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The Galapagos Islands, a hotspot of ecological richness, face challenging climatic

and development conditions which undermine regional water security. Yet, the

way by which these conditions may change in the future is highly uncertain. In

this study, we applied for the first time an uncertainty-based approach in the

Galapagos Islands to understand thresholds and potential scenarios of risks to

water security of agricultural catchments in the Galapagos Island. We applied a

water systems model to the agricultural catchments as well as climate and land

use scenarios to estimate physical changes in water availability and implications

for drought and extreme flow thresholds. Our results highlight the key role of

baseflow and its important sensitivity to precipitation changes in determining

water security states in the Islands. In fact, a decrease in just about 25% of

total water flows, from historical conditions, in the Islands would drive drought

conditions resembling those of the emergency state of 2016. We also note that

under a land use scenario which promotes sustainable practices, the robustness

of the Islands to climate variations increases. Our study then provides the basis

for an application of uncertainty-based approaches to enhance resilience of the

agricultural water systems as well as other systems. Our results also emphasize

the need to design flexible and comprehensive policies in the water, agricultural

and interconnected sectors which consider the interlinkages of climate with other

social and economic variables.
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1. Introduction

The Galapagos Islands are a global hotspot of ecological, biodiversity, and evolutionary
richness. Indeed, their role in understanding evolutionary and global change dynamics
has become critical during the Anthropocene (Trueman and d’Ozouville, 2010; Walsh and
Mena, 2013). The relevant role of the Islands, owes, among others, to their location about
1,000 km off the coast of Ecuador where a complex interplay of ocean currents and winds
influence their climate. These mechanisms are mainly governed by interactions of the
Inter-Tropical Convergence Zone (ITCZ) as well as El Niño Southern Oscillation (ENSO)
(Houvenaghel, 1974; Chavez and Brusca, 1991; Sachs and Ladd, 2010).
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The Galapagos consist of 13 major islands. Of these ones, the
largest ones and mainly populated are Santa Cruz, San Cristobal,
and Isabela. Yet, as result of their climatology and complex
geography, overall the Islands face challenging hydroclimatological
conditions. For instance, mean annual precipitation between 1981
and 2017 in the lowlands, where demographic areas are typically
located, is about 500 mm/year; whereas in the highlands, where
most of the agricultural activities take place and are completely
surrounded by the National Park, precipitation ranges between
1,000 and 1,650 mm/year (Paltán et al., 2021). At the same time,
hydrology of the Islands is governed by subsurface water processes.
This leads to groundwater to dominate terrestrial water fluxes,
leaving San Cristobal as the only island with some minor and
intermittent water bodies. As result, across the islands, the water
available to sustain various uses and needs is generally deemed to
be scarce and difficult to reach (D’Ozouville et al., 2010).

Also, precipitation in the Galapagos Islands mainly
concentrates during the wet and warm season of December
to May. Besides, the tropical location of the Islands exposes them
to climatic systems such as the ENSO. During its warm phase of
El Niño, the Islands are exposed to torrential rains and floods,
whereas in the negative phase of La Niña, the lack of rains and
droughts impact the Islands. For example, during the 1997–98
El Niño event, severe rainstorms damaged urban infrastructure
leading to important economic losses and disruptions. On the
other hand, poor rainfall conditions in 2016 resulted from La Niña,
critically impacted over 55% of the land dedicated for agriculture
causing sectorial losses and environmental damages (MAGAP,
2016). In fact, during this event the Ecuadorian Government
decreed a state of emergency for the Islands.

Apart from their exceptional natural characteristics, the
Galapagos is also home to about 25,500 inhabitants [INEC, 2015;
Instituto Nacional de Estadística y Censos (INEC), 2015]. In
fact, about 15,700, 7,100, and 2,350 people live in Santa Cruz,
San Cristobal, and Isabela Island, respectively. In addition, the
vibrant regional tourism industry stimulatesmigrant flows from the
Ecuadorian mainland and has resulted in a demographic explosion
in the last several years. According to the Ecuadorian National
Statistics Institute-INEC, Galapagos’ population increased by 31%
in 2020 (33,000 people). Also, the demographics of the Islands
change significantly if the approximately 270,000 annual tourists
that visit the Islands are also considered [Dirección del Parque
Nacional Galápagos (Directory of the Galapagos National Park),
2019].

Naturally, this population, which fluctuates because of tourism,
is in demand of services from the interlinked water and agricultural
sectors. This has provoked an increased dependence on imported
products from the mainland as well as water demand for the
agricultural sector which helps to sustain growing food needs of
the Islands (Sampedro et al., 2020). Yet, this demand for water
and other services is already limited since 97% of the territory
of the Galapagos is protected, leaving a short margin for human
interventions. As result of this interplay across local challenging
conditions, water security in the Galapagos Islands is already
under stress.

At the same time, the challenges of water security in the
Galapagos Islands are more acute if conditions of global change

are also considered. Over 70% of farmers already report emergent
droughts, potentially resulting from climate change, as one of the
main challenges for the food supply systems in the Galapagos
(Barrera et al., 2019). Also land use dynamics are changing in
the Islands. Principally, new patterns emerged from dominating
family-based agricultural systems to an abandonment of them.
Typically, these new abandoned lands become monocultures of
invasive plant species or pastures where crop dynamics follow the
new demands of the population and variations in the preferences
of the tourism sector. It is important to note that the booming
tourism has provided Galapagos residents with greater spending
power and, as a result, their consumption patterns and dietary
habits have changed. This has been noted particularly in a greater
demand for animal protein and processed food which is normally
imported from the Ecuadorian mainland.

Nonetheless, the extent at which climatic, demographic, and
land use changes may affect water security in the Galapagos Islands
is still deeply uncertain. This is initially caused by the poor network
of hydroclimatological observations in the Islands. This results in
scarce available data which would sufficiently describe the historical
hydrological patterns of the region. In fact, only in San Cristobal
and Santa Cruz there are relevant studies of the aquifers whereas
there are no publicly available hydrogeological observations across
the other Islands (D’Ozouville et al., 2010; Pryet et al., 2012; Violette
et al., 2014). Thus, the lack of baseline descriptions of the terrestrial
hydrological characteristics of the Islands still impedes the wide
integration of water security with agriculture and sustainable
development in the Galapagos.

