decreased as a result of water scarcity (several years of below-normal rainfall).
Despite the above, the abrupt establishment of fruit tree plantations around 2010 was the
most significant land use change, being not only the most water-demanding agricultural
practice, but also, they are irrigated through dripping systems, eliminating the historical
aquifer recharge effect that annual crops used to have. Once fruit tree plantations were
established, Pintué River (the aquifer’s main tributary) was almost completely deviated (as
shown in our recessive flow analysis), together with other important tributaries such as Las
Cabras (completely deviated in the mid-1990s), the drilling of an unknown number of deep
wells, and a powerful second pumping station being installed to uptake water directly from
the lagoon, all to satisfy the tremendous demands from large-scale agriculture. Indeed, the
strict correlation that existed between annual precipitation and aquifer (i.e., lagoon) levels
was completely broken after the establishment of fruit tree plantations; if below-normal
precipitation was the main cause for the disappearance of the lagoon, such linearity would
have continued after 2010. Similarly, our analysis indicates that the groundwater portion
is a significant variable in the hydrologic cycle of the watershed, a component that must
always be considered in any model developed for the area.
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Paleo climatologically speaking, our literature review revealed that the lagoon has not
dried out for thousands of years, making it hard to believe that a decade of below-normal
precipitation (including a few wet years) in modern climate conditions would be the main
responsible for the disappearance of this natural body of water.

The increase in legal water consumption in the watershed and its aquifer during the
last decade or more has been outrageous, suggesting that a big part of the problem was a
complete lack of hydrogeological knowledge from government authorities, an ignorance
that contributed to the disappearance of the Aculeo Lagoon in early 2018.

From our comprehensive analysis, we clearly show that there are serious issues with
the methodology and conclusions described by Barría et al. [17], as the authors developed
a water balance model that lacks reliable input data and components described in this
investigation, which were not used to explain the main causes of the lagoon’s disappearance
(see additional issues in Appendix G). For instance, there are important spatial and temporal
differences between the rainfall dataset used by the authors and the records available in
the lagoon’s watershed. The attribution of megadrought to the lagoon’s disappearance
is not correct according to the closest and longest available records from Rangue DMC’s
rain gauge. In fact, we have shown that there is a strong precipitation recycling effect
that generates more rainfall within the Aculeo watershed, compared to the rain gauge
located in the neighboring Pintué watershed, which was used by Barría et al. [17] as a
main input of information to build their hydrological model. Additionally, the authors did
not consider a decade of valuable rainfall data, excluding the great 1968–1969 drought, in
many of their analyses. Local records (Rangue DMC station) of more than one hundred
years are stationary and they have an oscillatory component of rainfall variability, which is
very similar to all the other rain gauges available within the area. This finding suggests
that, despite the fact that shorter records could show non-stationarity conditions, the best
evaluation of the stationarity assumption is always inferred from the longest available
instrumental records within a watershed. Therefore, assuming non-stationarity and then
using a step function to represent the change from wet conditions to a persistent drought is
not correct because the hydrological “memory” of the watershed is practically discarded.
This means that the short-to-long-term hydrological transit times associated with physical
mechanisms transferring and storing water through the watershed are completely ignored
from one hydrologic state to the next one. Such transit and response times have been
qualitatively and quantitatively related to the presence of heterogeneous aquifers, the
interaction between lakes with surface and groundwater sources, and snow fall (which can
also be a significant source of surface water), as well as groundwater recharge, the latter
being an important component in Mediterranean watersheds (as shown in our analysis). All
these hydrological mechanisms of water transport, which are well-known by locals (along
with many other variables), were ignored by Barría et al. [17] in their model implementation,
which is the reason why the authors ended up building a model whose lagoon’s water
balance is highly driven by the precipitation cycle, and barely affected by anthropogenic
processes of land and water use transformation that largely changed the hydrologic cycle
of this small watershed.