This situation is aggravated if future climate is considered
and its associated uncertainties for the region. Current Global
Circulations Models (GCMs) suggest that the Galapagos Islands
could be about 1.4 and 1.9◦C warmer than historical conditions.
Also, mean annual precipitation are projected increase by 20% and
70% by 2050 (Paltán et al., 2021). Yet this apparent wetting future
may be biased as future projections are thought to be constrained
by the poor performance of GCMs in the region. In fact, GCMs
may are believed to be overestimating the projected wetting trends
across the Islands due to general the poor capacity of climatic
models to capture Eastern-Pacific ENSO dynamics (Seager et al.,
2019; Paltán et al., 2021).

Furthermore, the pathways of land use and development that
the Islands may follow are still not very clear. The COVID-
19 crisis caused oscillations not just in the number of transient
(e.g., tourism) populations of the Islands, but also in terms of
local expectations of the types of land use developments which
would better accommodate changes in the agricultural sector.
For example, potential shifts in land uses that makes food
security in the Islands less dependent on the continent. Ultimately,
this interplay of uncertainties limits the understanding of water
security in the Galapagos Islands. Similarly, it affects the way the
agricultural sector.

Despite these uncertainties, decision makers and stakeholders
in the Galapagos Islands require a level of understanding of
the repercussions that plausible conditions of change may have
in key water security and key sectors of the Islands. This is
particularly important for the agricultural sector for its role not
just in maintaining local food security, but also for its role in
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both job creation and maintaining the agricultural frontier with the
Natural Park.

The aim of this paper is to examine the vulnerabilities of water
security of agricultural systems of the Galapagos Islands under
uncertain future climate and land-use pathways. Here we apply
a bottom-up and uncertainty-based approach to understand the
response of physical drivers of water security in the agricultural
catchments of the three main Islands of the Galapagos (Santa
Cruz, San Cristobal, and Isabela) to stressors and sources of
change. We integrate reanalysis and satellite climatological data
along with land use and climate scenarios (informed from the
Coupled Model Intercomparison Project, CMIP5,-derived GCMs)
within a water systems model to estimate baseline and changing
water characteristics of agricultural systems of the Islands. We
also provide a description of terrestrial hydrological processes
in the Galapagos Islands. This characterization supports our
understanding of the sensitivity of critical thresholds of water
security of the agricultural sector to uncertain future climate
and land use. By addressing these uncertainties, we are able to
describe different scenarios of the agricultural sector which may
pose increase the vulnerability levels of water security in the Islands.
Our findings then aim also to show the hydrological and land-
use risks which may impact development in the Galapagos Islands
under a context of change and uncertainty.

Provide baseline results to guide the context of water decisions
in the Islands under a context of change and uncertainty and thus,
contribute to efforts toward integral water security in the Islands.

2. Materials and methods

This study examines the vulnerabilities of water security of
agricultural catchments in the agricultural areas of the three
main populated Galapagos Islands. Here we follow a bottom-up
approach, which unlike traditional planning methodologies that
dictate specific adverse risk conditions as specified by GCMs or
other types of models, which examines intrinsic characteristics of
system and test them against a wide range of plausible scenarios. As
such, this approach follows the examination of critical thresholds
of a system against drivers of change. Such an examination in
turn allows the review of robust range of policies and strategies,
which may respond adequately to a wide range of changing
conditions rather than prescribed scenarios, could be drawn. As
result, bottom-up approaches have been largely acknowledged in
policy design for water resources in contexts where uncertainty
from climatic or non-climatic sources prevails (Hallegatte, 2009;
Stakhiv, 2011; Hall et al., 2012; Jensen and Wu, 2016; Brown et al.,
2020; Rodríguez et al., 2021).

We believe that an uncertainty-based approach is suitable
for vulnerabilities evaluation and decision making in the water-
agriculture, and other sectors, in Galapagos Islands. This
is because these approaches enable the diagnostic of water
security in the Galapagos given the disparities in climate
projections and land use future pathways. Second, this type
of approach also supports overcoming the lack of consistent
direct hydroclimatic observations in the Galapagos Islands which
limits the development of robust regional hydrological and water
system models.

The bottom-up diagnostic used in this study follows the
decision scaling approach (Brown et al., 2012). In this study it
consists of three main stages: 1. Diagnostic of the agricultural water
system of the Galapagos Islands; 2. Scenarios of Change for these
systems; and 3. the Evaluation of the Vulnerability and Sensitivity of
the Agricultural Water Systems of the Galapagos Islands (Figure 1).

2.1. Study area

The study area examined herein corresponds to the agricultural
catchments of the three main human-populated Islands of the
Galapagos: San Cristobal, Santa Cruz, and Isabela. In these three
islands, the main agricultural practices take place in their humid
highlands (Figure 2). This region typically extends from what is
commonly known as the “transition zone” at about 200m.a.s.l. to
some of the highest points of the islands (∼900m.a.s.l. in Isabela).
These regions face the south or windward side of the islands,
which receive high levels of precipitation during the warm season
(December-May) and remain enveloped in clouds during the cool
season (June-November).

In the Galapagos Islands, just 3.3% of the land is rural or
urban (the remaining 96.7% is under conservation). However,
the variation of both climatic factors and soils has created the
conditions for a highly diversified agriculture (Chiriboga et al.,
2006). In Santa Cruz about 23% of the agricultural area is used
for crop production, 33% for livestock activities, 23% is covered
by invasive plants, while about 21% of the surface was identified
as native vegetation (Laso et al., 2019). San Cristobal has the largest
area of abandoned farms which cover 77% of the agricultural zone
with native vegetation and invasive plants, whereas about 14%
corresponds to crop production and the remaining area is used to
livestock production. In Isabela, invasive species cover the largest
fraction of its agricultural area (47%) while about 13% is covered
by native vegetation and the remaining area is used for crops and
livestock activities.

Moreover, catchments in San Cristobal are defined by a series
of perennial streams and networks of aquifers which result in
water springs and surface water bodies. Santa Cruz and Isabela
in turn are dominated by brackish water, characterized by basal
aquifers at lower elevations and deep boreholes at higher elevations
where water is fresher (Violette et al., 2014). Brackish water at
lower elevation in Santa Cruz island results from both seawater
intrusion and aquifer over-exploitation and it is contaminated with
both organic and inorganic matter (López and Rueda, 2009; Liu
and d’Ozouville, 2011). At higher elevations, water is less saline
since it is extracted from deep boreholes (Violette et al., 2014).
Also, in Santa Cristobal, Santa Cruz, and Isabela there are 55,
24, and 6 microcatchments, respectively, within the agricultural
areas.

2.2. Baseline of the agricultural water
system of the Galapagos Islands

This initial stage describes the main characteristics of the
agricultural water systems of the three islands; thus, it provides
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FIGURE 1

Conceptual framework of vulnerability assessment (Bottom-up approach) for water availability in the Galapagos Islands.

baseline characteristics of the water balance for the study area. To
do so, we use the Water Evaluation and Planning System (WEAP)
model (Yates et al., 2005). WEAP was configured for the Galapagos
using the Soil Moisture rainfall-runoff method. This is a one-
dimensional model that uses a two-bucket representation, the first
one representing a root zone layer and the second one representing
a deep layer.

To estimate the characteristics of the water balance of the
Galapagos Islands we used historical temperature and rainfall
values retrieved from the ECMWF Re-Analysis product or ERA5
(with a spatial resolution of 10 km). The dataset provides as with
a consistent historical climatological baseline from 1981 to 2019.
This dataset is the one that, in comparison to other precipitation
products available for the Galapagos, better approximates the
regional meteorological observations (Paltán et al., 2021). Thus, the
hydrological results obtained from this simulation are our baseline
hydrological estimates.

Additional physical data inputs such as land use/land cover
maps (Laso et al., 2019), soil parameters (Pryet et al., 2012; González
Iñiguez, 2013), and topographic features derived from a Digital
Elevation Model (DEM) at 3 arc-second spatial resolution (Lehner
et al., 2008) were used to drive our WEAP model. For the main
land uses in San Cristobal island we assumed the root zone
conductivity (infiltration rate) and deep conductivity (percolation
rate) values from D’Ozouville et al. (2010) and applied them
to other Islands. Lastly, we created elevation bands to represent
the elevation gradient of precipitation and temperature. As such,
we were able to represent the “fog conditional” contribution to
precipitation. We estimated this contribution to be 20% in the
highlands following seasonal conditions as indicated by previous

estimates (Pryet et al., 2012). The time range of our historical
climatological series is 1981–2019 which is also the reference period
of our historical simulations.

The water balance components obtained from our WEAP
model were evapotranspiration, surface runoff, interflow, and base
flow. Altogether, the three latter elements constitute the water
availability (total flow) of the Islands. Obtained soil moisture values
also describe infiltration and percolation processes. The obtained
water balance variables were calculated in a monthly time-step for
the historical period analyzed herein. It is important to note that an
adequate aquifer simulation in the Islands is not possible due to the
lack of groundwater data which would describe volume, recharge
percentages, or water levels.

Lastly, to validate the model’s ability to simulate our modeled
infiltration, percolation and evapotranspiration rates (monthly
average) we compared the output values of our WEAP model
against the estimations given by the Water Commission of
Ecuador (SENAGUA by its acronym in Spanish) in their plan
of water resources for Galapagos (CISPDR, 2015). We also
compare our evapotranspiration, baseflow and runoff estimates
against the average annual results available of the hydrological
balance developed by Pryet et al. (2012) and Violette et al.
(2014). The results of the SENAGUA analysis are available for
the three Islands whereas the studies by Violette and Pyret are
just available for San Cristobal and Santa Cruz, respectively. The
results of these previous studies provide an initial perspective of
the water balance in the Galapagos Islands. We were constrained
from applying a formal calibration and validation protocol
due to the absence of available observed hydrological data in
the Islands.
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FIGURE 2

Agricultural catchments for three main populated Islands of the Galapagos: (A) Santa Cruz, (B) San Cristobal, and (C) Isabela.

2.3. Scenarios of change of the agricultural
water system of the Galapagos Islands

The second stage incorporates a range of climatic and land use
change scenarios which may have implications for water security in
the Galapagos Islands and their agricultural water systems. These
scenarios were used to drive a stress-test to the baseline water
balance of the Islands’ agricultural catchments calculated in the
previous stage.

The climate stress tests were conducted against a range of
uncertain temperatures and precipitation estimations. Here, mean
annual temperature was adjusted additively by 0.5◦C increments,
up to 3◦C to the our historical baseline (1981–2019, as described
in our previous step). Changes in precipitation are multiplicative
and range from −75% to +250% which were applied to our
baseline. The precipitation and temperature change factors were
computed from a 10% change and an 0.5◦C additive change,
respectively. This results in a total of 60 climate combinations, or
new climate scenario, which were generated at the grid-level across
the study area.

Next, our land use scenarios are based on 2035 development
trajectories as estimated by Sampedro et al. (2020) under three
different scenarios (Table 1). A business-as-usual scenario (BAU)
suggests that current conditions are maintained. For Scenario 1,

the farmlands are abandoned by the lack of labor force due to
better opportunities outside the agricultural sector, mainly in the
tourism industry. This in turn also results in plants invading
native vegetation remnants. Finally, for Scenario 2 the amount
of agricultural land is managed through agroforestry systems and
other climate-resilient practices. Under Scenario 2 the abandoned
farms are reactivated leading to the conservation of the remnant of
native/endemic forest.