Considering all the above, we strongly recommend the Government of Chile to instruct
decision makers on hydrological sciences, including surface hydrology, hydrogeology,
water efficiency in large-scale agriculture, and water conservation education, among many
other initiatives. Equally important, additional community-based strategies are urgently
needed in Aculeo [78], as well as improving instrumentation [43] to know extraction
volumes and to develop a better understanding of watershed responses to different land
use changes [13–16,22]. Nevertheless, considering that our results show without any doubt
that the study conducted by Barría et al. [17] is invalid from a scientific perspective, the
Chilean Government must take responsibility for the disappearance of this unique natural
ecosystem that also affected hundreds of low-income farmers that used to grow annual
crops in the valley, the touristic activity that used to exist before the establishment of large-
scale agriculture, and the wellbeing of the local population in general. Considering Chile’s
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well-known current (and past) water resources abuse and its unique geography, recovering
options are mostly based on water importation through sustainable desalination, as well as
less consumption from large-scale agriculture.

Similar to the Aculeo case, many other natural lake–aquifer systems are under high
risk of disappearing due to inappropriate water resources management and land use
planning that, if improved, could result in the long-term hydrological sustainability of
these fragile and invaluable lacustric ecosystems. This research invites all water policy
makers, stakeholders, and scientists to revise their current water resources management
and land use planning strategies, taking into consideration the Aculeo case to understand
that any rapid or unexpected hydrological change might be triggered by a combination
of factors, in which the modifications to land and water management decisions made by
humans will have a more protagonist role in the upcoming decades.
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Figure A1. Infrared composite of Aculeo watershed for 2005 from Landsat 5 sensor. From the red-
ness it is clear to see how the whole area was mostly occupied by annual crops, which can be verified 
with common remote sensing tools. 
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Figure A2. Aerial view of summer homes (parcelas de agrado in Spanish) with lawn and swimming 
pools back in the December of 2019 (southern portion of the Aculeo watershed). The surrounding 
areas are completely dry and it is clear that they were previously used for annual crops (see Appen-
dix A). 
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Figure A3. (a) Pintué River flows during a storm that occurred in winter of 1987 (courtesy of Joaquín 
Lepeley). The bridge was the measuring point for the DGA’s instantaneous streamflow monitoring 
that occurred between 2003 and 2010; (b) A view of the current (since 2010) Pintué River flow, with 
a new bridge constructed by DOH (Hydraulic Works Directorate); (c) Drone-based aerial images of 
“Paso Godoy”, one of many flow deviations at Pintué River (courtesy of Que No Muera Aculeo, an 
activist local organization); (d) Road crossing (bridge) at Las Cabras River (completely deviated 
since the mid-1990s) showing that, based on the dimensions of the hydraulic structures, significant 
flow rates contributed to the Aculeo aquifer during winter months (Courtesy of Marcelo Fleck). 
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Lepeley). The bridge was the measuring point for the DGA’s instantaneous streamflow monitoring
that occurred between 2003 and 2010; (b) A view of the current (since 2010) Pintué River flow, with a
new bridge constructed by DOH (Hydraulic Works Directorate); (c) Drone-based aerial images of
“Paso Godoy”, one of many flow deviations at Pintué River (courtesy of Que No Muera Aculeo, an
activist local organization); (d) Road crossing (bridge) at Las Cabras River (completely deviated since
the mid-1990s) showing that, based on the dimensions of the hydraulic structures, significant flow
rates contributed to the Aculeo aquifer during winter months (Courtesy of Marcelo Fleck).
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Appendix G. Other Relevant Details That Should Be Corrected by Barría et al., 2021

The lagoon dried out in the March of 2018, not October, as mentioned by Barría
et al. [17] (though the first news report was in May of that year). This can be corroborated
by many locals, including Dr. Pablo Garcia-Chevesich (one of the authors of this study),
who grew up in the area and was living in the watershed when the lagoon dried out.
October of 2018 was when the lagoon went dry again, after winter precipitation (May
through to August) raised the aquifer levels a few feet above the bottom of the lagoon.

Barría et al. [17] give a comparative example of the Peñuelas reservoir (which is almost
dry), but they do not consider (or mention) that such reservoir is used to supply drinking
water to the large city of Valparaíso, an urban area that has significantly increased during
the last decade. Similar behavior occurred at El Yeso reservoir, which supplies drinking
water to Santiago.

Figure 5 from Barría et al. [17] does not agree with reality, as the surface occupied
by fruit plantations is underestimated and annual crops are overestimated (annual crops
surface is there, but they have not been cultivated for many years because small farmers no
longer had access to water, as previously discussed).

Barría et al. [17] mention irrigation efficiencies of 50, 85, and 75% for annual crops, fruit
trees, and rural properties, respectively, which is unreal because rural properties irrigate
lawns under sprinkling systems (known to be the most inefficient way to irrigate). Similarly,
annual crops might be watered with flooding methods, but they do lead to the recycling of
most of the applied water back into the aquifer, as discussed earlier in this document.

Barría et al. [17] stated an increase of only 16.3% of consumption during the last decade,
which is extremely far from reality, based on our analysis.

Barría et al. [17] assumed that the lagoon is connected to the confined aquifer, which is
not correct as the lagoon has been known to be part of an unconfined aquifer, through the
presence of so many deep wells within the small valley (mostly from summer homes and
large-scale agriculture), which most likely led to a one unconfined aquifer. This has been
corroborated by drilling companies that have been operating in the area for decades.

Barría et al. [17] ignored the groundwater portion of the watershed’s hydrologic cycle
in their analysis, based on a report made by a consulting firm (a report not published in
any peer-reviewed journal). However, as shown by Valdés-Pineda et al. [16] and in this
analysis, groundwater plays a crucial role in the hydrology of the watershed.

Barría et al. [17] state in their Introduction that Valdés-Pineda et al. [16] used the curve
number method and did not develop a water balance. Both statements are incorrect.

The fall of the recession curves on the lagoon’s main tributary (Pintué River) cannot
be explained by a megadrought (as suggested by Barría et al. [17]) since these falls were
already occurring prior to the occurrence of the climatic phenomenon under subject, as
detailed in this analysis.

The differences between the real and estimated number of irrigated areas developed
by Barría et al. [17] should be modified according to the different National Agricultural
Census developed, including that of 2017 [30].

Barría et al. [17] should have included all the registered and non-registered (National
Census of 2017) pumping wells within the watershed to better define groundwater de-
mands, as well as a more detailed groundwater use study, similar to the one developed in
this analysis.

Even though the available data from Aculeo DGA station start from 1960, Figure 3a
in Barría et al. [17] only consider data from 1970 and ahead, excluding the great drought
of 1968–1969. Despite the fact that such station is located away from the body of water
(no precipitation recycling effect), they ignored Rangue DMC station, located within the
Aculeo watershed and with data available from early 1900s. Figure 3a from the authors
only includes the wettest decades since records begin, and ahead.

The lagoon’s calibration from Figure 4a by Barría et al. [17] is based on a station that
presented an important malfunction, meaning that the analysis is invalid.



Sustainability 2022, 14, 413 30 of 33

Figure 4b from Barría et al. [17] shows the calibration of Pintué flows, considering
precipitation; however, as shown in our analysis, after 2010, the river was completely devi-
ated so no streamflow response occurred after that year (the authors assumed significant
streamflow contributions until 2017, meaning that the simulation is invalid).

Based on our analysis, the water balance assessments developed by Barría et al. [17]
should have considered total water losses from usage by summer homes.

The rain gauge’s coordinates provided by Barría et al. [17] (33.89◦ S and 71.45◦ W)
correspond to the town of San Pedro, located more than 20 km west of Aculeo, on the other
side of La Costa mountain range.

Barría et al. [17] stated that a levee was built on the Santa Marta stream “at least 50
years ago”, which is not correct, as such structure was built by CAVA (a local organization)
in 2005.
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