BAU and Scenario 1 were developed used a system dynamic
modeling approach to create a series of future scenarios, as
reported by Sampedro et al. (2020). Such an approach used
secondary data collected from several governmental and non-
governmental stakeholders related with Galapagos’ foods system.
Relevant stakeholder also participated in the validation of these
scenarios. As such, BAU scenario estimates a rapid growth of local
population and tourism industry. Such conditions are coupled
meat import restrictions that in turn stimulate local livestock
production; thus demanding large portions of agricultural area
and decreasing the native vegetation remnants. As of scenario
1, the growing tourism industry and food imports are the most
important drivers of invasive plants in the islands. Tourism
industry influences the abandonment of agricultural land which
consequently us covered by invasive plants. Such plants include
guava or blackberry.
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TABLE 1 Scenarios of land use in the Galapagos Islands by 2035 as

suggested by Sampedro et al. (2020) and Barrera et al. (2021).

Land use scenario year
2035

Scenario description

Scenario–BAU-increase in
livestock pressure

∼50% of agricultural area covered
by pastures.
Decrease∼10% of crop area.
∼28% of area covered by invasive
species.
Loss of∼90% of area covered by
native vegetation.

Scenario 1–farms abandonment
and increase in invasive species

∼40% of area covered by invasive
species.
Loss of 90% of area covered by
native species.
10% reduction of productive areas
(pasture+ crops).

Scenario 2–conservation of native
vegetation and integration of
agricultural resilient practices

Native vegetation within
agricultural areas is conserved.
There is an increase of 5% area
covered by agriculture and cattle
ranching (crops and pastures) with
climate resilience practices
including silvopastoral practices,
integrated soil management, and
conservation of key
hydro-ecological areas.
Reduction to 26% of area covered
by invasive species.

Scenario 2 was based on the results of surveys that were
principally carried in 2018 as reported by Barrera et al.
(2021). These results showed that the key stakeholders in
Galapagos such as farmers and local institutions are conscious
of the importance of the transformation from conventional
agricultural practices to sustainable agriculture strategies that
integrate local social and environmental needs under the effects
of climate change. Currently, only 8% of the farmers have
implemented sustainable agricultural practices due to the lack
of knowledge capacity, support of government institutions,
among others.

2.4. Sensitivity of agricultural water systems

This stage estimates the sensitivity of water security of the
agricultural water systems to climate and land use change. Here we
estimated the response of the total water yield (availability) as the
basis to estimate vulnerability of water security. For this, we initially
defined two water security sensitivity thresholds for the agricultural
water catchments based on the reference conditions obtained from
the 1981–2019 historical baseline. The first one indicates the La
Niña 2016 total flow conditions which shows a drought threshold.
This event was chosen due to the economic and socio-political
repercussions it brought which led to declaring a state of emergency
in the Islands. The second water security threshold represents high
flows. For this purpose, we use the historical 80th percentile (P80
or the flow that is exceeded 80% of the time) of historical simulated
total flows as threshold of high flows.

Then, the sensitivity and responses of total water availability
(or the sum of total flows) were estimated against the 60 climate

scenarios obtained in the previous stage. Next, the three land use
scenarios were integrated via changing the base land cover/use
maps of our WEAP model, resulting in 180 scenarios of climate
and land use.

At the same time, in bottom-up type of examinations GCMs
are not directly used to directly infer future hydrological conditions
(or in this case, to drive and run our WEAP model) as this
would propagate uncertainty across results. Conversely, GCM
projections are brought in to inform and contextualize risks.
Thus, for this contextualization we calculated deltas of change
between the historical and future conditions of precipitation and
temperature as simulated by selected GCMs (fraction of change for
precipitation and absolute differences for temperature). Such deltas
of change were applied to our gridded ERA-5 baseline across the
islands. This in turn permit us to obtain such a bias correction
approach permit us to obtain future precipitation and temperature
estimates for the two time periods of this analysis: 2030 (2021–2040,
or near term); 2050 (2041–2060 or medium term). Such future
precipitation and temperature estimates of our study area are then
used to contextualize the sensitivity of agriculture water systems in
the Islands to climate change.

The selected GCMs (derived from CMIP5) were the following:
CNRM-CM5, CSIROMk3-6-0, FGOALS-g2, GFDL-ESM2G,
GFDL-ESM2M, GISS-E2-H, GISS-E2-R, HadGEM2-CC,
HadGEM2-ES, IPSL-CM5A-LR, IPSL-CM5A-MR, MIROC-
ESM, and NorESM1-M. It is important to note that, projections
of four of these GCMs (CSIRO-Mk3-6-0, GISS-E2-R, IPSL-
CM5A-MR, MIROC-ESM) which were used in this study, are the
official climate projections used by the Ecuadorian Ministry of
Environment to diagnose climate risks across the country. At the
same time, the other GCMs used here were selected as these ones
are the ones that have been reported to adequately capture climatic
and El Niño patterns in the Galapagos region (Kim and Jin-Yi,
2012; Bellenger et al., 2014; Paltán et al., 2021). Thus, we believe
that these multi-model ensembles are valid to understand future
climate conditions in the Islands.

3. Results

Our results find that baseflow is the dominant hydrological
component across the three islands studied herein. In fact, on
average, 34% of the water available in the Islands percolates there.
On the other hand, surface runoff contributed almost 10% of
the annual flows, and interflow contributed just 6%. Across the
Islands, we also estimate that in San Cristobal, surface runoff only
contributes about 1% of the total streamflow despite this Island
being the only one with perennial streams. We attribute this to
the limited ability of the ERA5 data to capture precipitation in San
Cristobal and thus a poor capacity of this product to detect rainfall
changes along the altitude gradient in this Island (Paltán et al.,
2021). This deficiency in turn leads our model to not sufficiently
saturate the soil while also overestimating evapotranspiration rates
and thus to not produce enough surface runoff. However, this result
was not seen for either Santa Cruz or Isabela Islands for which the
model was able to capture precipitation patterns adequately well
for more details on precipitation biases please refer to Paltán et al.
(2021).
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FIGURE 3

Monthly average contributions of hydrological fluxes to the water

balance for the period 1981-2019 for: (A) San Cristobal, (B) Santa

Cruz, and (C) Isabela. The figure shows the variability of the di�erent

components of the water balance as a percentage of the total water

availability. Annual totals consider only precipitation, baseflow,

evapotranspiration, surface runo� and interflow.

We also find that typically between 37 and 64% of the annual
rainfall is lost to evapotranspiration (Figure 3). We also note that
evapotranspiration is notably higher in San Cristobal than in the
rest of the Islands. These results are similar to those reported in
previous studies which gives an indication of the adequacy of our
model (Table 2), particularly for the baseflow component.

Our results also reflect the natural influence of the climate
seasonality of the islands in the terrestrial hydrology of the
Islands. As result, surface runoff peaks are dominant in Isabela
and Santa Cruz during the wet months. In these two islands, in
April and May surface runoff may account for 17% of the overall
water flows. This peak is then followed by a period of aquifer
recharge from May to June. Then, in the dry season, the water
balance is essentially sustained by the baseflow and dominated by
evapotranspiration processes.

Baseflow is also directly linked with the storage of water in the
soil, which follows the rainfall seasonality and also represents a
combination of infiltration, percolation and aquifer recharge. Our
results show that principally baseflow, via soil moisture changes,
drives the land water availability in the Islands; particularly during
the dry seasons where these processes maintain the recharge of
aquifers (Figure 4). These results in turn emphasize the key role
that soil moisture has in general energy and water balance processes
through its impact in evapotranspiration processes (Seneviratne
et al., 2010). Thus, in the Galapagos, soil moisture changes seem
to influence not only soil wetness dynamics but also hydrological
fluxes such as baseflow, where its moisture content represent
all the available water in the soil for plants, aquifer recharge
and evapotranspiration.

3.1. Water security responses to changes in
climate

We find that the 2016 La Niña event, set as the drought
threshold for this analysis, represented a decrease of about 25%
in median annual total flow across the three Islands (Figure 5).
This was caused by a similar decrease in precipitation. In San
Cristobal the flow decrease was of about 25%, in Santa Cruz of
28%, and 21% for Isabela. On the other hand, the historical 80th
percentile (P80), used here to represent high flows, represents an
increase of 127% in total flow over historical conditions. This
flow increase is 148% in San Cristobal, 127% in Santa Cruz, and
107% in Isabela. We also find that El Niño events of 1981–82
and 1997–98 lead to an extraordinary increase in mean annual
total flow of over 500%. Hence, physical water security conditions
in the Islands are maintained when these thresholds are not
surpassed; conversely, once they are reached or exceeded, the
agricultural water systems of the Islands become vulnerable to
water insecurity.

Next, our results indicate that total flow is mainly sensitive to
precipitation changes as opposed to temperature changes, which
do not seem to play a major role in driving total flow changes.
Importantly, to reach the 2016 La Niña-drought threshold, an 18%
decrease in annual precipitation from historical conditions will be
needed across the Islands. In the wet season, given its key role
in maintaining hydrological processes in the Islands, this is more
critical as decrease of about 12% of precipitation from historical
conditions could cause the Islands to meet this water security
threshold. This finding suggests that physical water security in
the Galapagos Islands is principally vulnerable to potential shifts
during the wet season. On the other hand, to achieve our high
flows of P80 as a water security threshold, a mean increase in
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TABLE 2 Comparison of yearly average (1981–2019) estimates of hydrological fluxes obtained in this study with similar studies across the three Islands

studied here.

This study Pryet et al. (2011) Violette et al. (2014) CISPDR (2015)

Evapo-transpiration San Cristobal: 64%
Santa Cruz: 48%
Isabela: 47%

Santa Cruz: 44% San Cristobal: 59% San Cristobal: 41–46%
Santa Cruz: 65–72%
Isabela: 62–65%

Baseflow/ groundwater
recharge

San Cristobal: 29%
Santa Cruz: 37%
Isabela: 36%

Santa Cruz: 46% San Cristobal: 32% San Cristobal: 25–30%
Santa Cruz: 28–35%
Isabela: 35–38%

Runoff San Cristobal: 5%
Santa Cruz: 8% runoff 7%
interflow
Isabela: 10% runoff
6% interflow

Santa Cruz: 10% San Cristobal: 9% San Cristobal: 29%
Santa Cruz: 0%
Isabela: 0%

FIGURE 4

Seasonality of changes in soil moisture for (A) San Cristobal, (B)

Santa Cruz, and (C) Isabela.

precipitation of about 80% is needed across the islands. This
corresponds to an increase in 85%, 85%, 70%, from historical
conditions, in San Cristobal, Santa Cruz, and Isabela, respectively.

Moreover, we note that in both San Cristobal and Santa
Cruz, 66 out of the 67 GCMs used for this analysis projected
future mean annual conditions that, although conditions become
warmer and wetter, total flow falls within the ranges defined by
the assumed thresholds or expected conditions. The result is total
flow conditions which are greater than those observed in the 2016
La Niña event but lesser that the P80 high flow conditions. In
Isabela, the proportion of GCMs with total flows in the expected
condition range is 63 out of 67 GCMs. More importantly, for
the water and agricultural sectors, two (3%) GCMs in both Santa
Cruz and Isabela and one (2%) in San Cristobal projected changes

that would lead to a poor wet season. These scenarios would
lead the Islands to experience total flow conditions similar to,
or worse than, those observed during the 2016 La Niña event.
Additionally, seven (10%) GCMs in San Cristobal, nine (13%)
in Santa Cruz and 10 (15%) in Isabela project conditions where
high base flows will be exceeded (>P80) during the wet season.
Lastly, we find that 99% of the GCMs used in this study agree that
expected historical baseflow conditions will be maintained during
the dry season. Nonetheless, this apparent wet, although optimistic,
trend should be interpreted with care given the reported biases
of GCMs in the Galapagos and the detected drying trend in the
region (Paltán et al., 2021).

Naturally, given the relevance of baseflow in the total flow of the
Galapagos Islands, we also note that this variable is the one where
changes in climate are more evident (Figure 6). For example, a
reduction of 14% in precipitation from historical conditions would
in turn lead to baseflow conditions similar to those experienced
in 2016, across the Islands, and thus make the agricultural water
systems insecure. This is a decrease of about 13% of annual
historical precipitation conditions in Isabela and 15% for both San
Cristobal and Santa Cruz. At the same time, none of the GCMs
used here detect such annual drought conditions. Conversely, 2%
of GCMs projected high baseflow annual conditions in both San
Cristobal and Santa Cruz, and 6% of them in Isabela. Yet, here
again, it is important to highlight the poor performance that GCMs
have in the region.

Also, we note that mean annual precipitation historical
conditions in Isabela need to decrease by 15% for baseflow to
reach drought conditions and increase about 60% to reach extreme
flows. As such, the range of expected (within our defined ranges)
water security (between drought and extreme baseflow conditions)
is just about 75 percentual points. Conversely, San Cristobal
required a decrease of about 25% and an increase in 100% to
reach baseflow drought and extreme flows accordingly, whereas in
Santa Cruz these values are −20% and +125%. These findings first
suggest that the Galapagos Islands are more sensitive to experience
baseflow drought conditions as just a minor decrease in historical
precipitation conditions (from −15% to−25%) is needed to reach
the drought conditions defined by the 2016 event. Second, Isabela
is the island where shifts between dry, expected and high baseflow
conditions, and thus shifts between water security and insecurity,
are more sensitive to changes in climate. This is also particularly
problematic during the wet season (where the range between
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FIGURE 5

Climate response surface map of historical total flow conditions (1981–2019) to changes in climate. The color bar shows percent of change of total

flow when historical baseline conditions are modified by precipitation (x-axis) and temperature changes (y-axis). Projected precipitation and

temperature changes for near-term (red) and medium-term (black) are indicated for individual GCM projections biased corrected for the Galapagos

Islands. The thresholds of dry and wet condition are represented with dotted lines. For reference, the dotes lines follow the color gradient bar and the

x axis.

drought and extreme baseflow conditions is about 60%). In Isabela

this could be explained by the large amount of agricultural and
invasive species land uses which in turn may decrease infiltration

and water storage. Ultimately, these changes in baseflow may also

be reflected in the shifts in runoff conditions, which also contribute
to total flow conditions during the wet months, particularly in San
Cristobal and Isabela.

3.2. Water security response to changes in
land use

Next, we evaluate the way in which water security, via total
water availability, in the Islands responds to changes in land use
in addition to the anticipated changes in climate. First, we note that
when the changes in land use evaluated herein are introduced, total
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FIGURE 6

Climate response surface map of historical baseflow conditions (1981–2019) to changes in climate. The color bar shows percent of change of total

flow when historical baseline conditions are modified by precipitation (x-axis) and temperature changes (y-axis). Projected precipitation and

temperature changes for near-term (red) and medium-term (black) are indicated for individual GCM projections biased corrected for the Galapagos

Islands. The thresholds of dry and wet condition are represented with dotted lines. For reference, the dotes lines follow the color gradient bar and the

x axis.

flows do not appreciably change across the Islands. This could be
related to the similar way by which these land uses saturate the
soil which in turn do not considerably change runoff, interflow and
baseflow characteristics (which together constitute total flow).

During the wet season, when sustainable agricultural practices
are considered in land use management (Scenario 2), temperature
does not seem to play a role in water availability changes and
thus water (in)security conditions (Figure 7). However, during
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the dry season, we observed a slight sensitivity of total flow to
temperature changes, particularly in San Cristobal and Isabela
under BAU and Scenario 1 conditions. Results also suggest that
agroforestry systems seem to better buffer microclimate conditions,
decreasing the daily range of solar radiation and temperature in the
agricultural landscapes.

For the baseflow analysis, we first find that two of the land use
scenarios (BAU and Scenario 1) analyzed here do not importantly
impact mean annual baseflow conditions (Figure 8). Yet, we find
that both temperature and precipitation play an important role in
driving baseflow, the dominant hydrological component, in San
Cristobal and Santa Cruz under both scenarios. In both Islands, as
temperatures increase by 1.5◦C or more, baseflow recedes toward
a water insecurity zone of drier conditions. This may be explained
by both higher evapontranspirative raters and the negative impact
that high temperatures may have on the generation of fog, drizzles,
and heavy mists in the highlands or locally known as garúa.

Moreover, we find that Scenario 2 has considerable affects
the range of water security in the islands under future changes
in climate. Importantly, this scenario increases the high flow
conditions range (Figures 8, 9). When this scenario is introduced,
baseflow (and this, total water) available during the wet season
increases and approximates our identified thresholds of high flows.
As a result, in Santa Cruz and Isabela, the number of GCMs that
are mapped under drought conditions falls from about 17% to
6%. This result in turn suggests that Land Use scenario 2 in turn
favors more robust conditions of agricultural areas to face potential
future droughts. Nonetheless, we also find that in the three islands
6% more of GCMs project high baseflow conditions (Figure 8).
So general increase in baseflow conditions, across scenarios, may
also lead to oversaturation of soils and an increase in high flow
conditions which may cause, among others, crop damages.

4. Discussion

In this study, we applied for the first time, to our knowledge,
an uncertainty-based approach in the Galapagos Islands. This
was used to understand the thresholds and potential vulnerability
scenarios which may affect water security in the Galapagos Islands.
At the same time, we explored how changes in total water land
fluxes contribute to estimate changes in the water sector of
agricultural areas in the Galapagos Islands. As such, our thresholds
of water (in)security are those determined by the 2016 La Niña
drought conditions and high flow estimates (P80). We believe
that the application of a physical-driven metric to describe water
security provides an initial approximation of drivers of change and
risk in complex ecosystems. With this estimation we pave the way
to include additional institutional, operational, and infrastructure
criteria which overall robustly describe water security (Grey and
Sadoff, 2007; Hall et al., 2014).

4.1. The role of precipitation and baseflow
in water security in the islands

In our study we first acknowledge, the already understood role
that baseflow has in maintaining the hydrological fluxes in the

Galapagos Islands (comprising about 35% of total annual water
fluxes). As a result, this element appears to be the key hydrological
terrestrial driver which regulates physical water (in)security in
the Islands. At the same time, evapotranspirative fluxes critically
impact water availability in the region since more than 60% of the
annual rainfall is lost to evapotranspiration. In line with this, the
key role that soil moisture has in sustaining baseflow and also,
water security conditions is also noted in this study. Thus, we
note the need of actions to maintain and conserve the baseflow
while potential strategies to manage and reduce evapotranspirative
losses. Yet, further local studies are needed to evaluate the
interactions across climate, soil moisture and hydrological fluxes in
key catchments of the Galapagos Islands.

Next, our findings show that changes in precipitation have
large impacts on fluctuations in total water flows and constitute
the key climatological driver of water security in the Galapagos
Islands. For instance, we find that a decrease in approximately
25% of total water flows, from historical conditions, would drive
drought conditions resembling those of the emergency state of
2016. Conversely, if total water flows, more than double, or increase
by about 120%, from historical conditions, the threshold of high
flows would be met.

Similarly, we identify the important sensitivity of baseflow to
precipitation change. We detect that an average reduction of about
15% in precipitation from historical conditions would in turn
lead to baseflow conditions similar to those experienced in 2016
across the three Islands studied here. We also note that historical
precipitation conditions in Isabela just need to decrease 15%
(increase 60%) to reach drought and (high) baseflow conditions.
Such short margin of change (about 75 percentual points) implies
that Isabela is the most sensitive Island to climate fluctuations
which may drive water (in)security.

4.2. Acknowledging the role of uncertain
land uses in water security

Moreover, via the combinations of climate and land-use change
scenarios, we did not find a notable effect of land-use change in the
seasonal and annual total flow changes for the agricultural systems
across the three islands. However, taking into account baseflow,
the dominant component flow, our results suggest that a potential
increase in water demand driven by water-intense land use changes
combined with a reduction in precipitation during the wet season
would make the agricultural catchments importantly vulnerable to
droughts. Similarly, when the water-intense land use scenarios are
incorporated and temperature increases reach 1.5◦C or more, we
find that in San Cristobal and Santa Cruz baseflow recedes toward
a water insecurity zone of drier conditions. Thus, we emphasize the
need formonitoring the combined implications of both climate and
land use, as opposed to individual assessments which may mislead
conclusions about the real impact on the agricultural water systems
of the Islands of both these uncertain drivers of change.

On the other hand, our findings showed that under a
sustainable scenario of land use (Scenario 2), which considers
agroecology principles, water security and hydroclimatic
robustness conditions of the Galapagos Islands improve. So, these
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FIGURE 7

Surface response maps of the impact of changes in both climate conditions and land use on water availability (total flow) in the dry season. Projected

precipitation and temperature changes for near-term (red) and medium-term (black) are indicated for individual GCM projections biased corrected

for the Galapagos Islands.

results emphasize the need for transforming traditional agricultural
production in Galapagos into sustainable and ecologically informed
practices which include crop diversification, tree integration in
the agricultural system, and integral management practices,

among others. For example, in Isabela, livestock and grazing, a
water intense activity, is the principal activity in their agricultural
catchments. Yet this island does not account for water distribution
systems while being the one where fluctuation between water
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FIGURE 8

Surface response maps of the impact of changes in both climate conditions and land use on baseflow in the dry season. Projected precipitation and

temperature changes for near-term (red) and medium-term (black) are indicated for individual GCM projections biased corrected for the Galapagos

Islands.

security levels are greatest as described previously. As result,
farmers completely depend on the Ministry of Agriculture (MAG)
and private water tanks (CISPDR, 2015) to sustain this water-
intense activity. This leads the Islands in an important situation of
vulnerability driven by unstainable water and agricultural practices.

Additionally, water quality also constitutes an important
challenge to water security in the Galapagos Islands. In fact, water
quality conditions in the region have been found not to be suitable
for drinking and domestic use as well as for agricultural practices
(Walsh et al., 2010; Mateus et al., 2019; Grube et al., 2020). Since

brackish water has been used for irrigation for at least a decade,
this long-term use of saline water is responsible for altering soil
properties. In general, the contamination of solid and affect the
already limited freshwater availability in the Islands as well as
in the water that drains into the water table. Thus, changes in
land cover and uses as well as shifts in climate may in turn
also result in further exacerbations of water quality conditions
across the Islands. This problematic yet remains a challenge despite
the constant efforts and funds dedicated to address this issue. A
closer examination of the links across water quality and water
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FIGURE 9

Surface response maps of the impact of changes in both climate conditions and land use on baseflow in the wet season. Projected precipitation and

temperature changes for near-term (red) and medium-term (black) are indicated for individual GCM projections biased corrected for the Galapagos

Islands.

security, using bottom-up approaches, remain a gap which requires

further examination.

Lastly, our results also pave the way toward a next phase

of uncertainty-based diagnostics in the study area where these
thresholds can be stress-tested against a number of climate

scenarios which are stochastically (via weather generators or
similar tools) generated and explore deeper the climatic uncertainty

assessed herein. Additionally, this study established the bases
to incorporate additional drivers of risk which have not been

examined here. They include water quality and contamination from

organic wastes, fertilizers, and pesticides in freshwater, impact of

tourism, biodiversity and others.

4.3. Limitations and additional
considerations of the tools applied in this
study

The lack of available data of hydroclimatological models is
potentially the major barrier to provide a deeper examination of
hydrology and water security in the Galapagos Islands. A clear
example is the lack of enough meteorological observations to cover
the wide geographic and altitudinal variation of the Islands. Also,
the insufficient maintenance of the existing meteorological stations
as well as the entire absence of instruments to read the geographical
diversity and terrestrial hydrological variables such as streamflow,
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soil moisture or aquifer dynamics, limits the understanding of the
water cycle and its implications for the Galapagos Islands. Similarly,
the lack of robust hydrological and hydrogeological observations
constrains a sophisticated calibration and validation of the water
model used here. This in turn may lead our findings not to
sufficiently understand water seasonality dynamics.

Additionally, while ERA5 provides a key input to our study our
reported limitations should inform future uses of this dataset in the
Galapagos Islands. Particularly, the inadequate capturing of rainfall
spatial variability along the islands which is especially relevant in
the altitudinal gradient in San Cristobal, should be managed with
care. At the same time, further studies may need to refine the risk
contextualization with using updated CMIP6 model outputs. Yet,
this step would also require examining the GCMs which better
capture regional climatological dynamics in the Galapagos. As
result, the interpretation of water dynamics described here should
consider these limitations.

5. Conclusions

This study provides the first framework for understanding and
planning of water resources in the Galapagos Islands under a
context of uncertainty. This becomes critical for the Islands given
the lack of regional agreement and understanding in terms of the
future hydroclimatic and land use pathways that the Islands will
follow. The latter responds not just to the biases of climate models
for the region, but also to the lack of historical observations. This
is accompanied by the unclear pathway that the agricultural sector
will in fact take.

As such, the uncertainty-based framework applied herein
sustains the basis for an application of these approaches to enhance
resilience of the agricultural water systems as well as other systems.
So, via the application of this approach, we show the first diagnostic
of how different water fluxes constitute the water balance of the
agricultural systems in the Islands. We highlight the important role
of soil moisture dynamics in sustaining the baseflow, which is in
fact critical to sustain water security. Thus, next efforts should focus
toward understanding further the relationships across climate, soil
moisture, infiltration, and overall groundwater. Similarly, a more
dedicated examination is needed to understand evapotranspirative
responses across different land use and vegetation scenarios.

Also, the critical thresholds for water security estimated here
provide the basis for an initial diagnostic of resilience levels for
the Islands. In fact, an immediate implication of our findings
is the critical need to closely track precipitation patterns which
may decrease by about 25–30% and thus result in a lack of water
availability resembling the conditions of the drought emergency of
2016. This potential consequence is more critical during the wet
season. On the contrary, when precipitation and water availability
increase in over 100% from their historical baseline conditions,
the Islands would experience high flow conditions (understood
here at a P80 threshold). So, the findings shown here already
define an initial priority: the need to establish a system that
monitors andmeasures climate and land surface variables to permit
a deeper understanding of the hydroclimatic sensitivity points
analyzed here.

Next, a more comprehensive understanding of resilience would
require the diagnostic of the sensitivity thresholds of individual
crops, water and interconnected systems, and infrastructure assets.
This for example involves estimating the threshold response of
high-value crops in the Islands, based on the contribution to
family income such as citric trees, tomato or coffee, to decreases
in precipitation and lack of available water. Also, this includes
estimating the degree at which the basic irrigation systems in the
Islands (which often rely purely on water delivered by trucks) are
sensitive to flashfloods.

Also, our results emphasize the need to design flexible policies
in the water-agricultural sector which account for fluctuations in
climate. This is particularly relevant for Isabela, where we detect
that the margin of range, from historical baseline conditions,
between drought and high flow conditions is rather narrow when
compared to the other Islands. This flexibility is also needed due
to the reported poor performances of climate models for the
region. While models show an apparent robustness of agricultural
water systems in the Galapagos, this should be interpreted with
precaution and decision makers should rather encourage the
application of what if? types of scenarios assessments as well as
uncertainty approaches to design policies. Naturally, such flexibility
in policies should also account for methodological limitations
found in this study as described previously.

Moreover, we stress the need to integrate climate with other
variables, such as land use change, for comprehensive decision
making. For example, we are able to identify that when sustainable
land use practices are introduced in the Islands, water availability
in the wet season increases, thus, suggesting an increase in
resilience. Similarly, when land use is introduced in the models,
the vulnerability of water security of Islands to a temperature
increase of 1.5◦Cmanifests.We also emphasize the need to evaluate
the adequacy of CMIP6 and Regional Climate Models (RCMs)
to inform hydroclimatological processes in the Galapagos Islands.
This would in turn permit a deeper examination of extremes and
risk conditions of water, food, and other systems in the Islands. As
such, climate, land use, demographics, and other variables, should
not be seen as independent variables which require single-focus
interventions. We thus emphasize the need to understand water
security in an integral way.

At the same time, our results also highlight how bottom-up
type of approach help to diagnose the links across water security
and agriculture in development regions where uncertainties in
data, climate and land use trajectories prevail. Particularly, our
results show that characterizing risk and vulnerabilities offer an
opportunity to understand drivers of change which may affect
water security and food systems in arid and Island regions.
Additional replications of these approaches, while accounting
with imperfect satellite observations, reanalysis products, and
models, provide an initial yet fundamental glimpse of the strategies
increase water security and resilience in these regions. Naturally,
the refinement of these data sources, the generation and use of
additional climatological data (such as CMIP6 projections), land
use, demographic and other time series which describe risk along
with the development of models to refine the human role in water
(via operation of water systems, urbanization, and others) would be
an immediate next step.

Frontiers inWater 15 frontiersin.org

https://doi.org/10.3389/frwa.2023.1245207
https://www.frontiersin.org/journals/water
https://www.frontiersin.org


Paltán et al. 10.3389/frwa.2023.1245207

Hence, we expect that this study establishes the basis for an
integral water security and resilience assessment of the Islands
which accounts for not just agricultural systems but also water
supply and sanitation, water for energy uses, and indeed, water
and conservation dynamics. This integral assessment should also
account for other criteria that are not evaluated here. They include
institutions and regulations, access and equity dimensions of water,
infrastructure, water quality, and general criteria which help to
design for resilience to face uncertain future changing conditions.
Ultimately, the wide embracing of the uncertainty which dominates
the Islands is the key to design of resilient and robust policies.
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